
FULL PAPER

Trifunctional Phosphane Ligands and Their Application in the Synthesis of
Novel Cage-Structured Platinacyclophanes and Trinuclear Chain-Like

Platinacycles by Self-Assembly[‡]

Ekkehard Lindner,*[a] Monther Khanfar,[a] and Manfred Steimann[a]

Dedicated to Professor Dieter Sellmann on the occasion of his 60th birthday

Keywords: Cyclophanes / Platinum / P ligands / Supramolecular chemistry / Self assembly

The synthesis of the 1,3,5-tris[(diphenylphosphoryl)alkyl]-
benzenes 7−10 succeeds by reaction of the corresponding
1,3,5-tris(bromoalkyl)benzenes 3−6 with ethyl diphenylphos-
phinite in an Arbusov-type reaction. Reduction of these phos-
phane oxides leads to the trifunctional phosphane ligands
11−14. Their potency of self-assembly was examined by the
employment of platinum(II) complex fragments. A five-com-
ponent self-assembly consisting of 3 equiv. of the platinum
complex Cl2Pt(NCPh)2 and 2 equiv. of the ligands 11−14 un-

Introduction

Supramolecular chemistry, which may be regarded as a
result of modern coordination chemistry,[1] is at the frontier
of molecular sciences as is shown by the fast growth of pub-
lications in this area in the last decade.[2] Cyclophanes and
in particular metallacyclophanes are part of this chem-
istry.[3,4] They contain cavities that have the capacity to in-
clude guest molecules of different kinds.[4] The synthesis of
these fascinating compounds was troublesome. However,
studies in self-organization have provided a lot of interest-
ing molecular architectures capable of being used for
host2guest chemistry, such as ‘‘cyclophane boxes’’,[5]

squares and polygons,[6] cylinders,[7] rods[8] and many
others.[9] Unlike two-dimensional metallacyclophane boxes,
three-dimensional multicyclic species are still rare to-
day.[5,10]

Mono- and multidentate phosphanes are attractive li-
gands for the generation of complexes with a great variety
of transition metal fragments.[11] Recently, van Koten et
al.[12] synthesized a tetradentate ligand in which the phos-
phane arms are attached via methylene groups to a benzene
ring in the 1,2,4,5-positions. The introduction of a symmet-
rically 1,3,5-trisubstituted benzene ring with at least C3
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der high-dilution conditions led to the formation of the
nanoscaled triplatinacyclophanes 1 and 15−17. Polymers
were formed as by-products from the reactions between
11−13 and Cl2Pt(NCPh)2, whereas in the case of 14 three
other platinacyles 18−20 with a chain-like structure were
formed. The structures of the metallacycles 1 and 15−17 as
well as 18−20 were elucidated by 31P{1H}, 13C{1H}, and
195Pt{1H} NMR spectroscopic investigations.

symmetry into phosphane chemistry has advantages for the
synthetic design[13] of self-assembled supramolecular molec-
ules[14] and for chemical selectivity.[15] As it was demon-
strated recently such tridentate phosphanes are suitable for
assembly via three platinum atoms to give an elastic, three-
dimensional molecular cage. By virtue of its size it was pos-
sible to reversibly encapsulate 1,2-dichloroethane into the
triplatinacyclophane 1 (Figure 1).[16] In continuation of this
work several triplatinacyclophanes were generated with dif-
ferent cage sizes in order to study the dependence of the
number of methylene groups in the ligand system on the
type of self-assembly. Due to this novel tridentate phos-
phane ligands are introduced in this investigation. They are
based on a central benzene ring which is provided with
three flexible aliphatic spacer units, each carrying a phos-
phane group at their ends. Such ligands can be employed in
catalysis and supramolecular chemistry.

Figure 1. Inclusion of 1,2-dichloroethane into the three-dimen-
sional triplatinacyclophane 1
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Results and Discussion

Ligand Synthesis

For the synthesis of the target ligands 11214 the 1,3,5-
tris(bromoalkyl)benzenes 326 are used as starting mat-
erials. However, according to the literature 1,3,5-tris(bromo-
propyl)benzene (5) is only available in a complicated eight-
step reaction sequence.[17] Therefore a much simpler access
to 5 was developed. Lithiation of mesitylene with nBuLi/
TMEDA in n-hexane afforded the trilithium derivative 2.
Subsequent addition of a suspension of 2 in n-pentane to a
solution of 1,2-dibromoethane in n-pentane at 285 °C re-
sulted in the formation of 5 in about 20% yield (Scheme 1).

Scheme 1

Reactions of the trifunctionalized chloro- or bromoalkyl-
benzenes 326 with MPPh2 (M 5 Li, Na) or LiCH2PPh2

were not successful. Also treatment of 2 with ClPPh2 or
ClCH2PPh2 did not result in the isolation of a defined prod-
uct. Therefore a method of van Koten et al. was applied
which was recently published.[12,18] According to this pro-
cedure an Arbusov reaction was carried out between 326
and Ph2POC2H5 yielding quantitatively the phosphane ox-
ides 7210 (Scheme 2). In o-dichlorobenzene these phos-

Scheme 2
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phane oxides can easily be reduced with HSiCl3 to the cor-
responding trifunctionalized phosphanes 11214
(Scheme 2). Whereas the phosphane oxides 7210 represent
colorless solids with rather high melting points, which are
soluble in all organic solvents of high and medium polarity,
the colorless phosphanes are obtained as waxy (11), crystal-
line (12), or gummy products (13,14). In contrast to 7210
they are not soluble in polar solvents. The composition of
7214 was confirmed by FAB and EI mass spectra, showing
in each case the molecular peak. The IR spectra (in KBr)
of 7210 display a sharp absorption between 1197 and 1225
cm21 which is assigned to the P5O stretching vibration.
Expectedly, in the 31P{1H} NMR spectra (in CDCl3) of the
phosphane oxides 7210 one singlet is observed for each of
them (δ 5 31 to 34) which is shifted to higher fields (δ 5
29 to 215) on going from 7210 to the phosphanes 11214.

Crystal Structures of 9 and 12

To obtain more detailed structural information about the
trifunctional phosphane oxides and their oxygen-free ana-
logues, X-ray structural analyses were performed on com-
pounds 9 and 12 (Scheme 2). ORTEP drawings of their mo-
lecular structures with atom labeling are depicted in Fig-
ures 2 and 3. Although the crystal structure of 9 is of re-
stricted quality, it can be used for a brief discussion.
Because 9 has a C3 axis of symmetry which is passing
through the center of the benzene ring all three phosphane
arms are equivalent. This fact gives rise to several structural
implications. All distances between the phosphorus and car-
bon atoms of the central benzene ring are equal [5.307(5)
Å] and the P12C2, P1A2C2A, and P1B2C2B axes are
bent towards the plane of the central benzene ring by an
angle of 144.2(6)°. A further consequence is that the phos-
phorus atoms are located at the vertices of an equilateral
triangle that is parallel to the benzene ring. The distance
between the phosphorus atoms is 10.179(6) Å (Figure 2).

Figure 2. Molecular structure of 9 in the crystal; ORTEP plot with
thermal ellipsoids at 20% probability; selected distances [Å] and
angles [°]: P12O1 1.487(4), P12C6 1.800(5), P12C5 1.809(4),
P12C12 1.809(8), P12C2 5.307(5), P12P1A 5 P1A2P1B 5
P12P1B 10.179; C1A2C22P1 5 C1B2C2A2P1A 5
C12C2B2P1B 144.2(6)
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Figure 3. Molecular structure of 12 in the crystal; ORTEP plot
with thermal ellipsoids at 20% probability; selected distances [Å]
and angles [°]: P12C9 1.831(7), P12C8 1.834(5), P12C15 1.849(5),
P22C23 1.809(6), P22C29 1.833(5), P22C22 1.847(5), P32C36
1.854(5), P32C37 1.811(7), P32C43 1.839(5) P12C1 4.180(3),
P22C3 4.166(3), P32C5 4.169, P12P2 8.672, P22P3 9.292(4),
P12P3 9.329; C42C12P1 154.9(3), C62C32P2 157.9(4),
C22C52P3 157.7(4)

In the structure of the phosphane 12 such a C3 axis of
symmetry is not existent. Therefore the different distances
between the phosphorus atoms as well as between these and
the carbon atoms of the central benzene ring are not equal
(Figure 3) and the nonsymmetric triangle constituted by
phosphorus atoms is not parallel to the benzene ring. The
P12C1, P22C3 and P32C5 axes are bent towards the
plane of the benzene ring by angles of 154.9(3), 157.9(4),
and 157.7(4)°, respectively.

Motifs Generated by Self-Assembly

To obtain self-assembled cyclophane structures a pre-or-
ganization of the components is a necessary prerequisite.
Trifunctionalized phosphane ligands of the type 11214 pro-
vide the necessary rigidity that is important for this pre-

Scheme 3
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organization. For the generation of the three-dimensional
platinacyclophanes 15, 16, and 17 the ligands 11, 12, and
14 were treated with Cl2Pt(NCPh)2 in dichloromethane ac-
cording to the high-dilution method (Scheme 3).[19] In con-
trast to the platinacyclophane 1, which was recently de-
scribed,[16] the smaller cages 15 and 16 were obtained in
lower yields. In particular the platinacyclophane 15 could
not be isolated in pure form, since polymers and oligomers
were formed as by-products, an observation which was also
made by Fujita et al. with comparable nitrogen ligands.[10c]

The solubility of 15 as well as these by-products is too low
for separation. This property also led to the prevention of
a template synthesis being performed in order to enhance
the yield of 15. Because of its better solubility 16 could be
obtained as a pure compound by chromatography.

Compared to 11 and 12 the behavior of ligand 14, with
four methylene units towards Cl2Pt(NCPh)2, was different.
No oligomers or polymers were detected. In addition to the
occurrence of the triplatinacyclophane 17 three other spe-
cies 18220 were isolated with increasing yields in the se-
quence 18 . 19 . 20 (Scheme 4). The separation of 17220
was performed by column chromatography. However, 17 al-
ways contained impurities of 20. According to their FAB
mass spectra these compounds show the same molecular
mass and it turned out that they are structural isomers. To
optimize the yield of the triplatinacyclophane 17 the reac-
tion between 14 and Cl2Pt(NCPh)2 was carried out at dif-
ferent temperatures (270 to 140 °C) in dichloromethane.
At low temperatures the yields were around 10% and de-
creased with increasing temperature. At 40° C the structural
isomer 18 is predominant (86%) and the formation of 17 is
thermodynamically unfavorable.[20] Benzene is the best solv-
ent for the generation of 17; it is superior to CCl4 or CHCl3.

The triplatinacyclophanes 1, 15217 and trinuclear
platinacycles 18220 represent colorless to pale yellow com-
pounds that show similar solubility behavior to their corres-
ponding ligands 11214. However, 15 is nearly insoluble in
all organic solvents. The all-trans complex 18 transforms
slowly to the trans-cis-trans complex 19.

Structural information about the motifs and geometry of
the platinacyles 16220 is available by 31P{1H} NMR spec-
troscopic investigations. 31P chemical shifts and 195Pt231P
coupling constants allow an unambiguous distinction be-
tween the architecture of the molecules and their stereoiso-
merism. Complexes with cis geometry show coupling con-
stants of about 3500 Hz, whereas those with a trans envir-
onment reveal values of about 2500 Hz.[21] It is also well
known that 31P signals of trans isomers are shifted upfield
compared to those of cis isomers.[21] The 31P{1H} NMR
spectra of 16 and 17 each show a singlet for the six chemical
equivalent phosphorus atoms at δ 5 7.1 and 9.6, respect-
ively, and a doublet for the 195Pt satellites, which is typical
for cis-PtP2 fragments. This assignment is confirmed by
195Pt{1H} NMR spectra, which each display a triplet at δ 5
24423 and 24413 with coupling constants of 1JPtP 5 3600
and 3668 Hz, respectively. Moreover, the structure of 1 was
recently confirmed by an X-ray structural analysis.[16] Be-
cause 15 was impurified by polymers and because of its low
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Scheme 4

solubility in all organic solvents, no exact NMR spectro-
scopic data were available.

In contrast to 16, 17 (and 1[16]) the 31P{1H} NMR spec-
tra of the trinuclear platinacycles 18220 show two 31P sing-
lets in a ratio of 2:1. This is a clear indication that two
different 31P nuclei are present. Each singlet is accompanied
by a doublet as satellites that is traced back by the
195Pt231P coupling (see Exp. Sect.). According to the chem-
ical shifts and the size of the coupling constants, 18 is char-
acterized by an all-trans structure. In the case of the metal-
lacycle 19 the central platinum atom (Pt1, Scheme 4) has a
cis geometry, whereas both terminal platinum atoms (Pt2)
have a trans configuration. In compound 20 an all-cis struc-
ture was established. The fact that the terminal platinum
atoms in 18220 are incorporated in a cycle was confirmed
by the value of the 195Pt231P coupling constants which is
higher than that of the noncyclized central platinum atom.
Moreover the terminal cyclized P2Pt moieties show higher
chemical shifts than the central trans-P2Pt unit. A reverse
observation was made in the case of 20.

A short discussion of the 1H and 13C{1H} NMR spectra
of the cycles 16220 is with regards to the central benzene
rings and the adjacent methylene groups. Only one 1H sig-
nal is observed in the spectra of 16 (δ 5 6.42) and 17 (δ 5
6.86) for the aromatic protons. A different situation was
found in the cases of 18220. Two singlets in a 2:1 ratio are
assigned to H6/H10 and H8, which is in agreement with the
proposed structure (Scheme 4). The methylene protons only
give rise to broad unresolved signals. Two different 13C res-
onances occur in the spectra of the cages 16 and 17 and
they are ascribed to the methine (δ 5 126.1) and quaternary
carbon atoms [δ 5 129.6 (16), 132.4 (17)] of the benzene
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rings. In the case of 16 the second one is split into a doub-
let, because of the 31P213C coupling (3JPC 5 7 Hz). The
corresponding signals for the aromatic methine and qua-
ternary carbon atoms in the spectra of 18220 are split into
two peaks with an intensity of 2:1 (see Exp. Sect.). A doub-
let at δ 5 28.6 (2JPC 5 47 Hz) in the spectrum of 16 and a
singlet at δ 5 35.8 in that of 17 are assigned to the methyl-
ene carbon atoms which are adjacent to the benzene rings.
These resonances are split into two signals with an intensity
of 2:1 in the spectra of 18220.

Conclusion

In contrast to metallacyclophanes, the chemistry of or-
ganic cyclophanes is much more developed.[3] However,
within the last five to ten years several new architectures
of metallacyclophanes with interesting properties have been
described in the literature.[123,5,6] This new variant of cyclo-
phanes is available by self-assembly of multifunctional li-
gands with suitable metal fragments. In the present investi-
gation a simple strategy was introduced that allows a con-
venient access to trifunctional phosphanes. They are pro-
vided with a central benzene ring with three phosphane
arms in a symmetrical 1,3,5-position. The distance of these
phosphanes from the benzene ring is controlled by methyl-
ene functions of different length. Ligands of this type can-
not be used only for the generation of metallocyclophanes,
but also as the first generation of dendrimers[10b,22] and for
the synthesis of catalytically active transition metal com-
plexes.[14a] It was demonstrated that these trifunctional pho-
sphane ligands are capable of undergoing self-assembly
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with adequate platinum complex fragments. Three items are
observed that affect the formation of three-dimensional pla-
tinacyclophanes: 1) the rigidity of the ligand system, 2)
steric factors, and 3) intramolecular chelation. The first
point is predominant in the formation of cages with a tris-
phosphane that contains no methylene groups between the
central benzene ring and the phosphorus donors. Therefore,
the system appears to be rigid and it is not possible for the
phosphanes to avoid contact between each other to reduce
the steric congestion caused by the phenyl substituents.
Also the P-donors are too far away from a metal center
to give intramolecular chelation.[10b] By the introduction of
methylene groups and by increasing their number, the li-
gand system becomes more flexible and the phosphane moi-
eties are able to move away from each other to minimize the
interactions and hence the steric demand. This was clearly
observed in the crystallization patterns of these systems
from triclinic (7, one phosphane group is in the opposite
direction of the other two[23]), via monoclinic (12, this re-
port) to cubic (9, this report) for trifunctional phosphanes
with one, two, and three methylene groups, respectively, as
was shown from X-ray crystal structural analyses. However,
the introduction of only one methylene group is not enough
to reduce the steric hindrance, which means intermolecular
chelation results in the favored formation of polymers. The
flexibility of a phosphane system with four methylene
bridges is accompanied by a release of the steric factor and
thus enables intramolecular chelation. This is the reason
that the formation of the chain-like platinacycles 18220 are
favored compared with that of the cage 17. The optimum
for self-assembly is obtained if the ligand contains three
methylene groups.

Experimental Section

General: All synthetic reactions and manipulations were performed
under dry argon using standard Schlenk techniques. n-Pentane and
TMEDA were freshly distilled from LiAlH4, dichloromethane from
calcium hydride, benzene from sodium benzophenone ketyl, and
mesitylene and o-dichlorobenzene from molecular sieves (5 Å). 2

Column chromatography: Activated silica gel, 0.06320.200 mm or
0.0420.063 (Merck); column dimensions are reported in the spe-
cific sections describing the synthesis of the compounds. 2 Puri-
fications by thin layer chromatography were carried out on prepar-
ative TLC glass plates (20 3 20 cm) using silica gel 60 F254,
0.5 mm (Merck). 2 Elemental analysis: Elementar Vario EL ana-
lyzer. 2 Mass spectra: EI-MS: Finnigan TSQ 70 eV (200 °C); FD
and FAB-MS: Finnigan 711A (8 kV), modified by AMD. 2 IR:
Bruker IFS 48 FT-IR. 2 1H, 13C{1H}, 31P{1H}, and 195Pt{1H}
NMR: Bruker DRX-250 spectrometer operating at 250.13, 62.90,
101.26, and 53.55 MHz, respectively. 1H NMR chemical shifts were
referenced with TMS as the internal standard. 13C{1H} NMR
chemical shifts were calibrated against the deuterated solvent mul-
tiplet and referenced to TMS. 31P{1H} NMR chemical shifts were
measured relative to external 85% H3PO4 with downfield values
being taken as positive. 195Pt{1H} NMR chemical shifts were meas-
ured relative to external 37.5% Na2[PtCl6]·6 H2O. 2 Compounds
3,[24] 4,[25] 2,[26] ethyl diphenylphosphinite,[27] Cl2Pt(NCPh)2,[28] and
14[29] were synthesized according to the literature methods.
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1,3,5-Tris(39-bromopropyl)benzene (5): Pyrophoric 2, prepared from
n-butyllithium (500 mL, 15% in n-hexane), TMEDA (92.97 g,
800 mmol) and mesitylene (16.4 g, 136 mmol), was suspended in
n-pentane (250 mL) and added in portions to a solution of 1,2-
dibromoethane (150 g, 800 mmol) in n-pentane (200 mL) at 285
°C. After stirring for 2 h, the resulting mixture was allowed to
warm slowly to room temperature. After neutralization, the organic
phase was separated and the aqueous phase was extracted twice
with CH2Cl2. The combined organic extracts were dried (Na2SO4)
and the volatile materials were distilled. The residual material was
subjected to column chromatography (30 3 7 cm, n-hexane) to af-
ford a colorless oil. Yield 12.0 g, 20%. 2 1H NMR (CDCl3): δ 5

1.36 (quint, 3JHH 5 7.0 Hz, 6 H, CH2CH2Br), 2.73 (t, 3JHH 5

7.4 Hz, 6 H, CH2CH2CH2Br), 3.40 (t, 3JHH 5 6.6 Hz, 6 H,
CH2CH2Br), 6.88 (s, 3 H, aromatic H). 2 13C{1H} NMR (CDCl3):
δ 5 33.4 (CH2Br), 34.0 (CH2CH2Br), 34.3 (CH2CH2CH2Br), 126.8
(aromatic CH), 141.2 (aromatic C). 2 MS (70 eV, EI, 200 °C):
m/z (%) 5 438 (27), 440 (92), 442 (100), 444 (27) [M1], 363 (4), 361
(8), 359 (5) [M1 2 Br], 331 (41), 333 (69), 335 (40) [M1 2

CH2CH2Br].

1,3,5-Tris(diphenylphosphorylmethyl)benzene (7): A modification to
the literature procedure was applied.[30] To a suspension of 3
(4.25 g, 12 mmol) in mesitylene (20 mL), Ph2POEt (15.37 g,
67 mmol) was added. Heating of the reaction mixture to 110 °C
afforded a colorless solution. After heating of the reaction mixture
to 150 °C for 2 h, a white precipitate was formed. The solid was
collected and crystallized from hot benzene, to afford a colorless
solid. Yield 8.0 g, 93%, m.p. 2102211 °C (m.p.[30] 2052206 °C). 2
1H NMR (CDCl3): δ 5 3.44 (d, 3JPH 5 13.8 Hz, 6 H, CH2P), 6.96
(d, 4JPH 5 1.9 Hz, 3 H, aromatic C6H3), 7.4727.50 (m, 18 H, ortho-
and para-P2C6H5), 7.59 (m, 12 H, meta-P2C6H5). 2 13C{1H}
NMR (CDCl3): δ 5 37.7 (d, 1JPC 5 66.9, CH2P), 123.6 (s, tert-
C6H3), 128.6 (d, 3JPC 5 12.1 Hz, meta-C6H5), 130.6 (m, quat-
C6H3), 131.1 (d, 2JPC 5 9.3 Hz, ortho-C6H5), 131.8 (s, para-C6H3),
137.4 (d, 1JPC 5 99.6 Hz, ipso-C6H5). 2 31P{1H} NMR (CDCl3):
δ 5 30.9. 2 IR (KBr): ν̃ 5 3053, 3024 (aromatic CH), 2950, 2893
(CH2), 1437 (P2Ph), 1198 (P5O) cm21. 2 MS (70 eV, EI, 200 °C):
m/z (%) 5 720 (1) [M1], 596 (9) [M1 2 P(O)Ph], 519 (5) [M1 2

P(O)Ph2], 201 (100) [P(O)Ph2
1].

1,3,5-Tris(29-diphenylphosphorylethyl)benzene (8): To a suspension
of 4 (3.99 g, 10 mmol) in mesitylene (20 mL), Ph2POEt (14.0 g,
61 mmol) was added. Heating of the reaction mixture to 90 °C
afforded a colorless solution. The procedure continued as outlined
for 7 to afford a colorless solid. Yield 7.0 g, 98%, m.p. 2342235
°C. 2 1H NMR (CDCl3): δ 5 2.49 (m, 6 H, CH2P), 2.82 (m, 6 H,
CH2CH2P), 6.79 (s, 3 H, C6H3), 7.4227.55 (m, 18 H, ortho- and
para-P2C6H5), 7.75 (m, 12 H, meta-P2C6H5). 2 13C{1H} NMR
(CDCl3): δ 5 27.5 (d, 3JPC 5 2.14 Hz, CH2CH2P), 32.0 (d, 1JPC 5

69.0, CH2P), 126.1 (s, tert-C6H3), 128.9 (d, 3JPC 5 11.4 Hz, meta-
C6H5), 130.9 (d, 2JPC 5 9.3 Hz, ortho-C6H5), 132.0 (d, 4JPC 5

2.14 Hz, para-C6H5), 132.8 (d, 1JPC 5 99.6 Hz, ipso-C6H5), 142.1
(d, 3JPC 5 14.9 Hz, quat-C6H3). 2 31P{1H} NMR (CDCl3): δ 5

32.7. 2 IR (KBr): ν̃ 5 3052, 3022 (aromatic CH), 2935 (CH2),
1438 (P2Ph), 1188 (P5O) cm21. 2 MS (70 eV, EI, 200 °C): m/z
(%) 5 560 (37) [M1 2 P(O)Ph2], 359 (100) [M1 2 2P(O)Ph2], 201
(56) [P(O)Ph2

1]. 2 MS (FD, CH2Cl2, 30 °C): m/z (%) 5 763 (100)
[M1]. 2 C48H45O3P3 (762.8): MS (HR, pos. FAB, NBA, 50 °C):
m/z 5 763.25960 [M1]; calcd. 763.26599. 2 C48H45O3P3 (762.8):
calcd. C 75.58, H 5.95; found C 75.36, H 5.82.

1,3,5-Tris[39-(diphenylphosphoryl)propyl]benzene (9): Ph2POEt
(4.70 g, 20.4 mmol) was added to a suspension of 4 (1.50 g,
3.4 mmol) in mesitylene (20 mL). Heating of the reaction mixture
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to 70 °C afforded a colorless solution. After heating of the reaction
mixture to 150 °C for 4 h, the volatile materials were removed un-
der vacuum at 90 °C. The residue was solidified after cooling. A
colorless solid product was obtained upon crystallization from ben-
zene/n-hexane. Yield 2.54 gm, 93%, m.p. 115 °C. 2 1H NMR
(CDCl3): δ 5 1.90 (m, 6 H, CH2P), 2.24 (m, 6 H, CH2CH2P),
2.61 (t, 3JHH 5 7.4 Hz, 6 H, CH2CH2CH2P), 6.70 (s, 3 H, C6H3),
7.3927.51 (m, 18 H, ortho- and para-P2C6H5), 7.68 (m, 12 H,
meta-P2C6H5). 2 13C{1H} NMR (CDCl3): δ 5 23.0 (d, 2JPC 5

3.4, CH2CH2CH2P), 29.2 (d, 1JPC 5 71.4 Hz, CH2P), 37.1 (d,
3JPC 5 14.8 Hz, CH2CH2CH2P), 126.5 (s, tert-C6H3), 129.1 (d,
3JPC 5 12.1 Hz, meta-C6H5), 130.7 (d, 2JPC 5 8.8 Hz, ortho-C6H5),
131.8 (d, 4JPC 5 2.7 Hz, para-C6H5), 133.0 (d, 1JPC 5 98.4 Hz,
ipso-C6H5), 141.2 (s, quat-C6H3). 2 31P{1H} NMR (CDCl3): δ 5

33.8. 2 IR (KBr): ν̃ 5 3054, 3055 (CH2), 2960, 2934 (aromatic
CH), 1184 (P5O) cm21. 2 MS (pos. FAB, NBA, 50 °C): m/z (%) 5

805 (37) [M1 1 H], 603 (9) [M1 2 P(O)Ph2], 589 (15) [M1 2

CH2P(O)Ph2], 576 (2) [M1 2 CH2CH2P(O)Ph2], 229 (16)
[CH2CH2P(O)Ph2

1], 215 (100) [CH2P(O)Ph2
1], 201 (55)

[P(O)Ph2
1]. 2 C51H51O3P3 (804.9). 2 MS (HR, pos. FAB, NBA,

50 °C): m/z 5 805.31829 [M1]; calcd. 805.31294. 2 C51H51O3P3

(804.9): calcd. C 76.11, H 6.39; found C 76.39, H 6.40.

1,3,5-Tris(diphenylphosphanylmethyl)benzene (11): A suspension of
3 (1.23 g, 1.7 mmol) in o-dichlorobenzene (10 mL) was heated in
a three-necked 100-mL round-bottom flask, equipped with reflux
condenser. The suspension became a clear solution at about 90
°C. The reaction mixture was further heated to 120 °C. At this
temperature trichlorosilane (2.10 g, 15.5 mmol) was added drop-
wise through a septum. After 2 h, the reaction mixture was allowed
to cool slowly to room temperature. The reaction mixture was neut-
ralized by degassed sodium hydroxide (20%, 40 mL) which was ad-
ded through a dropping funnel at 210 °C (ice/salt bath). The or-
ganic layer was separated and the aqueous layer was extracted with
dichloromethane (3 3 30 mL). The combined organic extracts were
dried (Na2SO4) filtered (P3) and dried in vacuum to give a colorless
solid. Yield 1.1 g, 96%, m.p. 58 °C. 2 1H NMR (CDCl3): δ 5 3.08
(s, 6 H, CH2P), 6.50 (s, 3 H, C6H3), 7.18 (s, 30 H, P2C6H5). 2
13C{1H} NMR (CDCl3): δ 5 35.9 (d, 1JPC 5 15.7 Hz, CH2P),
128.4 (d, 3JPC 5 6.4 Hz, meta-C6H5), 128.7 (s, para-C6H3), 130.7
(s, tert-C6H3), 133.0 (d, 2JPC 5 18.5 Hz, ortho-C6H5), 137.4 (dt,
2JPC 5 8.5 Hz, 4JPC 5 1.4 Hz, quat-C6H3), 138.6 (d, 1JPC 5

15.7 Hz, quat-C6H5). 2 31P{1H} NMR (CDCl3): δ 5 29.4. 2 IR
(KBr): ν̃ 5 3070, 3050 (aromatic CH), 2925, 2904 (CH2), 1432
(P2Ph) cm21. 2 MS (70 eV, EI, 200 °C): m/z (%) 5 672 (37) [M1],
595 (3) [M1 2 Ph], 487 (37) [M1 2 Ph2], 301 (25) [M1 2 2PPh2].
2 C45H39P3 (672.7): MS (HR, 70 eV, EI, 210 °C): m/z 5

672.230597 [M1]; calcd. 672.226445. 2 C45H39P3 (672.7): calcd. C
80.35, H 5.84; found C 80.04, H 5.85.

1,3,5-Tris[(29-diphenylphosphanyl)ethyl]benzene (12): The same pro-
cedure outlined for 11 was applied for the synthesis of 12. A sus-
pension of compound 8 (3.05 g, 4.0 mmol) in o-dichlorobenzene
(10 mL) became a colorless solution at 110 °C. After reduction with
trichlorosilane (4.94 g, 36.5 mmol) and work-up, a white solid was
obtained. Yield 2.80 g, 98%, m.p. 1082109 °C. 2 1H NMR
(CDCl3): δ 5 2.32 (m, 6 H, CH2P), 2.66 (m, 6 H, CH2CH2P), 6.78
(s, 3 H, C6H3), 7.3327.35 (m, 18 H, ortho- and para-P2C6H5), 7.45
(m, 12 H, meta-P2C6H5). 2 13C{1H} NMR (CDCl3): δ 5 30.3 (d,
2JPC 5 12.8 Hz, CH2CH2P), 32.3 (d, 1JPC 5 18.5 Hz, CH2P), 125.9
(s, tert-C6H3), 128.6 (d, 3JPC 5 7.1 Hz, meta-C6H5), 128.8 (s, para-
C6H5), 132.9 (d, 2JPC 5 18.5 Hz, ortho-C6H5), 138.7 (d, 1JPC 5

12.8 Hz, ipso-C6H5), 143.1 (d, 3JPC 5 12.8 Hz, quat-C6H3). 2
31P{1H} NMR (CDCl3): δ 5 214.3. 2 IR (KBr): ν̃ 5 3068, 3051
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(aromatic CH), 2940, 2924 (CH2), 1479 (P2Ph) cm21. 2 MS
(70 eV, EI, 200 °C): m/z (%) 5 714 (13) [M1], 637 (7) [M1 2 Ph],
529 (27) [M1 2 Ph2]. 2 C48H45P3 (714.8): MS (HR, pos. FAB,
NBA, 50 °C): m/z 5 715.26919; found 715.26919. 2 C48H45P3

(714.8): calcd. C 80.66, H 6.35; found C 80.56, H 6.15.

1,3,5-Tris[(39-diphenylphosphanyl)propyl]benzene (13): The same
procedure outlined for 11 was applied for the synthesis of 13. A
suspension of compound 9 (1.29 g, 1.6 mmol) in o-dichlorobenzene
(10 mL) became a colorless solution at 80 °C. After reduction with
trichlorosilane (2.0 g, 14.8 mmol) and work-up, a colorless oil was
obtained. Yield 1.10 g, 91%. 2 1H NMR (CDCl3): δ 5 1.74 (m, 6
H, CH2CH2P), 2.08 (m, 6 H, CH2CH2P), 2.66 (t, 3JHH 5 7.4 Hz,
6 H, CH2CH2CH2P), 6.73 (s, 3 H, tert-C6H3), 7.33 (m, 18 H, ortho-
and para-P2C6H5), 7.41 (m, 12 H, meta-P2C6H5). 2 13C{1H}
NMR (CDCl3): δ 5 27.6 (d, 2JPC 5 6.1 Hz, CH2CH2P), 27.7 (d,
1JPC 5 20.9 Hz, CH2P), 37.2 (d, 3JPC 5 14.2 Hz, CH2CH2CH2P),
126.4 (s, tert-C6H3), 128.6 (d, 3JPC 5 6.7 Hz, meta-C6H5), 128.9 (s,
para-C6H5), 132.9 (d, 2JPC 5 17.5 Hz, ortho-C6H5), 138.3 (d,
1JPC 5 10.1 Hz, ipso-C6H5), 141.9 (s, quat-C6H3). 2 31P{1H} NMR
(CDCl3): δ 5 214.8. 2 MS (70 eV, EI, 200 °C): m/z (%) 5 756
(53) [M1], 571 (28) [M1 2 PPh2], 557 (29) [M1 2 CH2PPh2], 543
(35) [M1 2 CH2CH2PPh2], 199 (100) [CH2PPh2]1. 2 MS (pos.
FAB, NBA, 50 °C): m/z (%) 5 757 (16) [M1 1 H], 571 (7) [M1 2

PPh2], 557 (7) [M1 2 CH2PPh2], 543 (5) [M1 2 CH2CH2PPh2],
199 (100) [CH2PPh2

1].

Preparation of the Triplatinacyclophanes 15217 and the Trinuclear
Platinacycles 18220: Solutions of Cl2Pt(NCPh)2 (708 mg,
1.5 mmol) and the corresponding ligand (1.0 mmol) in dichlorome-
thane (250 mL each) were simultaneously added dropwise during
36 h into stirred dichloromethane (600 mL). After the addition was
complete, the reaction mixture was stirred for 24 h at room temper-
ature. The solvent was then removed under vacuum and the re-
sulting residue was subjected to column chromatography.

3,3,14,14,25,25-Hexachloro-2,2,4,4,13,13,15,15,24,24,26,26-dodeca-
phenyl-2,4,13,15,24,26-hexaphospha-3,14,25-triplatina[53]-
(1,3,5)-cyclophane (15): Yield 54 mg, 5%, white solid, m.p. 2732275
°C. 2 1H NMR (CDCl3): δ 5 3.9 (br. s, CH2P), 6.68 (s, C6H3),
7.3127.65 (m, C6H5). 2 31P{1H} NMR (CDCl3): δ 5 15.8 (t,
1JPtP 5 2548 Hz). 2 IR (KBr): ν̃ 5 3050 (aromatic CH), 2928
(CH2), 1435 cm21 (P2Ph). 2 MS (neg. FAB, NBA, 50 °C): m/z 5

2180 [M2 1 Cl]. 2 C90H78Cl6P6Pt3 (2143.3): calcd. C 50.43, H
3.67; found C 49.98, H 3.40.

4,4,17,17,30,30-Hexachloro-3,3,5,5,16,16,18,18,29,29,31,31-dodeca-
phenyl-3,5,16,18,29,31-hexaphospha-4,17,30-triplatina[73]-
(1,3,5)-cyclophane (16): Yield 56 mg, 15%, white solid, m.p.
2412242 °C. 2 1H NMR (CDCl3): δ 5 2.64, 2.36 (br. s, 24 H,
CH2P, CH2CH2P), 6.42 (s, 6 H, C6H3), 7.1127.49 (m, 60 H, C6H5).
2 13C{1H} NMR (62.90 MHz, CDCl3, 25 °C): δ 5 22.2 (d, 1JPC 5

90 Hz, CH2P), 28.6 (d, 2JPC 5 47 Hz, CH2CH2P), 126.1(s, tert-
C6H3), 128.1 (d, 3JPC 5 20 Hz, meta-C6H5), 129.6 (m, ipso-C6H5),
129.9 (s, para-C6H5), 131.6 (d, 2JPC 5 23 Hz, ortho-C6H5), 140.3
(m, quat-C6H3). 2 31P{1H} NMR (CDCl3): δ 5 7.14 (sd, 1JPtP 5

3600 Hz). 2 195Pt NMR (CDCl3): δ 5 24423 (t, 1JPtP 5 3600 Hz).
2 IR (KBr): ν̃ 5 3051 (aromatic CH), 2923 (CH2), 1434 (P2Ph)
cm21. 2 MS (neg. FAB, NBA, 50 °C): m/z 5 2262 [M2 1 Cl]. 2

C96H90Cl6P6Pt3 (2227.5): calcd. C 51.76, H 4.07; found C 51.53,
H 4.10.

6,6,29,29,40,40-Hexachloro-5,5,7,7,22,22,24,24,39,39,41,41-dodeca-
phenyl-5,7,22,24,39,41-hexaphospha-6,23,40-triplatina[113]-
(1,3,5)-cyclophane (17): Yield 108 mg, 9%, colorless amorphous
solid, m.p. 230 °C. 2 1H NMR (CDCl3): δ 5 1.65 (br. s, 24 H,
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CH2CH2CH2P), 2.37 (s, 12 H, CH2P), 2.55 (s, 12 H,
CH2CH2CH2CH2P), 6.86 (s, 6 H, tert-C6H3), 7.127.7 (m, 60 H,
P2C6H5). 2 13C{1H} NMR (CDCl3): δ 5 24.4 (s,
CH2CH2CH2CH2P), 25.9 (d, 2JPC 5 45 Hz, CH2CH2P), 32.9 (d,
1JPC 5 16 Hz, CH2P), 35.8 (s, CH2CH2CH2CH2P), 126.1 (s, tert-
C6H3), 128.3 (t, 3JPC 5 5.7 Hz, meta-P2C6H5), 131.1 (s, para-
P2C6H5), 132.4 (m, ipso-P2C6H5), 133.5 (t, 2JPC 5 6.3 Hz, ortho-
P2C6H5), 143.4 (s, quat-C6H3). 2 31P{1H} NMR (CDCl3): δ 5

9.6 (sd, 1JPtP 5 3668 Hz). 2 195Pt NMR (CDCl3): δ 5 2 4413 (t,
1JPtP 5 3668 Hz). 2 IR (KBr): ν̃ 5 3051 (aromatic CH), 2925,
2853 (CH2), 1435 (P2Ph) cm21. 2 MS (neg. FAB, NBA, 50 °C):
m/z 5 2395 [M2]. 2 (pos. FAB, NBA, 50 °C): m/z: 2359 [M1 2

Cl]. 2 C108H114Cl6P6Pt3 (2395.9): calcd. C 54.14, H 4.80; found C
54.40, H 4.71.1

Compound 18: Yield 60 mg, 5%, colorless amorphous solid, m.p.
158 °C. 2 1H NMR (CDCl3): δ 5 1.51, 1.71 (br. s, 24 H,
H2,3,12,13,16,17, for labeling see Scheme 4), 2.23 (m, 4 H, H-1),
2.37 (m, 12 H, H-4,-11,-18), 2.51 (br. s, 8 H, H-14,-15), 6.65 (s, 4
H, H-6, -10), 6.98 (s, 2 H, H-8), 7.227.7 (m, 60 H, P2C6H5). 2
13C{1H} NMR (CDCl3): δ 5 21.7 (s, C12,17), 22.0 (s, C3), 22.8 (d,
2JPC 5 41 Hz, C2), 23.1 (d, 2JPC 5 46 Hz, C13,16), 30.9 (t, 1JPC 5

16 Hz, C14,15), 32.0 (t, 1JPC 5 13 Hz, C1), 33.7 (s, C11,18), 34.4

Table 1. Crystal data, data collection and structure refinement for compounds 9 and 12

9 12

Crystal data
Empirical formula C51H51O3P3 C48H45P3

Molecular mass 804.83 714.75
Crystal system cubic monoclinic
Space group Pa3̄ P21/n
Z 8 4
dcalcd. [g/cm3] 0.964 1.192
a [Å] 22.303(4) 16.112(4)
b [Å] 22.303(4) 10.602(17)
c [Å] 22.303(4) 23.607(6)
β [°] 90 99.118(14)
V [A3] 11094(4) 3982(6)
µ [mm21] 0.140 0.182
F(000) 3408 1512
Data collection
Radiation Mo-Kα Mo-Kα

Monochromator graphite graphite
Wave length [Å] 0.71073 0.71073
Crystal size [mm3] 0.35 3 0.35 3 0.35 0.15 3 0.55 3 0.15
Temperature [K] 298(2) 293(2)
Scan mode ω ω
θmin/max [°] 2.04/27.50 2.11/27.52
hkl range 21 # h # 28 220 # h # 2

21 # k # 28 213 # k # 13
228 # l # 1 230 # l # 30

Measured reflections 14521 20325
Independent reflections 4248 (Rint 5 0.0680) 9147 (Rint 5 0.1798)
Absorption correction None None

Refinement
Refinement method full-matrix least squares on F2 full-matrix least squares on F2

Data/restraints/parameters 4248/0/173 9147/0/461
Hydrogen treatment calculated calculated
Final R values [I . 2σ(I)]
R1[a] 0.1358 0.0879
wR2[b] 0.3171 0.1920
ρresidual(max/min) [e Å23] 1.060/20.291 0.907/20.867

[a] R1 5 ||Fo| 2 |Fc||/|Fo|. 2 [b] wR2 5 { [w(Fo
2 2 Fc

2)2]/[[w(Fo
2)]}1/2; w 5 1/[δ2(Fo

2) 1 (ap)2 1 bp]; p 5 (Fo
2 1 2Fc

2)/3; a 5 0.0946; b 5
8.58; S 5 {[w(Fo

2 2 Fc
2)2]/(n 2 p)}1/2.
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(s, C4), 125.5 (s, C6,10), 126.0 (s, C8), 127.1 (t, 3JPC 5 5 Hz, meta-
P2C6H5), 129.3 (s, para-P2C6H5), 129.7 (m, ipso-P22C6H5), 129.9
(m, ipso-P12C6H5), 132.4 (t, 2JPC 5 6 Hz, ortho-P22C6H5), 132.7
(t, 2JPC 5 6 Hz, ortho-P12C6H5), 140.3 (s, C7,9), 141.2 (s, C5). 2
31P{1H} NMR (CDCl3): δ 5 13.6 (sd, 1JPtP 5 2534 Hz, 2P, P1),
14.8 (sd, 1JPtP 5 2566 Hz, 4P, P2). 2 195Pt{1H} NMR (CDCl3):
δ 5 23973 (t, 1JPtP 5 2566 Hz, 2Pt, Pt2), 23960 (t, 1JPtP 5

2534 Hz, 1Pt, Pt1). 2 IR (KBr): ν̃ 5 3053, 3006 (aromatic CH),
2926, 2854 (CH2), 1434 (P2Ph) cm21. 2 MS (neg. FAB, NBA, 50
°C): m/z 5 2395 [M2]. 2 C108H114Cl6P6Pt3 (2395.9): calcd. C 54.14,
H 4.80, found C 54.32, H 4.81.

Compound 19: Yield 240 mg, 20%, pale yellow amorphous solid,
m.p. 171 °C. 2 1H NMR (CDCl3): δ 5 1.50, 1.70 (br. s, 24 H, H-
2,3,12,13,16,17), 2.23 (m, 4 H, H-1), 2.37 (m,12 H, H-4,-11,-18),
2.54 (br. s, 8 H, H-14,-15), 6.60 (s, 4 H, H-6,-10), 6.98 (s, 2 H, H-
8), 7.127.6 (m, 60 H, P2C6H5). 2 13C{1H} NMR (CDCl3): δ 5

22.0 (s, C3,12,17), 23.4 (s, 2JPC 5 37 Hz, C13,16), 23.8 (d, 2JPC 5

38 Hz, C2), 30.9 (t, 1JPC 5 17 Hz, C14,15), 31.6 (t, 1JPC 5 16 Hz,
C1), 33.7 (s, C11,18), 34.2 (s, C4), 125.4 (s, C6,10), 126.1 (s, C8),
127.0 (t, 3JPC 5 5 Hz, meta-P2C6H5), 129.3 (s, para-P2C6H5),
129.7 (m, ipso-P12C6H5), 129.9 (m, ipso-P22C6H5), 132.4(t,
2JPC 5 6 Hz, ortho-P2C6H5), 140.4 (s, C7,9), 140.9 (s, C5). 2
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31P{1H} NMR (CDCl3): δ 5 8.7 (sd, 1JPtP 5 3648 Hz, 2 P, P1),
14.7 (sd, 1JPtP 5 2565 Hz, 4 P, P2). 2 195Pt NMR (CDCl3): δ 5

23973 (t, 1JPtP 5 2565 Hz, 2 Pt, Pt2), 2 4410 (t, 1JPtP 5 3648 Hz,
1 Pt, Pt1). 2 IR (KBr): ν̃ 5 3052 (aromatic CH), 2925, 2854 (CH2),
1434 cm21 (P2Ph). 2 MS (neg. FAB, NBA, 50 °C): m/z 5 2395
[M2]. 2 C108H114Cl6P6Pt3 (2395.9): calcd. C 54.14, H 4.80; found
C 54.28, H 4.76.

Compound 20: Yield 720 mg, 60%, pale yellow amorphous solid,
m.p. 1912193 °C. 2 1H NMR (CDCl3): δ 5 1.47, 1.85 (br. s, 24
H, H-2,-3,-12,-13,-16,-17), 2.13 (m, 8 H, H-14,-15), 2.37 (m, 4 H,
H-1), 2.55 (br. s, 12 H, H-4,-11,-18), 6.82 (s, 4 H, H-6,-10), 6.92 (s,
2 H, H-8), 7.127.7 (m, 60 H, P2C6H5). 2 13C{1H} NMR
(62.90 MHz, CDCl3, 25 °C): δ 5 24.4 (s, C3), 24.6 (s, C12,17), 25.9
(d, 2JPC 5 45 Hz, C2), 27.5 (d, 2JPC 5 48 Hz, C13,16), 32.9 (t,
1JPC 5 16 Hz, C14,15), 33.6 (t, 1JPC 5 13 Hz, C1), 35.5 (s, C11,18),
36.0 (s, C4), 126.1 (s, C8), 126.6 (s, C6,10), 128.1 (t, 3JPC 5 5 Hz,
meta-P22C6H5), 128.3 (s, 3JPC 5 5 Hz, meta-P12C6H5), 130.9 (s,
para-P22C6H5), 131.1 (s, para-P12C6H5), 131.2 (m, ipso-P2C6H5),
133.1(t, 2JPC 5 5 Hz, ortho-P22C6H5), 133.5 (t, 2JPC5 5 Hz, ortho-
P12C6H5), 141.8 (s, C7,9), 142.3 (s, C5). 2 31P{1H} NMR
(CDCl3): δ 5 6.7 (sd, 1JPtP 5 3610 Hz, 4 P, P2), 8.7 (sd, 1JPtP 5

3635 Hz, 2 P, P1). 2 195Pt NMR (CDCl3): δ 5 2 4431 (t, 1JPtP 5

3610 Hz, 2 Pt, Pt2), 2 4413 (t, 1JPtP 5 3635 Hz, 1 Pt, Pt1). 2 IR
(KBr): ν̃ 5 3051 (aromatic CH), 2925, 2853 (CH2), 1435 (P2Ph)
cm21. 2 MS (neg. FAB, NBA, 50 °C): m/z 5 2395 [M2]. 2

C108H114Cl6P6Pt3 (2395.9): calcd. C 54.14, H 4.80; found C 54.50,
H 4.91.

X-ray Structure Determination of 9 and 12: Crystallographic data
for both compounds are summarized in Table 1. Colorless single
crystals were obtained from slow cooling of a benzene/n-hexane
solution of 9 and slow diffusion of n-pentane into a solution of 12,
respectively. Each crystal was mounted on a glass fiber with the aid
of perfluoropolyether RS 3000 and transferred to a Siemens P4
diffractometer (Mo-Kα radiation, graphite monochromator). The
lattice constants for both compounds were determined by 25 pre-
cisely centered high-angle reflections and refined by least-square
methods. Accurate unit cell parameters and orientation matrices
were formed by least-squares refinement of setting angles of a set
of well-centered reflections, which were found by a random search.
Intensities were collected by the ω-scan technique. No absorption
correction was made. While 12 crystallized in the monoclinic space
group P21/n (Z 5 4), 9 crystallized in the cubic space group Pa3bar
(Z 5 8), and no solvent molecules were detected in the crystal
lattice. The structures were solved by direct methods with ShelXTL
V5.1 (NT version)[31] and refined by least squares using the same
program with anisotropic thermal parameters for all non-hydrogen
atoms. All hydrogen atoms were located in calculated positions
(riding mode). Maximum and minimum peaks in the final differ-
ence synthesis were 1.076 and 20.275 (9), and 0.907 and 20.867
(12) e Å23, respectively. Crystallographic data (excluding structure
factors) for the structures reported in this paper have been depos-
ited with the Cambridge Crystallographic Data Centre as supple-
mentary publication nos. CCDC-158457 (9) and -158456 (12). Cop-
ies of the data can be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [Fax: (internat.)
1 44-1223/336-033; E-mail: deposit@ccdc.cam.ac.uk].
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