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Synthesis and Structure of [{(THF),Li};Me,Al{(PhNH),(PhN),P;N3}|, the
First Mixed-Metal Phosphazenate Complex
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Reaction of the trilithium phosphazenate [{(THF),Li}s-
{(PhNH)3(PhN)3;P3N3}] with one equivalent of trimethyl-
aluminium yields the first mixed-metal phosphazenate com-
plex [{(THF),Li}sMe,Al{(PhNH),(PhN),P3N3}]. X-ray struc-
ture analysis showed that the Me,Al group is accommodated
in an N(exo)-P-N(exo) chelation site of the phosphazenate
ligand. Two lithium ions reside in N(ring)-P-N(exo) sites,

while the third lithium ion interacts with the ligand solely via
an N(ring) atom. NMR spectroscopic data obtained from THF
solution indicate a fluxional behaviour of the lithium ions,
which oscillate between mono- and bidentate coordination
sites.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Introduction

Multianionic ligand systems containing extended arrays
of coordination sites often enable the accommodation of
well-defined and kinetically stable multinuclear metal ion
and mixed-metal ion arrangements. Prominent examples
are multianionic calixarinates!'! and calixpyrrolates® com-
prising cyclic structures of repeating monoanionic phenol-
ate and pyrrolate units, respectively. Recently, we introduced
phosphazenates as multianionic ligands. They are as-
sembled from repeating tridentate dianionic [-N=P(NR),-]*~
units and facilitate the accommodation of large num-
bers of metal ions around the ligand backbone in a variety
of bi- and tridentate coordination sites.l*! The highly selec-
tive sequential deprotonation patterns of the multiprotic
phosphazene precursors enable the synthesis of well-defined
partially metallated phosphazenate complexes. For ex-
ample, threefold deprotonation of the hexaprotic phos-
phazene (PhNH)P3;N; (1) by nBuLi occurs in a cis-fashion
yielding the monomeric trilithium phosphazenate
[{(THF),Li};{(PhNH);(PhN);P3N3}] (2), which hosts three
lithium ions in alternating N(ring)—P—N(exo) chelation
sites on one face of the central phosphazenate ring.”*! The
other face of the ring is equipped with three protonated
N(exo) functions. Organoaluminium compounds were also
applied as metallating agents. Trimethylaluminium fully de-
protonates (CyNH)sP3N; to give the monomeric penta-
nuclear organoaluminium complex [(THFMeAl)(Me,Al),-
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{(CyN)¢P5N3}] (3). All five Al atoms in 3 occupy bidentate
chelation sites.[®! Threefold deprotonation generates the tri-
nuclear complex [(Me,Al);{(CyNH);(CyN);P3;N;}1.54 The
characteristic sequential metallation pattern leading to
multinuclear metal phosphazenates is an ideal platform for
the preparation of mixed-metal complexes by subsequent
treatment of multiprotic phosphazenes with different metal-
lating agents. Herein, we discuss further metallation of the
trilithium complex 2 with Mes;Al. This reaction yields the
complex [{(THF),Li};Me,Al{(PhNH),(PhN),PsNs}] (4),
the first example of a mixed-metal phosphazenate.

Results and Discussion

The trilithium phosphazenate 2 reacts with one equiva-
lent of trimethylaluminium in THF as indicated by the ap-
pearance of a doublet at 6 = 3.7 ppm and a triplet at 6 =
7.9 ppm, with an intensity ration of 2:1, in the 3'P NMR
spectrum. The reaction product was crystallised from
THF solution and an X-ray structure analysis showed
the formation of  the monomeric complex
[{(THF),Li};Me,Al{(PhNH),(PhN),P;Ns}] (4; Figure 1).
In addition, the crystal lattice contains two non-bonded
THF molecules per formula unit. The crystal structure re-
veals that one NH group of 2 has been deprotonated by
MesAl, with evolution of methane (Scheme 1). One ex-
ocyclic N—P—N unit chelates the resulting Me,Al group by
forming a planar four-membered PN,Al ring system. Both
N—AI bonds are of equal length (selected bond lengths and
angles are listed in Table 1). The chelation of an Me,Al
group in an exocyclic N—P—N site of a phosphazenate li-
gand also occurs in the solid-state structure of the pentaalu-
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Figure 1. Two different orientations of the crystal structure of 4;
the THF molecules have been omitted from the bottom diagram
for clarity

minium phosphazenate 3.°! The two lithium ions Li2 and
Li3 reside in the N(ring)—P—N(exo) sites of 4, while Lil is
interacting with the ligand solely via an N(ring) atom. In
addition, each lithium ion is coordinated by two THF mol-
ecules. This results in a trigonal planar coordination at Lil
and distorted tetrahedral environments at Li2 and Li3. The
Li—N(ring) distance at Lil is shorter than the Li—N dis-
tances of Li2 and Li3, reflecting the low coordination num-
ber of Lil. Within the bidentate chelates Li—N(exo) bonds
are slightly shorter than Li—N(ring) bonds. The coordi-
nation of Li2 and Li3 is similar to that of the lithium ions
in the C; symmetrical precursor complex 2.1 In 4 there are
no interactions between the Al-coordinated N(exo) centres
and the lithium ions, presumably due to the strong acceptor
behaviour of the aluminium atom. This reduces the number
of N-donor sites available for Li coordination. As a result,
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Scheme 1. Mixed metallation pathway leading to complex 4

Table 1. Selected bond lengths [A] and angles [°] for 4

P1—NI 1.622(3) NI1-P1-N3 113.3(2)
PI-N3 1.605(3) N10—P1—-N40 89.8(2)
PI-N10 1.666(3) NI1-P1-N10 111.12)
P1—-N40 1.659(3) NI1-P2—N2 113.9(2)
P2-NI1 1.618(3) N20-P2—N50 111.0(2)
P2—N2 1.618(3) N2-P2—N20 102.6 (2)
P2—-N20 1.593(3) N2-P3-N3 114.2(2)
P2—N50 1.709(2) N30—P3—N60 111.8(2)
P3—N2 1.611(3) N3—P3—N30 102.7(2)
P3—N3 1.616(3) PI-NI-P2 123.6(2)
P3—N30 1.595(3) P2—N2-P3 118.5(2)
P3—N60 1.701(3) PI-N3-P3 125.6(2)
All-N10 1.903(3) N10—All —N40 76.2(2)
Al1-N40 1.900(3) Cl-All-C2 112.4(2)
Lil—N1 1.989(7) PI-NI10—All 96.7(2)
Li2—N2 2.065(6) P1—N40—All 97.1(2)
Li2—N20 2.031(6)

Li3—N3 2.099(7)

Li3—N30 2.021(8)

the ligand provides only a monodentate interaction to one
of the lithium ions.

The central P;N5 ring in 4 adopts a half-chair confor-
mation. The ring atom N2 deviates by 0.43 A from the
planar arrangement of the other five ring atoms. The
P—N(ring) bond lengths are similar throughout the ring,
ranging from 1.605(3) to 1.622(3) A. Conversely, the
P—N(exo) bond lengths have a broader range: short
P—N(exo) bonds are found at lithiated N(exo) positions
[P—N(Li) 1.593(3), 1.595(3) A], while P—N(exo) bonds
within the chelate coordinating All are of intermediate
length [P—N(AI) 1.659(3), 1.666(3) A] and P—N(exo)
bonds associated with NH functions are relatively long
[P—N(H) 1.701(3), 1.709(3) A]. Equally short P—N(Li)
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bonds and long P—N(H) bonds were observed in 2, but
somewhat shorter P—N(H) bonds were found in the hexa-
protic phosphazene 1.1 Interestingly, the average P—N
bond length of the four P—N bonds surrounding one phos-
phorus atom is almost the same for all three P atoms (av.
P—N at P1: 1.638, at P2: 1.635 and at P3: 1.631 A). This
cooperative “seesaw’’ effect suggests that the P—N bond
orders within each PN, tetrahedron vary, but the overall
sum of P—N bond orders around each P atom is finely
balanced. A similar effect has been observed for the S—N
bonds in iminosulfonate complexes.l”? The shortness of the
P—N(Li) bonds indicates delocalisation of the negative
charge from the P—N(Li) onto the P—N(ring) bond and a
mainly ionic character of the N—Li interactions. This extra
amount of negative charge around the PN, tetrahedra is
compensated by an elongation of the P—N(H) bond. On
the other hand the N—Al bonds in 4 are covalent, as indi-
cated by P—N(AIl) bonds of intermediate lengths. The range
of exocyclic N—P—N angles mirrors the flexibility of the
phosphazenate ligand towards metal coordination. The
N—-P—N angle of the exocyclic chelate hosting the alu-
minium centre is very sharp [89.9(2)°] compared to the
other two exocyclic N—P—N angles [111.0(2), 111.8(2)°].
The N—P—N angles within the ring are similar and range
from 113.3(2)° to 114.2(2)°. The two N(ring)—P—N(exo)
angles of lithium binding chelates are identical [102.6(2),
102.7(2)°], but not as acute as that of the Al binding site.

A variety of complexes containing both lithium and alu-
minium centres have been described,® although the accom-
modation of three Li and one Al centre around one ligand
system has not been reported so far. The coordination
modes exhibited in 4 are closely related to those of other
ligands containing N—P—N chelates.?¥ Several metal com-
plexes have been described featuring four-membered PN,M
ring systems where M is either Li®! or ALIT Monodentate
coordination of N-donor ligands towards tricoordinate lith-
ium ions in monomeric complexes, like Lil in 4, is usually
achieved by bulky ligands with sterically demanding sub-
stituents.''! On the contrary, the phosphazenate ligand 4
gains its steric demand by accommodating a larger number
of metal ions rather than providing bidentate chelation
sites.

In contrast to the solid-state structure, which contains
three chemically different phosphorus nuclei, the 3'P NMR
spectrum of a solution of complex 4 in THF exhibits an
AX, system. Variable-temperature NMR studies were ham-
pered by the low solubility of 4 in THF at low temperatures.
However, NMR spectroscopic data obtained from measure-
ments at room temperature suggest a fluctuating behaviour
of the lithium ions in solution, as illustrated in Scheme 2.
The three lithium ions oscillate in a concerted manner
around the three N(ring) and the two lithiated N(exo) sites.
The two chemically equivalent lithium ions, Li®, oscillate
between a bidentate N(ring)—P—N(exo) chelate and the
monodentate N(ring) site, whilst Li® oscillates between two
neighbouring N(ring)—P—N(exo) sites. This mechanism is
backed up by the Li NMR spectrum, which consists of
two signals at 6 = 2.83 and 3.40 ppm displaying an intensity
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Scheme 2. Proposed mechanism of fluctuation of lithium ions
within complex 4 in THF solution (for clarity, only P, Al, Li and
coordinating N atoms are shown)

ratio of 2:1. Also, four sets of chemically distinct phenyl
groups are evident from the '3C NMR spectrum, reflecting
the mirror symmetry of the fluctuating structure. These four
sets consist of: (i) the two PhNH groups, (ii) the two PhNLi
groups, (iii) the PhNALI group at the “NH face™ of the phos-
phazenate ring, and (iv) the PhNAI group at the “NLi face”
of the ring. The '"H NMR spectrum exhibits one singlet at
& = —0.89 ppm for the Me,Al, unit indicating the chemical
equivalence of both methyl groups, and one signal at 6 =
6.21 ppm for the two NH groups.

Further metallation of the phosphazenate ligand in 4 ap-
pears possible, since it holds two potentially acidic NH
functions. The stepwise addition of excess Me;Al to 2 was
monitored by 3'P NMR spectroscopy (Figure 2). The famil-
iar AX, pattern of 4 emerges upon addition of one equiva-
lent MesAl. After further addition of Me;Al several other
species appear, exhibiting either an AX, or AXY pattern,
indicating the presence of either two or three distinct phos-
phorus nuclei. So far, we have been unsuccessful in isolating
mixed Li-Al complexes showing higher metallation grades
than 4. Moreover, complex 4 proved to be a rather stable
member of a possible series of mixed Li-Al phosphazenates,
since higher metallated species slowly degrade in THF solu-
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Figure 2. 3'P NMR spectrum of stepwise reaction of 2 with n equiv-
alents of Me;Al in THF at room temperature; & represents complex
2 and * complex 4; +, ~ and # indicate further metalated species
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tion to give 4. The fluctuating behaviour of lithium ions
could be a stabilising factor for 4.

In summary, we have presented the first phosphazenate
complex that accommodates a mixed-metal array. The syn-
thesis of the mixed Li-Al complex was achieved by success-
ive deprotonation of a hexaprotic phosphazene with nBuLi
and MesAl. It looks as if a variety of other stable mixed-
metal species can be generated by exploiting the selective
metalation pattern of multiprotic phosphazenes. Metal ions
and organometallic fragments occupy specific coordination
sites around the phosphazenate core. The ligand provides
both rigid metal chelation and allows a fluctuating behav-
iour of the metal ions within the ligand sphere. This concept
could lead to tailor-made, mixed-metal complexes for
homogeneous catalysis.

Experimental Section

All synthetic procedures were carried out under a dry N, atmos-
phere. Compounds 19 and 2 were prepared according to litera-
ture methods. Organometallic reagents were applied as standard
solutions: nBuLi (1.6 M in hexane) and Me;Al (2 M in hexane).

Synthesis of 4: nBuLi (0.85 mL, 1.35 mmol) was added at —78 °C
to a solution of 1 (300 mg, 0.45 mmol) in 20 mL of THFE. After
stirring for one hour at room temperature, Me;Al (0.22 mL,
0.45 mmol) was added dropwise and the solution was stirred over-
night at room temperature. Subsequently the reaction solution was
filtered and the volume of the filtrate reduced by half in vacuo.
Single crystals were obtained after three days. In the absence of
mother liquor the crystals degrade to give a white powder. Yield
215 mg (73%). 'H NMR (300 MHz, [Dg]THF SiMe,): 8 = —0.87
(s, 3 H, AICH;), 6.21 (br., 2 H, NH), 6.98—6.51 (m, 30 H, Ph)
ppm. 'Li NMR [97.16 MHz, THF, (CD3),CO, LiCl in D,O ext.]
8 = 2.83 (2 Li), 3.40 (Li) ppm. 3C{'H} NMR (75.46 MHz,
[Dg]THE, SiMey): 8 = —9.94 (Me,Al), 113.6, 114.7, 115.3, 116.7
(ortho), 117.4, 120.0, 120.1, 120.2 (para), 127.6, 127.7, 127.8 128.1,
(meta), 143.8, 148.5, 148.7, 153.1 (CN) ppm. 3P NMR
(101.25 MHz, [Dg]THF, 85% H3PO, in D,O ext.): § = 3.7 (t,
2Jpp = 21.8 Hz, 1 P), 7.9 (d, 2Jpp = 21.8 Hz, 2 P) ppm. IR (nujol):
v = 3380.5 (N—H), 1588.2, 1335.3, 1300.2, 1242.5, 1109.2 (P—N),
1073.5, 1030.9, 1005.9, 891.9, 860.8, 797.2, 748.6, 692 cm!.
CeHgsAILisNgO4P3 (1193.62): caled. C 62.4, H 7.26, N 10.6; found
C 62.0, H7.01, N I1.1.

Crystal data for 42THF were recorded on a Stoe-IPDS dif-
fractometer using Mo-K,, radiation (A = 0.71073 A), T = 200 K.
The structure was solved by direct methods and refined by full-
matrix least-squares against /> using all data (SHELX-97).
CooH 02AILIsNgOgPs: M = 1338.32, triclinic, PI, a = 12.431(2),
b= 14.467(2), ¢ = 23.663(4) A, a = 91.97(2)°, B = 101.62(2)°, y =
114.46(2)°, V' = 3760.99) A%, Z = 2, D, = 1.182, p(Mo-K,) =
0.147, number of reflections: 23726 (total), 11018 (unique), Ri,; =
0.057, R, [I > 20(I)] = 0.057, wR, (all data) = 0.160. One THF
molecule bonded to Li3 and the two non-bonded lithium ions are
disordered over two positions and were refined using similar dis-
tance and similar U restraints. Non-hydrogen atoms were refined
anisotropically, except for the disordered positions, which were
treated isotropically. H-atoms were placed geometrically in accord-
ance with the hybridisation of their parent atoms.

CCDC-208395 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge at
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www.ccde.cam.ac.uk/conts/retrieving.html [or from the Cambridge
Crystallographic Data Centre, 12, Union Road, Cambridge
CB2 1EZ, UK; Fax: (internat.) +44-1223/336-033; E-mail:
deposit@ccdc.cam.ac.uk].

Acknowledgments
This work was supported by EPSRC and The Royal Society.

01 [tal C. Floriani, Chem. Eur. J 1999, 5, 19. [!®l C. Floriani, R.
Floriani-Moro, Adv. Organomet. Chem. 2001, 47, 167. 19 G,
Guillemot, E. Solari, C. Rizzoli, C. Floriani, Chem. Eur. J.
2002, 8, 2072. U4 J. M. Smith, S. G. Bott, Chem. Commun.
1996, 377.

241 T. Dube, G. Jingwen, S. Gambarotta, G. P. A. Yap, Chem.
Eur. J 2001, 7, 374. PP T. Dube, S. Gambarotta, G. P. A. Yap,

Organometallics 2000, 19, 817. <1 S, De Angelis, E. Solari, C.
Floriani, A. Chiesi-Villa, C. Rizzoli, J Chem. Soc., Dalton
Trans. 1994, 2467.

[3al A Steiner, S. Zacchini, P. 1. Richards, Coord. Chem. Rev.
2002, 227, 193. B8 E. Rivals, A. Steiner, Chem. Commun. 2001,

1426. Bl V. Chandrasekhar, S. Nagendran, Chem. Soc. Rev.
2001, 30, 193.

G. T. Lawson, F. Rivals, M. Tascher, C. Jacob, J. F. Bickley, A.
Steiner, Chem. Commun. 2000, 341.
BI'G. T. Lawson, C. Jacob, A. Steiner, Eur. J. Inorg. Chem. 1999,

1881.

J. F. Bickley, R. Bonar-Law, G. T. Lawson, P. I. Richards, F.
Rivals, A. Steiner, S. Zacchini, Dalton Trans. 2003, 1235—1244.
B. Walfort, A. P. Leedham, C. A. Russell, D. Stalke, Inorg.

Chem. 2001, 40, 5668.

See for example: 821 M. Driess, S. Kuntz, C. Monse, K. Merz,
Chem. Eur. J. 2000, 6, 4343. 881 R. E. Allan, M. A. Beswick,
P. R. Raithby, A. Steiner, D. S. Wright, J Chem. Soc., Dalton
Trans. 1996, 4153. 81 J. K. Brask, T. Chivers, G. Schatte, M.
Krahn, Organometallics 2000, 19, 5683. 841 A Heine, D. Stalke,
Angew. Chem. Int. Ed. Engl. 1992, 31, 854. 181 M. Veith, M.
Jarczyk, V. Huch, Angew. Chem. Int. Ed. 1998, 37, 105. 871 H.
Noth, A. Schlegel, J. Knizek, I. Krossing, W. Ponikwar, T. Sei-
fert, Chem. Eur. J 1998, 4, 2191. 182l J. Storre, C. Schnitter, H.
W. Roesky, H.-G. Schmidt, M. Noltemeyer, R. Fleischer, D.
Stalke, J Am. Chem. Soc. 1997, 119, 7505. 3" W. Uhl, J.
Molter, R. Koch, Eur J Inorg Chem. 1999, 2021. B8 P,
Bottcher, H. W. Roesky, M. G. Walawalkar, H.-G. Schmidt,
Organometallics 2001, 20, 790. ¥l H. No6th, A. Schlegel, M.
Suter, J. Organomet. Chem. 2001, 621, 231.
al A Steiner, D. Stalke, Inorg. Chem. 1993, 32, 1977. PP1 P. R,
Raithby, C. A. Russell, A. Steiner, D. S. Wright, Angew. Chem.
Int. Ed. Engl. 1997, 36, 649. I L. T. Burke, E. Hevia-Freire,
R. Holland, J. C. Jeffrey, A. P. Leedham, C. A. Russell, A.
Steiner, A. Zagorski, Chem. Commun. 2000, 1769. P4 L. Stahl,
Coord. Chem. Rev. 2000, 210, 203. 1 I. Schranz, L. Stahl, R.
1. Staples, Inorg. Chem. 1998, 37, 1493. P11 G. G. Briand, T.
Chivers, M. Krahn, Coord. Chem. Rev. 2002, 233, 237. P21 A.
Armstrong, T. Chivers, M. Krahn, M. Parvez, G. Schatte,
Chem. Commun. 2002, 2332. " B, Eichhorn, H. Noth, T. Sei-
fert, Eur. J. Inorg. Chem. 1999, 2355. 1 E. Niecke, M. Frost,
M. Nieger, V. von der Gonna, A. Ruban, W. W. Schoeller, An-
gew. Chem. Int. Ed. Engl 1994, 33, 2111. Pl R, Detsch, E.
Niecke, M. Nieger, W. W. Schoeller, Chem. Ber. 1992, 125, 1119.
Kl A, Steiner, D. S. Wright, Angew. Chem. Int. Ed. Engl. 1996,
35,636.PU A Steiner, D. S. Wright, Chem. Commun. 1997, 283.
(101 [10al 1, Mahalakshmi, D. Stalke, Struct. Bonding 2002, 103, 85.

[10b] G, R. Lief, C. J. Carrow, L. Stahl, R. J. Staples, Organomet-
allics 2001, 20, 1629. 119 P. Blais, T. Chivers, G. Schatte, M.
Krahn, J. Organomet. Chem. 2002, 646, 107. [1°4 M. Veith, M.
Kross, J.-F. Labarre, J Mol. Struct. 1991, 248, 345. [1%1 P, B.
Hitchcock, H. A. Jasim, M. F. Lappert, H. D. Williams, J.
Chem. Soc., Chem. Commun. 1986, 1634. 17 A_ N. Chernega,

[2

B

[4

[6

[7

8

[9

www.eurjic.org Eur. J. Inorg. Chem. 2003, 3309—3313



The First Mixed-Metal Phosphazenate Complex S H O RT CO M M U N IC ATI O N

M. Yu. Antipin, Yu. T. Struchkov, I. E. Boldeskul, V. F. Shul’- P. P. Power, J Am. Chem. Soc. 1989, 111, 4338. 1141 M. Wester-
gin, V. D. Romanenko, Zh. Strukt. Chim. 1985, 26, 120. [1%] hausen, M. Wieneke, H. Noth, T. Seifert, A. Pfitzner, W.
P. Braunstein, R. Hasselbring, D. Stalke, New J. Chem. 1996, Schwarz, O. Schwarz, J. Weidlein, Eur. J. Inorg. Chem. 1998,
20, 337. 1175.

Received April 16, 2003
Early View Article
Published Online July 17, 2003

(11 [1al K - Gregory, P. v. R. Schleyer, R. Snaith, Adv. Inorg. Chem.
1991, 37, 47. 11 R, E. Mulvey, Chem. Soc. Rev. 1991, 20, 167.
Il H. Chen, R. A. Bartlett, H. V. R. Dias, M. M. Olmstead,

Eur: J. Inorg. Chem. 2003, 3309—3313 www.eurjic.org © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3313



