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2,4,5-Tri(t-butyl)-1,3-diphospholyl sodium salt (2a) and 3,5-di(t-butyl)-1,2,4-triphospholyl sodium salt
(3a) react with ZrCl4 and CpZrCl3 to form (g5-2,4,5-tri(t-butyl)-1,3-diphospholyl)ZrCl3 (4), Cp(g5-2,4,5-
tri(t-butyl)-1,3-diphospholyl)ZrCl2 (5), and Cp(g5-3,5-di(t-butyl)-1,2,4-triphospholyl)ZrCl2 (6) in the
complete absence of water, respectively. Surprisingly, bent sandwich complex 6 exhibits the NMR spec-
troscopic characteristics of a hindered ring ligand rotation but the cyclopentadienyl ligand of 5 rotates
freely in the NMR time scale in spite of the superior space demand of its 2,4,5-tri(t-butyl)-1,3-diphosp-
holyl ligand. This contradiction is discussed on the basis of an attractive interligand P–C interaction
between homo- and heterocyclic p-ligands, which is stronger for 6. Water even in trace amounts present
in the reaction mixture changes the course of the reactions completely. No zirconium p-complexes are
accessible this way, but only oligo- or polycyclic organophosphorus compounds. Compound 3a and ZrCl4

form the asymmetric tricyclic P6(t-BuC)4H2 isomer 8 with two P@C double bonds as a dimer of 1,2,4-tri-
phosphol. It is accompanied by small amounts of HCl addition product 9, where one of the P@C double
bonds is eliminated. Compound 8 contains six, and 9 eight stereogenic centers, but both form one pair
of enantiomers each only. A single stereoisomer of P6(t-BuC)4H2 cage 10 is formed if (1-trimethylstan-
nyl)-3,5-di(t-butyl)-1,2,4-triphosphol 3b is used as the P3(t-BuC)2 source in combination with Cp�ZrCl3

in the presence of trace amounts of water. Compound 10 is a meso-compound, which is composed by
dimerization of either two homochiral units of (R)-3,5-di(t-butyl)-1,2,4-triphosphol 3cR or by two units
of its S-enantiomer 3cS. No trace of cyclic addition products has been identified, which would represent
the heterochiral combination of enantiomers 3cR + 3cS. P2- and P3-zirconocene dichloride derivatives 5
and 6 have been tested as Ziegler–Natta alkene oligomerization catalysts. Both are catalytically active
with 1-hexene as the substrate, but cannot compete with the activity of the phosphorus-free original cat-
alyst Cp2ZrCl2.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Cp2ZrCl2 and its derivatives are excellent Ziegler–Natta cata-
lysts with a high potential in practical applications [1]. One ap-
proach of modifying the properties of this type of compounds
significantly is the introduction of phosphorus atoms into the ring
ligands, which results in the transformation of one or both cyclo-
pentadienyls into phospholyl derivatives [2]. The main catalytic
application of (p-phospholyl)Zr complexes is polymerization or
oligomerization of olefins with or without the help of methylalu-
moxane (MAO) as a co-catalyst [3], including 1-hexene [4]. Cata-
lytic ring opening of epoxides with TMSCl is another application
of (p-phospholyl)Zr complexes [5]. In significant contrast to that,
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only one patent appeared in the literature dealing with a (p-1,3-
diphospholyl)2ZrCl2 species as a catalyst for olefin polymerization
[6], however, no complete preparative results have been published
to date about diphospholyl zirconium complexes or other zircono-
cene derivatives with more than two phosphorus atoms being part
of the five-membered ring ligands. With this paper we report
about 1,3-diphospholyl and 1,2,4-triphospholyl zirconium p-com-
plexes and our attempts for using them as Ziegler–Natta catalysts
to fill that gap.

On the other hand, the marked oxophilicity of Zr(IV) p-com-
plexes leads to a strong tendency of those compounds to react even
with traces of water or air to form oxo, hydroxo, or aquo species of
the metal and follow-up products of the ligands. In the case of the
di- and triphospholyl zirconium complexes we report in this paper,
this requires very careful preparative, workup and handling proce-
dures, but it opens at the same time a new gate to polycyclic P–C
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Scheme 2. Preparation of (g5-1,3-diphosphosphospholyl)Zr complexes 4 and 5 and
(g5-1,2,4-triphosphosphospholyl)Zr complex 6.

Table 1
31P{1H} NMR data (121.49 MHz, toluene-d8, RT) of 1,3-diphospholyl and 1,2,4-
triphospholyl zirconium p-complexes.

Compound dA (multipl.) dB (multipl.) 2JAB (Hz)

(g5-(t-BuC)3-1,3-P2)ZrCl3 (4) 260.3 (s) –
Cp(g5-(t-BuC)3-1,3-P2)ZrCl2 (5) 236.7 (s) –
(g5-(t-BuC)2-1,2,4-P3)ZrCl3 310.8 (t) 323.3 (d) 55.5
Cp(g5-(t-BuC)2-1,2,4-P3)ZrCl2 (6) 282.5 (t) 260.2 (d) 51.2
Cp*(g5-(t-BuC)2-1,2,4-P3)ZrCl2 285.0 (t) 252.5 (d) 55
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cage compounds by cyclic addition reactions of the released and
partially modified ligands. We are deeply interested in P–C cage
chemistry on the basis of unsaturated P-heterocycles, as we de-
tected an inherent and very high diastereoselectivity for chiral spe-
cies [7], which led us actually to the novel class of optically active
cage-chiral P–C cage compounds [8].

2. Results and discussion

2.1. Preparation of p-complexes

Becker et al. have shown that the reduction of stable phos-
phaalkene Me3SiP@C(OSiMe3)(t-Bu) (1) with elemental alkali met-
als M or suitable metal organic compounds MRn leads to the
formation of salt mixtures M[2,4,5-tri(t-butyl)-1,3-diphospholyl]
(2) and M[3,5-di(t-butyl)-1,2,4-triphospholyl] (3) as the main
product [9]. Such mixtures are separable through repeated frac-
tional crystallization of the sodium salts 2a/3a from THF [10]
(Scheme 1).

The separated sodium salts 2a and 3a have been reacted with
ZrCl4 and CpZrCl3. Target products (g5-2,4,5-tri(t-butyl)-1,3-
diphospholyl)ZrCl3 (4), Cp(g5-2,4,5-tri(t-butyl)-1,3-diphospho-
lyl)ZrCl2 (5), and Cp(g5-3,5-di(t-butyl)-1,2,4-triphospholyl)ZrCl2

(6) were isolated and characterized from the respective reaction
mixtures in the complete absence of water only (Scheme 2). Other
products formed from the same starting materials or closely re-
lated ones like (g5-3,5-di(t-butyl)-1,2,4-triphospholyl)ZrCl3,
Cp*(g5-3,5-di(t-butyl)-1,2,4-triphospholyl)ZrCl2, or the Hf-ana-
logue of (4) (g5-2,4,5-tri(t-butyl)-1,3-diphospholyl)HfCl3 have
been observed only spectroscopically, but were too reactive or
unstable in our hands for complete characterization. Moisture even
in trace amounts present in the reaction mixtures or prolonged
reaction times change the course of the reactions completely. Some
oligo- and polycyclic organophosphorus compounds are accessible
in preparative useful amounts in that cases, based on the hydroly-
sis products of the p-ligands (vide infra).

As a consequence, the handling of 4, 5, and 6 requires careful
exclusion of air and moisture. 1,3-Diphospholyl complexes 4 and
5, allow recrystallization from refluxing n-hexane, but 1,2,4-tri-
phospholyl species 6 decomposes when solutions are heated up
beyond room temperature and (1,2,4-triphospholyl)ZrCl3 has been
observed only as a reaction intermediate (vide infra). We relate the
relative stabilization of the 1,3-diphospholyl complexes mainly to
a shielding effect of the three t-Bu substituents of the heterocycle.
31P{1H} NMR spectroscopy of p-complexes 4–6 result in single line
spectra for diphospholyl complexes 4 and 5 and AB2 spin systems
for 6 and those 1,2,4-triphospolyl complexes, which are only ob-
servable spectroscopically (Table 1, Supporting information).

The chemical shifts of the 31P NMR signals and the 2JAB values
for the 1,2,4-triphospholyl complexes are close to the observations
for p-complexes of other electron-poor transition metal ions like
Ti2+ [11], Sc3+, or Y3+ [12]. Replacement of one of the chlorides of
4 or (1,2,4-triphospholyl)ZrCl3 by the Cp ligands of 5 and 6 or a
Cp* cause a high-field shift of the 31P NMR absorptions of the
respective heterocycles. The effect is significantly stronger for the
B nuclei than for the single A nucleus of the triphospholyl ligands.
Scheme 1. Preparation of sodium salt mixture 2a + 3a.
As a consequence the relative positions of A and B nuclei is re-
versed for the Cp and Cp* species with respect to (g5-1,2,4-tri-
phospholyl)ZrCl3. A strong influence of the exact position of the
other p-ligand on the d (31P) values of sandwich complex (g5-
3,5-di(t-butyl)-1,2,4-triphospholyl)2Ru has been elucidated from
detailed DNMR investigations [13]. With respect to the bent sand-
wich complexes of this paper, the finding indicates a close contact
of the PB-nuclei with the Cp or Cp* ligands, but a weaker interaction
between PA and the homocyclic p-ligands. No peculiarities have
been observed in the 1H and 13C{1H} NMR spectra of 5 in solution.
The cyclopentadienyl hydrogen and carbon atoms form sharp sing-
lets. This is in accord with related NMR spectroscopic observations
on Cp(g5-3,5-di(t-butyl)-1,2,4-triphospholyl)Fe [14] or Cp(g4-1-
phenyl-3,5-di(t-butyl)-1,2,4-triphosphol)Co, [15] for example,
where a rapid ring ligand rotation explains the NMR results.

To our surprise, the NMR spectra of Cp(1,2,4-triphospho-
lyl)ZrCl2 (6) do not fit to this scheme. Both, 1H and 13C{1H} NMR
signals of the Cp ligand split into two sets of signals in the ratio
2:3, (Fig. 1; Supplementary material for 13C) thus two of the five
C–H moieties of the Cp ring have been significantly discriminated
by the heterocyclic co-ligand and just that 13C signal is split into
a triplet with a P–C coupling constant of 2.2 Hz. To analyze the
problem, models for the conformational ground states 5A and 6A
were developed on the basis of their molecular structures in the
solid state (Fig. 2). From the X-ray data one can identify two CH
units of the Cp to be in close contact with one P-lone pair of the
1,3-diphospholyl ligand for 5A, and two CH-moieties of 6A have
a related close contact with the two lone pairs of the 1,2-P2-moiety.
The nearest interligand P–C distances range from 325 to 335 Å.
This is 15–25 Å smaller than the sum of the van der Waals radii



Fig. 1. 1H NMR spectrum of Cp(g5-3,5-di(t-butyl)-1,2,4-triphospholyl)ZrCl2 (6).
(300 MHz, solv. = toluene-d8, RT).

Fig. 3. Molecular structure of (g5-2,4,5-tri(t-butyl)-1,3-diphospholyl)ZrCl3 (4), in
the solid state; hydrogen atoms are omitted for clarity. Selected bond distances
[pm] and angles [�]: Zr(1)–Cl(1): 236.09(9); Zr(1)–Cl(2): 236.36(8); Zr(1)–Cl(3):
235.24(9); Zr(1)–C(1): 264.2(3); Zr(1) –C(2): 261.7(3); Zr(1) –C(3): 265.7(3); Zr(1)–
P(1): 276.09(9); Zr(1)–P(2): 277.49(9); Ct(0)–Zr–Cl(1): 117.20; Ct(0)–Zr–Cl(2):
115.90; Ct(0)–Zr–Cl(3): 118.79; Cl(3)–Zr(1)–Cl(1): 98.93(3); Cl(3)–Zr(1)–Cl(2):
99.47(3); Cl(1)–Zr(1)–Cl(2): 103.54(3). Ct(0) = centroid of 1,3-diphospholyl ring.
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of phosphorus and carbon atoms (350 pm) [16], but no unusual
short interligand P–H distances have been identified (vide infra).

To relate the models with the experimental NMR spectra, free
rotation of the Cp ligand of 5 has to be assumed in combination
with a rapid pendulum movement of the 1,3-diphospholyl ligand
to equilibrate the two chemically inequivalent phosphorus atoms
of 5A in the NMR timescale. A complete rotation of the heterocycle
is not required to explain the spectra and seems to be unlikely, as
two adjacent t-butyl groups would have to pass together the nar-
Fig. 2. Models of the conformational ground states 5A and 6A based on the molecular s
tris(2,4-di-t-butyl-1,3-diphosphete)Mo 7 (bottom).
row zone of the bent sandwich complex as a competitive process
to the pendulum movement where only one t-butyl group passes
the Cp co-ligand at a time. The static model 6A fits completely to
the observed NMR spectra of 6 in solution. It explains the 2:3
intensity of the 1H and 13C{1H} Cp ligand signals, the P–C interli-
gand coupling, and the stronger influence of the Cp ligand on the
chemical shift of the two PB nuclei. On the other hand, a free rotat-
ing 1,2,4-triphospholyl ligand of 6 in combination with a static Cp
would create the same NMR spin systems, but this constellation
seems to be very unlikely as the P-heterocycle carries the bulky
substituents and should be substantially more hindered in its
tructures of 5 and 6 in the solid state (top) and interligand P–C bond formation of



Fig. 4. Molecular structure of Cp(g5-2,4,5-tri(t-butyl)-1,3-diphospholyl)ZrCl2 (5), in
the solid state; hydrogen atoms are omitted for clarity. Selected bond distances
[pm] and angles [�]: Zr(1)–Cl(1): 244.41(1); Zr(1)–Cl(2): 243.95(1); Zr(1)–Ct(1):
237.3; Zr(1)–Ct(2): 222.5; Ct(1)–Zr(1)–Cl(1): 110.22; Ct(1)–Zr(1)–Cl(2): 107.27;
Ct(1)–Zr(1)–Ct(2): 132.63; Ct(2)–Zr(1)–Cl(1): 102.32; Ct(2)–Zr(1)–Cl(2): 103.92;
Cl(1)–Zr(1)–Cl(2): 93.62. Ct(1) = centroid 1,3-diphospholyl; Ct(2) = centroid Cp
ligand.
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mobility than the Cp ring. A third alternative view would be a Cp
ring slippage towards g3-co-ordination, but 6 lacks the excess of
electron density at the central metal which is required for that pro-
cess [17]. Neither the d (13C) value of the separated (CH)2-unit, nor
its P–C coupling constant are compatible with g3-co-ordination.

The statement of a free rotating Cp ligand of 5 and an obviously
hindered Cp ligand rotation of 6 is not easily understood, as the
repulsive interaction between the C-H units of the cyclopentadie-
nyls and the t-butyl substituents of the heterocycles are not re-
garded as very high and should be even smaller for 6 (Fig. 2).
Additionally, a hindered C5H5 ligand rotation in solution at room
temperature would be a novelty. All reports we found in the liter-
ature for a hindered Cp ligand rotation of bent sandwich Cp2ZrX2
Fig. 5. Molecular structure of Cp(g5-3,5-di(t-butyl)-1,2,4-triphospholyl)ZrCl2 (6), in
the solid state; hydrogen atoms are omitted for clarity. Selected bond distances
[pm] and angles [�]: Zr–Cl(1): 243.50(2); Zr–Cl(2): 243.03(3); Zr–Ct(1): 240.6; Zr–
Ct(2): 220.6; Ct(1)–Zr–Cl(1): Ct(1)–Zr–Cl(1): 107.24; Ct(1)–Zr–Cl(2): 106.84; Ct(1)–
Zr–Ct(2): 133.2; Ct(2)–Zr–Cl(1): 104.13; Ct(2)–Zr–Cl(2): 104.68; Cl(1)–Zr–Cl(2):
93.93(7). Ct(1) = centroid 1,2,4-triphospholyl; Ct(2) = centroid Cp ligand.
complexes concern such species, where both ring ligands carry
bulky substituents [18].

Fluxional behavior of t-butyl group substituted 1,3-diphospho-
lyl and 1,2,4-triphospholyl ligands in sandwich complexes has
been analyzed by 31P NMR spectroscopy for some tetra- and hexa-
phosphametallocenes with Fe, Ru, Sn, and Pb [13,19,20] central
metal atoms. It is explained mainly by t-butyl substituent repul-
sion between the ligands. The observations include interring P–P
coupling of P6-ferrocene and P6-ruthenocene. Due to a lack of
experimental data, no direct relation of the activation parameters
for ring rotation between 1,3-diphospholyl and 1,2,4-triphospholyl
ligands can be defined, but dynamic NMR studies on symmetry and
size related 1,3-bis- and 1,2,4-tris-trimethylsilyl-cyclopentadienyl
complexes of the general types Cp2M and Cp2MCl2 give clear evi-
dence for the dominating influence of the three bulky substituents
of the 1,2,4-tris-trimethylsilyl ligand in both cases [21]. Examples
for tetrahedral oligophosphametallocenes like 5 and 6 with two
strongly tilted g5-ring ligands and two sigma ligands are not avail-
able to date. (g5-3,5-Di(t-butyl)-1,2,4-triphospholyl)3Sc comes
close to the topology of 6, it is fluxional, exhibits interring P–P-cou-
pling, but no complete analysis of the NMR spectra was possible
[12]. Topologically even closer related is Cp*(g3-2,4,5-tri(t-butyl)-
1,3-diphospholyl)Mo(CO)2 [22], however, the heterocycle is g3-
bound and its Cp* ligand rotates free in the NMR time scale. An int-
erligand Pring–Cring coupling for a p-complex has been reported in
one example only. It concerns (g5-2,4,5-tri(t-butyl)-1,3-diphosp-
holyl)(g5-cyclooctadienyl)Ru, where the 13C{1H} signals of two if
the five dienyl carbon atoms are split by 4.7 Hz into a triplet again
by the two P-atoms of the heterocycle [23].

A summary of the information available in the literature leads
to the conclusion that both, hindered or free rotation of p-bound
1,3-diphospholyl and 1,2,4-triphospholyl ligands with t-butyl C-
substituents has been identified by NMR spectroscopy for sand-
wich and half sandwich complex examples. Repulsive interaction
between bulky ring ligand substituents in close proximity was al-
ways identified as the most important factor for the control of the
molecular dynamics of such compounds, however, 6 does not fit to
that interpretation! Unluckily, its limited thermal stability did not
allow analyzing the contradictory results by dynamic NMR
spectroscopy.

A comprehensive approach for the identification of the reasons
for the hindered conformational flexibility of some p-complexes
led to attractive electronic interactions between some molecular
building blocks, which might dominate the dynamic effects in spe-
cific cases. This accounts for the rotation of the exocyclic double
bond of fulvene derivatives in some cationic Cp(fulvene)Fe+ and
(C4R4)(fulvene)Co+ complexes, for example, which is controlled
by a strong interaction of the side chain a-carbon atom with the
transition metal [24]. Tris(2,4-di-t-butyl-1,3-diphosphete)Mo 7
might serve as a model to elucidate an attractive force between
the ring ligands of 6, which has the potential to explain a hindered
Cp ligand rotation in that specific case. Compound 7 was first de-
scribed as the triangular p-complex 7A with an unexplained short
distance of 215.1 pm between one phosphorus atom and a ring car-
bon atom of one of the neighboring ligands [25]. A reinvestigation
at low temperature, however, led to the identification of 7B as the
ground state of the molecule, where a P–C single bond between
two ligands with a length of 198.8 pm is formed at that specific po-
sition [26]. Compound 7A serves as the transition state in equilib-
rium between 7B and its mirror image only (Fig. 2). The interligand
P–C bond formation of 7B was explained by the ambiphilicity of its
P-heterocyclic ligands. A nucleophilic attack of a P-lone pair leads
to a bond with an electrophilic ring carbon atom of the other li-
gand. A related constellation is realized two times in 6, but only
one of the P-lone pairs of 5 can interact this way with the Cp ring.
The nucleophilicity of P-lone pairs should not differ much between



Scheme 3. Preparation of tricyclic organophosphorus compounds 8 and 9.

Fig. 6. 31P NMR shift and coupling matrix data of 8.

Fig. 7. Molecular structure of C20H38P6 (8) (a) and C20H39ClP6 (9) (b) in the solid state as determined from a mixed crystal of both components, containing 11% of 9; t-Bu group
hydrogen atoms are omitted for clarity. Selected bond distances [pm] and angles [�] for 8: P(1)–C(1): 168.8(3); P(6)–C(4): 167.8(4); P(6)–C(3): 184.5(4); P(1)–P(3): 219.98(1);
P(2)–P(5): 224.80(1); P(3)–P(4): 221.70(11); P(4)–P(5): 222.98(19); P(2)–C(1): 183.5(3); P(1)–P(3)–P(4): 88.71(4); C(1)–P(2)–P(5): 94.04(9); C(4)–P(6)–C(3): 104.08(17).
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four- or five-membered P-heterocyclic p-ligands, but the electro-
philicity of Cp ring carbon atoms is believed to be weaker as in
the case of 1,3-diphosphetes due to the lack of phosphorus atoms
as ring elements. In the light of this argument, an attractive force is
likely to exist between the ligands of 5 and 6, with a preference for
6 because of the double interaction. We are working out and
checking this model actually by theoretical investigations on a high
level, which include the complete t-butyl substituents.

X-ray structure investigations of 4, 5, and 6 supplied informa-
tion of the molecular structures of the compounds in the solid
state. Crystals suitable for X-ray diffraction studies have been ob-
tained from n-hexane in all three cases. Compound 4 crystallizes
in yellow prisms in the space group P21/c. Unlike its carba ana-
logues CpZrCl3 and Cp*ZrCl3, crystalline 4 consists of independent
molecular complex units with the heterocycle as a g5-bonded p-li-
gand and three chloride r-ligands of the central zirconium atom
(Fig. 3). CpZrCl3 forms a Cl-bridged polymer [27] and Cp*ZrCl3 a
Cl-bridged dimer [28]. There are no unusual short interatomic dis-
tances between the molecules of 4, no peculiarities are connected
with the bond distances and angles of the (g5-1,3-diphospholyl)Zr
moiety. The Zr–Cl distances of 4 are shortened by 5.5–6.7 pm with
respect to the non-bridging Zr–Cl bonds of CpZrCl3, but the Zr-cen-
troid distance of 4 is expanded by 7.2 pm. The latter is due to the
superior covalent radius of the P-atoms of the heterocycle over that
of the carbon atoms. The three t-Bu groups may contribute to the
effect by their big volume.

Crystallization from n-hexane leads to irregular shaped yellow
crystals of Cp(2,4,5-tri(t-butyl)-1,3-diphospholyl)ZrCl2 (5) which
were suitable for X-ray diffraction. The compound crystallizes in
the orthorhombic space group P212121. As for 4 it consists of neu-
tral molecules with no close intermolecular contacts (Fig. 4). The
ring ligands are planar and their relative orientation forms an al-
most staggered bent sandwich complex unit with P1 in closest
proximity to the Cp ligand. The Zr–Cl bonding distances are slightly
enhanced in relation to 4, but almost identical with those of its
carba analogue Cp2ZrCl2 (244.6 pm und 243.6) [29]. The distance
between the zirconium atom and the centroid of the 1,3-
diphospholyl ring exceeds that of the Cp ring by 8%. This is a sub-
stantial increase. We relate it to the three t-Bu substituents of the
heterocycle. The bond angle between the chloro ligands serves as a
second monitor for the enhanced steric pressure within 5. The an-
gle Cl(1)–Zr(1)–Cl(2) = 93.6� is compressed by 5–10� if compared
to the Cl–Zr–Cl angles of 4. In spite of the repulsive interaction of
the t-butyl 1,3-diphospholyl substituents with the other molecular
building blocks of 5, two unusual short distances have been found
between its cyclic ligands. The non-bonding P–C distances P1–
Scheme 4. Mechanistic considerations about the formation
C41 = 330.2 (4) pm and P1–C42 = 333.7 (4) pm fall substantially
short with respect to the sum of the van der Waals radii
(350 pm) [16]. As discussed with the NMR data, we regard this
selective shortening of P–C distances as a consequence of an attrac-
tive P–C interligand interaction.

Crystals of Cp(3,5-di(t-butyl)-1,2,4-triphospholyl)ZrCl2 (6) were
grown from a saturated n-hexane solution at room temperature.
The compound forms yellow needles in the orthorhombic space
group P212121, it is characterized by neutral molecules with no
close intermolecular contacts (Fig. 5). As observed for 5, the molec-
ular structure of 6 in the crystal exhibits unusual short interligand
P–C distances. The data concern P1–C41 = 324.5 (9) pm and P3–
C42 = 335.0 (9) pm. The shortening effect of 25.5 and 15.0 pm with
respect to the sum of the van der Waals radii grants a close elec-
tronic contact between the lone pairs of P1 and P3 and the pz-orbi-
tals of C41 and C42, respectively, across space between the ring
ligands. It serves as a model for the understanding of the observed
31P–13C NMR coupling along this route and for the hindered Cp li-
gand rotation in solution.
2.2. Preparation of oligo- and polycyclic organophosphorus
compounds through zirconium p-complex intermediates

All reactions of the zirconium complexes ZrCl4, CpZrCl3, and
Cp*ZrCl3 performed with the separated sodium salts 2a and 3a
or 1-trimethylstannyl-3,5-di(t-butyl)-1,2,4-triphosphole 3b [15]
yielded oligo- or polycyclic organophosphorus compounds which
can be related in most cases to cyclic addition products of the re-
lated protonated P-heterocycles. Mixtures of organophosphorus
products are formed normally as indicated by 31P NMR spectros-
copy from the reaction mixtures which proved to be difficult to
work up and characterize. As outlined above, the reported zirco-
nium p-complexes can only exist in the absence of moisture and
air. 31P NMR monitoring of several reaction mixtures gave hints
on processes, which consume the p-complexes after some time
at elevated temperature even in the absence of these factors and
more reactive complexes did not allow their isolation but only
the observation of reactive intermediates. So we turned the exper-
iments systematically in the direction of preparing novel organo-
phosphorus compounds this way. Direct hydrolysis of the
isolated 1,3-diphospholyl and 1,2,4-triphospholyl zirconium p-
complexes 4–6 by addition of water, water deactivated alumina,
or silica to solutions of the compounds led directly to the com-
pounds of interest, but no preparative useful reactions were iden-
tified this way.
of single pairs of enantiomers of compounds 8 and 9.
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Equimolar amounts of 3a and ZrCl4 in refluxing toluene form
the twofold unsaturated tricyclic P6(t-BuC)4H2 isomer 8 as the
main product, its HCl addition product 9, and a completely satu-
rated P6(t-BuC)4H2 isomer in smaller amounts which has been ob-
tained earlier by a different synthetic route [30] (Scheme 3). The
proposed p-complex intermediate (g5-3,5-di(t-butyl)-1,2,4-tri-
phospholyl)ZrCl3 was not observed in the reaction mixture at tolu-
ene reflux conditions, but at room temperature only and reaction
times of less than an hour. A complete set of spectroscopic param-
eters of (g5-3,5-di(t-butyl)-1,2,4-triphospholyl)ZrCl3 has been
determined from those experiments (Table 1). Chromatographic
workup of the mixture of organophosphorus compounds on water
deactivated silica (5% water) with n-hexane completed hydrolysis
and allowed the separation of 8 and 9 on the one side and the sat-
urated P6(t-BuC)4H2 isomer from further organophosphorus com-
pounds which have not been identified yet. Repeated
chromatography allowed preparation of even highly enriched sam-
ples of either 8 or 9 in solution, but yielded no analytically pure
compounds. Recrystallization did not separate 8 and 9 completely
due to the formation of mixed crystals. The isolated yields of the
mixtures 8 + 9 were always around 30% but their relative concen-
tration changed from run to run. The main component 8 is an
asymmetric compound with six stereogenic centers, but it gener-
ates only a single set of six 31P{1H} NMR signals, all with the same
integral intensity (Fig. 6). Six signals are found for side product 9 as
well, but it exhibits only one P@C unit.

The data of 8 suggest the formation of a single pair of enantio-
mers of an organophosphorus compound with six inequivalent
phosphorus atoms. Two of them form P@C double bonds, the oth-
ers exhibit only single P–C and P–P bonds for the phosphorus
atoms. This can be understood on the basis of a cyclic addition
reaction of two enantiomeric 3,5-di(t-Bu)-1,2,4-triphosphole mol-
ecules 3c (vide infra). The reaction must have taken place in a
way which prevented the formation of NMR spectroscopic distin-
guishable diastereomers. Related observations have been made
with some other cyclic addition processes in this field of chemistry
by our group [7]. 1H NMR and FD MS led to the same
interpretation.

Crystals suitable for X-ray diffraction studies in space group P21/
n have been obtained from n-hexane solution at �18 �C. The crys-
Scheme 5. Preparation and proposed mechanism of the
talline material investigated consisted of a mixed crystal of molec-
ular 8 with its HCl addition product 9 in the ratio 0.89:0.11, both
occupying the same crystallographic positions statistically (Fig. 7).

The molecular structure of 8 in the solid state consists of tricy-
clic chiral 1,2,4,5,6,8-hexaphospha-3,7,9,10-tetra(tert-butyl)-tricy-
clo-[4.3.3.0]-3,9-decadiene as a pair of enantiomers. As suggested
by the NMR parameters, it contains six chemically distinguishable
P-atoms including two P@C double bonds: P(1)@C(1) and
P(6)@C(4) which were identified by their characteristic bond dis-
tances of 168.8 and 167.8 pm and their planar carbon atoms. All
observed P–P and P–C single bond distances are in the typical
range for such compounds again [7]. Stereochemistry of 9 is iden-
tical with that of 8 for the tricyclic structure, but two additional
stereogenic centers for C(4) and P(6) have been generated by
hydrogen (C(4)) and chlorine (P(6)) atom addition in a completely
diastereoselective manner. More of the structural details of 9 shall
not be discussed because of its small contribution to the X-ray dif-
fraction data of the crystal.

The tricyclic structure of 8 and 9 resembles that of the exo-dimer
of 2,4,5-tri(t-butyl)-1,3-diphosphole [31], which was prepared in
the absence of transition metals, but the principal mechanistic con-
siderations are the same. Both form [4+2] cyclic addition exo-di-
mers. Due to their closely related stereochemistry, 9 is believed
to be a direct HCl addition product of 8 (Scheme 4).

The pairs of enantiomers identified for 8 and 9 prove a high dia-
stereoselectivity of the cyclic addition process of the two 1,2,4-tri-
phosphole molecules 3c. Only homochiral triphospholes dimerize,
to form 8SS and 8RR, respectively, as a pair of enantiomers and the
related enantiomers of 9 in the successive step. No cyclic addition
product between heterochiral 3cS and 3cR were identified among
the products.

Two questions are open at the moment and we are working on
understanding them in the future.

– We have not yet identified unambiguously the source of the
hydrogen atoms for the formation of 1,2,4-triphosphole 3c. Part
of it is obviously supplied by the water content of the glassware
used and the chemicals, but the yield of 8 + 9 is too high to rely
on that resource only. A hint in that direction is given by chang-
ing ratios of 8 vs. 9 in different runs of the experiments. The
formation of saturated P6(t-BuC)4H2 cage isomer 10.



Fig. 8. 31P{1H} NMR spectrum of C20H38P6 10 (121.5 MHz, toluene-d8, RT, z = impurity). NMR parameters: dA = �8.9, dX = 114.7 ppm, 1JAX = 124 Hz; dB = 26.4, dY = 128.7 ppm,
1JBY = 140 Hz.
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availability of HCl and thus the effectivity of the transformation
of 8 into 9 is most probably due to the amount of water being
present in the specific run. We have the impression 1,2,4-tri-
phospholyl radicals play an additional role as a hydrogen
abstracting reagent from the C–H acidic solvent toluene to form
3c in the reaction besides anion protonation.

– Free 1,2,4-triphosphole 3c was most probably present in the
experiments of Nixon et al. when they prepared a saturated
P6(t-BuC)4H2 cage isomer of 8, which is always present in our
experiments as a side product in small amounts in the starting
material 3a. This cage was related to the endo-cyclic addition
product of two molecules of 3c [30]. We take this as a hint on
the important role of the zirconium component in the experi-
Fig. 9. Molecular structure of saturated P6(t-BuC)4H2 isomer 10, in the solid state as
determined as the majority component of a mixed crystal with its unsaturated
isomer 10a (ratio 0.954:0.046). t-Bu group hydrogen atoms are omitted for clarity.
Selected bond distances [pm] and angles [�] for 10: P(1)–P(3): 222.17(7); P(1)–P(5):
221.87(7); P(3)–C(2): 186.52(17); P(2)–C(2): 186.02(17); P(2)–C(1): 188.10(15);
P(1)–C(1): 193.65(16); P(3)–C(3): 192.00(16); P(2)–P(4): 223.53(6); P(6)–C(1):
188.21(16); C(2)–P(3)–P(1): 92.54(6); P(3)–C(2)–P(2): 108.19(8); C(2)–P(2)–C(1):
99.90(7); C(1)–P(1)–P(3): 98.73(5); P(2)–C(1)–P(6): 93.99(7); P(5)–P(1)–P(3):
77.66(2); C(3)–P(3)–P(1): 86.02(5).
ments reported here. The transition metal obviously determines
the orientation of the cyclic addition step, but we do not know
how in the moment. Proof for the intermediacy of a triphospho-
lyl zirconium p-complex in the formation of tricyclic 8 was
given by the direct synthetic route. Direct hydrolysis of a n-hex-
ane solution of Cp(g5-3,5-di(t-butyl)-1,2,4-triphospholyl)ZrCl2

(6) by chromatography on water deactivated silica led directly
to 8 as the main organophosphorus product component, but in
smaller isolable yield.

The reaction of Cp*ZrCl3 and 1-trimethylstannyl-3,5-di(t-butyl)-
1,2,4-triphosphol (3b) [15] in toluene at room temperature led to
the novel saturated cage 10. It is another P6(t-BuC)4H2 isomer
and can be related to Cp*(g5-3,5-di(t-butyl)-1,2,4-triphospho-
lyl)ZrCl2 as an observable intermediate. After stirring the reaction
mixture overnight, the characteristic AB2 spin system of an g5-
(3,5-di(t-butyl)-1,2,4-triphospholyl) complex (Table 1) appears as
the prominent species in 31P NMR spectroscopy besides other sig-
nals of organophosphorus compounds with dominating sp3-
hybridized P-nuclei. These NMR signals disappear slowly within
two days and the typical signals of saturated P–C cage compounds
become stronger. Column chromatography on water deactivated
silica and n-hexane allowed the isolation of 10 as a red solid.
Recrystallization from cold n-hexane resulted in reasonable 55%
isolated yield of red prisms of the compound (Scheme 5).

31P NMR spectroscopy immediately revealed a completely dif-
ferent bonding situation of 10 in relation to its isomers 8 and the
saturated cage of Nixon [30] (Fig. 8). Both are chiral compounds.
In contrast to that, 10 forms an (AX2)(BY2) spin system for a satu-
rated P–C cage compound with only weak 2JPP coupling between
the two subsystems. The X2 and Y2 nuclei indicate magnetic equiv-
alence for two pairs of P-nuclei. This is rather uncommon for a com-
pound which is most probably formed by dimerization of the
enantiomers of chiral 3c. The 31P NMR data are in good agreement
with the molecular structure of 10 as determined in the crystalline
state. Two chemically and magnetic inequivalent four-membered
P3C-rings indicated by hatched and bold bonds in the drawing
of the molecule in Fig. 8 can be related to the AX2 and BY2 spin
subsystems, but their correlation to each other is unclear in the mo-
ment. 1H NMR of 10 fits to this model, 13C is not very informative as
the cage carbon atoms are missing due to strong P–C coupling.

X-ray diffraction studies on the red prisms of 10 revealed tri-
clinic crystals in space group P�1. As the first investigated crystal



Scheme 6. Stereochemical considerations about the formation of meso-cage compound 10.
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contained 6.1% of another C20H38P6 isomer 10a in statistical distri-
bution, the material was recrystallized again and reinvestigated
but the content of the isomer was only marginally reduced to
4.6%. Isomer 10a is chiral and contains one P@C double bond. Its
molecular structure as deduced from differential data analysis is
given in the Supplementary material. Due to its small contribution
to the experimental data, the properties of 10a shall not be dis-
cussed in this paper. The molecular structure of 10 is given in
Table 2
Experimental data of X-ray diffraction studies.

4 5

Formula C15H27Cl3P2Zr C20H32Cl2P2Zr
Crystal size (mm) 0.19 � 0.12 � 0.10 0.22 � 0.15 � 0.12
Crystal system Monoclinic Orthorhombic
Space group P21/c P212121

a (pm) 966.7(1) 881.65(5)
b (pm) 1499.7(1) 1557.24(9)
c (pm) 1445.8(2) 1608.54(9)
a (�) 90.0 90.0
b (�) 103.83(1) 90.0
c (�) 90.0 90.0
V (nm3) 2.0351(2) 2.2084(2)
Z 4 4
Mr 466.88 496.52
l (mm�1) 1.084 0.887
Tmin/Tmax 0.842/0.896 0.832/1.000
q (g cm�3) 1.524 1.4493
F(000) 952 1024
T (data collected) (K) 100(2) 100(2)
2h Range (�) 6.16 6 2h 6 58.0 6.9 6 2h 6 55.8
hkl Range �13 6 h 6 13 �11 6 h 6 10

�20 6 k 6 20 �20 6 k 6 20
�19 6 l 6 19 �21 6 l 6 20

Reflections measured 34157 14234
Reflections unique 5415 5058
Reflections observed (I P 2.0r(I)) 3689 3974
Parameters refined 271 235
Goodness-of-fit (all data) 0.967 0.862
R1 (observations reflected) 0.0438 0.0399
wR2 (all data) 0.0880 0.0814
Absolute structure parameter [35] – 0.03(5)
Fig. 9. The appearance of molecular cage compound 10 suggests
a vertical mirror plane which is defined by the cage nuclei C(1),
P(1), C(3), and P(4). All atomic parameters which are related in this
way as for the pairs P(2)–P(6), P(3)–P(5), C(2)–C(4) and their
respective bond lengths and angles are very close to rv-symmetry,
but that is not realized in a crystallographic sense for the solid
state. No chiral version of cage 10 is present in the crystal. The
symmetry restrictions of the crystal disappear for solutions, thus
6 8 + 9 10 + 10a

C15H23Cl2P3Zr C20H38.11Cl0.12P6 C20H38P6

0.16 � 0.07 � 0.05 0.48 � 0.40 � 0.35 0.66 � 0.48 � 0.44
Orthorhombic Monoclinic Triclinic
P212121 P21/n P1
673.37(3) 1085.0(1) 1022.4(1)
1503.4(2) 2039.7(3) 1091.5(1)
1930.0(2) 1238.8(1) 1245.3(1)
90.0 90.0 106.960
90.0 106.58(1) 104.482
90.0 90.0 103.193
1.9538(3) 2.6276(5) 1.2171(2)
4 4 2
458.36 468.52 464.32
1.073 0.425 0.446
0.503/1.000 0.644/0.699 0.726/0.799
1.558 1.184 1.267
928 1000 496
100(2) 210(2) 200(2)
6.8 6 2h 6 52.8 3.96 6 2h 6 54.02 3.64 6 2h 6 56.0
�8 6 h 6 7 �1 6 h 6 13 �1 6 h 6 13
�18 6 k 6 18 �1 6 k 6 26 �13 6 k 6 13
�23 6 l 6 24 �15 6 l 6 15 �16 6 l 6 16
16051 7013 6891
3991 5727 5733
2967 3937 4460
196 254 397
1.065 1.012 1.022
0.0542 0.0480 0.0301
0.1084 0.1196 0.0730
�0.08(9) – –
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10 forms a true meso-compound there as indicated by NMR
spectroscopy.

The uncommon effect of forming one single meso-dimer by cyc-
lic addition of chiral triphosphole 3c is related to the fact that the
hydrogen atoms H(2) and H(4) share the same side of the cage with
respect to the plane which is defined by the nuclei P(2), P(3), P(5),
and P(6). The same accounts for the t-Bu groups of C(2) and C(4),
which originally formed the stereogenic centers of triphosphole 3c.

A stereochemical analysis of 10 with respect to 3c revealed an
interesting relationship between them. Compound 10 represents
the dimerization product of two R-enantiomers or that of two of
S-enantiomers of 3c (Scheme 6)! Unlike the normal case of forming
meso-compounds by combining the two optical antipodes of a chi-
ral starting material, in this case it is the combination of two
homochiral monomers which is identical for both enantiomeric
versions of the monomer. The reaction sequences leading to 10
as well as to 8 and 9 share their remarkable preference for a highly
selective dimerization of homochiral enantiomers of 3c. It seems
worthwhile to follow these stereochemical peculiarities of zirco-
nium complex mediated cage forming processes in the future sys-
tematically for the stereoselective preparation of novel P–C cage
compounds.

2.3. Catalytic oligomerization of 1-hexene with diphospholyl and
triphospholyl zirconium p-complex catalysts

Catalytic oligomerization of 1-hexene was achieved with
Cp(g5-1,3-diphospholyl)ZrCl2 complex (5) and Cp(g5-1,2,4-tri-
phospholyl)ZrCl2 complex (6) with an excess of methylalumoxane
(MAO) as the co-catalyst. The experimental setup follows a report
of Janiak et al. who determined the relative reactivity of phosphole
zirconium catalyst with respect to the basic catalytic system zirco-
nocene dichloride [4]. A disadvantageous trend for the phospholyl
derivatives of Cp2ZrCl2 is unluckily continued for its di- and tri-
phospholyl analogues 5 and 6: each additional phosphorus atom
replacing a C–H unit of the catalyst diminishes the catalyst activity
as well as the resulting turnover numbers. (TON: Cp2ZrCl2 =
16.666; 5 = 1.100; 6 = 68) The complete results are given in the
Supporting information.
3. Conclusions

In this paper, we report for the first time about useful prepara-
tive routes to 1,3-diphospholyl and 1,2,4-triphospholyl zirconium
p-complexes. Preparation and handling of the complexes requires
consequent exclusion of moist and air. (g5-2,4,5-Tri(t-butyl)-1,3-
diphospholyl)ZrCl3 (4), Cp(g5-2,4,5-tri(t-butyl)-1,3-diphospholyl)-
ZrCl2 (5), and Cp(g5-3,5-di(t-butyl)-1,2,4-triphospholyl)ZrCl2 (6)
are stable enough to be characterized fully under these circum-
stances. According to its NMR properties, 6 is one of the rare cases
of a bent sandwich complex with non-rotating p-ligands outside
the ansa-metallocenes, but 5 with its even more bulky 2,4,5-
tri(t-butyl)-1,3-diphospholyl ligand shows no sign a hindered p-
ligand rotation. This interpretation of the NMR experimental data
seems to contradict the generally accepted rule for the conforma-
tional flexibility of p-complexes, where repulsive interactions
between p-ligand substituents control the activation energy for
ligand rotation. As an alternative model an attractive force
between the p-ligands of 6 is discussed, which is generated by
an interaction of two nucleophilic P-lone pairs with two electro-
philic sp2-ring carbon atoms of the Cp ligand.

Hydrolysis of (1,2,4-triphospholyl)Zr complexes or presence of
moisture in the reaction mixture changes the course of the reac-
tions completely and leads to oligo- or polycyclic organophospho-
rus compounds by dimerization of the hydrolysis product 3,5-di(t-
butyl)-1,2,4-triphosphol 3c to form P6(t-BuC)4H2 isomers as the
main products. Depending on the starting materials and the reac-
tion conditions either asymmetric tricyclic isomer 8 with two
P@C double bonds is formed as a pair of enantiomers or meso-cage
10 as the only isolable stereoisomer. Surprisingly, both can be re-
lated to the dimerization of two homochiral molecules of (R)-3,5-
di(t-butyl)-1,2,4-triphosphol 3cR or two units of its S-enantiomer.
This means for the meso-compound 10, an identical stereoisomer
is formed by combining two S- or two R-enatiomers of 3c, a very
specific stereochemical situation. In both cases, no cyclic addition
products have been identified, which would represent the hetero-
chiral combination 3cR + 3cS.

P2- and P3-zirconocene dichloride derivatives 5 and 6 have been
tested as Ziegler–Natta alkene oligomerization catalysts. Unluckily,
the activity of the catalyst is reduced significantly by introducing
isolobal P-atoms occupying the position of C–H fragments.

4. Experimental

4.1. General

All reactions were carried out in flame dried glassware, under
an oxygen-free atmosphere of dry nitrogen using Schlenk tech-
niques. Solvents were dried with the help of sodium or potassium
ketyl radicals and distilled under N2. All NMR solvents were care-
fully dried, degassed, and stored under N2 over 4 Å molecular
sieves. NMR spectra were recorded on JEOL JNM-EX 270, JNM-LA
400 and Bruker Avance DRX 300. 1H and 13C NMR chemical shifts
are given relative to residual solvent peaks. 31P NMR chemical
shifts are referenced to external H3PO4 (85%). Mass spectra: Varian
Mat 212 and JEOL JMS 700 spectrometers. Elemental analysis was
performed locally by the microanalytical laboratory at the Depart-
ment Chemie & Pharmazie of the University Erlangen-Nürnberg.

The starting materials were prepared as published: mixtures
2a/3a [9], separation of Na(THF)n salts 2a and 3a with an average
of n = 1.5 in both cases [10], and trimethylstannyltriphosphol 3b
[15]. Zirconium starting materials, NMR solvents, solvents for
chemical reactions and chromatography, and static phases were
purchased from standard commercial resources.

4.2. (g5-2,4,5-tri(t-butyl)-1,3-diphospholyl)ZrCl3 (4)

A suspension of 270 mg (0.75 mmol) sodium salt 2a in 10 mL of
toluene was syringed at room temperature to a stirred mixture of
175 mg (0.75 mmol) ZrCl4 in 15 mL of toluene within 5 min.
Throughout further stirring for an hour the color changed from
brown to orange. Removal of the solvent in vacuum, addition of
a few mL of n-hexane, filtration of the resulting solution and re-
moval of the n-hexane in vacuum again led to the formation of
the product as a yellow solid. Recrystallization from n-hexane re-
sulted in the isolation of 160 mg (0.343 mmol, 46%) yellow 4.

31P{1H} NMR (121.5 MHz, toluene-d8, RT): d = 260.3 (s, 2P). 1H
NMR (300 MHz, toluene-d8, RT): d = 1.46 (s, 9H, C(CH3)3), 1.55 (s,
18H, 2C(CH3)3). 13C{1H} NMR (75.5 MHz, toluene-d8, RT):
d = 211.4 (t, 1J(13C, 31P) = 72 Hz C(1)), 185.1 (X-part of an ABX spin
system

P1J(13C, 31P(A)) + 2J(13C, 31P(B)) = 115 Hz C(2,3)), 41.8 (t,
2J(13C, 31P) = 10.8 Hz C(5,6)), 41.5 (t, 2J(13C, 31P) = 15.2 Hz C(4)),
35.3 (t, 3J(13C, 31P) = 7.2 Hz C(7,8)), 34.7 (t, 3J(13C, 31P) = 7.2 Hz
C(9)). MS (FD, toluene): 270 [P3C2

tBu2] (15%), 466 [M+] (7%), 541
[H2P4C6

tBu6] (100%). C15H27Cl3P2Zr (466.79): Calc.: C, 38.59; H,
5.83. Found: C, 38.33; H, 6.85%.

4.3. Cp(g5-2,4,5-tri(t-butyl)-1,3-diphospholyl)ZrCl2 (5)

A suspension of 232 mg (0.632 mmol) sodium salt 2a in 10 mL
of toluene was syringed at room temperature dropwise to a stirred
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mixture of 167 mg (0.97 mmol) CpZrCl3 in 20 mL of toluene within
20 min. Throughout further stirring for an hour the color changed
from brown-orange to yellow. Removal of the solvent in vacuum,
addition of a few mL of n-hexane, filtration of the resulting solution
and removal of the n-hexane in vacuum again led to the formation
of the product as an orange solid. Dissolving the compound in
refluxing n-hexane and recrystallization at room temperature re-
sulted in the isolation of 180 mg (0.362 mmol 57%) orange 5.

31P{1H} NMR (121.5 MHz, toluene-d8, RT): d = 236.7 (s, 2P). 1H
NMR (300 MHz, toluene-d8, RT): d = 1.39 (s, 9H, C(CH3)3), 1.64 (s,
18H, 2C(CH3)3), 6.35 (s, 5H, Cp). 13C{1H} NMR (75.5 MHz, tolu-
ene-d8, RT): d = 195.0 (t, 1J(13C, 31P) = 69.8 Hz C(1)), 179.6 (X-part
of an ABX spin system

P1J(13C, 31P(A)) + 2J(13C, 31P(B)) = 75.6 Hz
C(2, 3)), 115.9 (s, C(Cp)), 39.9 (t, 2J(13C, 31P) = 10.9 Hz C(5,6)), 39.4
(t, 2J(13C, 31P) = 16.0 Hz C(4)), 34.2 (t, 3J(13C, 31P) = 7.2 Hz C(7, 8)),
33.7 (t, 3J(13C, 31P) = 7.8 Hz C(9)). MS (FD, toluene): 270 [P2C3

tBu3]
(2%), 496 [M+] (50%), 541 [H2P4C6

tBu6] (100%); C20H32Cl2P2Zr
(496.55): Calc.: C, 48.38; H, 6.50. Found: C, 47.84; H, 6.46%.

4.4. Cp(g5-3,5-di(t-butyl)-1,2,4-triphospholyl)ZrCl2 (6)

A suspension of 232 mg (0.636 mmol) sodium salt 3a in 10 mL
of toluene was syringed at room temperature dropwise to a stirred
mixture of 347 mg (1.319 mmol) CpZrCl3 in 20 mL of toluene with-
in 20 min. Throughout further stirring for an hour the color chan-
ged from brown-orange to yellow. Removal of the solvent in
vacuum, addition of a few mL of n-hexane, filtration of the result-
ing solution and slow and partial evaporation of the n-hexane in a
stream of the inert gas led to the formation of small amounts of the
target product as yellow needles. Attempt to workup the mother
liquor which contained most of the yield failed due to the thermo-
lability and hydrolytic instability of the compound, thus chemical
yields of the reactions could not been determined.

31P{1H} NMR (121.5 MHz, toluene-d8, RT): d = 282.5 (t, 2J(31P,
31P) = 51.2 Hz 1P), 260.2 (d, 2J(31P, 31P) = 51.2 Hz 2P). 1H NMR
(300 MHz, toluene-d8, RT): d = 1.56 (s, 18H, C(CH3)3), 6.12 (s, 3H,
(C5H5)), 6.35 (s, 2H, (C5H5)). 13C{1H} NMR (75.5 MHz, toluene-d8,
RT): d = 236.0 (dt, 1J(13C, 31P) = 80 Hz,

P 1J(13C, 31P) + 2J(13C,
31P) = 98 Hz, C(1,2))), 119.3 (s, 3C, (C5H5)), 116.7 (t, J(13C,
31P) = 2.2 Hz, 2C, (C5H5)), 44.4 (dt, 2J(13C, 31P) = 18 Hz,

P2J(13C,
31P) + 3J(13C, 31P) = 12 Hz, C(3,4)), 33.9 (dt, 3J(13C, 31P) = 9 Hz,
P3J(13C, 31P) + 4J(13C, 31P) = 8 Hz, C(5,6)). MS (FD, toluene): no sig-
nals associated with a Zr-complex of the heterocycle observable;
C15H23Cl2P3Zr (456.1): Calc.: C, 39.30; H, 5.06. Found: C, 39.80; H,
5.47%.

4.5. Unsaturated P6(t-BuC)4H2 isomer exo-1,2,4,5,6,8-hexaphospha-
3,7,9,10-tetra(tert-butyl)-tricyclo-[4.3.3.0]-3,9-decadien (8)

A suspension of 390 mg (1.068 mmol) sodium salt 3a in 30 mL
of toluene was syringed at room temperature dropwise to a stirred
mixture of 272 mg (1.19 mmol) ZrCl4 in 20 mL of toluene within
20 min. Refluxing of the reaction mixture for 6 h led to a color
changed from yellow to orange and the formation of a colorless
precipitate. 31P NMR of the mixture proves the formation of a mul-
tiplicity of compounds with sp2 and sp3 hybridized phosphorus nu-
clei, but the absence of p-bound 1,2,4-triphospholyl ligands. The
solvent was removed in vacuum and the remaining material dis-
solved in n-hexane. Column chromatographic workup on water
deactivated silica (50 cm, 5% water) with n-hexane led to the for-
mation of two yellow fractions. The first contains mainly the
known saturated P6(t-BuC)4H2 isomer [30] and the second one
the two tricyclic organophosphorus compounds 8 and 9. Removal
of the solvent in vacuum and recrystallization from n-hexane
(RT/�18 �C) led to the isolation of 85 mg (0.18 mmol, 33%) yellow
mixed crystals consisting of 89% 8 and 11% 9. Only repeated frac-
tional recrystallization allowed the isolation of almost pure NMR
samples of 8 in small amounts for an unambiguous determination
of the spectroscopic parameters.

31P{1H} NMR (121.5 MHz, toluene-d8, RT): d = 330 (d, 2J(31P,
31P) = 31.5 Hz P(6)), 317 (pd, 1J(31P, 31P) = 277 Hz P(1)), 31 (dd,
1J(31P, 31P) = 277 Hz, 1J(31P, 31P) = 309 Hz P(3)), 27 (pd, 1J(31P,
31P) = 317 Hz P(2)), 18 (q, 1J(31P, 31P) = 317 Hz, 1J(31P,
31P) = 381 Hz P(5)), �18 (q, 1J(31P, 31P) = 309 Hz, 1J(31P,
31P) = 381 Hz P(4)). 1H NMR (300 MHz, toluene-d8, RT): d = 1.07
(s, tBu), 1.33 (s, tBu), 1.41 (s, tBu), 1.59 (s, tBu). 13C{1H} NMR is ham-
pered by the small amounts of available pure samples and strong
P–C coupling for the ring C nuclei. MS (FD, toluene): m/z
(%) = 500 (85) [C20H39ClP6]+, 464 (100) [C20H38P6 ]+. No correct ana-
lytical data could be obtained from the crystals.
4.6. Saturated P–C cage P6(t-BuC)4H2 isomer (10)

A solution of 370 mg (0.937 mmol) trimethylstannyl-1,2,4-tri-
phosphole derivative 3b in 35 mL of toluene was syringed at room
temperature dropwise to a stirred mixture 312 mg (0.937 mmol)
Cp*ZrCl3 in 15 mL of toluene within 5 min. Stirring over night at
RT led to a color changed from yellow to dark orange and the for-
mation of a colorless precipitate. 31P NMR of the mixture proves
the presence of (g5-1,2,4-triphospholyl)Zr complexes besides
organophosphorus compounds with mainly sp3 hybridized phos-
phorus nuclei. Stirring for additional two days at RT led to the dis-
appearance of the p-complexes and an increase of intensity of the
31P NMR signals of the organophosphorus components. Column
chromatographic workup on water deactivated silica (50 cm, 5%
water) with n-hexane yielded a yellow main fraction. Removal of
the solvent and recrystallization from n-hexane (RT/�18 �C) led
to the isolation of 120 mg (0.258 mmol, 55%) of red prisms of 10
which is polluted with ca. 5% of another P6(t-BuC)4H2 isomer
10a. Repeated recrystallization did not remove impurity 10a
significantly.

31P{1H} NMR (121.5 MHz, toluene-d8, RT): d = �8.94 (t, 1J(31P,
31P) = 123.9 Hz, 1P), 26.42 (t, 1J(31P, 31P) = 139.6 Hz, 1P, 114.7 (d,
1J(31P, 31P) = 123.9 Hz, 2P), 128.7 (d, 1J(31P, 31P) = 139.6 Hz, 2P).
1H NMR (300 MHz, toluene-d8, RT): d = 1.17 (s, 18 H, 2 tBu), 1.23
(s, 18 H, 2 tBu), 1.37 (s, 18H, tBu), 2,89 (dd, 2J(1H, 31P) = 6.6 Hz,
2J(1H, 31P) = 10.4 Hz 2H, C–Hcage). 13C{1H} NMR is hampered by
strong P–C coupling for the cage carbon nuclei. MS (FD, toluene):
m/z (%): 464 (100) [C20H38P6]+. No correct analytical data could
be obtained from the crystals.
4.7. Crystal structure determinations

Intensity data were collected on Bruker-Nonius KappaCCD (4, 5,
6) or Siemens P4 (8, 9, 10) diffractometers (u- and x-rotations)
using Mo Ka radiation (graphite monochromator, k =
0.71073 pm). Data were corrected for Lorentz and polarization ef-
fects. Absorption effects have been taken into account on a semi-
empirical basis using multiple scans of equivalent reflections
(SADABS, Bruker-AXS, 2002) [32,33]. All structures were solved by di-
rect methods and refined by full-matrix least-squares procedures
against F2 with all reflections using SHELXTL-NT 5.10 (Bruker AXS,
1998) (4, 8, 9, 10) or SHELXTL-NT 6.12 (Bruker AXS, 2002) (5, 6) pro-
grams [34]. All non-hydrogen atoms were refined anisotropically.
The positions of the hydrogen atoms were placed in positions of
optimized geometry. The isotropic displacement parameters of
all hydrogen atoms were tied to the equivalent isotropic displace-
ment parameters of their corresponding carrier atoms by a factor
of 1.2- or 1.5. Crystal data and experimental details are listed in
Table 2.
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Appendix A. Supplementary material

CCDC 699518, 699519, 699520, 699521, and 699521 contain
the supplementary crystallographic data for 4, 5, 6, 8 + 9, and
10 + 10a, respectively. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif. Supplementary data associ-
ated with this article can be found, in the online version, at
doi:10.1016/j.jorganchem.2008.12.026.
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