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Wittig ylides[1, 2] of the general type R3PCR�2 I are some of
the most widely used and thus most extensively investigated
phosphorus compounds in organic synthesis; cycloaddition
reactions such as those of I with 1,3-dipoles II belong to the
classical repertoire of heterocyclic chemistry. Such reactions,
which exploit the P,C-ylide function, generally proceed
smoothly and lead to the five-membered phosphorus(�)
heterocycles III (Scheme 1).[1] Until now, cycloadditions to a
P-bonded phenyl group of Wittig ylides, involving the former
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Scheme 1. Cycloaddition of Wittig ylides with 1,3-dipoles (R, R�� arbi-
trary organic substituents; a, b, c denote organoelement fragments).

as a 2�-cycloaddition component, were unknown (as indeed
were similar reactions involving any other benzene deriva-
tives[3]). Cyclometalations of P-phenylWittig ylide derivatives
are known, but are rare; they have been observed, for
example, in reactions with zirconium[4] and platinum[5] com-
plexes.

Nitrilium phosphane ylide complexes VI, whose existence
as intermediates we were able to demonstrate by trapping
reactions,[6] now represent a new and well-established 1,3-
dipole system in heterocyclic chemistry.[7±9] We recently
discovered the 1,1-addition of electrophilic terminal phos-
phanediyl complexes IV to nitriles V, providing an indepen-
dent access toVI (Scheme 2), so that the synthetic potential of
VI could be extended further by the use of 7-phosphanorbor-
nadiene complexes.[10, 11]

Scheme 2. Formation of nitrilium phosphane ylide complexes by 1,1-
addition of electrophilic terminal phosphanediyl complexes with nitriles
(R, R�� arbitrary organic substituents).

For some time we have been investigating the possibility of
obtaining kinetically stabilized nitrilium phosphane ylide
complexes, in order to study their properties. Promising
candidates in this respect are, for example, Wittig ylide
derivatives that contain a nitrile function at the ylide carbon
atom. Because of their variable stereoelectronic properties,
these are potential reaction partners for 1,1-additions to IV.
Surprisingly, however, heating the 2H-azaphosphirene com-
plex 1[12] in toluene in the presence of the Wittig ylide
derivative 2[13] led diastereoselectively to the new tricycle 5,
whose formation we explain by a [3�2] cycloaddition of the
intermediate 1,3-dipole 4 to a phenyl group of 2 (Scheme 3).
Monitoring the reaction by 31P NMR spectroscopy indeed
revealed the appearance and disappearance of a further
product (�� 22.3 (d, J(P,P)� 10.8, 1J(W,P)� 243.9 Hz) and
�0.7 (d)), which however could not be more precisely
characterized because it was a minor component of the
product mixture. A previous study using other, sterically more
demanding, ylide-C-substituted triorganosilyl derivatives of 2
provided support for our interpretation via 1,1-addition as a
primary step, in that here also the same tricyclic ring systems
were formed as in 5.[14] The results presented here are also
interesting in view of recently reported first examples of
reactions of other benzene derivatives with �1- and �2-
phosphanediyl complexes. In the first case a [5]metacyclo-
phane[15] reacted as a 4�-cycloaddition component,[16] whereas
the second example involved the phenyl group of benzonitrile
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in a complicated reaction sequence of C�H activation and
cyclization[17]–the aromatic 6�-electron system, however,
remained intact.

The constitution of complex 5 was established from NMR
and MS data[18] and confirmed (Figure 1) by X-ray structure
analysis.[19] The presence in solution of the tricycle 5 (rather
than the isomeric nitrilium phosphane ylide complex 4) is

Figure 1. Molecular structure of complex 5 in the crystal (ellipsoids
represent 50% probabilities; hydrogen atoms omitted for clarity). Selected
bond lengths [ä] and angles [�]: W-P1 2.5172(15), P1-C6 1.846(6), P1-N
1.693(4), P1-C34 1.903(6), C13-N 1.299(7), C13-C14 1.433(2), P2-C14
1.721(7), P2-C30 1.802(6), C30-C35 1.498(8), C35-C13 1.541(8), C35-C34
1.536(7), C34-C33 1.498(8); N-P1-C34 95.8(2), P1-C34-C35 103.0(4), C34-
C35-C13 108.5(5), C35-C13-N 117.8(5), C13-N-P1 113.2(4), P2-C14-Si3
128.5(3), C13-C14-P2 107.3(4), C13-C14-Si3 123.1(5).

unambiguously shown by the observation of two resonance
signals from both four-coordinate carbon atoms of the former
phenyl ring at �� 54.2 and 50.5. The identification of the
signals was facilitated by significant differences in the
magnitudes of the coupling constants, for example 75.7 and
13.2 Hz for the carbon atom bonded to the 1,2-azaphosphole
phosphorus. The 13C{1H} NMR data of the 1,2-azaphosphole
moiety of complex 5 are generally similar to values of related
compounds, for example, the 3,3�,4,4�-tetracyano-1,2-azaphos-
pholene-tungsten complex 6a[20] (Figure 2); the marked

deshielding of the imino carbon atom in
complex 5 (�� 183.6, cf. �� 144.9 in 6a) is
thus unexpected. A comparison of the 31P
NMR data of 5 and 6a is also interesting;
the resonance signal of the 1,2-azaphosp-
hole phosphorus atom in 5 (�� 159.8) is
very close to that of 6a (�� 158.5), which
is surprising in view of the differing sub-
stitution patterns at the sp3 carbon atoms
of the 1,2-azaphosphole moieties.

The molecular structure of complex 5
confirms the assumption of a cisoid link-
age of the terminal atoms of the 1,3-dipole
with the C2 element of the phenyl group,
and shows a marked cyclohexa-1,3-diene
structure for the ring (C33�C32 1.319(8),

C32�C31 1.452(8), C31�C30 1.333(8) ä). Otherwise, most
dimensions of the 1,2-azaphosphole moiety are as expected
and correspond closely to those of the 1,2-azaphosphole-
tungsten complex[21] 6b (Figure 2), except for the P1�C34
distance in 5 of 1.903(6) ä (1.851(5) ä in 6b). The former
value indicates a significantly lengthened single bond (the
standard value of a Csp3�PIII single bond is 1.855 ä).[22] The
tricyclic ring system in 5 displays the approximate shape of a
flattened dish, in which the atom C35 marks the lowest point
of the ring framework, lying 0.5 ä from the plane C13-C30-
C34. The pentacarbonyltungsten group is endo at P1.
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Figure 2. Complexes 6a and 6b.

Experimental Section

5 : A solution of complex 1 (0.62 g, 1 mmol) and the Wittig ylide 2 (0.38 g,
1 mmol) in toluene (6 mL) was heated with constant stirring to 75 �C for
about 2 h; the end of the reaction was determined by 31P NMR
spectroscopy. The solution was evaporated to dryness in vacuo (ca.
0.1 mbar) and the residue was separated by column chromatography (SiO2,
�15 �C, petroleum ether/diethyl ether 2:1). Removal of the solvent and
recrystallization from diethyl ether at �20 �C gave 5 as yellow crystals.
Yield: 0.48 g (51%), m.p. 61 �C (decomp); 1H NMR (200.0 MHz, CDCl3,
25 �C, ext. TMS): �� 0.01 (s, 9H; SiMe3), 0.19 (s, 9H; SiMe3), 0.26 (s, 9H;
SiMe3), 1.73 (d, 2J(P,H)� 10.0 Hz, 1H; CH(SiMe3)2), 3.37 (m, 1H; CH),
3.60 (dd, 2J(P,H)� 17.0 Hz, 4J(P,H)� 6.4 Hz, 1H; CH), 6.10 (m, 2H; sp2-
CH), 6.34 (m, 1H; sp2-CH), 7.35 (m, 4H; Ph), 7.60 (m, 4H; Ph), 7.86 (m,
2H; Ph); 13C{1H} NMR (50.3 MHz, CDCl3, 25 �C, ext. TMS): �� 0.9 (d,
J(P,C)� 2.4 Hz; SiMe3), 2.4 (d, J(P,C)� 2.6 Hz; SiMe3), 2.5 (s; SiMe3), 30.3
(d, 1J(P,C)� 13.3 Hz; CH(SiMe3)2), 39.7 (m br; PCCN), 50.5 (dd, J(P,C)�
22.1 Hz, J(P,C)� 15.3 Hz; CHP), 54.2 (dd, J(P,C)� 75.7 Hz, J(P,C)�
18.5 Hz; CHP), 120.2 (dd, J(P,C)� 12.8 Hz, J(P,C)� 8.5 Hz; sp2-CH),
124.1 (pt, J(P,C)� 4.3 Hz; sp2-CH), 125.1 (dd, 1J(P,C)� 86.5 Hz, 3J(P,C)�
4.9 Hz; sp2-CP), 125.3 (d, 1J(P,C)� 88.8 Hz; ipso-Ph), 126.2 (d, 1J(P,C)�
80.4 Hz; ipso-Ph), 128.9 (d, 3J(P,C)� 12.8 Hz; m-Ph), 129.2 (d, 3J(P,C)�
12.0 Hz; m-Ph), 130.1 (pt, J(P,C)� 3.6 Hz; sp2-CH), 132.5 (d, 2J(P,C)�
10.6 Hz; o-Ph), 132.6 (d, 4J(P,C)� 4.4 Hz; p-Ph), 133.2 (d, 4J(P,C)�
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Scheme 3. Suggested reaction sequence for the formation of complex 5.
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Bottom-up techniques for the fabrication of small particles,
which mostly arise from colloid chemistry, are integral
components in nanotechnology and materials manufacturing.
Control of particle size, shape, and crystalline structure
represent some of the key issues in this area. Classical models
describe the genesis of particles by the formation of tiny
crystalline nuclei in a supersaturated medium followed by
crystal growth. The latter process is controlled by mass
transport and by the surface equilibrium of addition and
removal of individual monomers, that is atoms, ions, or
molecules. Hereby, the driving force for monomer removal
(dissolution) increases with decreasing particle size. Thus,
within an ensemble of particles with slightly different sizes the
large particles will grow at the cost of the small ones. This
mechanism is called Ostwald ripening and is generally
believed to be the main path of crystal growth.

A different view of crystal growth is emerging from recent
experiments by Penn and Banfield.[1±3] They observed that
anatase and iron oxide nanoparticles with sizes of a few nm
can coalesce under hydrothermal conditions in a way they call
™oriented attachment∫. In the so formed aggregates, the
crystalline lattice planes may be almost perfectly aligned or
dislocations at the contact areas between the adjacent
particles lead to defects in the finally formed bulk crystals.
They presented strong evidence that this type of crystal
growth plays an important role in earth history during mineral
formation. Oriented attachment was also proposed by other
authors during crystal growth of TiO2

[4] and for micrometer-
sized ZnO particles during the formation of rodlike ZnO
microcystals.[5] The latter experiments give, however, only
indirect evidence.

Self-assembly of colloidal particles into larger aggregates is
not principally new. The formation of secondary particles with
typical sizes in the micrometer regime is a well-known
phenomenon in classic colloid chemistry.[6] Kinetic models
for this type of growth have been developed which do,
however, not consider the process on an atomic level nor give
attention to crystallographic orientation of the aggregated
particles. Indeed, the X-ray diffraction (XRD) pattern of
those secondary particles usually indicate polycrystalline
morphology.

Recently, self-assembly of ligand-stabilized nanoparticles
with sizes of a few nanometer into two- and three-dimen-

3.1 Hz; p-Ph), 134.0 (d, 3J(P,C)� 11.2 Hz; o-Ph), 183.6 (dd, 2J(P,C)�
16.4 Hz, 2J(P,C)� 10.7 Hz; PCCN), 198.9 (d, 2J(P,C)� 7.9 Hz; cis-CO),
202.5 (d, 2J(P,C)� 23.4 Hz; trans-CO); 31P{1H} NMR (81.0 MHz, CDCl3,
25 �C, ext. 85% H3PO4): �� 46.4 (d, 4J(P,P)� 5.1 Hz; PPh2), 159.8 (d,
1J(W,P)� 260.9 Hz; PW).
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