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Thermal ring-opening of [{2-bis(trimethylsilyl)methyl-3-
phenyl-2H-azaphosphirene-xP}pentacarbonyltungsten(0)]
(8a) in the presence of dimethyl acetylenedicarboxylate
(DMAD) led to the 2,3-bifunctionalized 1H-phosphirene
complex 9a and the 4-phenyl-substituted 2H-1,2-
azaphosphole complex 10a, the latter as a by-product. If a
small amount of benzonitrile was added, complex 10a was
obtained as the main product, along with a small amount of
the decomplexed 2H-1,2-azaphosphole 11, which could not
be isolated. Reaction of complex 10a with elemental sulfur
furnished the corresponding PV sulfide 13. When the ring-
opening of complex 8a was performed in the presence of two
equivalents of DMAD and two equivalents of dimethyl
cyanamide, we obtained the 4-dimethylamino-substituted
2H-1,2-azaphosphole complex 10b, together with the
diastereomeric A3-1,3,2-oxazaphospholene complexes 14a,b.
On reaction of [{2-pentamethylcyclopentadienyl-3-phenyl-
2H-azaphosphirene-kP}pentacarbonyltungsten(0)] (8b) and
DMAD in toluene, the corresponding 1H-phosphirene
complex 9b was only formed as a transient species and the
P-coordinated P,C-cage compound 15 was the final product.
Using benzonitrile as solvent, the 4-phenyl-substituted 2H-

1,2-azaphosphole complex 10c was obtained, together with
the 7-aza-l1-phosphanorbornadiene complex 16, the latter
through partial decomposition of 10c coupled with
rearrangement and a Diels—Alder reaction; the ratio 10c/16
was found to depend strongly on the molar ratio of complex
8b to DMAD. A cycloaddition reaction of the 2,3-
bifunctionalized 1H-phosphirene complex 9a with 2,3-
dimethylbutadiene furnished the bicyclic phosphirane
complex 19, along with a small amount of the
noncoordinated bicyclic phosphirane 20. Reaction of complex
9a with diethylamine yielded the phosphirane complex 21 as
a 1,2-addition product, the diorganophosphane complex 22
through ring-opening of 9a, and the 3,4-functionalized 1,2-
dihydro-1-phosphet-2-one  complex 23 through an
unprecedented ring-expansion reaction; the products 21, 22,
23 were formed in a ratio of ca. 1:1:1. The structures of the
1H-phosphirene complex 9a, the 4-dimethylamino-
substituted 2H-1,2-azaphosphole complex 10b, the bicyclic
phosphirane complex 19, the phosphirane complex 21, and
the 1,2-dihydro-1-phosphet-2-one complex 23 have been
determined by single-crystal X-ray diffraction analysis.

Introduction

The success of biphasic homogeneous catalytic reactions
currently being achieved!? using transition metals with
triorganophosphane ligands has led to a great demand for
ligands with enhanced water solubility.! Various concepts
have been developed to satisfy this prerequisite, e.g. phos-
phanes bearing hydroxy-functionalized organic substituents
such as the well-known tris(hydroxymethyl)phosphane 1,
phosphanes bearing sodium p-phenylsulfonate groups as in
triphenylphosphane trisodium sulfonate (TPPTS) 2,5 or
sodium carboxylate groups as in 3.[°1 Moreover, water-sol-
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uble derivatives of P-heterocycles such as the 1-phospha-
norbornadiene NORBOS 4!/ have been successfully em-
ployed in catalytic processes, while others, such as the 1-
phosphanorbornene 5, seem likely to follow suit.[8] Apart
from a very recent report on the catalytic use of complexes
with polycyclic phosphane ligands having a phosphirane su-
bunit,P! knowledge of applications of small- and medium-
sized P-heterocycle complexes as catalysts is still very lim-
ited. Equally apparent is the fact that unsaturated P! het-
erocycles of different ring size with one or more C-meth-
oxycarbonyl groups attached to the ring system are access-
ible only with difficulty,['™ although such systems are pro-
mising precursors for the respective carboxylic acid
derivatives. This is in contrast to the situation for PV phos-
pholes such as 6, which is accessible by reaction of trimethyl
phosphite with dimethyl acetylenedicarboxylate
(DMAD).I'!I Unfortunately, the corresponding P! deriva-
tive is still unknown. Apart from reactions of triorgano-
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Scheme 1. Water-soluble phosphanes (1—5) and phosphorus heterocycles bearing methoxycarbonyl groups (6,7)

phosphanes with DMAD, which are often unselective,'?!
some more useful reactions exist, relying on DMAD as
trapping reagent and leading, e.g., to complexes such as 7
with six-membered P! heterocyclic ring systems. 3!

In view of the aforementioned factors, and bearing in
mind that ring size variations could be a valuable additional
instrument for tuning the attributes of the ligands, we de-
cided to seek new routes to small- and medium-sized P-
heterocycle complexes having C-methoxycarbonyl groups
attached to the ring system. These, in turn, could give rise
to the uncoordinated P-heterocycles by applying standard
decomplexing methodologies.

Recently, we demonstrated that ring-opening reactions of
2 H-azaphosphirene complexes offer access to a wide variety
of small- and medium-sized P-heterocycle complexes.['4~ 1€l
We also briefly reported on the syntheses of mono-,[!71118]
bi-, and polycyclic P-heterocycles!'! with C-methoxycar-
bonyl-functionalized ring systems, using this methodology
with dimethyl acetylenedicarboxylate (DMAD) as the trap-
ping reagent.

In this paper, we show that the general reaction course
to such C-methoxycarbonyl-functionalized heterocycle
complexes depends largely on the solvent employed, and
that the formation of the final products depends on the
phosphorus substituent. Additionally, preliminary investi-
gations of the reactivity of a 2,3-bifunctionalized 1H-phos-
phirene complex towards 2,3-dimethylbutadiene and di-
ethylamine are presented. The latter reaction demonstrates
how initial nucleophilic attack on the 1 H-phosphirene ring
system can give rise to three different reaction pathways,
namely 1,2-addition to the C,C-double bond, ring-opening,
and ring-expansion. The latter represents the first access to
a ring-functionalized 1,2-dihydro-1-phosphet-2-one com-
plex.
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Results

A. Syntheses of C-Methoxycarbonyl-Functionalized
Mono-, Bi-, and Polycyclic P-Heterocycles by Ring
Opening of 2H-Azaphosphirene Complexes and
Subsequent Trapping Reactions with DMAD

Apart from PV phosphole derivatives such as 6! and re-
lated compounds, '?little is known about five-membered un-
saturated P-heterocycles with one or more carboxylate
groups bonded to the ring system.['3] Therefore, we became
interested in developing a new synthetic methodology lead-
ing to such heterocycles. As we have already described in
brief, thermally induced ring-opening of the 2 H-azaphosphi-
rene complex 8al'?l in toluene and in the presence of DMAD
leads to the 1H-phosphirene complex 9a along with minor
amounts of the 2H-1,2-azaphosphole complex 10a.[!7-18a]
The yield of complex 10a is significantly increased if the reac-
tion is carried out in a mixture of toluene and benzonitrile.
Under these reaction conditions, complex 10a undergoes
partial decomplexation leading to the benzonitrile—tungsten
complex 12 and two other uncharacterized products exhibit-
ing 3'P-NMR resonances at § = 85.5 and § = 42.1. Because
of the AS value of the order of 25,12% the former resonance
would seem to be indicative of the 2H-1,2-azaphosphole 11.
Upon heating in benzonitrile with elemental sulfur, complex
10a reacted selectively to give the 2H-1,2-azaphosphole P-
sulfide 13. When 8a was heated in toluene in the presence of
DMAD and two equivalents of dimethyl cyanamide, the re-
action course was significantly altered; under these con-
ditions the 2H-1,2-azaphosphole complex 10b, along with
the two diastereomeric A3-1,3,2-oxazaphospholene com-
plexes 14a, b were formed.[!8%] In this case, the transient for-
mation of the nitrilium  betaine-type complex
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Scheme 2. Thermal ring-opening of 2 H-azaphosphirene tungsten complex 8a under various conditions in the presence of DMAD

{Me,NCNP[CH(SiMe;),]W(CO)s} via transylidation of 17a
seems to be operative (cf. Scheme 4).

That the reaction course depends not only on the solvent,
but also on the phosphorus substituent, was impressively
demonstrated by investigations of the ring-opening of the
2 H-azaphosphirene complex 8b?% in toluene and benzon-
itrile, both with DMAD as the trapping reagent (Scheme 3).
In the first case, complex 15 was obtained as final product,
whereas in the second case, the 7-aza-1-phosphanorbornad-
iene complex 16 was obtained.[!l The thermal instabilities
of the transiently formed 1H-phosphirene complex 9b and
the 2H-1,2-azaphosphole complex 10¢ were quite unexpec-
ted. Whereas the existence of the former is merely a plaus-
ible assumption, complex 10c¢ could be obtained using a
different stoichiometry.

An explanation of these reaction pathways should take
into account the roles of [PhCNP(CsMes)W(CO)s] (17¢)
and the terminal phosphanediyl complex [(OC)sWPCsMes]
(18b) as intermediates (cf. Scheme 4). The fate of such inter-
mediates seems to depend mainly on the solvent used for
the reactions. The 1H-phosphirene complex 9b, formed by
[2+1] cycloaddition of 18b to DMAD, undergoes rapid in-
tramolecular [4+2] cycloaddition leading to the tungsten-
coordinated P,C-cage compound 15. In benzonitrile, com-
plex 17b reacts with the C,C n-system of DMAD to form
the 2H-1,2-azaphosphole complex 10c¢ through a [3+2]
cycloaddition. The next step could be an exocyclic P—C
bond cleavage in complex 10c¢ with subsequent proton ad-
dition (the origin of which is still under investigation), to
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give a short-lived 1H-1,2-azaphosphole complex. This
could then undergo rapid [4+2] cycloaddition with a se-
cond equivalent of DMAD, thereby yielding the 7-aza-1-
phosphanorbornadiene complex 16. Such a hypothesis of
the intermediacy of a short-lived 1H-1,2-azaphosphole
complex is further supported by an earlier observation by
Mathey and co-workers that transiently formed 2H-phos-
pholes undergo rapid [4+2] cycloaddition reactions leading
to 1-phosphanorbornadienes? or 1-phosphanorborn-
enes[? depending on the trapping reagent used.

The main aspects of the aforementioned ring-opening re-
actions can be summarized as shown in Scheme 4. In all
cases, the first step seems to be the transient formation of
nitrilium phosphane—ylide complexes 17a, ¢, which can de-
compose to give benzonitrile and the terminal phosphane-
diyl complexes 18a, b. In toluene, complexes 18a, b undergo
subsequent [2+ 1] cycloaddition reactions to give complexes
9a.b. In benzonitrile, however, reversion to the nitrilium
phosphane—ylide complexes 17a, ¢ occurs preferentially,
which show a tendency to undergo [3+2] cycloaddition re-
actions leading to the formation of 2H-1,2-azaphosphole
complexes 10a, c.

B. Cycloaddition, 1,2-Addition, Ring-Opening, and
Ring-Expansion Reactions of C,C’'-Methylcarboxylate-
Functionalized 1H-Phosphirene Complex 9a

It has been demonstrated by Mathey and co-workers that
a monofunctionalized C-carboxylate 1H-phosphirene com-
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Scheme 3. Thermal ring-opening of 2 H-azaphosphirene tungsten complex 8b in various solvents in the presence of DMAD
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Scheme 4. Proposed explanation for the generation and reactions
of transiently formed nitrilium phosphane—ylide complexes

plex may react either with 1,3-dimethylbutadiene to give a
bicyclic phosphirane complex through [4+2] cycloaddition,
or with a secondary amine such as morpholine to yield a
secondary vinylphosphane complex through ring-opening
of the phosphirane ring.?*! These observations prompted
us to investigate the reactivity of the bifunctionalized 1H-
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phosphirene complex 9a towards 1,3-dimethylbutadiene
and diethylamine. At 75°C, complex 9a underwent a dia-
stereoselective reaction with 1,3-dimethylbutadiene to give
the [4+2] cycloadduct 19 together with a small amount of
the bicyclic phosphirane 20, the latter probably arising from
partial decomplexation of complex 19 (Scheme 5). In both
compounds, the six-membered ring moiety and the bis(tri-
methylsilyl)methyl substituent reside on the same side of the
phosphirane ring plane, implying that the cycloaddition re-
action is sterically controlled. In contrast to this relatively
unsurprising reaction, the outcome of the reaction of com-
plex 9a with diethylamine at ambient temperature was un-
expected: three phosphorus-containing products in a ratio
of ca. 1:1:1 were formed, namely the 1,2-addition product
21, the secondary vinylphosphane complex 22, and the 1,2-
dihydro-1-phosphet-2-one complex 23 (Scheme 5). In com-
parison to the other example mentioned above (PR =
PPh),>* the greater steric demand of the substituent at
phosphorus in this case seems to increase the lifetime of the
various intermediates, thus making possible three compet-
ing reaction pathways. Although the first 1,2-dihydro-1-
phosphet-2-one complex 3 was also obtained by means of
an insertion reaction (of carbon monoxide), the present ex-
ample represents an unprecedented ring-expansion reaction
in 1H-phosphirene chemistry.[?®l A related ring-expansion
has been reported for the reaction of a cyclopropene car-
boxylic acid derivative with SOCl,. 7!

This reaction of complex 9a can be rationalized by as-
suming the initial step to be a nucleophilic attack of the
diethylamine nitrogen lone-pair on one carbon atom of the
1 H-phosphirene ring, leading to the zwitterionic phosphir-

Eur. J. Inorg. Chem. 1999, 1567—1579
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Scheme 5. Reactions of 1 H-phosphirene tungsten complex 9a with dimethylbutadiene and with diethylamine

ane complex 24, which can either give rise to the 1,2-ad-
dition product 21 or undergo ring-opening to give 25
(Scheme 6). The latter can add a proton to furnish 22 or
undergo ring-closure to yield 26 through an intramolecular
attack of the phosphorus anion on the methoxycarbonyl
carbon atom; the transient complex 26 subsequently elimin-
ates methanol to give the 1,2-dihydro-1-phosphet-2-one
complex 23. The first step of this reaction cascade, i.e. the
nucleophilic attack, also proceeds under steric control, lead-
ing exclusively to the phosphirane complex 21 with the
pentacarbonyltungsten and diethylamino groups in a trans
arrangement. The stereochemistry of the C—C double bond
in 22 has not been determined but is expected to be trans
(cf. ref.!>). It should also be noted that no transformation
of complex 21 into 22 (and vice versa) via prototropic re-
arrangement was observed.

C. Discussion of Selected NMR-Spectroscopic Data

All of the reported complexes have been characterized by
heteronuclear NMR experiments, IR spectroscopy, and
mass spectrometry (see Experimental Section). Selected
NMR data of the complexes are collected in Tables 1 and
2 and are discussed here; for X-ray data see Section D,
Tables 1—3, and the Experimental Section.

A comparison of selected NMR data of the variously
sized heterocycles of complexes 9a, 10a, b, 16, and 23 (Table
1) shows, in all cases, significant resonances of the carbon
nuclei of the C—C double bond units. Thus, the resonances
of the carbons directly bonded to phosphorus appear at
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Table 1. Selected NMR [only absolute values of J(P,C) are given] and X-ray data of complexes 9a, 23, 10a, b, and 16 (in order of ring-
size); [W] = W(CO)s, R = CH(SiMe;), and Z = CO,Me; the X5 plane in PRj units is defined by the three X atoms directly bonded

to phosphorus

w1} R [ R HN
Wh q g N N /\P\/ [w]
R Wi=—tp—¢ Z~c3 N ~c7 N =T S e—z
- \c l c e d e /C/f\c//
— — J— R b
7, v 2 7 g, 7P ey 277 Same, 2T Ph 2
9a 23 10a 10b 16
3"*C-NMR [ppm] C,/Cy; C/Cy: C, 1427 (25.9) C,: 139.2 (21.2) C, 1485 (13.3)
(J(P,C) [Hz]) 143.2 (17.0) 119.4 (41.6) Cp: 162.0 (1.4) Cy: 161.8 (7.3) Cp: 162.3 (16.3)
§"”C-NMR [ppm] C,-CO,Me: C,-COMe: C,-COMe: C,-CO,Me: C,-CO,Me:
(J(P,C) [Hz]) 160.6 (8.5) 165.0 (14.5) 167.2 (11.5) 163.3 (7.3) 166.7 (2.1)
8"C-NMR [ppm] Cy-CO,Me: C,-CO,Me: G-COMe: Cy-CO,Me: Cy-CO,Me:
(J(P,C) [Hz]) - - 165.1 (14.2) 166.1 (14.6) 164.4 (9.7)
5"P-NMR [ppm] -74.7 71.7 102.8 85.6 63.0
281.1 241.2 237.9 249.7 294.8
(ICW.P) (Hz]) (281.1) ( ) ( ) ( ) ( )
P-atom/X,-plane 0.9562 08737 0.783 0.7438 1.034
distance (A)
T °(Pory)(£2) 265 293 306 310 272
dP-W (&) 2.4749 (11) 2.5351 (13) 2.5045 (12) 2.5237 (11) 2.4525 (13)

higher field, while for the vicinal carbon atoms the opposite
is true. All of the C, carbons of 9a, 10a, b, 16, and 23 exhi-
bit absolute values of the carbon—phosphorus coupling
constants in excess of 17 Hz, which depend specifically on
the different scalar couplings (9a and 23: I'J + 2JI; 10a, b
and 16: I'J + 4J1). According to the ring size, the situation
concerning the Cy, carbons of 10a, b and 16 is quite differ-
ent from that in 23; the former have absolute coupling con-
stant values between 1.1 and 5.3 Hz (12J + 3JI), whereas for
the latter the value is 56.2 Hz (12J + 2J1). Because of the
approximately constant substitution pattern at phosphorus
[with the exception of complex 16, which has no
CH(SiMejs), group] and the only slight variations at the
other neighbouring atoms, the influence of the ring size on
the phosphorus resonance can be delineated. The fact that
the phosphorus nucleus becomes deshielded with increasing
ring size has been widely documented for other P-hetero-
cycles with different substitution patterns.*®) The magni-
tudes of the phosphorus—tungsten coupling constants show
a marked dependence on the electronegativities of the phos-
phorus substituents?! and, more surprisingly, on the ring
size as well.

The 7-aza-1-phosphanorbornadiene complex 16 exhibits
a phosphorus resonance & = 63.0 with a large phos-
phorus—tungsten coupling constant of 294.8 Hz, indicating
that the nitrogen fragment is directly bonded to the phos-
phorus. Compared to [pentacarbonyl(1,3,4-triphenyl-1,2-di-
hydro-1-phosphet-2-one)tungsten(0)] >3 [27; 5(3*'P) = 86.9,
1J(P,W) = 231.9 Hz], complex 23 shows similar 3'P-NMR
data [ = 71.7, 'J(P,W) = 241.2 Hz]. Nevertheless, the n-
donation of the diethylamino group is quite apparent
throughout the '3C-NMR resonances of the four-mem-

1572

bered ring {§ = 119.4, [ J(P,C) = 41.6 Hz, PCCO,Me],
152.9 [@T2J(P,C) = 56.2 Hz; PCCNEt,]}, although the
PCO carbon resonance seems to be largely unaffected {6 =
198.7, [*3HJ(P,C) = 357Hz]; cf. 27: & = 190.72,
[T+3J(P,C) = 34.2 Hz]}. A comparison of the NMR data
of the five-membered heterocycles 10a, b and 13 reveals
some noteworthy details. The phosphorus nuclei of 10a, b
and 13 exhibit resonances in the range 6 = 85.6 to 103,
whereas that in 10c is significantly more deshielded (6 =
119.6). In these 2H-1,2-azaphosphole derivatives, the mag-
nitudes of the phosphorus—tungsten coupling constants
show a marked dependence on the nature of the substitu-
ents at phosphorus and the C3-carbon; those in 10b (J =
249.7 Hz) and 10c (J = 248.1 Hz) are thus considerably
greater than that in 10a (237.9 Hz). Considering further the
phosphorus—tungsten coupling constants, the effect of the
oxygen atom directly bonded to phosphorus in the dia-
stereoisomeric A3-1,3,2-oxazaphospholene complexes 14a, b
is dominant (J = 303.1 and 305.9 Hz). Astonishingly, the
imino carbon resonances of 10a—c¢, 13, and 14a, b are
hardly affected by variations in the bonding situation at the
phosphorus atom. A comparison of selected NMR data of
the three-membered heterocycle complexes having a mono-
or polycyclic ring system (Table 2) shows that the phosphir-
ane complexes 15, 19, and 21 exhibit phosphorus reso-
nances in the same region as the 1 H-phosphirene complex
9a, which is not unexpected.? Complexes 9a, 19, and 21
show only slightly different phosphorus—tungsten coupling
constants, whereas that of complex 15 is markedly smaller.
Moreover, the nuclei of the three-membered ring of 15 are
more deshielded. Taken together, the above results point to
the dominating effect of the electronegativity of the phos-

Eur. J. Inorg. Chem. 1999, 1567—1579
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Table 2. Selected NMR [only absolute values of J(P,C) are given] and X-ray data of complexes 9a, 15, 19 and 21; [W] = W(CO)s, R =
CH(SiMe;),, R! = organic fragment and Z = CO,Me; #: not determined; the X5 plane in PR; units is defined by the three X atoms

directly bonded to phosphorus

W] 1 [w] w]
[W]\,P - \/P)R \/P)R \/P)R AR
/ \ Z’I, / \ \\\Z Z’/, / \ \\\Z H//, C/ \C \\\Z Z//, C/ \C \\\Z
D c—c: —c: SN AN
=Tz R YR R a b YR Z%a b VNE R a bYR!
9a 15 19 21 20
§"C-NMR [ppm] C/Cy: C,/Cy: C,/Cy: C,: 414 (14.2) C,/Cy:
JP,C) [Hz]) 143.2 (17.0) 70.4 (5.2) 40.2 (18.1) Cy: 66.6 (16.0) 41.5 (47.7)
3"*C-NMR [ppm] C,/C,-CO,Me: C,/C,-CO,Me: C,/C,-CO,Me: C,-CO,Me: 167.1 (s) C,/Cy-CO,Me:
J(P,C) [Hz]) 160.6 (8.5) 168.7 (5) 171.2 (3.7) C,-CO,Me: 172.2 (s) 1733 (14.2)
5''P-NMR [ppm] -74.7 -67.2 -87.1 -81.1 -105.8
281.1 242.0 269.9 274.7 s
(J(W.P) [Hz]) ( ) ( ) ( ) ( ) (s)
P-atom/X,-plane 0.9362 1.448 T.0131 1.0223 #
distance (A)
Z °(Ppps) H£2) 265 195 264 263 #
dpP-w (A 2.4749 (11) 2.4569 (8) 2.5539 (7) 2.5351 (11) #

phorus substituents (especially with regard to the hybridi-
zation of the carbon atoms) on the phosphorus—tungsten
coupling constants. In this context, the very small bond an-
gle sums of these complexes are of particular interest (see
Section D).

D. Discussion of Selected X-ray Structural Data

The molecular structures of the complexes 9a, 10b, 19,
21, and 23 were confirmed in the solid state by X-ray crys-
tallography (Figures 1—5); further details of the crystal data
and structure refinement are given in Table 3.3 Compari-
son of the structure of complex 9a (Figure 1) with that of
other 1H-phosphirene complexes!! 7! having the same phos-
phorus fragment, [{(Me;Si),HCP}W(CO)s], reveals slightly
shortened endo- and exocyclic carbon—carbon and phos-
phorus—carbon distances and a significantly shortened
tungsten—phosphorus distance of 2.4749(11) A (vs. ca. 2.50
A)17%] a5 the most interesting features. The latter is com-
bined with a widened W—P—C(12) angle of 121.27(24)° (vs.
ca. 118—119.5°)'"") and an increased W—C(5) distance
[2.001(5) A] of the trans CO ligand, thus indicating weaker
W—C and stronger W—P =n-back bonding. The fact that
there are no extended P—C distances (bonds) within the P-
ligand is quite remarkable and is inconsistent with the cur-
rent m-acceptor orbital bonding model, for which a substan-
tial participation of c*-orbitals has been proposed. (32133

For complex 10b, the asymmetric unit contains two inde-
pendent molecules, which are not significantly different
from one another. The structure consists of discrete mol-
ecules with no unusual intermolecular distances. The het-
erocyclic ring of complex 10b (Figure 2) is approximately
planar, with the dimethylamino group subtending an in-
terplanar angle to the five-membered ring of 11.4°. Apart

Eur. J. Inorg. Chem. 1999, 1567—1579

Figure 1. Molecular structure of 9a in the crystal (both positions
of the two disordered methoxycarbonyl groups are shown; hydro-
gen atoms are omitted for clarity); selected bond lengths [A] and
angles [°]: W—C(5) 2.001(5), W—C(4) 2.054(6), W—P 2.4749(11),
P—-C(12) 1.808(4), P—C(6) 1.791(5), P—C(7) 1.795(5), C(6)—C(7)
1.294(7); W-P-C(12) 121.27(14), C(6)—P—-C(7) 42.3(2),
C(6)—C(7)—P 68.7(3), C(7)—C(6)—P 69.0(3)

from localized endocyclic nitrogen—carbon and car-
bon—carbon double-bond lengths of 1.312(5) and 1.338(6)
A, respectively, the ring also has a substantially shortened
exocyclic nitrogen—carbon bond length of 1.346(5) A (cf.
ref.34). Together with the angle sum of 360° at the N(2)
nitrogen atom, this provides evidence for a p,—p, electron
interaction of the nitrogen lone-pair and the C—N n-bond.
It is also noteworthy that this also affects the W—P dis-
tance, which amounts to 2.5237(11) A in 10b and 2.505(12)
A in 10a.118al
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Figure 2. Two independent molecules of 10b in the crystal (only one data set is given; ellipsoids represent 30% probability levels, hydrogen
atoms are omitted for clarity); selected bond lengths [A] and angles [°]: W(1)—C(5) 1.999(5), W(1)—C(1) 2.019(6), W(1)—C(2) 2.053(5),
W(1)—P(1) 2.5237(11), P(1)—C(6) 1.836(4), P(1)—N(1) 1.674(4), N(1)—C(15) 1.312(5), N(2)—C(15) 1.346(5), C(15)—C(14) 1.492(6),
C(14)—C(18) 1.338(6), C(13)—P(1) 1.839(4); W(1)—P—C(6) 119.26(14), C(13)—P(1)—N(1) 92.51(19), P(1)—N(1)—-C(15) 112.1(3),
N(1)—C(15)—C(14) 114.9(4), C(15)—C(14)—C(13) 111.6(4), C(14)—C(13)—P(1) 108.0(3)

Comparison of the structures of complexes 19 and 21
(Figures 3 and 4) with that of 9a shows that the former
have both significantly lengthened endocyclic bond lengths
and slightly widened W—P—C(6) angles of 122.62(9) and
124.10(10)°, respectively. Detailed comparison between 19
and 21 cannot be made as the CH(SiMes), groups adopt
opposite orientations with respect to the W(CO)s fragment,
which is very unusual in such P-heterocycle complexes. All
three complexes have comparable angle sums [X°(Ppgr3) val-
ues, Table 2] of ca. 264°, but distinctly different W—P dis-
tances. This finding most probably stems from different
cone angles!®! of these P-ligands; unfortunately, much less
data is currently available for such P-heterocycle ligands
than for acyclic triorganophosphane ligands.[3211331 Com-
paring these findings to those for complex 15,1 for which
a smaller bond angle sum [2°(Ppgr;3) value] and W—P dis-
tance were observed [ca. 195° and 2.4569(8) A], this situ-
ation seemingly results from a reduction in the steric strain
and an increase in the pyramidalization of the PR5 ligand,
as shown by the increasing distance of the phosphorus atom
from the plane defined by the a-atoms of the three substitu-
ents (cf. Tables 2 and 3).13211331 The latter aspect in particular
merits further study. Although complexes 15, 19, 21 (and
even 9a) are quite similar, it is noteworthy that there is no
simple correlation between X-ray structural parameters
such as the X°(Ppr3) value and the W—P distance on one
hand, and an NMR parameter such as the magnitude of
the phosphorus—tungsten coupling constant on the other
(cf. Table 2).

The molecular structure of the 1,2-dihydro-1-phos-
phet-2-one complex 23 (Figure 5) is characterized by an un-
symmetrical, planar, four-membered ring system. Com-
pared to the structure of complex 27,1254 the carbon—car-
bon bond length of the double bond unit is longer in 23
[1.399(5) vs. 1.36(1) A (27)]. Moreover, it forms part of a
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Figure 3. Molecular structure of 19 in the crystal (ellipsoids repre-
sent 50% probability levels, hydrogen atoms are omitted for clarity);
selected bond lengths [A] and angles [°]: W—C(1) 1.982(3),
W-C(4) 2.063(3), W—C(5) 2.035(3), W—P 2.5539(7), P—C(6)
1.822(3), P—C(13) 1.908(3), P—C(18) 1.846(3), C(13)—C(18)
1.533(3), C(13)—-C(19) 1.491(4), C(18—C(21) 1.514(3);
C(5)—W—P 87.95(8), C(4)—W—P 96.47(8), W—P—C(6) 122.62(9),

C(13)-P—-C(18)  48.18(10), P—C(13)—C(18)  63.78(13).
C(13)—C(18)—P 68.03(13)
delocalized  m-system  consisting of the planar

N-C(16)—C(13)—C(14) subunit [X°(Nygr3) value: 360; in-
terplanar angle between the plane C(17)—N-—C(19) and
that of the four-membered ring 3.8°] and the planar
N—-C(16)—C(21)—0O(8) subunit, which has significantly
shortened exocyclic single bond lengths (cf. ref.34),
[N—C(16) 1.328(5) A and C(13)—C(14) 1.458(5) A] for the

Eur. J. Inorg. Chem. 1999, 1567—1579
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Figure 4. Molecular structure of 21 in the crystal (ellipsoids repre-
sent 50% probability levels, hydrogen atoms are omitted for clarity);
selected bond lengths [A] and angles [°]: W(1)—C(3) 1.987(3),
W(1)—C4) 2.057(3), W()—P 2.5351(11), P—C(6) 1.819(3),
P-C(7) 1.816(3), P—C(8) 1.903(3), C(7)—C(8) 1.542(4),
C(7)—C(11) 1.505(4), C(8)—C(9) 1.511(4), C(®)—N 143.1(4);
C(2)—W(1)—P 88.43(9), C(5)—W(1)—P 98.29(9), W(1)—P—C(6)
124.10(10), C(7)—P—-C(8) 48.91(12), P-C(7)—C(8) 68.5(2),
C(7)—C(8)—P 62.60(14)

former and an increased carbon—oxygen distance for the
latter [C(21)—0O(8) 1.197(5) A; 27: 1.16(1) A].

Figure 5. Molecular structure of 23 in the crystal (ellipsoids repre-
sent 50% probability levels, hydrogen atoms are omitted for clarity);
selected bond lengths [A] and angles [°]: W—C(1) 2.012(4),
W-C(2) 2.044(4), W—P 2.4995(1), P—C(6) 1.836(4), P—C(13)
1.834(4), C(13)—C(16) 1.399(5), C(16)—C(21) 1.511(5), P—C(21)
1.880(4), C(13)—C(14) 1.458(5), N—C(16) 1.328(5), C(21)—0O(8)
1.197(5); CQ2)—W-P 8591(11), C3)—W(1)—-P 92.57(11),
W—-P—-C(6) 119.34(12), C(13)—P—C(21) 72.0(2), P—C(21)—C(16)
92.5(2), C(21)—C(16)—C(13) 97.2(3), C(16)—C(13)—P 98.3(2)

Eur. J. Inorg. Chem. 1999, 1567—1579

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. Solvents
were dried according to standard procedures. — NMR spectra were
recorded on a Bruker AC-200 spectrometer (200 MHz for 'H;
50.3 MHz for '3C; 81.0 MHz for 3'P) with [D]chloroform and
[Dg]benzene as solvents and internal standards; shifts are given
relative to ext. tetramethylsilane (‘H, '*C) and 85% H3PO,4 (*'P).
— Mass spectra were recorded on a Finnigan MAT 8430 (70 eV);
apart from the m/z values of the molecular ions, only those peaks
having intensities > 20% of the base-peak are listed. — Infrared
spectra were recorded on a Biorad FT-IR 165 spectrometer (selec-
ted data given). — Melting points were measured on a Biichi 535
capillary apparatus. — Elemental analyses were performed using a
Carlo Erba analytical gas chromatograph. — The kP notation in
the nomenclature is intended to differentiate between P- and N-
coordination of the relevant heterocycle to the metal.

Pentacarbonyl|2-bis(trimethylsilyl)methyl-3,4-bis(methoxycarbonyl)-
5-phenyl-2 H-1,2-azaphosphole-k P]tungsten(0) (10a): To a solution
of the 2H-azaphosphirene tungsten complex 8a (1.5 g, 2.4 mmol)
in toluene (7.5 mL) and benzonitrile (2 mL) was added dimethyl
acetylenedicarboxylate (0.6 mL, 5mmol) and the mixture was
heated at 75°C for 1.5 h under slow stirring. The solvent was then
removed in vacuo and the product was separated by low-tempera-
ture column chromatography (SiO,, —20°C, 10 X 4 cm, hexane/
diethyl ether, 90:10). Evaporation of the solvent from the second
fraction yielded 10a as dark-red crystals. Yield: 680 mg (43%). —
M.p. 121°C (dec.). — '"H NMR (CDCls): § = 0.15 (s, 9 H, SiMe3),
0.39 (s, 9 H, SiMe3), 1.35 [d, 2J(P.H) = 2.4 Hz, 1 H, CH(SiMe3),],
3.87 (s, 3 H, OCH3), 3.92 (s, 3 H, OCHs;), 7.50 (m., 3 H, CH;om.),
7.79 (m, 2 H, CH,om). — PC{'H} NMR (CDCl,): § = 2.6 [d,
3J(P,C) = 1.9 Hz, SiMejs), 3.2 [d, 3J(P,C) = 2.4 Hz, SiMejs], 18.9 [s,
CH(SiMes),], 53.0 (s, OCH3), 53.2 (s, OCH3), 128.4 (s, Ph), 128.8
(s, Ph), 131.7 (s, Ph), 134.4 [d, 3J(P,C) = 16.6 Hz, Ph], 142.7 [d,
1J(P,C) = 25.9 Hz, PCC], 162.0 [d, ®*3J(P,C) = 1.4 Hz, PC(],
162.7 [d, 3J(P,C) = 13.1 Hz, CO,Me], 165.1 [d, 3J(P,C) = 14.2 Hz,
CO,Me], 167.7 [d, ®*9J(P,C) = 11.5 Hz, PN(], 196.7 [d, 2J(P,C) =
6.5 Hz, cis-CO], 198.0 [d, 2J(P,C) = 23.1 Hz, trans-CO]. — 3'P{'H}
NMR (CDCly): § = 102.8 [s, 'J(P,W) = 237.9 Hz]. — IR (KBr):
v = 2073 (s), 1992 (s), 1953 (vs), 1926 (vs), 1913 (vs) cm ™! (CO);
1745 (s), 1719 (s) ecm™! (CO,); 1596 (m, sh), 1546 (m)
em~! (C=N). — MS (70 eV, EI), ('"W); m/z (%): 759 (4) [M*],
647 (50) [(M — 4 CO)*], 631 (100) (M — 3 CO)*], 603 (40) (M
- 4 CO)*™, 575 35 [M — 5 CO)*], 73 (100) [SiMes™]. —
C,5H30NOGPSi, W (759.5): caled. C 39.54, H 3.98, N 1.84; found C
39.73, H 3.85, N 1.76.

|2-Bis(trimethylsilyl)methyl-3,4-bis(methoxycarbonyl)-5-phenyl-2 H-
1,2-azaphosphole] P-Sulfide (13): A mixture of the 2H-1,2-azaphos-
phole tungsten complex 10a (0.2 g, 0.25 mmol) and sulfur (0.08 g,
0.25 mmol) in benzonitrile (3 mL) was heated for 1.5h at 75°C
under slow stirring. The solvent was then removed in vacuo and
the product was separated by low-temperature column chromatog-
raphy of the residue (SiO,, —20°C, 4 X 4 cm, dichloromethane).
Crystallization from a small amount of pentane at —20°C afforded
13 as red crystals. Yield: 80 mg (65%). — M.p. 79°C (dec.). — 'H
NMR (CDCls): 6 = 0.09 (s, 9 H, SiMe3), 0.43 (s, 9 H, SiMe;), 1.33
[d, 2J(P.H) = 21.2 Hz, 1 H, CH(SiMes),], 3.85 [d, SJ(P,H) = 0.5 Hz,
3 H, OCHs), 3.89 [d, 3J(P,H) = 0.6 Hz, 3 H, OCHs], 7.46 (m,, 3
H, CHyom), 7.79 (mg, 2 H, CH o). — *C{'H} NMR (CDCl;):
5 =22 [d, 3J(P,C) = 3.2Hz, SiMe;), 3.3 [d, 3J(P,C) = 2.9 Hz,
SiMes], 19.9 [d, 'J(P,C) = 32.9 Hz, CH(SiMe;),], 53.0 (s, OCH3),
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53.1 (s, OCHs), 128.6 (s, Ph), 128.8 (s, Ph), 133.2 (s, Ph), 134.0 [d,
3J(P,C) = 23.7 Hz, Ph], 151.0 [d, 'J(P,C) = 53.1 Hz, PCC], 161.3
[d, *3J(P,C) = 13.8 Hz, PNC], 164.8 [d, 2J(P.,C) = 22.4 Hz, PC(],
167.7 (s, CO>Me), 170.7 [d, 3J(P,C) = 7.5 Hz, CO,Me]. — 3'P{'H}
NMR (CDCly): & = 101.0 (s). — IR (KBr): v = 1737 (vs), 1718
(vs) em~! (CO,); 1610 (m), 1528 (m) cm~! (C=N). — MS (70 eV,
EI); mlz (%): 467 (25) [M*], 452 (50) [(M — CHj3)*-], 408 (100)
[M — C,H;0,)"]. — CaoH3NO,PSi, (467.7): caled. C 51.37, H
6.47, N 3.00, S 6.86; found C 51.35, H 6.60, N 2.90, S 6.60.

Procedure for the Synthesis of 2 H-1,2-Azaphosphole Tungsten Com-
plex 10b and A3-1,3,2-Oxazaphospholene Tungsten Complexes 14a,
b: To a solution of 2 H-azaphosphirene tungsten complex 8a (1.5 g,
24 mmol) in toluene (3mL), dimethylcyanamide (0.2 mL,
0.2 mmol), and dimethyl acetylenedicarboxylate (0.4 mL, 3 mmol)
were added and the mixture was heated at 75°C for 1.5 h under
slow stirring. After concentration to dryness, the products were
separated by low-temperature column chromatography of the resi-
due (Si0,, —20°C, 10 X 2 cm, hexane/diethyl ether, 90:10) and sub-
sequently crystallized from pentane at —20°C.

Pentacarbonyl|2-{bis(trimethylsilyl)methyl}-5-dimethylamino-3,4-
bis(methoxycarbonyl)-2H-1,2-azaphosphole-k P]tungsten(0)  (10b):
Yield: 130 mg (14%). — M.p. 123°C (dec.). — 'H NMR (CDCl;):
8 = 0.05 (s, 9 H, SiMe3;), 0.35 (s, 9 H, SiMe3), 1.13 [d, 2J(P,H) =
5.6 Hz, 1 H, CH(SiMe;),], 3.13 [s, 6 H, N(CH3),], 4.55 (s, 3 H,
OCH,), 4.76 (s, 3 H, OCH3). — BC{'H} NMR (CDCl,): § = 2.7
[d, 3J(P,C) = 2.0 Hz, SiMes], 3.4 [d, 3J(P,C) = 2.6 Hz, SiMe;], 22.6
[s, CH(SiMes),], 39.7 [s, N(CH3),], 52.6 (s, OCHs3), 53.3 (s, OCH3),
139.2 [d, 'J(P,C) = 21.2 Hz, PCC], 158.4 [d, ®*3)J(P,C) = 5.3 Hz,
PN(], 161.8 [d, ?*3J(P,C) = 7.3 Hz, PC(], 163.2 [d, 3J(P,C) =
7.3 Hz, CO,Me], 166.1 [d, 2J(P,C) = 14.6 Hz, CO,Meg], 197.7 [d,
2J(P,C) = 7.2 Hz, cis-CO], 199.7 [d, 2J(P,C) = 22.6 Hz, trans-CO].
— 31P{'H} NMR (CDCl;): § = 85.6 [s, 'J(P,W) = 249.7 Hz]. — IR
(KBr): ¥ = 2069 (s), 1983 (s), 1929 (vs sh) cm~! (CO); 1742 (m),
1735 (m), 1720 (s) cm ™! (CO,); 1596 (m), 1546 (m) cm~! (C=N).
— MS (70 eV, EI), (*34W); m/z (%): 726 (20) [M*-], 698 (50) [M —
1 CO)*], 614 (60) (M — 4 CO)*], 586 (50) [(M — 5 CO)*-], 558
(100) M — 6 (CO)*], 73 (80) [SiMes*]. — C, H;3N,O9PSi,W
(726.5): caled. C 34.72, H 4.30, N 3.86; found C 34.61, H 4.32,
N 3.55.

Pentacarbonyl|2-{bis(trimethylsilyl)methyl}-5-dimethylamino-4-
methoxy-4-(2-methoxycarbonylacetylenyl)-A3-1,3,2-0xazaphos-
pholene-k PJtungsten(0) (14a,b): Compound 14a: Yield: 125 mg
(13%). — M.p. 164°C (dec.). — '"H NMR (CDCl3): § = 0.17 (s, 9
H, SiMes), 0.29 (s, 9 H, SiMes), 1.49 [s, 1 H, CH(SiMe;),], 3.16 [s,
6 H, N(CH;),], 3.63 (s, 3 H, OCH;), 3.80 (s, 3 H, OCH;). —
I3C{'H} NMR (CDCl): § = 2.5 (s, SiMe3), 2.6 (s, SiMes), 37.8 [d,
J(P,C) = 59Hz, CH(SiMes),], 38.1 [s, N(CH3),], 40.0 [s,
N(CH;),], 53.2 (s, OCH3), 53.8 (s, OCH3), 77.8 (s, CCCO,Me),
79.9 (s, CCCO,Me), 99.2 [d, C*3J(P,C) = 4.0 Hz, POC], 152.7 (s,
CO,Me), 158.0 [d, @*3J(P,C) = 1.3 Hz, PN(], 197.1 [d, 2J(P,C) =
8.8 Hz, 'J(C,W) = 117.8 Hz, cis-CO], 201.1 [d, 2J(P,C) = 29.1 Hz,
trans-CO). — 3'P{'H} NMR (CDCl;): § = 191.6 [s, 'J(P,W) =
305.9 Hz]. — IR (KBr): ¥ = 2073 (s), 1986 (s), 1952 (vs), 1930 (vs),
1919 (vs) ecm™! (CO); 1629 (s) cm™! (CO,). — MS (70 eV, El),
(184W); m/z (%): 726 (50) [M -], 642 (30) [(M — 3 CO)*-], 586 (40)
[M — 5CO)*], 571 (50) [M — 5 CO — CH;3)*], 558 (100) [(M
— 6 CO)™], 543 (60) [M — 6 CO — CH;3)*"], 73 (60) [SiMe;3™].

Compound 14b: Yield: 70 mg (8%). — M.p. 164°C (dec.). — 'H
NMR (CDCly): 6 = 0.17 (s, 9 H, SiMejs), 0.32 (s, 9 H, SiMe;), 1.46
[s, 1 H, CH(SiMes)], 3.16 [s, 3 H, N(CH5)-], 3.19 [s, 3 H, N(CH5)5],
3.61 (s, 3 H, OCHs;), 3.81 (s, 3 H, OCH;3). — BC{'H} NMR
(CDCly): & = 2.1 [d, 3J(P,C) = 2.9 Hz, SiMes], 2.3 [d, 3J(PC) =
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1.3 Hz, SiMe;], 36.8 [m,, CH(SiMes),], 38.5 [s, N(CHs),], 39.9 [s.
N(CHs),], 52.9 (s, OCHs), 53.2 (s, OCH3), 74.6 (s, CCCO,Me),
79.8 (s, CCCO,Me), 99.1 [d, @+3IJ(P,C) = 6.9 Hz, POC], 152.7 (s,
CO,Me), 158.1 [d, @*3J(P,C) = 1.1 Hz, PNC], 197.2 [d, 2J(P,C) =
8.7 Hz, 'J(C,W) = 126.1 Hz, cis-CO], 200.1 [d, 2J(P,C) = 29.4 Hz,
trans-COJ. — 3'P{'H} NMR (CDCL): 8 = 198.6 [s, 'J(P,W) =
303.1 Hz]. — IR (KBr): ¥ = 2071 (s), 1983 (s), 1940 (vs), 1918 (vs)
em~! (CO); 1726 (s) em™! (CO»); 1618 (s) em~! (C=N). — MS
(70 eV, EI), ("*W); m/z (%): 726 (40) [M*-], 614 (30) [M — 4
CO)*], 586 (100) [(M — 5 CO)*], 571 (80) [(M — 5 CO — CH3)* ],
543 (60) [(M — 6 CO — CH3)*], 73 (35) [SiMe;*]. — CoyHy N
OoPSL,W (726.5): caled. C 34.72, H 4.30, N 3.86; found C 34.98,
H 4.20, N 3.57.

Pentacarbonyl|3,4-bis(methoxycarbonyl)-2-pentamethylcyclo-
pentadienyl-5-phenyl-2 H-1,2-azaphosphole-k P]tungsten(0) (10c): To
a solution of 0.3 g (0.5 mmol) of the 2H-azaphosphirene tungsten
complex 8b in 3 mL of benzonitrile was added 0.5 mL (0.6 mmol)
of dimethyl acetylenedicarboxylate and the mixture was stirred for
95 min at 62°C. The solution was then concentrated to dryness in
vacuo (ca. 0.01 mbar) and the residue was subjected to low-tem-
perature column chromatography on silica (—35°C, hexane/diethyl
ether, 99:1). A red fraction was concentrated to dryness in vacuo
and the product was crystallized from pentane. Yield: 118 mg
(32%). — M.p. 132°C (dec.). — 'H NMR: § = 1.10 [d, 2J(PH) =
16.0 Hz, 3 H, Cp*-C1-CHj3], 1.82 [pseudo t, 3J(P,H) = 6.0 Hz, 6
H, Cp*-C3/6-CH;)], 2.21 (s, 6 H, Cp*-C4/5-CH;), 3.84 (s, 6 H,
CO,CH;), 7.51 (m., 2 H, CHyom), 7.90 (m., 2 H, CH,rom). —
BC{'H} NMR: § = 11.3 [d, 3J(P,C) = 1.6 Hz, Cp*-CHj], 11.9 (s,
Cp*-CHjs), 12.6 (s, Cp*-CH;), 14.1 [d, *J(P,C) = 2.6 Hz, Cp*-C1-
CH3], 52.1 (s, OCH3), 56.5 [d, “J(P,C) = 9.2 Hz, OCHj], 62.9 [d,
J(P,C) = 7.4 Hz, Cp*-Cl1], 128.5 (s, i-Ph), 128.7 (s, p-Ph), 131.7 (s,
0-Ph), 134.1 (s, m-Ph), 136.2 (s, Cp*), 136.7 [d, J(P,C) = 2.0 Hz,
Cp*], 141.6 [d, J(P,C) = 3.1 Hz, Cp*], 141.8 [d, J(P,C) = 2.4 Hz,
Cp*], 144.8 [d, T*¥J(P,C) = 21.8 Hz, C3], 159.6 [d, @"dJ(P,C) =
42Hz, C5], 162.8 [d, @™3J(P,C) = 12.3Hz, C4], 164.9 [d,
2J(P,C) = 13.3 Hz, C3-CO,CH3], 168.3 [d, 3J(P,C) = 13.2, Hz, C4-
CO,CHj3], 195.3 [d, 2J(P,C) = 6.6 Hz, cis-CO], 197.4 [d, 2J(P,C) =
26.3 Hz, trans-CO]. — 3'P{'H} NMR (CDCly): & = 119.6 [s,
1J(P,W) = 248.1 Hz]. — IR (KBr): v = 2075 (s), 1939 (vs, br), (CO);
1734 (s), 1719 (s) cm ™! (CO,). — MS (positive CI, NH3), ('%4W)
(%): 736 (12) (M + H)*], 602 (10) [M + H — CjoH4) "], 135
(100) [C1oH 5] — CysH26NOoPW (735.3): caled. C 45.74, H 3.56,
N 1.90; found C 45.91, H 4.09, N 1.81.

Procedure for the Preparation of Complexes 15 and 16: A mixture
of 0.3 g (0.5 mmol) of the 2H-azaphosphirene tungsten complex
8b and 0.5 mL (0.6 mmol) of dimethyl acetylenedicarboxylate was
stirred for 25 min in 3 mL of toluene (15) or 3 mL of benzonitrile
(16) at 75°C. The solution was then concentrated to dryness in
vacuo (ca. 0.01 mbar), and the residue was subjected to low-tem-
perature column chromatography on silica (—20°C, hexane/diethyl
ether, 99:1). The eluents were concentrated to dryness in vacuo and
the products were crystallized from pentane at —20°C (pale-yellow
crystals in both cases).

Pentacarbonyl|3,4,5,6,8-pentamethyl-1-phosphatetracyclo-
[4.1.1.13-%0%7]-2,7-bis(methoxycarbonyl)hept-4-ene-k P]tungsten(0)
(15): Yield: 0.25 g (81%). — M.p. 98°C (dec.). — 'H NMR: & =
0.58 [d, 3J(P,H) = 19.0 Hz, 3 H, C8-CH5], 1.52 (s, 6 H, C3/6-CH}),
1.71 (s, 6 H, C4/5-CHs), 3.62 (s, 6 H, CO,CH;). — *C{'H} NMR:
5 =591d,3J(P,C) = 5.8 Hz, C8-CH3], 14.0 (s, C3/6-CH3), 14.1 [d,
4J(P,C) = 2.6 Hz, C4/5-CH3], 52.1 (s, OCH3), 56.5 [d, “J(P,C) =
9.2 Hz, C3/6], 66.5 [d, J(P,C) = 32.2Hz, C8], 70.4 [d, J(P,C) =
5.2 Hz, C2/7], 141.7[d, J(P,C) = 10.4 Hz, C4/5], 168.7 (s, CO,CH3),
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193.6 [d, 2J(P,C) = 8.1 Hz, ¢is-COJ, 197.4 [d, 2J(P.C) = 35.5 Hz,
trans-CO). — 3'P{'H} NMR (CDCls): § = —74.6 [s, \J(P,W) =
281.1 Hz]. — IR (KBr): ¥ = 2079 (s), 1996 (s), 1946 (vs), 1922 (vs)
cm~! (CO); 1725 (s) ecm™ L, 1718 (s) cm ™! (CO,). — MS (negative
CI, NH,), ("84W); m/z (%): 631 (42) [M — H], 324 (100) [(CsOsW)],
308 (16) [M — (CsOsW)]. — CayHaOoPW (632.2): caled. C 39.92,
H 3.35; found C 39.92, H 3.46.

Pentacarbonyl|2,3,5,6-tetrakis(methoxycarbonyl)-4-phenyl-7-aza-1-
phosphanorbornadiene-k P]tungsten(0) (16): The assignments for C,
and C,, given in ref.[!l were erroneous!

Yield: 0.21 g (58%). — M.p. 152°C (dec.). — 'H NMR: § = 3.72
(s, 6 H, OCHs), 3.76 [d, 2J(P.H) = 5.1 Hz, 1 H, NH], 3.85 (s, 6 H,
OCHs), 7.45 (mg, 3 H, H,op ), 7.62 (m, 2 H, Hyrom). — BC{H)
NMR: & = 52.8 (s, OCHs3), 53.0 (s, OCH3), 88.6 [d, J(P.C) =
5.4 Hz, C4], 126.1 (s, Ph), 129.0 (s, Ph), 129.6 (s, Ph), 132.5 [d,
J(P.C) = 5.3 Hz, i-Ph], 148.5 [d, 'J(P.C) = 13.3 Hz, C2/6], 162.3
[d, 2J(P.C) = 16.3 Hz, C3/5], 164.4 [d, 3J(P.C) = 9.7 Hz, C3/5-
CO,Me], 166.7 [d, 2J(P.C) = 2.1 Hz, C2/6-CO,Me], 194.2 [d,
2J(P,C) = 8.2 Hz, cis-CO], 196.6 [d, 2J(P,C) = 32.9 Hz, trans-CO].
— 3IP{1H} NMR (CDCL): § = 63.0 [s, 'J(P,W) = 294.8 Hz]. — IR
(KBr): v = 3432 (s, br) (NH), 2082 (s), 1942 (vs, br), (CO); 1735
(s), 1724 (s) em™~! (CO,). — MS (positive CI, NH3), (***W); m/z
(%): 761 (1) [(M + NH,)*], 602 (3) [M + H — CoHgO4)*], 278
(100) [C3H 3sNOP*]. — CagH sNOJPW (743.2): caled. C 38.79,
H 2.44, N 1.88; found C 38.92, H 2.52, N 1.94.

Procedure for the Diels—Alder Reaction of 1H-Phosphirene Tung-
sten Complex 9a with 2,3-Dimethylbutadiene: To a solution of the
1 H-phosphirene tungsten complex 8a (3.6 g, 0.55 mmol) in toluene
(1.8 mL) was added 2,3-dimethylbutadiene (0.27 g, 3.3 mmol) and
the mixture was heated at 75°C for 90 h under slow stirring. After
concentration to dryness, the products were separated by low-tem-
perature column chromatography of the residue (SiO,, —20°C, 12
X 2 cm, hexane/diethyl ether, 98:2) and subsequently crystallized
from pentane at —20°C.

Pentacarbonyl|1-{bis(trimethylsilyl)methyl}-2,7-bis(methoxycar-
bonyl)-4,5-dimethyl-1-phosphabicyclo[4.1.0>7|hept-4-ene-k P]tungs-
ten(0) (19): Yield: 100 mg (25%). — M.p. 117°C (dec.). — '"H NMR
(CgDg): & = 0.27 (s, 18 H, SiMe3), 0.94 [d, 2J(P,H) = 144 Hz, 1
H, CH(SiMej3),), 1.37 (s, 6 H, CH3), 2.37 [dd, 2J(H,H) = 17.1 Hz,
3J(PH) = 13.1Hz, 2 H, CH,], 2.87 [dd, 2J(H,H) = 17.3 Hz,
3J(PH) = 10.6 Hz, 2 H, CH,), 3.47 (s, 6 H, OCH;). — 3C{'H}
NMR (Cy¢Dg): 8 = 2.6 (s, SiMe3), 2.7 (s, SiMe3), 12.7 [d, 'J(P,C) =
34.2 Hz, CH(SiMe;),], 18.4 (s, CH3), 33.1 [d, 2J(P,C) = 3.7 Hz,
CH,), 40.2 [d, "J(P,C) = 18.1 Hz, PC], 52.5 (s, OCHj3), 124.4 (s,
CCHs), 171.2 [d, 3J(P,C) = 3.7 Hz, CO,Me], 197.3 [d, 2J(P,C) =
33.9 Hz, trans-CO]), 197.4 [d, 2J(P,C) = 7.4 Hz, cis-CO]. — 3'P{'H}
NMR (CDCly): § = —87.1 [s, 'J(P,W) = 269.9 Hz]. — IR (KBr):
v = 2075 (s), 2001 (s), 1932 (vs), 1910 (vs) cm~! (CO); 1742 (vs)
cm~! (CO,). — MS (70 eV, EI), (*4W); m/z (%): 710 (5) (M —
CO)*+], 682 (25) [(M — 2 CO)*], 73 (100) [SiMe;*]. — Cy4H3504P-
Si,W (738.5): caled. C 39.03, H 4.88; found C 40.12, H 5.13.

1-|Bis(trimethylsilyl)methyl]-2,7-bis(methoxycarbonyl)-4,5-dimethyl-
1-phosphabicyclo[4.1.0%7]hept-4-ene (20): Yield: 50 mg (22%). — 'H
NMR (C¢Dy): & = 0.16 [d, *J(P.H) = 0.8 Hz, 18 H, SiMe;], 1.33
[d, 2J(P,H) = 10.0 Hz, 1 H, CH(SiMe3),], 1.57 (s, 6 H, CH3), 2.25
[d, 2J(H,H) = 19.2 Hz, 2 H, CH,), 3.05 [dd, 2J(H,H) = 17.6 Hz, 2
H, CH,)], 3.37 (s, 6 H, OCH3). — BC{'H} NMR (C¢Dg): 6 = 1.6
(s, SiMes), 1.8 (s, SiMe3), 6.8 [d, 'J(P,C) = 81.5 Hz, CH(SiMej3),],
18.6 (s, CH3), 33.5 [d, 2J(P,C) = 2.3 Hz, CH,], 41.5 [d, "J(P,C) =
47.7 Hz, PC], 51.9 (s, OCH,), 125.5 (s, CCH3), 173.3 [d, 3J(P,C) =
14.2 Hz, CO,Me]. — 3'P{'H} NMR (CDCls): § = —105.8 (s). —
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MS (70 eV, EI), ("*W); m/z (%): 414 (15) [M*-], 193 (100) [(Me;.
Si),HCPH,*"], 73 (50) [SiMe;].

Procedure for the Reaction of 1H-Phosphirene Tungsten Complex 9a
with Diethylamine: To a solution of the 1H-phosphirene tungsten
complex 9a (0.25 g, 0.4 mmol) in toluene (5 mL) was added diethyl-
amine (I mL, 9.6 mmol) and the mixture was slowly stirred for 18 h
at room temp. 3'P-NMR spectroscopic control showed that 21, 22,
and 23 were formed in a ratio of 1:1:1. After concentration to dry-
ness, the products were separated by low-temperature column chro-
matography of the residue (SiO,, —20°C, 10 X 2 cm, hexane/diethyl
ether, 98:2) and subsequently crystallized from pentane at —20°C.
The crystals of 21, 22, and 23 were resolved manually using the
Pasteur selection method.

Pentacarbonyl[1-{bis(trimethylsilyl)methyl}-2-(diethylamino)-2,3-
bis(methoxycarbonyl)phosphirane-k P]tungsten(0) (21): Yield: 55 mg
(20%). — M.p. 114°C (dec.). — 'H NMR (C4Dg): 8 = 0.20 (s, 9 H,
SiMes), 0.29 (s, 9 H, SiMes), 0.93 [t, 3J(H,H) = 6.7Hz, 3 H,
CH,CH3], 1.19 (m, 3 H, CH,CHs5), 1.19 [d, 2J(P,H) = 14.9 Hz, 1
H, CH(SiMe;),], 2.70 (m., 2 H, CH,CHj), 3.18 (m., 1 H,
CH,CH3), 3.35 [d, @*2J(PH) = 7.9 Hz, 1 H, PCH], 3.47 (m,, 1
H, CH>CHs;), 3.73 (s, 3 H, OCHs3), 3.80 (s, 3 H, OCH;). — 3C{'H}
NMR (C¢Dg): 8 = 1.8 (s, SiMe3), 2.0 (s, SiMe3), 13.5 (s, CH,CH3),
14.0 (s, CH,CH3), 15.9 [d, 'J(P,C) = 32.2 Hz, CH(SiMe3),], 41.4
[d, 9*2J(P,C) = 14.2Hz, PCHC], 46.6 [d, 3J(P,C) = 5.4 Hz,
CH,CHs;], 49.5 (s, CH,CH3), 51.9 (s, OCH;), 52.3 (s, OCHs), 66.6
[d, 9*2J(P,C) = 16.0 Hz, PCN], 167.1 (s, CO,Me), 172.2 (s,
CO,Me), 196.4 [d, 2J(P,C) = 35.1Hz, trans-CO], 197.1 [d,
2J(P,C) = 7.0 Hz, cis-CO]. — 3'P{'H} NMR (CDCls): § = —81.1
[s, 'J(P,W) = 274.7 Hz]. — IR (KBr): ¥ = 2038 (s), 1996 (s), 1935
(vs), 1911 (vs) em™! (CO); 1735 (s), 1700 (s) cm ™! (CO,). — MS
(70 eV, ED, ("*W); mlz (%): 729 (20) [M™], 486 (70)
[(OC),WPCH(SiMes), "], 184 (100) [MeO,C(H)CC(NEt,)CO*"].
— C5H36NOGPSi, W (729.5): caled. C 36.22, H 4.97, N 1.92; found
C 36.36, H 5.08, N 1.98.

Pentacarbonyl{[bis(trimethylsilyl)methyl]-1-[2-(diethylamino)-1,2-
bis(methoxycarbonyl)ethenyl]phosphane-k P} tungsten(0) (22): Yield:
110 mg (40%). — M.p. 86°C (dec.). — 'H NMR (C¢Dg): & = 0.26
(s, 9 H, SiMes), 0.28 [d, *J(P,H) = 3.3 Hz, 9 H, SiMes], 0.77 [t,
3J(H,H) = 7.0 Hz, 3 H, CH,CHj3], 0.85 (m., 3 H, CH,CH5), 1.03
[dd, 2J(PH) = 11.1 Hz, 3J(H,H) = 5.6 Hz, 1 H, CH(SiMe3),], 2.80
[q, 3J(H,H) = 7.3 Hz, 2 H, CH,CH3], 2.95 (m,, 2 H, CH,CH3),
3.42 (s, 3 H, OCH3), 3.55 (s, 3 H, OCHs;), 5.82 [dd, 'J(PH) =
330.1 Hz, 3J(H,H) = 5.6 Hz, 1 H, CH]. — 3C{'H} NMR (C¢Dy):
5 = 1.9 [d, 3J(P,C) = 3.5Hz, SiMe;), 2.5 [d, 3J(P,C) = 2.8 Hz,
SiMes], 13.3 (s, CH,CH3), 17.3 [d, 'J(P,C) = 5.5 Hz, CH(SiMe3),],
46.1 (s, CH,CHs), 47.4 (s, CH,CHs), 51.3 (s, OCHz3), 52.3 (s,
OCH,), 95.7 [d, "J(P,C) = 39.9 Hz, PCC], 155.6 [d, 3J(P,C) =
2.4 Hz, CO,Me], 166.4 [d, 2J(P,C) = 2.8 Hz, CO,Me], 166.8 [d,
2J(P,C) = 16.1 Hz, PC(], 198.5 [d, 2J(P,C) = 6.8 Hz, cis-CO], 201.0
(m,, trans-CO). — 3'P{'H} NMR (CDCly): § = —48.7 [s,
LJ(P,W) = 235.2 Hz]. — IR (KBr): ¥ = 2067 (s), 1975 (s), 1915 (vs)
cm™! (CO); 1730 (s), 1693 (s) cm™! (CO,). — MS (70 eV, EI),
(4 W); mlz (%): 729 (2) [M*], 674 (50) [(M — 2 CO)™], 362 (100)
[C16H3NO3Si,P*+], 73 (80) [SiMe; ). — CyH3sNOGPSi, W (729.5):
caled. C 36.22, H 4.97, N 1.92; found C 36.41, H 5.03, N 1.88.

Pentacarbonyl[1-{bis(trimethylsilyl)methyl}-3-dimethylamino-4-
methoxycarbonyl-1,2-dihydro-1-phosphet-2-one-k P]tungsten(0) (23):
Yield: 55 mg (20%). — M.p. 100°C (dec.). — 'H NMR (C¢Dy): & =
0.11 (s, 9 H, SiMe3), 0.33 [d, *J(P,H) = 0.3 Hz, 9 H, SiMe;], 0.78
[t, 3J(H,H) = 7.1 Hz, 6 H, CH,CH3], 1.24 [d, 2J(P,H) = 8.7 Hz, 1
H, CH(SiMe;),], 2.78 [q, *J(H,H) = 7.1 Hz, 2 H, CH,CH3], 2.56
(m., 2 H, CH,CH3), 3.55 (s, 3 H, OCHs), 3.56 (s, 3 H, OCH3). —
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Table 3. Crystal data and structure refinement of complexes 9a, 10b, 19, 21, and 23

Complex 9a 10b 19 21 23

Empirical formula C]8H2509PSi2W Cz]Hg,]NzOgPSizW C24H3509PSi2W C22H36N09PSi2W C21H32N08P25i2W
Formula weight M, [gmol™!] 656.38 726.48 728.52 729.52 697.48

Crystal size [mm]

0.50 X 0.35 X 0.20

0.40 X 0.24 x 0.14

0.70 X 0.50 X 0.40

0.50 X 0.35 X 0.20

0.60 X 0.50 X 0.25

Crystal system monoclinic triclinic triclinic triclinic triclinic
Space group C2/c P-1 P-1 P-1 P-1
alA] 33.558(3) 10.3286(14) 9.4580(10) 10.940(4) 10.050(4)
b[A] 9.4981(10) 12.5475(16) 10.9450(10) 11.333(4) 10.239(4)
c[A] 18.972(2) 23.393(2) 15.785(2) 13.579(5) 14.453(4)
a[°] 90 92.177(8) 75.416(10) 81.56(2) 100.64(4)
B 120.544(5) 95.816(10) 88.493(10) 80.61(3) 94.53(4)
vI°] . 90 100.268(12) 73.844(10) 63.60(2) 98.98(4)
Volume [A3] 5207.909) 2962.9(6) 1517.3(3) 1482.6(9) 1434.8(9)
zZ 8 4 2 2 2
Density Dx [Mgm 3] 1.674 1.629 1.617 1.634 1.614
Absor})tion coefficient p 4.631 4.080 3.984 4.076 4.205
mm ]
F(000) 2576 1440 736 728 692
Temperature 7'[°C] —100 —100 —100 —130 —130
Data collection 20,,,,, 50 50 50 50 50
Limiting indices (4, k, [) —37/43, —12/9, —12/12, —14/12, —10/11, —12/12, —13/12, —13/15, =11/2, —12/12,
—24/0 =27127 —18/7 —15/16 —-17117
Reflections collected 11324 13786 8089 5518 6127
Independent reflections 5985 10415 5296 5219 5057
Rin 0.0312 0.0279 0.0135 0.0157 0.0271
Parameters 279 669 344 372 316
Restraints 103 36 169 150 123
Final wR2(F?) [all data] 0.071 0.053 0.044 0.046 0.064
Final R1(F) [{ >20(1)] 0.032 0.028 0.019 0.019 0.025
Max. and min. Ap [eA ™3] 1.143/-1.656 0.873/-0.714 0.658/—0.473 0.741/-0.364 1.110/—1.124
BC{'H} NMR (C¢Dg): 8 = 2.4 [d, 3J(P,C) = 2.9 Hz, SiMe;], 2.5 Acknowledgments

[d, 3J(P,C) = 2.2 Hz, SiMe;], 14.0 (m,, CH,CHj3), 27.8 [d, 'J(P,C) =
21.0 Hz, CH(SiMe3),], 45.5 (s, CH,CH3), 51.3 (s, OCH3), 119.4 [d,
+3)J(P,C) = 41.6 Hz, PCCO,Me], 152.9 [d, ®*?J(P,C) = 56.2 Hz,
PCC(], 165.0 [d, 2J(P,C) = 14.5 Hz, CO,Me], 197.7 [d, 2J(P,C) =
6.9 Hz, cis-CO], 198.7 [d, 1 "dJ(P,C) = 35.7 Hz, PCO], 200.1 [d,
2J(P,C) = 24.7 Hz, trans-CO). — 3'P{'H} NMR (CDCl): § = 71.7
[s, 'J(P,W) = 241.2 Hz]. — IR (KBr): ¥ = 2069 (s), 1942 (vs, br)
cm™~! (CO); 1742 (s), 1693 (s) cm~ ' (CO,). — MS (70 eV, EI),
("4W); mlz (%): 698 (30) [M -], 557 (100) [(M — 4 CO — C,Hs)™],
362 (100) [CiH3NO3Si,P*], 73 (80) [SiMe;*]. — CyH3sNOoP-
Si,W (697.5): caled. C 36.16, H 4.62, N 2.01; found C 36.35, H
4.79, N 1.91.

Data Collection, Structure Solution, and Refinement of 9a, 10b, 19,
21, and 23: Crystal data for all the structures are presented in Table
3. Structure determination of 9a, 10b, and 19: A yellow prism (9a),
a yellow tablet (10b), or a pale-yellow block (19) was mounted in
inert oil and measured by w-scans using Mo-K, radiation (graphite
monochromator) on a Siemens P4 diffractometer. After an absorp-
tion correction (y-scans), all unique data were used for the calcu-
lations (9a, 19: program SHELXL-93;137 10b: program SHELXL-
970381), The structures were solved by direct methods (9a, 10b) or
the heavy-atom method (19) and refined anisotropically by full-
matrix least-squares on F2. All hydrogen atoms (except rigid methyl
groups) were refined as a riding model. Structure determination of
21 and 23: A colourless tablet (21) or an orange tablet (23) was
mounted in inert oil and measured by w/0-scans using Mo-K,, radi-
ation (graphite monochromator) on a Stoe STADI-4 dif-
fractometer. Structure solution: heavy-atom method. Other details
were as for 10b above.

1578

Support by the Deutsche Forschungsgemeinschaft and the Fonds
der Chemischen Industrie, and MS measurements by Dr. Hans-
Martin Schiebel (Technische Universitdt Braunschweig) are grate-
fully acknowledged.

1 U. Rohde, J. Jeske, F. Ruthe, P. G. Jones, R. Streubel, Angew.
Chem. 1999, 111, 158—160; Angew. Chem. Int. Ed. Engl. 1999,
37,215-217.

[2al . Manassen, in Catalysis: Progress in Research (Eds.: F. Ba-

solo, R. L. Burwell), Plenum Press, London, 1973, pp.177, 183.

— 21 B G. Kuntz, Chem. Tech. 1987, 17, 570—575.

Bl Reviews: 32 D. Sinou, Bull. Soc. Chim. Fr. 1987, 3, 480—486.
— B T, G. Southern, Polyhedron 1989, 8, 407—413. — B¢ P,
Kalck, F. Monteil, Adv. Organomet. Chem. 1992, 34, 219—284.
— BI'W. A. Herrmann, C. W. Kohlpainter, Angew. Chem. 1993,
105, 1588—1609; Angew. Chem. Int. Ed. Engl 1993, 32,
1524—1544, and refs. cited therein.

4 Mal M. Reuter, L. Orthner, G. P. 1,035,135 (Chem. Abstr. 1960,
54, 14125a). — 81 J. Chatt, G. J. Leigh, R. M. Slade, J Chem.
Soc., Dalton Trans. 1973, 2021—2028.

Bl Rhone-Poulenc Recherche (E. Kuntz), FR 2.314.910, 1975.

6] J. Podlahova, J. Podlaha, Collect. Czech. Chem. Commun. 1980,
45, 2049—-2053.

71 W. A. Herrmann, C. W. Kohlpainter, R. B. Manatsberger, H.
Bahrmann, H. Kottmann, J. Mol. Catal. A 1995, 97, 65.

81 F. Mercier, F. Mathey, J Organomet. Chem. 1993, 462,
103—106.

Pl C. Meyer, S. Boulmaaz, J. Liedtke, S. Loss, H. Schénberg, M.
Worle, H.-J. Griitzmacher, XIV International Conference on
Phosphorus Chemistry, Cincinnati, Ohio, 1998, Lecture LW6-4.

(101 [10al “A ~ Marinetti, F. Mathey, Tetrahedron Lett. 1987, 28,

5021—5024. — %% A Espinosa Ferao, B. Deschamps, F. Ma-

they, Bull. Soc. Chim. Fr. 1993, 130, 695—699. — [1°1 S Holand,

2

Eur. J. Inorg. Chem. 1999, 1567—1579



Chemistry of 2H-Azaphosphirene Complexes, 16

FULL PAPER

M. Jeanjean, F. Mathey, Angew. Chem. 1997, 107, 117—119;
Angew. Chem. Int. Ed. Engl. 1997, 36, 98—100.

11 J. C. Tebby, S. E. Willetts, D. V. Griffiths, J. Chem. Soc., Chem.
Commun. 1981, 420—421.

121 [12a1 N E. Waite, J. C. Tebby, R. S. Ward, D. H. Williams, J.
Chem. Soc. C 1969, 1100—1104. — 2Pl N. E. Waite, J. C. Tebby,
J. Chem. Soc. C 1970, 386—392. — [12<1 D, G. Holah, A. N.
Hughes, D. Kleemola, J Heterocycl. Chem. 1978, 15,
1319—1330. — [12d E. M. Hanawalth, K. M. Doxsee, G. S.
Shen, T. J. R. Weakley, C. B. Knobler, H. Hope, Heteroatom
Chem. 1998, 9, 9—19. — 121 E. M. Hanawalth, K. M. Doxsee,
G. S. Shen, T. J. R. Weakley, H. Hope, Heteroatom Chem. 1998,
9, 21—28. — 271 J. Barluenga, M. Tomas, K. Bieger, S. Garcia-
Granda, R. Santiago-Garcia, Eur J Org Chem. 1998,
1425—1429.

131 131 N, H. Tran Huy, F. Mathey, Tetrahedron Lett. 1988, 29,

3077—3078. — 1381 H. Trauner, E. de la Cuesta, A. Marinetti,

F. Mathey, Bull. Soc. Chim. Fr. 1995, 132, 384—393.

[14a] R, Streubel, A. Kusenberg, J. Jeske, P. G. Jones, Angew.

Chem. 1994, 106, 2564—2566; Angew. Chem. Int. Ed. Engl.

1994, 33, 2427—2428. — [14PI R Streubel, A. Ostrowski, H. Wil-

kens, F. Ruthe, J. Jeske, P. G. Jones, Angew. Chem. 1997, 109,

409—413; Angew. Chem. Int. Ed. Engl. 1997, 36, 378—381.

15a] R . Streubel, L. Ernst, J. Jeske, P. G. Jones, J. Chem. Soc.,

Chem. Commun. 1995, 2113—2114. — [158] R, Streubel, U.

Rohde, H. Wilkens, Phosphorus Sulfur Relat. Elem. 1998,

124/125, 545—548.

teal H. Wilkens, J. Jeske, P. G. Jones, R. Streubel, J. Chem. Soc.,

Chem. Commun. 1997, 2317—2318. — 161 H. Wilkens, F. Ruthe,

P. G. Jones, R. Streubel, Chem. Eur. J 1998, 4, 1542—1553.

17al A~ Ostrowski, J. Jeske, P. G. Jones, J Chem. Soc., Chem.

Commun. 1995, 2113—2114. — 71 A Ostrowski, J. Jeske, F.

Ruthe, P. G. Jones, R. Streubel, Z. Anorg. Allg. Chem. 1997,

623, 1897—1902.

8l R Streubel, H. Wilkens, A. Ostrowski, C. Neumann, F.

Ruthe, P. G. Jones, Angew. Chem. Int. Ed. Engl 1997, 109,

1549—1550; Angew. Chem. Int. Ed. Engl. 1997, 36, 1492—1493.

— 1881 H Wilkens, F. Ruthe, P. G. Jones, R. Streubel, J. Chem.

Soc., Chem. Commun. 1998, 1529—1530.

91 R. Streubel, S. Priemer, U. Rohde, F. Ruthe, P. G. Jones, Eur. J.
Inorg. Chem. 1998, 257—261.

[20] R. Streubel, U. Rohde, J. Jeske, F. Ruthe, P. G. Jones, Eur. J.
Inorg. Chem. 1998, 2005—2012.

[211'S, Berger, S. Braun, H. O. Kalinowski, in NM R-Spektroskopie

[14

[15

[16

7

[18

Eur. J. Inorg. Chem. 1999, 1567—1579

von Nichtmetallen, vol. 3, Georg Thieme Verlag, Stuttgart, 1993,

. 107.

22 o F. Mathey, F. Mercier, C. Charrier, J Am. Chem. Soc. 1981,
103, 4595—4597. — 221 P Le Goff, F. Mathey, L. Ricard, J.
Org. Chem. 1989, 54, 4754—4758. — 1221 S, Lelievre, F. Mercier,
F. Mathey, J Org. Chem. 1996, 61, 3531—3533.

1231 23l F. Laporte, F. Mercier, L. Ricard, F. Mathey, Bull. Soc.
Chim. Fr. 1993, 130, 843—850. — [23b] K. Maitra, J. H. Nelson,
Bull. Soc. Chim. Fr. 1997, 134, 859—867.

24 A Marinetti, F. Mathey, J Am. Chem. Soc. 1985, 107,
4700—4706.

1231 [2%a] A Marinetti, J. Fischer, F. Mathey, J Am. Chem. Soc. 1985,
107, 5001—5002. — [258] A Marinetti, F. Mathey, Organometal-
lics 1988, 7, 633—637.

1261 F. Mathey, M. Regitz, in: Comprehensive Heterocyclic Chemistry
IT (Eds.: A. R. Katritzky, C. W. Rees, E. F. V. Scriven), Perga-
mon, New York, 1997, vol. 1A, p. 277—304.

271 E. Schmitz, H. Sonnenschein, R. J. Kuban, Tetrahedron Lett.
1985, 26, 4911—4914.

1281 M. Baudler, Angew. Chem. 1982, 94, 520—539; Angew. Chem.
Int. Ed. Engl 1982, 21, 492—511.

291 J. Mason, Multinuclear NMR, Plenum Press, New York, 1987.

B0l F. Mathey, Chem. Rev. 1990, 90, 997—1025.

Bl Crystallographic data (excluding structure factors) for the struc-
tures reported in this paper have been deposited with the Cam-
bridge Crystallographic Data Centre as supplementary publi-
cation nos. CCDC-114310, -114311, -114312, -114313, and
-114314. Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK. [Fax: (internat.) + 44-1223/336-033; E-mail:
deposit@ccdc.cam.ac.uk].

B2 A G. Orpen, N. G. Connelly, Organometallics 1990, 9,
1206—1210, and refs. cited therein.

331 B. J. Dunne, R. B. Morris, A. G. Orpen, J. Chem. Soc., Dalton
Trans. 1991, 653—661, and refs. cited therein.

BSIF H. Allen, O. Kennard, D. G. Watson, L. Brammer, A. G.
Orpen, R. Taylor, J. Chem. Soc., Perkin Trans. 2 1987, S1—S19.

B6l C. A. Tolman, Chem. Rev. 1977, 77, 313—348.

B71 G. M. Sheldrick, SHELXL-93, Program for Crystal Structure
Refinement, University of Gottingen, 1993.

B81 G. M. Sheldrick, SHELXL-97, Program for Crystal Structure
Refinement, University of Go6ttingen, 1997.

Received March 12, 1999
[199093]

1579



