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Thermal ring opening of {pentacarbonyl[2-pentamethylcyclopentadienyl-3-phenyl-2H-
azaphosphirene-κP]tungsten(0)} (1) in toluene in the presence of either 1-piperidinonitrile
or ethyl cyanoformate yields predominantly tricyclic P-heterocycle complexes 4a,b via
intramolecular trapping reactions of transiently formed nitrilium phosphane-ylide complexes
3a,b; complex 4a was isolated and fully characterized. On prolonged heating, complexes
4a,b transformed into 2H-1,3,2-diazaphosphole complexes 5a,b, which were also character-
ized by NMR spectroscopy. In the case of 1-piperidinonitrile, acyclic dinuclear complex 6
was formed as byproduct via a 2-fold 1,3-addition reaction of complex 3a with water.
Furthermore, preliminary studies on ring opening of complex 4a showed retro-[2+1] and
retro-[3+2] cycloaddition reactions, depending on the substrate. If dimethyl acetylenedicar-
boxylate was employed, the tetracyclic phosphorus-carbon cage complex 10 was obtained,
and if 1-piperidinonitrile was used, the 2H-1,3,2-diazaphosphole complex 5a was formed
selectively. The structures of 2H-1,3,2-diazaphosphole complex 5a, the acyclic dinuclear
complex 6, and the tetracyclic P-heterocycle complex 10 were determined by single-crystal
X-ray diffraction.

Introduction

There is much current interest in the development of
sophisticated ligands including either sp2- and/or sp3-
hybridized phosphorus atoms in heterocyclic rings as
bonding sites for transition metals. For example, diaza-
phospholes1 of type II and III have been investigated
in some detail, especially with regard to reactivity of
the σ2λ3-phosphorus center and aromaticity, both of
which were found to be similar to the parent N-
heterocycle system I, the 1,2,3-triazole.2 The finding
with respect to aromaticity is in marked contrast to the
situation in 1H-phospholes,3 which are only weakly

aromatic in most cases because of the inherent pyra-
midal preference of σ3λ3-phosphorus in its compounds.4
A breakthrough in this area was the synthesis of the
first phosphole having a planar coordination environ-
ment at phosphorus, 1-[bis(trimethylsilyl)methyl]-3,5-
bis(trimethylsilyl)-1,2,4-triphosphole,5 which was de-
scribed very recently.

We became interested in such heterocyclic ligands,
which also belong to the area of biomimetic P-hetero-
cycles, when we synthesized the first 2H-1,3,2- and 2H-
1,4,2-diazaphosphole tungsten complexes6,7 having the
novel diazaphospholes IV and V as ligand systems;
meanwhile, a derivative of the 2H-1,3,2-diazaphospholes
(IV) is also known in the noncoordinated form.8 Fur-
thermore, regarding the synthetic potential of η1-
phosphole3a (VI) and η5-phospholide complexes9 (VII),
we decided to exploit our synthetic route to 2H-1,3,2-
diazaphosphole complexes VIII and also, in the longer
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term, to η5-1,3,2-diazaphospholide complexes of type IX
(Scheme 1). Therefore, we first focused our interest on
the investigation of [3+2] cycloaddition reactions of
nitrilium phosphane-ylide complexes with nitriles. This
reaction was first reported for the 2-bis(trimethylsilyl)-
methyl-substituted 2H-azaphosphirene complex A and
used for the synthesis of 2H-1,3,2- and 2H-1,4,2-diaza-
phosphole complexes, thus giving either the 2H-1,3,2-
diazaphosphole complex B,6 if a mixture of benzonitrile
and dimethyl cyanamide was employed, or a mixture
of two regioisomers, the 2H-1,3,2-diazaphosphole com-
plex C and the 2H-1,2,4-diazaphosphole complex D,7 if
benzonitrile was used as solvent (Scheme 2). The
reaction courses were explained by assuming two dif-
ferent nitrilium phosphane-ylide complexes as reactive
intermediates, displaying different regioselectivities
toward benzonitrile.6,7

Our investigations of thermolysis of 2H-azaphos-
phirene tungsten complex 110 in toluene had shown
previously that, depending on the reaction condi-
tions,11,12 with dimethyl acetylenedicarboxylate (DMAD)

a 2H-1,2-azaphosphole complex was obtained as [3+2]
cycloaddition product. Because of the observed weak-
ness11 of the exocyclic P-C bond of this 2H-1,2-aza-
phosphole complex derivative, we became especially
interested in the same aspect of the related 2H-1,3,2-
diazaphosphole ligand system. Furthermore, penta-
methylcyclopentadienyl-substituted 2H-1,3,2-diazaphos-
pholes (the pentamethylcyclopentadienyl substituent
will be denoted hereafter as Cp*) are also promising
precursors for providing access to the corresponding
1,3,2-diazaphospholides via reductive cleavage of the
exocyclic P-C bond; the 1,3,2-diazaphospholide system
was synthesized previously using a 1H-1,3,2-diazaphos-
phole precursor.13 Because of all these aspects, we were
interested in investigating the thermolysis of the 2H-
azaphosphirene complex 1 in toluene in the presence
of electronically different nitriles.

Here we report on studies of (1) intra- and intermo-
lecular [3+2] cycloaddition reactions of transiently
formed P-pentamethylcyclopentadienyl-substituted ni-
trilium phosphane-ylide complexes, generated by ther-
mal ring opening of the corresponding 2H-azaphos-
phirene complex, with nitrile derivatives and (2) a dual
ring opening behavior of a tricyclic phosphorus-carbon

(10) Streubel, R.; Rohde, U.; Jeske, J.; Ruthe, F.; Jones, P. G. Eur.
J. Inorg. Chem. 1998, 2005.

(11) Rohde, U.; Ruthe, F.; Jones, P. G.; Streubel, R. Angew. Chem.,
Int. Ed. 1999, 38, 215.

(12) Streubel, R.; Wilkens, H.; Rohde, U.; Ostrowski, A.; Jeske, J.;
Ruthe, F.; Jones, P. G. Eur. J. Inorg. Chem. 1999, 1567.

(13) Karaghiosoff, K.; Klehr, H.; Schmidpeter, A. Chem. Ber. 1986,
119, 410.

Scheme 1

Scheme 2
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cage complex, thus revealing unprecedented substrate-
dependent retro-[2+1] and/or retro-[3+2] cycloaddition
reactivities. We further report the single-crystal X-ray
structure analyses of 2H-1,3,2-diazaphosphole complex
5a, the acyclic dinuclear complex 6, and the polycyclic
phosphorus-carbon cage complex 10.

Results and Discussion

Thermolysis of 2H-azaphosphirene complex 1 in
toluene with 2 equiv of 1-piperidinonitrile or ethyl
cyanoformate yielded the 2H-1,3,2-diazaphosphole com-
plexes 5a,b in moderate to good yields (Scheme 3). In
the case of 1-piperidinonitrile, the acyclic dinuclear
complex 6 was formed as byproduct; the amounts of 6
strongly depended on the dryness of the employed
nitrile. Selected NMR data of 5a,b and 6 are collected
in Table 1 and will be discussed below together with
those of further products. 31P NMR spectroscopy re-
vealed that the complexes 5a,b were formed together
with the complexes 4a,b, having resonance values at
higher field, and on prolonged heating, their intensities

decayed in favor of those of the five-membered hetero-
cycle complexes 5a,b. Complex 4a could be isolated by
low-temperature column chromatography, whereas com-
plex 4b decomposed during chromatography. The reac-
tion course is explained by assuming the transient
formation of nitrilium phosphane-ylide complexes 3a,b,
which undergo predominantly intramolecular [3+2]
cycloaddition reactions with a π-bond of the Cp*-ring
furnishing the tricyclic P-heterocycle complexes 4a,b
and/or show intermolecular [3+2] cycloaddition reac-
tions with the respective nitrile derivatives giving 2H-
1,3,2-diazaphosphole complexes 5a,b. It is notable that,
under these conditions, complexes 4a,b subsequently
underwent retro-[3+2] cycloaddition reactions, thus
yielding again the nitrilium phosphane-ylide complexes
3a,b. Further strong evidence for the intermediacy of
nitrilium phosphane-ylide complex 3a is provided by the
formation of byproduct 6 via a 2-fold 1,3-addition of the
O-H groups of water to the 1,3-dipole system of complex
3a. Furthermore, the determined configuration and
orientation of this 1,3-addition is in accord with the
hitherto observed regioselectivity of such C-dialkyl-

Scheme 3

Table 1. Selected NMR Spectroscopic Dataa of 4,5-Substituted 2H-1,3,2-Diazaphosphole Complexes
5a,b and 11a,b6

compd R1 R2 R3 δ 31P |1J(P,W)| δ 13C4,5 |J(P,C4,5)| δ 13CP |J(P,CP)|
5a Cp* pipb pip 137.7 278 161.6 2.5 62.2 8.4
11a6 CH(SiMe3)2 pip pip 133.2 264 160.7 6.4 25.5 3.2
5b Cp* CO2Et CO2Et 186.6 273 158.2 3.6 62.7 4.8
11b6 CH(SiMe3)2 CO2Et CO2Et 184.4 253 157.1 1.5 21.4 c
a CDCl3, δ [ppm], J [Hz]. bpip ) 1-piperidino. c Not resolved.
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amino-substituted nitrilium phosphane-ylide complexes
(cf. ref 14).

To study more thoroughly the observed retro-[3+2]
cycloaddition reaction, we thermolyzed a pure sample
of the tricyclic P-heterocycle complex 4a under the same
reaction conditions in toluene with 2 equiv of either
1-piperidinonitrile (i) or DMAD (ii). Surprisingly, we
obtained two significantly different types of products:
in the first case (i), the 2H-1,3,2-diazaphosphole complex
5a, but in the other (ii) selectively the novel phosphorus-
carbon cage complex 10. Taking the already reported
(cf. ref 11) reactivity of the transient terminal phos-
phanediyl complex [(OC)5WPCp*] (7) toward DMAD
into account, which yielded, after a [2+1] and an
intramolecular [4+2] cycloaddition reaction, a homo-
ethylene phosphaprismane complex as final product, a
reasonable explanation for the formation of complex 10
is the following: retro-[2+1] cycloadddition of complex
4a furnishes the P-imino-substituted terminal phos-
phanediyl complex 8 transiently, which by [2+1] cy-
cloaddition with DMAD forms the phosphirane ring of

complex 9 and via a rapid subsequent intramolecular
[4+2] cycloaddition the final product 10 (Scheme 4). All
findings together represent a unprecedented case of a
dual ring opening behavior of a P-heterocycle, a retro-
[3+2] and a retro-[2+1] cycloaddition reaction, furnish-
ing a nitrilium phosphane-ylide complex in the former
and an electrophilic terminal phosphanediyl complex in
the latter as reactive intermediates.

Discussion of Selected NMR Spectroscopic Data.
The analytical data including elemental analyses, MS
spectrometric data, and IR and NMR spectroscopic data
readily confirm the molecular structures of all com-
pounds reported here, which had in most cases been
separated and purified by column chromatography at
low temperature and subsequent crystallization. NMR
data will be discussed hereafter; for further analytical
data see the Experimental Section. Comparison of the
NMR spectroscopic data of the 2H-1,3,2-diazaphosphole
complexes 5a,b with their 2-bis(trimethylsilyl)methyl-
substituted analogues 11a,b6 reveals some noteworthy
details (Table 1). The phosphorus resonances of com-

Table 2. NMR Spectroscopic Dataa of the Most Significant Structural Unit (shown) of the Polycyclic
P-Heterocycle Complexes 4a,b and 10

compd R1 R2 R3 δ 31P |1J(P,W)| δ 13CR1 |J(P,CR1)| δ 13CR2 |J(P,CR2)| δ 13CR2 |J(P,CR2)|
4a pipb Me Me -45.0 275 179.0 5.7 60.5 34.3 56.0 9.2
4b CO2Et Me Me -34.4 251 c c c c c c
10 pip CO2Me CO2Me -34.3 300 179.2 15.1 74.5 d 74.5 d

a CDCl3, δ [ppm], J [Hz]. b pip ) piperidino. c Not isolated. d Not resolved.

Scheme 4
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plexes 5a,b and 11a,b display no significant dependence
on the P-substituent ∆|1J(P,W)| ) 14-20 between Cp*
and CH(SiMe3)2) but the carbon resonances on the
substituents at the C4 and C5 atoms of the 2H-1,3,2-
diazaphosphole ring. The C4/C5 resonances are much
less affected by the ring substitution pattern, generally
appearing at about 157-160 ppm with small carbon-
phosphorus coupling constants.

The phosphorus resonances of the complexed poly-
cycles 4a,b and 10 are shifted to higher field as expected
due to the incorporation of the phosphorus into a three-
membered heterocycle. The molecular constitution of 4a
was deduced unambiguously from the 1H and 13C NMR
data and the HR mass spectrum. The key for the
assignment of the polycyclic ring system was provided
by a characteristic doublet at δ 179.0 (J(P,C) 5.7 Hz),
indicative of the presence of an amidine unit, and the
occurrence of altogether two olefinic and three aliphatic
resonances for the quaternary carbon atoms of the
former Cp* substituent. The attachment of a methyl
group at each quaternary carbon and the atom connec-
tivities within the polycyclic skeleton were determined
on the basis of a complete set of one- and three-bond
correlation signals obtained from 2D 1H, 13C HMQC,
and HMBC spectra, and final assignment of all 13C
resonances was helped by taking into account the
splittings due to coupling to the phosphorus atom.
Compound 4b was not isolated, but a structural simi-
larity to that for 4a was assumed on the basis of the
similar values of δ 31P and J(W,P).

Discussion of Selected X-ray Structural Data.
The molecular structures of 2H-1,3,2-diazaphosphole
complex 5a, the acyclic dinuclear complex 6, and the
polycyclic phosphorus-carbon cage complex 10 were
confirmed for the solid state by X-ray crystallography
(Figures 1-3).

Complex 5a has an almost planar five-membered ring
with a mean deviation of 0.03 Å and localized endocyclic

nitrogen-carbon double-bond distances15 (N(1)-C(7)
1.295(3) and N(2)-C(6) 1.300(3) Å) (Figure 1). The
planes of the 1-piperidino groups defined by the atoms
C(23)-N(3)-C(27) and C(18)-N(4)-C(22) subtend in-
terplanar angles to the five-membered ring of 31° and
32°. Although the ring has also substantially shortened
exocyclic nitrogen-carbon bond distances and angle
sums at the N(3) and N(4) nitrogen atoms of 347.5° and

(14) Wilkens, H.; Ruthe, F.; Jones, P. G.; Streubel, R. J. Chem. Soc.,
Chem. Commun. 1998, 1529.

(15) Allen, F. H.; Kennard, O.; Watson, D. G.; Brammer, L.; Orpen,
A. G.; Taylor, R. Chem. Soc., Perkin Trans. 2 1987, S1.

Figure 1. Molecular structure of complex 5a (ellipsoids
represent 50% probability level). Selected bond lengths (Å)
and angles (deg): W-C(1) 2.003(3), C(1)-O(1) 1.146(3),
P-W 2.4967(7), P-N(1) 1.704(2), P-N(2) 1.706(2), N(1)-
C(7) 1.295(3), N(2)-C(6) 1.300(3), N(3)-C(7) 1.367(3),
N(4)-C(6) 1.370(3), C(6)-C(7) 1.536(3), P-C(8) 1.877(2);
W-P-C(8) 123.68(8), N(1)-P-N(2) 97.62(10), P-N(1)-
C(7) 107.59(17), P-N(2)-C(6) 107.65(17).

Figure 2. Molecular structure of complex 6 (ellipsoids
represent 30% probability level; hydrogen atoms are omit-
ted for clarity). Selected bond lengths (Å) and angles
(deg): W-C(1) 2.003(7), C(1)-O(1) 1.135(7), P-W 2.5561-
(15), P-O(6) 165.5(2), P-N(1) 1.671(5), P-C(6) 1.881(6),
N(1)-C(16) 1.308(7), N(2)-C(16) 1.320(7); W-P-C(6)
114.88(19), O(6)-P-C(6) 100.1(2), N(1)-P-C(6) 100.7(3),
O(6)-P-N(1) 100.7(2), P-O(6)-P#1 131.2(3), P-N(1)-
C(16) 121.6(4), N(1)-C(16)-N(2) 125.2(6).

Figure 3. Molecular structure of complex 10 (ellipsoids
represent 50% probability level). Selected bond lengths (Å)
and angles (deg): W-C(1) 1.9972(19), C(1)-O(1) 1.151(2),
P-W 2.4774(5), P-N(1) 1.6550(15), P-C(17) 1.8150(18),
P-C(18) 1.8896(17), C(17)-C(18) 1.543(2), N(1)-C(6) 1.301-
(2), N(2)-C(6) 1.375(2); W-P-N(1) 114.29(6), N(1)-P-
C(17) 108.12(8), N(1)-P-C(18) 105.83(7), C(17)-P-C(18)
49.19(7), N(1)-C(6)-N(2) 116.88(16).
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346.3°, this provides only weak evidence for a pπ-pπ
electron interaction of the nitrogen lone pair and the
C-N π-bond. The W-P distance in complex 5a is
2.4967(7) Å and the ∑°(PPR3) value 304°; all parameters
of complex 5a are very similar to those of related 2-bis-
(trimethylsilyl)methyl-substituted 2H-1,3,2-diazaphos-
phole complexes (cf. ref 6).

The molecular structure of the acyclic dinuclear
complex 6 (Figure 2), which displays crystallographi-
cally 2-fold symmetry, shows rather unexceptional
structural features except for a slightly widened P-O(6)-
P#1 angle of 131.2(3)° and a surprising long phosphorus-
tungsten distance of 2.5561(15) Å, both of which might
be due to steric reasons.

A comparison of some of the key findings for the
polycyclic structure of complex 10 (Figure 3) to those
for the closely related {pentacarbonyl[3,4,5,6,8-pentam-
ethyl-1-phosphatetracyclo[4.1.1.13,602,7]-2,7-bis(methoxy-
carbonyl)-oct-4-ene-κP]tungsten(0)}12 (12) reveals for
complex 12 a smaller ∑°(PPR3) value (195° versus 263°
in 10) and a shorter W-P distance (2.4569(8) versus
2.4774(5) Å in 10). It is notable that the carbon-
tungsten distance of the trans-CO group in complex 12
is slightly shortened (1.980(3) versus 1.9972(19) Å in
10). These results provide initial evidence for a better
σ-donor and π-acceptor ability of complex 12 compared
to 10. Because of the current increasing interest in the
catalytic use of complexes with polycyclic phosphane
ligands having a phosphirane subunit,16 this special
aspect deserves further intensive studies.

Experimental Section

General Procedures. All reactions and manipulations
were carried out under an atmosphere of deoxygenated dry
nitrogen, using standard Schlenk techniques with conventional
glassware, and solvents were dried according to standard
procedures. NMR spectra were recorded on Bruker AC200 (1H
200.1 MHz, 13C 50.3 MHz, 31P 81.0 MHz) and Bruker AMX300
(1H 300.1 MHz, 13C 75.4 MHz) spectrometers using [D]-
chloroform and [D6]benzene as solvents if not stated otherwise.
Chemical shifts are given relative to external TMS (1H, 13C)
and external 85% H3PO4 (31P). The signs for 1J(W,P) and
3J(W,P) of 6 were determined from simulation of the observed
higher order multiplet of the 183W satellites in the 31P{1H}
NMR spectrum and are based on the assumption of a positive
sign for 1J(W,P). Mass spectra were recorded on a Finigan Mat
8430 (70 eV); apart from m/z values of the molecule ions, only
m/z values are given having intensities of more than 20%.
Infrared spectra were recorded on a Biorad FT-IR 165 (selected
data given). Melting points were obtained on a Büchi 535
capillary apparatus. Elemental analyses were performed using
a Carlo Erba analytical gas chromatograph. The κP notation
in the used nomenclature shall serve for differentiation
between P- and N-coordination of the appropriate heterocycle
to the metal.

{Pentacarbonyl[2-pentamethylcyclopentadienyl-3-phenyl-
2H-azaphosphirene-κP)tungsten(0)} (1)10 was synthesized ac-
cording to the quoted reference.

Procedure for the Preparation of the Complexes 4a,b,
5a,b, and 6. Solutions of 1.09 g (1.8 mmol) of 2H-azaphos-
phirene tungsten complex 1 and 0.2 mL of 1-piperidinonitrile
or ethyl cyanoformate in 6 mL of toluene are stirred for 90
min at 62 °C (4a,b) or with 0.6 mL of 1-piperidinonitrile or
ethyl cyanoformate in 8 mL of toluene for 3 h at 62 °C (5a,b).

The solutions are then concentrated to dryness in vacuo (ca.
0.01 mbar), and the residues are subjected to low-temperature
column chromatography (SiO2, -11 °C, n-hexane/diethyl ether,
99:1 to 95:5). The eluates are concentrated to dryness in vacuo
and the residues crystallized from n-pentane at -20 °C (5a).
{Pentacarbonyl[1,4,5,6,7-pentamethyl-3-(1-piperidino)-
2-aza-8-phosphatricyclo-[2.2.11,4.14,7.01,7]-oct-2,5-diene-κP]-
tungsten(0)} (4a): pale yellow oil, yield 0.60 g (55%); 1H NMR
(CDCl3) δ 1.14 (d, 3J(P,H) ) 13.9 Hz, 3H, CH3), 1.33 (d, 3J(H,H)
) 16.9 Hz, 3H, CH3), 1.47 (s, 3H, CH3), 1.61 (s, 3H, CH3), 1.68
(s, 3H, CH3), 1.34 (mc, 6H, NCH2CH2), 3.71 (mc, 4H, NCH2);
13C{H} NMR (CDCl3) δ 11.2 (s, C2-CH3), 11.7 (d, 2J(P,C) ) 1.9
Hz, C7-CH3), 12.7 (d, 3J(P,C) ) 2.7 Hz, C6-CH3), 14.2 (d, 2J(P,C)
) 9.9 Hz, C1-CH3), 16.7 (d, 3J(P,HC ) 4.6 Hz, C4-CH3), 24.5
(s, NCH2CH2CH2) 26.2 (s, NCH2CH2), 49.1 (s, NCH2), 56.0 (d,
1J(P,C) ) 9.5 Hz, C7), 60.5 (d, 2J(P,C) ) 34.3 Hz, C1), 71.4 (d,
J(P,C) ) 4.2 Hz, C4), 132.0 (d, 3J(P,C) ) 5.7 Hz, C5), 133.5 (d,
2J(P,C) ) 9.5 Hz, C6), 179.0 (d, 2J(P,C) ) 5.7 Hz, PNdC), 196.3
(d, 2J(P,C) ) 9.4 Hz, cis-CO), 199.3 (d, 2J(P,C) ) 31.6 Hz, trans-
CO); 31P{H} NMR (CDCl3) δ -45.8 (d, 1J(P,W) ) 275 Hz); MS
(70 eV, EI) (184W); m/z (%) 600 (44) [M•+], 572 (8) [(M - CO)+],
544 (11) [(M - 2 CO)+], 516 (14) [(M - 3 CO)+], 460 (48) [(M
- 5 CO)+], 490 (76) [(M - C6H10N)+], 406 (100) [(C12H15O2-
PW)+]; HR-MS (70 eV, EI for C21H25N2O5P182W) m/z theor
598.1013, found 598.0983; IR (KBr) ν̃ 2072 (m), 1984 (m), 1940
(vs) (CO, cm-1); 1605 (m) (CdN, cm-1). Anal. Calcd for
C21H25N2O5PW (600.25): C 42.02, H 4.20, N 4.67. Found: C
42.45, H 4.39, N 4.51.

{Pentacarbonyl[1,4,5,6,7-pentamethyl-3-(ethyloxycar-
bonyl)-2-aza-8-phosphatricyclo[2.2.11,4.14,7.01,7]oct-2,5-di-
ene-κP]tungsten(0)} (4b): 31P{H} NMR (CDCl3) δ -34.4 (d,
1J(P,W) ) 251 Hz).

{Pentacarbonyl[2-pentamethylcyclopentadienyl-4,5-
bis(1-piperidino)-2H-1,3,2-diazaphosphole-κP]tungsten-
(0)} (5a): yellow powder, mp 162 °C dec; 0.46 g (33%); 1H NMR
(CDCl3) δ 0.62 (d, 3J(P,H) ) 11.8 Hz, 3H, Cp*-C1-CH3), 1.67
(mc, 8H, CH2), 1.85 (d, 4J(P,H) ) 4.6 Hz, 6H, Cp*-C2/2-CH3),
1.99 (s, 6H, Cp*-C3/3-CH3), 3.50 (mc, 6H, NCH2); 13C{1H} NMR
(CDCl3) δ 10.7 (d, 2J(P,C) ) 5.6 Hz, Cp*-C1-CH3), 11.70/11.71/
11,75 (s, Cp*-CH3), 24.4 (s, CH2CH2), 25.3 (s, NCH2CH2), 49.7
(s, NCH2), 62.2 (d, 1J(P,C) ) 8.4 Hz, Cp*-C1), 136.9 (d, 2J(P,C)
) 4.6 Hz, Cp*-C2), 140.8 (d, 3J(P,C) ) 6.8 Hz, Cp*-C3), 161.6
(d, (2+3)J(P,C) ) 2.5 Hz, PNdC), 196.4 (d, 1J(P,C) ) 8.3 Hz,
1J(W,C) ) 118.0 Hz, cis-CO), 200.1 (d, 2J(P,C) ) 27.6 Hz, trans-
CO); 31P{1H} NMR (CDCl3) δ 137.7 (s, 1J(P,W) ) 278 Hz); MS
(70 eV, EI) (184W); m/z (%) 710 (20) [M•+], 575 (100) [(M -
C10H15)+], 547 (39) [(M - C10H15 - CO)+], 519 (48) [(M - C10H15

- 2 CO)+], 491 (12) [(M - C10H15 - 3 CO)+], 463 (52) [(M -
C10H15 - 4 CO)+], 435 (27) [(M - C10H15 - 5 CO)+], 135 (18)
[(C10H15)+], 84 (29) [(NC5H10)+]; IR (KBr) ν̃ 2068 (m), 1976 (m),
1932 (vs), 1914 (vs) (CO, cm-1); 1535 (s) (CdN, cm-1). Anal.
Calcd for C27H35N4O5PW (710.40): C 45.65, H 4.97, N 7.89.
Found: C 44.85, H 5.02, N 7.41.

{Pentacarbonyl[2-pentamethylcyclopentadienyl-4,5-
bis(ethoxycarbonyl)-2H-1,3,2-diazaphosphole-κP]tung-
sten(0)} (5b): yellow oil, yield 0.45 g (36%); 1H NMR (CDCl3)
δ 0.68 (d, 3J(P,H) ) 13.7 Hz, 3H, Cp*-C1-CH3), 1.61 (t, 3J(H,H)
) 6.3 Hz, 6H, OCH2CH3), 1.91 (d, 4J(P,H) ) 4.9 Hz, 6H, Cp*-
C2/2-CH3), 2.02 (s br, 6H, Cp*-C3/3-CH3), 4.51 (q, 3J(H,H) )
6.3 Hz, 4H, OCH2CH3); 13C{1H} NMR (CDCl3) δ 10.6-11.8 (s,
CH3), 13.8 (s, CO2CH2CH3), 63.1 (s, CO2CH2CH3), 62.7 (d,
J(P,C) ) 4.8 Hz, Cp*-C1), 135.2 (s, Cp*-C2,2), 143.6 (d, J(P,C)
) 8.0 Hz, Cp*-C3,3), 158.2 (d, 2J(P,C) ) 3.6 Hz, PN)C), 161.4
(d, 2J(P,C) ) 15.7 Hz, CO2CH2), 193.7 (d, 2J(P,C) ) 7.0 Hz,
cis-CO); 31P NMR (CDCl3) δ 186.6 (q, 3J(P,H) ) 13.7 Hz,
1J(P,W) ) 273 Hz).

{P,P′-Oxybis[pentacarbonyl{[N-(C-(1-piperidino)imi-
no)](pentamethyl-2,4-cyclopentadien-1-yl)phosphane}-
tungsten(0)]} (6). Crystallization from pentane at -20 °C
afforded 6 as pale yellow crystals, mp 178 °C dec: 1H NMR δ
0.87 (mc), 1.41 (mc), 1.49 (mc), 1.52 (mc), 1.57 (mc), 1.73 (mc),

(16) Liedtke, J.; Loss, S.; Alcaraz, G.; Gramlich, V.; Grützmacher,
H.-J. Angew. Chem., Int. Ed. 1999, 38, 1724.
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2.22 (mc), 3.42 (mc), 4.25 (mc), 3.72 (mc), 7.91 (mc, 2H, NdCH.);
13C{1H} NMR δ 11.7/11.9/13.5/14.3 (s, Cp*-CH3), 15.7 (mc,
Cp*-CH3), 24.4 (mc, CH2), 25.4 (mc, CH2), 26.3 (mc, CH2), 26.9
(mc, CH2), 44.2 (mc, NCH2), 51.2 (mc, NCH2), 69.1 (mc, Cp*-
C1), 130.7 (mc, Cp*), 140.2 (mc, Cp*), 140.4 (mc, Cp*), 142.7
(mc, Cp*); 168.0 (mc, CO2Me), 161.8 (mc, PNCH), 198.5 (mc,
cis-CO), 198.8 (mc, trans-CO); 31P{1H} NMR (CDCl3) δ 156.0
(s, 1J(P1,W) ) +302 Hz, 3J(P2,W) ) -1 Hz, 2J(P,P) ) 34.7 Hz);
IR (KBr) ν̃ 2061 (s), 1984 (s), 1972 (s), 1942 (vs), 1926 (vs),
1907 (vs), 1899 (vs) (CO, cm-1); 1610 (s) (CdN, cm-1). Anal.
Calcd for C42H52N4O11P2W2 (1218.51): C 41.40, H 4.30, N 4.54.
Found: C 41.58, H 4.39, N 4.48.

Procedure for the Preparation of {Pentacarbonyl-
[2,10-bis(methoxycarbonyl)-3,4,5,6,7-pentamethyl-8-(1-
piperidino)-9-aza-1-phosphatetracyclo-[4.3.11,6.6.13,7.02,10]-
dec-4,8-diene-κP]tungsten(0)} (10). A solution of 1.09 g (1.8
mmol) of 2H-azaphosphirene tungsten complex 1 and 0.2 mL
of 1-piperidinonitrile in 6 mL of toluene was stirred at 62 °C
for 90 min. Then the reaction mixture was cooled to ambient
temperature, 0.6 mL of dimethyl acetylenedicarboxylate was
added, and the mixture was heated at 75 °C for 15 min with
slow stirring. The solvent was removed in vacuo and the
product separated by low-temperature column chromatogra-
phy (SiO2, -25 °C, n-hexane/diethyl ether, 90:10). Evaporation
of the second fraction yielded 10: pale yellow crystals, mp 137
°C dec; yield 0.35 g (46%); 1H NMR ([D8]toluene) δ 0.83 (s,
3H, CH3), 0.89 (s, 6H, CH3), 1.16 (mc, 6H, NCH2CH2), 1.60 (d,
J(P,H) ) 1.2 Hz, 6H, CH3), 2.71 (mc, 4H, NCH2), 3.41 (s, 6H,
OCH3); 13C{1H} NMR ([D8]toluene) δ 11.0 (s, CH3), 12.1(s,
CH3), 15.0 (d, 4J(P,C) ) 3.7 Hz, C7-CH3), 24.4 (s, NCH2-
CH2CH2), 25.8 (s, NCH2CH2), 50.4 (s, NCH2), 51.5 (s, CO2CH3),
57.0 (d, 3J(P,C) ) 29.6 Hz, PNdCC7), 61.9 (d, 2J(P,C) ) 3.8
Hz, C3/6), (67.3 (d, J(P,C) ) 11.2 Hz, C2/10), 143.3 (d, 3J(P,C) )
2.8 Hz, C4/5), 168.1 (d, 4J(P,C) ) 4.3 Hz, CO2Me), 179.2 (d,
2J(P,C) ) 14.7 Hz, PNdC), 196.5 (d, 2J(P,C) ) 9.5 Hz, cis-
CO), 199.8 (d, 2J(P,C) ) 38.4 Hz, trans-CO); 31P NMR ([D8]-
toluene): δ -34.5 (s, 1J(P,W) ) 310 Hz); MS (70 eV, EI, 184W);
m/z (%) 742 (2) [M•+], 714 (31) [(M - CO)+], 686 (28) [(M+ - 2
CO)+], 658 (15) [(M - 3 CO)+], 630 (100) [(M - 4 CO)+], 602
(33) [(M - 5 CO)+]; IR (KBr) ν̃ 2075 (m), 1998 (m), 1936 (vs),
1918 (vs) (CO, cm-1); 1713 (m br) (CO2Me, cm-1); 1653 (m)
(CdN, cm-1); HR-MS (70 eV, EI; for C27H31N2O9P184W) m/z
theor 742.1270, found 742.1270 ( 2. Anal. Calcd for C27H31N2O9-
PW, (742.1): C 45.65, H 4.97, N 7.89. Found: C 44.85, H 5.02,
N 7.41.

X-ray Crystallographic Analyses. Structure Determi-
nation of 5a. Crystal data: C27H35N4O5PW, M ) 710.41, P21/
c, a ) 18.3849(14) Å, b ) 9.7930(8) Å, c ) 18.3388(14) Å, â )
118.082(3)°, V ) 2913.1(4) Å3, Z ) 4, dcalc ) 1.620 Mg/m3, µ )
4.062 mm-1, T ) 143 K. A pale yellow tablet (0.33 × 0.23 ×
0.12 mm) was mounted in inert oil. A total of 23 687 intensities
were measured (2θ 4.86-60°) using monochromated Mo KR

radiation on a Bruker SMART 1000 CCD diffractometer. After
absorption correction (multiple scans) 8491 were unique (Rint

) 0.0495) and used for all calculations (program SHELXL-
9717). Hydrogen atoms were refined as rigid methyl groups or
with a riding model. The final wR(F2) was 0.0422 with
conventional R(F) 0.0254, for 348 parameters and 64 re-
straints; highest peak 0.823, hole -1.327 e/Å3.

Structure Determination of 6. Crystal data: C49H60N4-
O11P2W2, M ) 1310.65, C2/c, a ) 22.199(3) Å, b ) 23.215(3)
Å, c ) 11.5504(11) Å, â ) 102.607(12)°, V ) 5808.9(14) Å3, Z
) 4, dcalc ) 1.499 Mg/m3, µ ) 4.067 mm-1, T ) 173 K. A pale
yellow prism (0.60 × 0.20 × 0.20 mm) was mounted in inert
oil. A total of 7798 intensities were measured (2θ 6.26-50°)
using monochromated Mo KR radiation on a Siemens P4
diffractometer. After absorption correction (ψ-scans) 5111 were
unique (Rint ) 0.0193) and used for all calculations. Hydrogens
were refined as above. The structure contains a toluene
molecule severely disordered about an inversion center, for
which only an idealized hexagon could be refined. The final
wR(F2) was 0.0832 with conventional R(F) 0.0295, for 293
parameters; highest peak 0.986, hole -0.466 e/Å3.

Structure Determination of 10. Crystal data: C27H31N2O9-
PW, M ) 742.36, P1h, a ) 11.6400(10) Å, b ) 12.3360(12) Å, c
) 12.5783(12) Å, R ) 77.975(3)°, â ) 64.102(3)°, γ ) 63.118-
(3)°, V ) 1449.0(2) Å3, Z ) 2, dcalc ) 1.701 Mg/m3, µ ) 4.095
mm-1, T ) 143 K. A colorless crystal (0.25 × 0.20 × 0.17 mm)
was mounted in inert oil. A total of 17 209 intensities were
measured (2θ 3.6-60°) using monochromated Mo KR radiation
on a Bruker SMART 1000 CCD diffractometer. After absorp-
tion correction (multiple scans) 8369 were unique (Rint )
0.0195) and used for all calculations. Hydrogens were refined
as above. The final wR(F2) was 0.0449, with conventional R(F)
0.0181, for 368 parameters and 300 restraints; highest peak
1.356, hole -1.277 e/Å3.
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