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Abstract: 1,2,3,45-Triazaphosphininé reacts with PAG{PhCN) and W(CO}(THF) at room temperature, affording,
according ta®P NMR spectroscopy;!-triazaphosphinine complex8sand5, which after elimination of dinitrogen
give the bisf!-azaphosphete)palladium(ll) compldxand ¢*-azaphosphete)W(C@komplex6, in 65% and 88%
yield, respectively. Comple# can also be obtained in 90% yield by addition of PgEhCN) to 1,245-azaphosphete
2. Addition of cis-Mo(CO)(pip) to 1 leads to §-triazaphosphinine)Mo(CQpip) complex7, which was isolated
in 70% yield. In solution, at room temperature for 2 dasansforms into tay’-(five-membered cyclophosphazene)-
Mo(CO) complex9 in 45% vyield. When 2 equiv of W(CQpip) is added tol, complex10 featuring a five-
membered cyclophosphazene bonded to WEQGH))) via a hydrogen bond is isolated in 80% vyield. 152
Azaphosphete reacts with piperidine, affording five-membered phosphazene Xithin 95% yield, which by
subsequent treatment with Mo(G{Rip) and W(CO3(pip) gives complexe® (75% vyield) and10 (83% yield),
respectively. Schwartz’s reagent reacts witlaffording five-membered zirconacyclophosphaz&de 45% vyield.
Complexed, 7, 10, and12 are characterized by single-crystal X-ray analyses. These results as a whole demonstrate
that in contrast with E)-phosphazides which behave as four-electron doniarshe o- andy-nitrogen atoms and
which are stabilized by complexatiorZ)¢phosphazides, such as the 1,2}3;#iazaphosphininé, act as two-electron
donorsvia the 5-nitrogen atom, and are destabilized by the metal with respect to nitrogen elimination.

Introduction Scheme 1
. . . . . L,M=N_ -N
It is well known that organic azides react with phosphines LM + NgR —— N=N, —= L,M=NR
and transition metals, with extrusion of dinitrogen, giving R N
phosphazenésand terminal imido complexégespectively. The ‘ 2

mechanism of the so-called Staudinger reaction has been N-N. N—N |*
investigated in detail. A few examples of the initial phospha- [ LM N-R ] — Ln,\l,l..-,!,
zides have been characteriZédyhile the first terminal metal R
azides have only recently been isolated independently by
Bergmand and Cumming. So far, all these three-nitrogen atom-

L,M = phosphine or transition metal complex

N—N
/ \\N toluene, A RzPlzN

containing species appeared to have Bhadonfiguration; the ReP( N c=¢ R = (i-Pr),N
geometry of the Z)-isomers is close to that of the supposed ,c=cf I R’ R R=COMe
transition state leading to the final produc(Scheme 1). ROy R 2

However, we have recently reported the synthesis of 1/2.3,4 MBr,(CO)

. .. . . . 2 2
triazaphosphinind,® which features a phosphazide skeleton in PheP=N"" \ M = MoW: Ar = p.CHGeH
a (2)-configuration. Due to its six-membered ring structure, A N T = pTisbetla

extrusion of dinitrogen giving four-membered cyclophosphazene
2 only occurs in refluxing toluene. The unusual stabilitylof
gave us the opportunity to gain more of an insight into the
reactivity of ¢)-phosphazides, especially toward transition metal
fragments. Note that so far even the chemical reactivitfepf (
phosphazides has been poorly studied and only two transition

metal complexe# are knowr (Scheme 1). On the other hand,
although the coordination chemistry of phosphazenes has been
widely studiec the ligand behavior of fours-electron four-
membered cyclophosphazehésstill a virgin area.

® Abstract published im\dvance ACS Abstractsanuary 1, 1996. Results and Discussion

(1) (@) Staudinger, H.; Meyer, Helv. Chim. Actal919 2, 635. (b)

Gololobov, Y. G.; Kasukhin, L. FTetrahedronl992 48, 1353. (c) Johnson, Slow evolution of dinitrogen was observed when palladium
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C. C,; Schrock, R. R.; Davies, W. Mnorg. Chem.1994 33, 1449. 2in 95% yield. Since even a catalytic amount of Pd6tiuces
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2. More interestingly, an evanescent signaitdtl.6 ppm was
detected by?!P NMR spectroscopy during the course of the
reaction of a dichloromethane solution bfwith1/2 equiv of
PdCL(PhCN) at room temperature. Since this chemical shift
is close to that ofl (+6.2), it is quite likely that it is due to a
(1,2,3,45-triazaphosphinine)palladium(ll) complex of tyge
However, evolution of dinitrogen also occurred, leading to
complex4, which was isolated in 65% yield (Scheme 2). The
same complex can also be obtained in 90% vyield by adding
PdCL(PhCN) to 2 equiv of the azaphosphee The NMR
data for4 are very similar to those for the free liga@d Table

1), suggesting that the four-electron system is not pertubated
by the metal. A single-crystal X-ray diffraction study revealed
that4 is a bis¢*-azaphosphete)palladium(ll) complex (Figure

J. Am. Chem. Soc., Vol. 118, No. 5,10396

Table 1. Comparison of Selected Spectroscopic Data for
Compoundsl—7 and9—-11

0 (BC)(Ipc)?
5 (31P) PC PC co co

2 +52.46 91.88(81.6) 182.37(28.0) 158.30 (0.0) 164.05 (64.3)
4 +52.74 96.40(95.2) 180.48(13.0) 158.42(5.7) 162.21(52.6)
6 +52.55 95.76(94.8) 183.63(19.1) 157.91(5.3) 162.93 (54.0)
9 +51.60 90.54 (120.1) 163.47 (7.8) 169.45 (18.8)63.27 (35.4)
10 +54.29 90.88 (118.2) 163.82(7.8) 169.95 (12.7)64.07 (42.9)
11 +54.08 90.57 (118.5) 163.31(2.0) 169.52 (18.6)63.77(29.7)

1 4574 81.77(113.2) 150.44 (2.4) 166.23 (11.6) 166.81(2.7)
3 +11.61

5 49.70

7 +6.49 83.49(115.5) 151.57(3.6) 165.08(13.1) 165.80 (4.3)

@ Chemical shifts in parts per million and coupling constants in hertz.
b Endocyclic carbonyl group.

Cé

Figure 1. ORTEP drawing of (apostrophe denotes centrosymmetric
operation 1- x, 1 —y, 1 — 2) showing the numbering used. The methyl
groups of the isopropyl moieties are not shown for clarity.

Table 2. Bond Lengths (A), Bond Angles (deg), and Torsion
Angles (deg) for4®

Pd-Cl 2.291(1)  Peé-N1-C2 131.2(2)
Pd-N1 2.013(2)  NEP-N2 114.1(1)
P—N2 1.620(3)  NE-P-N3 112.8(1)
P—N3 1.618(3)  CEP-N2 116.8(2)
c3-01 1.196(4)  CEP-N3 117.8(2)
C3-02 1.346(5)  P&N1—-P-C1 157.6(3)
C5-03 1.191(5)  NEP-C1-C2 -1.1(2)
C5-04 1.327(5)  P-C1-C2-N1 1.4(3)
Cl-Pd-N1  90.59(8) CtC2-N1-Pd  —159.9(2)
Pd—-N1-P 136.3(2)

a PdCICINLINY' plane perfect due to crystallographic symmetry.

According to3P NMR spectroscopy, compouidlso reacts
with W(CO)(THF) at—10 °C, affording complexs (3P NMR
0 +9.7), but once again slow evolution of dinitrogen occurred.
The final product of the reaction was the'{azaphosphete)-

1, Table 2). The geometric data for the free and the coordinatedtUngsten pentacarbonyl compléwhich was isolated in 88%
ring are compared in Table 3. In both cases, the four-memberedYi€ld (Table 1 and Scheme 2).

ring is almost planar [maximum deviation from planaritg;
0.003(4) A:4, —0.013(3) A], and the diagonal-PC2 distance
is short P, 2.109(4) A;4, 2.156(4) A]. The only discrepancy
lies in the values of the NtP—N2 and N1-P—N3 angles which
are notably different in the free heterocycle [111.1,(2)16.8(2j]
and nearly equal in the coordinated ring [112.8(1)14.1(1¥].1°

(8) See, for examples: (a) Balakrishna, M.; Klein, R.; Uhlenbrock, S.;
Pinkerton, A. A.; Cavell, R. Glnorg. Chem1993 32, 5676. (b) Katti, K.
V.; Santarsiero, B. D.; Pinkerton, A. A.; Cavell, R. {Borg. Chem1993
32,5919. (c) Chandrasekaran, A.; Krishnamurthy, S. S.; Nethajinbtg.
Chem.1994 33, 3085. (d) Balakrishna, M.; Santarsiero, B. D.; Cavell, R.
G. Inorg. Chem.1993 32, 3079.

(9) Apart from derivative2, only two other types of foure-electron four-
membered cyclophosphazenes are known, namely, thell & 2diaza-

The palladium center is out of the plane of the four-membered diphosphetes (cyclodiphosphazenes) (Baceiredo, A.; Bertrand, G.; Majoral,

ring as indicated by the torsion anglesiL—P—C1 [157.6(3}]
and Pd-N1-C2-C1 [—159.9(2]].

J.-P.; Sicard, G.; Jaud, J.; GalyJJAm. Chem. S0d.984 106, 6088) and
the 1,3,25-diazaphosphetes (Alcaraz, G.; Baceiredo, A.; Nieger, M.;
Bertrand, GJ. Am. Chem. S0d.994 116, 2159).
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Table 3. Comparison of Selected Bond Lengths (A) and Angles
(deg) for Compoundg&%2 and 4

Bieger et al.

Table 4. Bond Lengths (A), Bond Angles (deg), and Torsion
Angles (deg) for7

2 4
P—N1 1.702(3) 1.725(3)
N1-C2 1.352(5) 1.354(4)
c2-C1 1.406(6) 1.391(4)
P-C1 1.764(4) 1.755(4)
c1-c3 1.419(6) 1.432(5)
C2-C5 1.497(6) 1.500(5)
N1-C2-C1 109.7(3) 107.4(3)
C2-C1-P 82.6(3) 85.7(2)
C1-P-N1 81.2(2) 78.9(1)
P-N1-C2 86.5(2) 88.0(2)

N

Figure 2. ORTEP drawing of7 showing the numbering used. The
methyl groups of the isopropyl moieties are not shown for clarity. The
only H atom shown is that involved in the hydrogen bond illustrated
by dotted lines.

Finally, by reactingl with cissMo(CO)(pip). (pip = pip-
eridine)!! we were able to isolate 1,2,3%triazaphosphinine
complex7 in 70% yield (mp 115°C dec) (Scheme 2). The

Mo—N2 2.258(2)  N6-Mo—C8 93.2(1)
Mo—N6 2.324(3)  N6-Mo—C9 175.8(2)
Mo—C7 1.934(4)  N6-Mo—C10 95.4(2)
Mo—C8 1.997(4)  C#Mo—C8 86.8(2)
Mo—C9 1.945(4)  C#Mo—C9 88.4(2)
Mo—C10 2.043(5)  C#Mo—C10 86.6(2)
P—N4 1.623(3)  C8Mo—C9 84.2(2)
P-N5 1.628(3)  C8Mo—C10 169.6(2)
c3-01 1.196(5)  C9Mo—C10 87.5(2)
C5-03 1.181(5)  N3-P—N4 109.7(1)
Mo—N2-N1 115.0(2)  N3-P-N5 105.5(1)
Mo—N2-N3 120.8(2)  C+P-N4 113.3(2)
N2—Mo—N6 83.4(1) CL-P-N5 116.1(1)
N2—Mo—C7 177.6(1)  P-C1-C2-N1 2.0(5)
N2—Mo—C8 91.8(1) CEC2-N1-N2  4.5(6)
N2—Mo—C9 93.4(1) C2N1-N2-N3  —3.5(5)
N2-Mo—C10  95.0(1) NEN2—-N3—P —4.5(5)
N6—Mo—C7 94.7(1) N2-N3-P-C1 9.3(3)
N6 2osa NEPCLC2 7.6(3)
H(NB)-+-N1 2.23 N6-H(N6)-+-N1 124

Table 5. Comparison of Selected Bond Lengths (A) and Angles
(deg) for Compound4® and7

1 7
P—N3 1.666(2) 1.664(3)
N3—N2 1.296(4) 1.292(4)
N2—N1 1.335(3) 1.355(4)
N1-C2 1.356(4) 1.339(4)
c1-C2 1.375(4) 1.370(5)
C1-P 1.744(3) 1.760(3)
Cc1-C3 1.478(4) 1.469(4)
C2-C5 1.508(4) 1.524(4)
P—N3—N2 126.4(2) 126.0(2)
N3—N2—-N1 124.0(2) 124.2(2)
N2—N1-C2 120.2(2) 120.1(2)
N1-C2-C1 129.9(3) 130.6(3)
C2-C1-P 115.4(2) 115.1(2)
C1-P-N3 103.1(1) 103.2(2)

was present. A careful comparison of i€ NMR data for9,

spectroscopic data for the free and the coordinated six-memberedVith those for complexed and6, shows that the signals of the

ring are similar (Table 1), but do not indicate which nitrogen
atom is coordinated to the metal. The structur@ ofas clearly
established by an X-ray diffraction study (Figure 2, Table 4).

PCC and of one of the CO carbon atoms were shieldedl ¢
20 ppm) and deshielded\¢ > 10 ppm), respectively, while
the 1Jpc coupling constant was notably largex > 25 Hz).

Here also, the geometric parameters for the ring are not Lastly, although a piperidine fragment was apparent by NMR,

significantly modified by the coordination to the metal (Table
5). The less sterically hindered nitrogen atomg 4 the

the absorption bands characteristic of a Mo(€®agment?
were present in the infrared spectrum, showing that the

coordinated center, and the stability of the complex is probably Piperidine is part of the organic fragment. All attempts to obtain
increased by an intramolecular hydrogen-bonding interaction crystals of9 suitable for an X-ray diffraction study failed.

between the coordinated piperidine and the d&om of the
phosphazide moiety [N&N1, 2.884(4) A; H(N6)*N1, 2.23

A; N6—H(N6)-+*N1, 12£]. Note that the compleX reveals a
new type of coordination mode of a phosphazide moiety. So
far, due to their E)-configuration, phosphazides are kndvio
coordinate the metal in a chelating mode through theaNd

N, atoms, forming a four-membered metallacyde(Scheme

1).

Even thougty demonstrated a remarkable stability in the solid
state, it slowly decomposed in solution (2 days at room
temperature), yielding in 45% yield. At first glance, the NMR
data for9 (Table 1) were consistent with the expected faur-
electron four-membered ring molybdenum comp8exHow-
ever, according t3°C and!H NMR only one methoxy group

(10) For a discussion on this weak JafWeller distortion, see: (a)
Trinquier, G.J. Am. Chem. So4986 108, 568. (b) Alcaraz, G.; Baceiredo,
A.; Nieger, M.; Schoeller, W. W.; Bertrand, G. submitted for publication.

(11) Darensbourg, D. J.; Kump, R. Inorg. Chem.1978 17, 2680.

Since nothing surprising occurred with W(GOJHF), we
suspected that the piperidine ligand could play a role, and thus
we investigated the reaction df with W(CO)(pip). Two
equivalents of W(CQJpip) was necessary to obtain a clean
reaction, and complef0 was isolated after workup in 80%
yield (Scheme 2). The spectroscopic data for the organic part
of 10 were similar to those observed fér(Table 1), clearly
demonstrating the similar nature of both phosphazene rings. The
only difference was the presence for compodfmf a second
set of signals characteristic of a piperidine group bonded to the
metalll The exact structure df0was established by an X-ray
diffraction study (Figure 3, Table 6).

The organometallic complex W(C&pip) is linked by a
hydrogen bond [N5-01, 2.882(7) A; H(N5}-01, 1.94 A; N5~
H(N5)---O1, 163] to an almost planar five-membered cyclo-

(12) Kirtley S. W. InComprehensie Organometallic Chemistriilkin-
son, G., Stone, F. G. A, Abel, E. W., Eds.; Pergamon Press: New York,
1982; p 1110.
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Figure 3. ORTEP drawing ofl0 showing the numbering used. The
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Scheme 3
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membered heterocyclel (95% vyield). Its spectroscopic data
compared well with those of the phosphazene ring in complexes
9 and10 (Table 1).

We checked that treatment of compouridoy Mo(CO)(pip)
and W(COj(pip) gave rise again to complex8g75% yield)
and 10 (83% vyield), respectively (Scheme 2). The dramatic
difference in the mode of complexation di with these two
dé-transition metal complexes could be due to the stronger
acidity of the NH group in the case of tungsten.

At that point, we can conclude that the complexationlof

methyl groups of the isopropyl moieties are not shown for clarity. The a5 5 destabilizing effect with respect to dinitrogen elimination.

only H atom shown is that involved in the hydrogen bond illustrated

by dotted lines.

Table 6. Bond Lengths (A), Bond Angles (deg), and Torsion
Angles (deg) forl0

P-N1 1.613(4) Nt-C1-01 124.4(6)
N1-C1 1.327(7) Cc2C1-01 121.4(5)
c1-C2 1.523(8) C+C2-N2 121.3(5)
C2-C3 1.387(7) C3-C2-N2 127.2(5)
C3-P 1.761(6) C2C3-C4 126.0(5)
P-N3 1.635(5) P-C3-C4 126.6(4)
P—N4 1.645(4) C23-W—N5 88.6(2)
c1-01 1.243(7) C23W-C24 89.6(3)
C2-N2 1.335(7) C23W—C25 178.0(3)
c3-c4 1.465(8) C23W-C26 91.8(3)
C4-02 1.190(8) C23W-C27 89.8(3)
W-N5 2.293(5) C24W—N5 178.0(3)
W-C23 2.033(7) C24W—C25 89.2(4)
W-C24 1.935(8) C24W—C26 90.1(3)
W-C25 1.974(10)  C24W-C27 84.6(3)
W—C26 2.040(9) C25W-N5 92.6(3)
W—C27 1.980(8) C25W—C26 89.8(4)
C3-P-N1 98.9(2) C25-W—C27 88.4(4)
P-N1-C1 110.4(4) C26-W—N5 89.2(2)
N1-C1-C2  114.2(5) C26W—C27 174.4(3)
C1-C2-C3  110.9(5) C27W-N5 96.2(3)
C2-C3-P 105.5(4) P-N1-C1-C2 2.0(6)
N1-P—N3 108.6(2) NEC1-C2-C3  0.5(7)
N1-P—N4 115.1(2) C+C2-C3-P —2.6(5)
C3-P-N3 117.4(3) C2-C3-P-N1 3.4(4)
C3-P—-N4 111.1(2) C3-P-N1-C1 —-3.2(4)
N5---01 2.882(7) N6-H(N6)---N1 163
H(N5)—01 1.94

The chemistry observed so far far freé or as a ligand, is
similar to that of transientZ)-phosphazides, which means
restricted to elimination of dinitrogen; further rearrangements
observed belong to the chemistry of the phosphaZene

We believed that to block the elimination of dinitrogen, one
possibility would be to modify the phosphazide moiety by a
1,2-addition reaction. Hydrozirconation, which is known to take
place with a large range of multiple bonds, was chdsen.

Derivative 1 reacted in THF at room temperature with
Schwartz’s reagent, affording compl&Rin 45% yield (Scheme
3). Mass spectroscopy and elemental analysis revealed that
again dinitrogen was lost during the process. However, under
the same reaction conditions2 was not obtained by reacting
2 with Cp,ZrHCI. Therefore, the formation df2 involves the
six-membered rind. In the13C NMR spectrum, besides the
expected signals for the carbomethoxy, the cyclopentadienyl,
and the diisopropylamino groups, two doublets of doublets were
observed$225.63 (cp= 51.9 Hz,Jcy = 4.4 Hz); 125.79cp
= 164.8 Hz,Jcy = 7.9 Hz)]. These data strongly suggested
the presence of aRC=C—Zr sequence and of a hydrogen atom
(+2.78, d,Jpy = 2.2 Hz) bonded either to the nitrogen or to
the metal atom. The structure b2 was clearly established by
a single-crystal X-ray diffraction study (Figure 4 and Table 7).
Derivative 12 consists of a five-membered ring, the £ZpCl
fragment iso-bound to one carbon, and the coordination sphere
of the metal is completed by ligation of the phosphazene moiety.
Note that compound?2 is one of the very rare examples of a
five-membered heterocycle containing both a metal and a
phosphazen¥

Formally, an insertion of the metal into the carbon-nitrogen

phosphazene [maximum deviation 0.021(5) A] featuring a bond occurred during this reaction. The most reasonable
piperidinyl substituent and an endocyclic carbonyl group. The mechanism is to invoke the hydrozirconation of the NN bond

role of the excess W(C@pip) is to provide the second
piperidine required for the formation df0. At this stage, it

o to phosphorus, the zirconium atom reacting at the less
hindered nitrogel¥ (Ng), giving 13. The lone pair of the amine

was unclear whether the skeletal reorganization involved the nitrogen (N,) can then complete the coordination sphere of the

metal.

(13) Jubb, J.; Song, J.; Richeson, D.; Gambarotta, Edmprehensie

In the absence of any transition metal complexes, no reaction Organometallic ChemistryWilkinson, G., Stone, F. G. A., Abel, E. W,,

occurred by addition of piperidine to six-membered rihgn

Eds.; Pergamon Press: New York, 1995; p 556.
(14) (a) Witt, M.; Roesky, H. WChem. Re. 1994 94, 1163. (b) Igau,

marked contrast, under the same experimental conditions they :"pufour, N.; Mahieu, A.; Majoral, J. PAngew. Chem., Int. Ed. Engl.

four-membered ring2 was rapidly converted into the five-

1993 32, 95.
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Figure 4. ORTEP drawing ofl2 showing the numbering used. The
methyl groups of the isopropyl moieties are not shown for clarity.

Ceé

Table 7. Bond Lengths (A), Bond Angles (deg), and Torsion
Angles (deg) forl2

P—N1 1.603(3) N2-P—N3 106.3(1)
N1-Zr 2.205(3) C2-P—-N2 109.4(2)
Zr—C1 2.446(4) C2P-N3 117.1(2)
C1-C2 1.346(5) P-C2-C3 117.4(3)
C2-P 1.804(4) C+C2-C3 126.4(4)
P—N2 1.655(3) C2-C1-C5 117.2(4)
P-N3 1.656(3) C5C1-2r 120.4(3)
c2-C3 1.489(6) Crzr-C1 142.01(8)
c3-01 1.191(5) Ckzr—Cpl 97.6(2)
C1-C5 1.495(6) CHZr—Cp2 99.6(2)
C5-03 1.208(5) Ckzr—N1 72.22(8)
zr—Cl 2.647(1) CptzZr—Cp2 125.8(2)
Zr—CpP 2.254(5) CtZr—Cpl 98.3(2)
Zr—Cp2 2.250(5) C1+2Zr—Cp2 98.6(2)
N1-P-C2 99.2(2) NtZr—Cpl 121.1(1)
P-C2-C1 115.8(3) Ni-Zr—Cp2 113.1(2)
C2-Cl-Zr  122.4(3)  Zr-C1-C2—P —3.3(4)
Cl-Zr—N1 70.0(1) C+C2-P-N1 —4.9(3)
Zr-N1-P 131.0(2) C2P-N1-Zr 13.8(2)
N1—-P—N2 116.4(2) P-N1-Zr-C1 ~12.8(2)
N1—-P-N3 108.9(1) NL-Zr-C1-C2  7.8(3)

aCpl and Cp2 are the centroids of cyclopentadienyl rings
C7C8C9C10C11 and C12C13C14C15C16, respectively.

metal, leading to the bicyclic derivativiel. A ring expansion
reactiod® then occurs, giving the seven-membered ritfy
possessing an azo group, which eliminates dinitrogen, affording
the observed product.

Conclusion

From these results as a whole, it appears that triazaphosphi
nine 1 acts with transition metals as af two-electron donor
via the -nitrogen atom, in contrast tdef-phosphazides which
behave asgj? four-electron donorsia the a- and y-nitrogen

Bieger et al.

surprisingly, in contrast to its organic analogues, especially the
azeted$ 1,215-azaphosphet2 acts as am'-ligand, giving stable
complexes.

Experimental Section

All experiments were performed under an atmosphere of dry argon.
Melting points are uncorrected*H, 13C, and3!P NMR spectra were
recorded on Bruker AC80, AC200, WM250, and AMX400 spectrom-
eters. H and *3C chemical shifts are reported in parts per million
relative to M@Si as an external standard, afi®® NMR downfield
chemical shifts are expressed with a positive sign, in parts per million,
relative to external 85% #PO,. Infrared spectra were recorded on a
Perkin-Elmer FT-IR Spectrometer 1725 X. Mass spectra were obtained
on a Ribermag R10 10E instrument. Conventional glassware was used.

Bis(p*-azaphosphete)palladium(il) Complex 4. A toluene solution
(15 mL) of 1 (1.00 g, 2.41 mmol) was added dropwise;-&0 °C, to
a toluene solution (8 mL) of bis(benzonitrile)palladium dichloride (0.47
g, 1.22 mmol). The solution was allowed to warm to room temperature,
the mixture was filtered, and the solvent was remoiredacua 4
was obtained as yellow crystals from an ether solution (5 mL)2Q
°C (1.49 g, 65% yield): mp 170C dec;*H NMR (CDCl;, 200 MHz)

0 1.33 (d,Jun = 6.9 Hz, 24 H, Gi3CHN), 1.54 (d,Jun = 6.9 Hz, 24
H, CH3CHN), 3.55 (s, 6 H, ChD), 3.81 (s, 6 H, ChD), 4.18 (sept d,
Jpn = 15.6 Hz,Jys = 6.9 Hz, 8 H, CHCHN); *C NMR (CDCl, 50.323
MHz) 6 23.02 (d,Jpc = 3.8 Hz, CH3CHN), 23.87 (d,Jpc = 1.7 Hz,
CH3CHN), 49.35 (d Jec = 5.3 Hz, CHCHN), 50.38 (s, CHO), 52.19
(s, CH0), 96.40 (d,Jpc = 95.2 Hz, PC), 158.42 (dJec = 5.7 Hz,
CO0), 162.21 (dJpc = 52.6 Hz, CO), 180.48 (dlrc = 13.0 Hz, P©);

3P NMR (CDCE, 32.438 MHz)o +52.74; IR (CHCIlp) 1742, 1673
(CO) cnTl. Anal. Calcd for GeHesNeOsP.PdCh: C, 45.41; H, 7.20;
N, 8.82. Found: C, 45.46; H, 7.24; N, 8.79.

(p*-Azaphosphete)pentacarbonyltungsten Complex 6. A THF
solution (15 mL) ofl (1.00 g, 2.41 mmol) was added dropwise, at
—80 °C, to a THF solution (8 mL) of W(CQJTHF) (0.99 g, 2.50
mmol). The solution was allowed to warm to room temperature, and
the solvent was removedd vacua 6 was obtained as a very viscous
oil from a toluene/ether solution (10/5 mL) at20 °C (1.51 g, 88%
yield): 3C NMR (CDCk, 50.323 MHz)d 22.90 (d,Jec = 3.6 Hz,
CH3CHN), 23.72 (d Jpc = 2.3 Hz,CH3CHN), 49.49 (d Jpc = 4.7 Hz,
CH;CHN), 50.83 (s, CHO), 52.78 (s, CHO), 95.76 (d,Jec = 94.8
Hz, PC), 157.91 (dJpc = 5.3 Hz, CO), 162.93 (dJpc = 54.0 Hz,
CO), 183.63 (dJrc = 19.1 Hz, PC), 197.24 (d Jpc = 1.9 Hz,Jwc =
130.5 Hz, CQ), 199.88 (d,Jpc = 1.5 Hz, CQ); 3P NMR (CDCl,
32.438 MHz)d +52.55. Anal. Calcd for @H34N;OsPW: C, 38.83;

H, 4.82; N, 5.91. Found: C, 38.89; H, 4.86; N, 5.97.
cis-(nt-1,2,3,45-Triazaphosphinine)(piperidine)-

tetracarbonylmolybdenum Complex 7. A CH.ClI, solution (10 mL)

of 1 (1.00 g, 2.41 mmol) was added dropwise, at room temperature, to

a CHCI; solution (10 mL) of cis-bis(piperidine)tetracarbonylmo-

lybdenum (0.91 g, 2.41 mmol). After 30 min, the mixture was filtered

and the solvent was remové@dvacua The residue was washed three

times with ether (3x 2 mL) and three times with pentane 35 mL).

7 was obtained as violet crystals from a THF solution-20 °C (1.20

g, 70% yield): mp 115C dec;*H NMR (CsDs, 200 MHZz) 6 0.86 (d,

Jun = 6.8 Hz, 12 H, ®Gi3CHN), 1.15-1.20 (m, 6 H, NCHCH,CH,),

1.25 (d,Jun = 6.8 Hz, 12 H, Gi3CHN), 2.79 (m, 4 H, NCH), 3.29 (s,

3 H, CH0), 3.53 (m, 4 H, CHCHN), 3.55 (s, 3 H, CHO), 4.05 (br

t, Jun = 12.0 Hz, NH);3C NMR (CsDs, 50.323 MHz)d 22.52 (s,

CH3CHN), 23.10 (s, NCHCH,CH,), 23.15 (s,CH3CHN), 28.22 (s,

NCH,CHb,), 47.81 (d Joc = 4.6 Hz, CHCHN), 50.97 (s, CHO), 52.13

(s, CHO), 55.45 (s, NCh), 83.49 (d,Jpc = 115.5 Hz, PC), 151.57 (d,

atoms. Coordination of phosphazides to a metal center resultssc = 3.6 Hz, PC), 165.08 (dJpc = 13.1 Hz, CO), 165.80 (dlpc =

in a stabilization in the case ofEl-phosphazides, and a
destabilization with respect to dinitrogen extrusion in the case
of 1,2,3,45triazaphosphininel. The results observed with
Schwartz's reagent demonstrate that the chemistry Zpf (
phosphazides is not restricted to dinitrogen elimination, giving

the corresponding phosphazenes. It can also be noted that, no

(15) Erker, G.; Petrenz, R.; Gger, C.; Lutz, F.; Weiss, A.; Werner, S.
Organometallics1992 11, 1646.

4.3 Hz, CO), 208.34 (s, MoCO), 220.1 (s, MoCO® NMR (GDs,
32.438 MHz)6 +6.49; IR (CHCI,) 2009, 1900, 1890, 1830 (MoCO),
1746, 1712 [CO(OCH] cm™% Anal. Calcd for G/HasNgOgPMo: C,
45.76; H, 6.40; N, 11.86. Found: C, 45.81; H, 6.44; N, 11.88.
(p*-Five-membered cyclophosphazene)pentacarbonylmolybdenum
%Zomplex 9. A benzene solution (10 mL) of (0.50 g, 0.70 mmol)

(16) Ledermann, M.; Regitz, M.; Angermund, K.; Binger, P.; eu,
C.; Mynott, R.; Gleiter, R.; Hyla-Kryspin, lAngew. Chem., Int. Ed. Engl.
1988 27, 1559.
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Table 8. Crystallographic Datafor Complexes, 7, 10, and12

J. Am. Chem. Soc., Vol. 118, No. 5,10436

4 7 10 12
chem formula GsHesClNgOgPoPd G7H4sNgOsPMo CaoHs5o:NsOsPW GogHasCINSO4PZr
fw 952.22 708.6 849.6 645.33
cryst syst monoclinic monoclinic monoclinic monoclinic
space group P2:/n (no. 14) C2/c (no. 15) P2;/c (no. 14) P2,/n (no. 14)
a, 10.087(1) 24.156(2) 15.747(2) 17.427(2)
b, A 17.256(2) 17.592(2) 15.214(2) 19.899(2)
c A 13.839(2) 17.569(2) 16.999(2) 9.264(1)
p, deg 99.59(1) 110.30(2) 103.74(1) 105.09(1)
Vv, A3 2375.2(4) 7002(1) 3956(1) 3101.8(7)
F(000) 1000 2960 1728 1352
z 2 8 4 4
Deaie g CNT3 1.331 1.344 1.426 1.382
u (Mo Ka), mm?t 0.59 0.46 2.89 0.49
Trmin— Tmax® 0.964-1.000 0.886-0.999 0.455-0.853 0.976-0.999
260 range, deg 350 3-48 3-50 3-48
no. of data collected 4169 5669 7200 5181
no. of unique data 4169 5476 6940 4849
Rav (on1) 0.014 0.023 0.025
no. of observed data 2780 4049 4119 2826
no. of params varied 250 388 424 343
S 1.100 1.149 1.132 1.011
w unit unit [03(Fo) + 0.0015-,2] 1 [0%(Fo) + 0.000F 2 *
(A/0)max 0.020 0.010 0.024 0.010
Rd 0.028 0.028 0.036 0.029
Ry© 0.030 0.029 0.046 0.028
(A/0)masxs (A/p)min, €A3 0.38,-0.36 0.28;-0.27 0.80,-0.50 0.28-0.21

a All data collected aff = 293 K on an Enraf-Nonius CAD4 diffractometer with graphite-monochromatized kloagiation § = 0.710 73 A)
usingw-26 scans® From empirical absorption corrections #r7, and12: North, A. C. T.; Phillips, D. C.; Mathews, F. ®«cta Crystallogr.1968
A21, 351. From Gaussian absorption correctionsifar Coppens, P.; Leiserowitz, L.; Rabinovitch, Bcta Crystallogr.1965 18, 1035.¢ F,? >
30(Fo?) for 4 and10. F2 > 20(F,?) for 7and12 4R = S ||Fo| — |Fell/S|Fol. & Ry =[S (W|Fo| — |Fc|)¥SwW|FoFY2

was allowed to stand for 2 days at room temperature. The solvent (10 mL) of 2 (0.93 g, 2.40 mmol). After 2 h, the solvent and excess

was removedn vacug and the residue was washed three times with
ether (3x 2 mL). 9 was obtained as a viscous pale yellow oil (0.21
g, 45% yield);'H NMR (C¢Ds, 200 MHz)6 1.10 (d,Jun = 6.8 Hz, 12

H, CH3CHN), 1.23 (d,Jun = 6.8 Hz, 24 H, G15CHN), 1.41 (br m, 2
H, NCH,CH,CH,), 1.62 (br m, 4 H, NCHCH,), 3.61 (s, 3 H, CHO),
3.62-3.81 (br m, 8 H, CHCHN and NCH); 3C NMR (C¢Dg, 50.323
MHz) 6 22.86 (s,CH3CHN), 22.97 (s,CHsCHN), 23.58 (s, NCh
CH,CHy,), 26.78 (s, NCHCH,), 47.21 (d,Jpc = 5.4 Hz, CHCHN),
50.42 (s, CHO), 53.20 (s, \CHy), 90.54 (d,Jpc = 120.1 Hz, PC),
163.27 (dJpc = 35.4 Hz, CO(OMe)), 163.47 (dpc = 7.8 Hz, PT),
169.45 (d,Jpc = 14.8 Hz, PCC), 198.95 (s, MoCO), 200.73 (s,
MoCO); 3P NMR (GsDs, 32.438 MHz)d +51.60; IR (CHCI,) 2013,
1983, 1858 (MoCO), 1678, 1654 [CO(OGHcm™*. Anal. Calcd for
C,HaN4sOgPMo: C, 47.93; H, 6.10; N, 8.28. Found: C, 47.96; H,
6.12; N, 8.32.

(Five-membered cyclophosphazene)tungsten Complex 10A
CH_CI; solution (10 mL) ofl (0.50 g, 1.20 mmol) was added dropwise,
at room temperature, to a GEl, solution (10 mL) of (piperidine)-
pentacarbonyltungsten (0.98 g, 2.40 mmol). After 3 h, ether (10 mL)
was added and the mixture was filtere@l0 was obtained as yellow
crystals from this solution at room temperature (0.82 g, 80% yield):
mp 112°C dec;*H NMR (CDCl;, 200 MHz)6 1.14 (d,Jun = 6.8 Hz,

12 H, CH3CHN), 1.26 (d,Jun = 6.8 Hz, 12 H, Gi3CHN), 1.46 (br m,
2H, NCH,CH,CH,), 1.62 (br m, 10 H, NCHCH,CH, and NCHCH,),
2.82 (br m, 4H, NCH), 3.65 (s, 3 H, CHO), 3.67-3.82 (br m,Jun =
6.8 Hz, 8 H, CHCHN and NCH), the NH is not observed?C NMR
(CDCls, 50.323 MHz)d 22.56 (s, NCHCH,CH,), 23.05 (d,Jpc = 1.9
Hz, CH3CHN), 23.24 (d,Jpc = 2.4 Hz, CHsCHN), 23.84 (s, NCht
CH,CHy), 27.01 (s, NCHCH,), 28.55 (s, NCHCH,), 47.33 (d,Jpc =
5.7 Hz, CHCHN), 50.53 (s, CHO), 53.35 (s, NCh), 59.78 (s, NCH),
90.88 (d,Jpc = 118.2 Hz, PC), 163.82 (dpc = 7.8 Hz, PCC), 164.07
(d, Jpc= 42.9 Hz, CO(OMe)), 169.95 (dpc = 14.7 Hz, PCT), 198.74
(s, dwc = 131.2 Hz, CQ), 201.80 (s, CQ); 3P NMR (CDC}, 32.438
MHz) 6 +54.29; IR (CHCI,) 1971, 1926 (WCO), 1676, 1636 (CO)
cm L. Anal. Calcd for GoHs:NsOsPW: C, 45.25; H, 6.17; N, 8.24.
Found: C, 45.22; H, 6.21; N, 8.26.

Five-Membered Cyclophosphazene 11Neat piperidine (0.5 mL,

of piperidine were removeth vacua 11 was obtained as colorless
crystals from an ether/pentane solution at room temperature (1.0 g,
95% yield): mp 129°C; *H NMR (CDCl;, 200 MHz) 6 1.08 (d,Jun

= 6.8 Hz, 12 H, GisCHN), 1.21 (d,Jun = 6.8 Hz, 12 H, GisCHN),
1.55 (br m, 6 H, NCHCH,CH,), 3.61 (s, 3 H, CHO), 3.64-3.73 (br
m, 8 H, CHLCHN and NCH}); 3C NMR (CDCk, 50.323 MHz)6 22.69
(d, Jpc = 2.0 Hz,CH3CHN), 22.85 (d Jpc = 1.7 Hz,CH3CHN), 23.47
(s, NCHCH,CH,), 26.61 (s, NCHCH,), 46.83 (d,Jpc = 5.4 Hz,
CH3CHN), 50.17 (s, CHO), 52.93 (s, NCh), 90.57 (d,Jpc = 118.5
Hz, PC), 163.31 (dJpc = 2.0 Hz, PE), 163.77 (d,Jpc = 29.7 Hz,
CO(OMe)), 169.52 (dJpc = 14.6 Hz, PCC); 3'P NMR (CDCE, 32.438
MHz) 6 +54.08; IR (CHCI,) 1681, 1639 (CO) cmt. Anal. Calcd
for C2H41N4OsP: C, 59.98; H, 9.38; N, 12.72. Found: C, 60.00; H,
9.41; N, 12.77.

Five-Membered Zirconacyclophosphazene 12A THF solution
(10 mL) of 1 (0.50 g, 1.20 mmol) was added dropwise, at room
temperature, to a THF solution (10 mL) of dicyclopentadienylzirconium
hydrochloride (0.31 g, 1.20 mmol). After 20 h, the solution was filtered
on Fluorisil and the solvent was removeddacua 12 was obtained
as an air stable pale yellow solid from a THF solution (5 mL) at room
temperature (0.35 g, 45% yield): mp 17G dec;'H NMR (CDCl,
200 MHz) 6 1.19 (d,Jun = 6.7 Hz, 24 H, GI;CHN), 2.78 (d,Jpn =
2.2 Hz, 1 H, PNH), 3.62 (s, 3 H, G@), 3.64-3.70 (br m, 4 H,
CH3CHN), 3.74 (s, 3 H, CHO), 5.95 (s, 10 H, Cp):3C NMR (CDCl,
50.323 MHz)6 22.97 (d,Jpc = 3.5 Hz,CH3CHN), 47.81 (d Jpc = 5.8
Hz, CH;CHN), 50.69 (s, CHO), 51.65 (s, CHO), 111.22 (s, Cp),
125.79 (d Jpc = 164.8 Hz, PC), 161.97 (dpc = 27.8 Hz, CO), 176.82
(d, Jpc = 39.1 Hz, CO), 225.63 (dlpc = 51.9 Hz, PCZr); 3P NMR
(CDCls, 32.438 MHz)6 +56.38; IR (CHCl,) 3364 (NH), 1713 (CO)
cm L. Anal. Calcd for GgHasN3O4PZrCl: C, 52.11; H, 7.03; N, 6.51.
Found: C, 52.13; H, 7.08; N, 6.56.

Solution and Refinement of Structures 4, 7, 10, and 12Atomic
scattering factorsf( ') were taken from a standard souféeThe
initial structural solutions were obtained by the Patterson analysis.
Atoms not located from the initial structure solution were found by
successive difference Fourier maps with intervening cycles of least-

(17) Cromer, D. T.; Waber, J. Tlnternational Tables for X-Ray

5.0 mmol) was added dropwise, at room temperature, to a THF solution Crystallography Kynoch Press: Birmingham, England, 1974; Vol. IV.
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squares refinement (SHELX-76). Crystallographic data are provided  Supporting Information Available: Tables of crystal and

in Table 8. All non-hydrogen atoms were treated anisotropically. Full- intensity collection data, positional and thermal parameters,
matrix least-squares refinements were used in all cases. All hydrogeninteratomic distances and angles, torsion angles, and least-
_atom_s were located by difference Fourier maps, and their positions Weresquares planes equations #r7, 10, and12 (35 pages). This
|deal_|zed in the subsequent cycles of refinement. Fmahlues are material is contained in many libraries on microfiche, im-
provided in Table 8. mediately follows this article in the microfilm version of the
journal, can be ordered from the ACS, and can be downloaded
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