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Cyclotriphosphazene-based ligand systems are valuable materials to model the metal-binding event on the structurally
and electronically related functionalized high molecular weight polyphosphazenes. We here report the facile synthesis
of novel spirotricyclic cyclotriphosphazenes N3P3(MeNC,HsNMe),L,, N3P3(iPrNC,H4NiPr),L,, and N3P3(0-0,C1,Hs)sL,
that enables different substituents to be incorporated into the ligand system. This synthetic approach allows for
control over the solubility and steric requirements of the exocyclic bidentate substituents, as well as the donor type
and denticity of the coordination sites. A mononuclear lanthanum complex ([La(NOs)s{ NsPs(pzpy)(MeNC,HsNMe),} |
(7)) and a series of dinuclear transition-metal complexes ([{ ReCI(CO)s} o{ N3P3(pyNH),(MeNC,HsNMe),} ] (4), [{ Felo} o-
{N3P3(pyNH),(MeNC,HsNMe),}] (5), and [{ PACIo} o{ NsP3s(pyNH),(MeNC,HsNMe),] (6)) have been prepared and
structurally and spectroscopically characterized to explore the metal coordination environments supported by this
class of ligands.

Introduction Chart 1.  Structurally and Electronically Related Cyclotriphosphazenes
] o (1) and Polyphosphazenel X
As witnessed by numerous applications, polyphosphazenes L L
can incorporate an extraordinary combination of chemical LN 1 R\P, Lt R\P/R
properties through the judicious combination of side grddps. R\ ZRoR S e GRS
The ease with which metal-binding entities can be anchored R R

in well-defined positions in close proximity is one of the fynctionalized cyclotriphosphazenesjost synthetic routes
most remarkable features of these polymeric materials with start with the commercially available hexachlorocyclotri-
regard to metal complexation. o phosphazene (®:Clg). The derivatization of the phos-

It is important to note that the f_unctlonallz_ed phosphorus phazene backbone can typically be accomplished via simple
atoms of the low molecular weight cyclotriphosphazenes nycleophilic substitution reactions. Unfortunately, the incor-
exhibit geometries and electronic properties related to thoseporaﬂon of just one particular side group yields multidentate
of the polymeric constructs (Chart 1). Consequently, metal jigand constructs that often support multiple coordination
binding at the macromolecules can be modeled with sim- ,54es or give rise to solution dynamic behavior of the
ilar functionalized cyclotriphosphazenes. In addition, cyclo- resulting metal complexés.
phosphazene-based ligand systems are highly interesting since the simultaneous reaction of two or more substrates
metal-complexing agents in their own rigttWhile a num-  gyally leads to complicated and intractable product mixtures,
ber of cyclization reactions have been reported to produce 5 rejiable sequential substitution pathway is required to estab-
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zenes exist,current synthetic pathways to these materials
often require multiple reaction steps or prolonged reaction
times. We here report a straightforward procedure for the

of 2 (71%)."H NMR (CDCly): ¢ 3.40 (m, 4H), 3.09 (m, 8H), 1.15
(d, 12H,J = 6.7 Hz), 1.1 (d, 12HJ = 6.7 Hz).31P NMR (CDCE):
5 28.4 (t,Jpp = 53.1 Hz), 19.96 (dJpp = 53.1 Hz). Anal. Calcd

generation of highly flexible, cyclophosphazene-based ligand 0" CiHasN7PsClo: €, 39.19; H, 7.40; N, 20.00. Found: C, 39.22;
systems. This procedure involves a solvent-free reaction of 7-59; N, 19.99.

the respective ligand with various site-differentiated dichlo-

rocyclotriphosphazenes. A mononuclear lanthanum complex
and several dinuclear transition-metal complexes have beerb
prepared and structurally and spectroscopically characterized,

Preparation of 2,2-Dipyrazolyl-4,4,6,6-bis[spirol,N'-dimeth-
ylethylenediamino)]cyclotriphosphazene (1a).A portion of
N3P;Cla(MeNCHsNMe), (1) (0.85 g, 2.25 mmol) was mixed with
00 g (73.44 mmol) of pyrazole. The mixture was refluxed for 3

The excess pyrazole was removed in vacuo on heating to 120

to demonstrate and evaluate the geometry of metal bindingec, and the residue was washed with hot cyclohexane & mL),

enabled by some of these ligand constructs.

Experimental Section

All manipulations have been carried out under an argon at-
mospherel,N'-Diisopropylethylenediamine, pyrazole, 3,5-dimeth-
ylpyrazole, 2-aminopyridine, 2/2lipyridylamine, 1,4-phenylene-
diamine, and 3,5-dimethylaniline were purchased from Aldrich and
used as received. Hexachlorocyclotriphosphazen®s®s) and
dichloro(1,5-cyclooctadiene)palladium [Pd@OD)] were pur-
chased from STREM. 2,2,-Dichloro-4,4,6,6-bis[spNd{ -dimeth-
ylethylenediamino)]cyclotriphosphazerig,? 2,2-dichloro-4,4,6,6-
bis[spiro(2,2"'-dioxy-1',1"-biphenylyl)]cyclotriphosphazene2),?
3-(2-pyridyl)pyrazolé? 1,4,7,10-tetraoxa-13-azacyclopentadetane
and the metal complex [ReCI(GEN),(CO)]*2 were prepared as
described in previously reported procedures.

Melt reactions were carried out under argon. The preparation
and purification of the metal complexdsand5 was carried out

under a pure argon atmosphere with dry and degassed solvents usin

standard Schlenk techniques.

Microanalyses (C, H, and N) for all compounds were performed
by the Micro-Mass Facility at the University of California, Berkeley.
IH and3P{!H} NMR spectra were recorded on a Varian Inova
300 MHz spectrometerf{P, 121 MHz). The reportedp* (Hz)

values refer to the strong (outer) doublet peaks of the signals (virtual

coupling) observed in théH NMR spectra ofla, 1c, 1f, and4.

Electrochemical data were recorded using an electrochemical

analyzer (CH-Instruments; CHI-software version 2.07) with plati-
num wire counter, platinum disk working, and silver wire reference
electrodes.

Preparation of 2,2-Dichloro-4,4,6,6-bis[spirol,N'-diisopro-
pylethylenediamino)]cyclotriphosphazene (2).A portion of
N3PsCls (4.5 g, 12.9 mmol) was mixed witN,N'-diisopropyleth-
ylenediamine (25.0 g, 173.3 mmol). A white solid formed im-
mediately, and the reaction mixture was heated to-18D°C for
3 h. A clear solution was formed upon heating. After the solution
was cooled to room temperature, the brown mixture was washe
with petroleum ether (40:60) (8 75 mL) and subsequently with
CH.Cl,. The filtrate was evaporated to dryness and redissolved in
40 mL of MeOH. A 250 mL volume of water was added in small

portions. After the resulting solution was stirred at room temperature

for 1 h, the yellow precipitate was filtered, washed with water,
and dried in vacuo. Recrystallization from heptane yielded 4.5 g

(7) (a) Chandrasekaran, A.; Krishnamurthy, S. S.; NethajiJMChem.
Soc., Dalton Trans1994 63-68. (b) Chandrasekaran, A.; Krishna-
murthy, S. S.; Nethaji, Mlnorg. Chem.1993 32, 6102-6106. (c)
Gallicano, K. D.; Paddock, N. LCan. J. Chem1982, 60, 521-528.

(8) Chivers, T.; Hedgeland, FCan. J. Chem1972 50, 1017-1025.

(9) Dez, I.; De Jaeger, RRhosphorus, Sulfur, Silicoh997 130, 1—14.

(10) Pleier, A. K.; Glas, H.; Grosche, M.; Sirsch, P.; Thiel, W Sgnthesis
2001, 55-62.

(11) Maeda, H.; Furuyoshi, S.; Nakatsuyi, Y.; Okahara, Bdll. Chem.
Soc. Jpn1983 56, 3073-3077.

(12) Farona, M. F.; Kraus, K. Anorg. Chem.197Q 9, 1700-1704.

yielding a yellow oil, which slowly solidified upon cooling. The
residue was redissolved in GEl, and washed with water (8 15
mL). The organic solution was dried with b0, and evaporated
to dryness. The white residue was dissolved in a minimum amount
of hot THF, and slow addition of pentane affordéd as a white
crystalline material. Yield: 0.75 g (81%)H NMR (CDCl): ¢
7.97 (d, 2 HJ = 1.8 Hz), 7.76 (m, 2H), 6.336.32 (m, 2H), 3.18
(m, 8H, Jpr* = 11.1 Hz), 2.55 (M, 12 HJpy* = 12.3 Hz).3P
NMR (CDCly): 6 28.3 (d,Jpp= 58.8 Hz), 6.8 (tJpp = 58.8 Hz).
Anal. Calcd for G4H26N11P3: C, 38.10; H, 5.94; N, 34.91. Found:
C, 38.00; H, 6.16; N, 34.61.

Preparation of 2,2-Dipyrazolyl-4,4,6,6-bis[spirol,N'-diiso-
propylethylenediamino)]cyclotriphosphazene (2a)A sample of
N3PsClo(iPrNGHyNiPr), (2) (1.00 g, 2.04 mmol) was mixed with
solid pyrazole (7.50 g, 0.11 mol). The mixture was heated at reflux
for 2 h. The excess pyrazole was removed in vacuo on heating to
120 °C, and the residue was dissolved in water. The aqueous
aolution was made basic by adding N&h) and subsequently
extracted with CHCI, (2 x 60 mL). The combined organic phases
were washed with water (8 30 mL) and subsequently dried with
Na&SQO,. The solvent was evaporated under reduced pressure to
afford 2a as a white crystalline solid (1.04 g, 929+ NMR
(CDCly): 6 7.99 (d, 2HJ = 2.7 Hz), 7.68 (dd, 2HJ); = J, = 1.6
Hz), 6.29-6.26 (m, 2 H), 3.43-3.33 (m, 4H), 3.153.09 (m, 8H),
1.11 (d, 12H,J = 6.6 Hz), 1.05 (d, 12HJ = 6.6 Hz).3/P NMR
(CDCl): 6 23.2 (d,Jpp=57.1 Hz), 6.8 (tJpp= 57.1 Hz). Anal.
Calcd for G,H4Nq1Ps: C, 47.73; H, 7.65; N, 27.83. Found: C,
47.92; H, 7.80; N, 27.55.

Preparation of 2,2-Dipyrazolyl-4,4,6,6-bis[spiro(2,2"-dioxy-
1',1"-biphenylyl)]cyclotriphosphazene (3a) A portion of NsP;Cl-
(2,2-0,C12Hg)2 (3) (1.30 g, 2.26 mmol) was combined with solid
pyrazole (8.00 g, 0.118 mol), and the mixture was refluxed for 2
h. Pyrazole was removed in vacuo on heating to 420and the
residue repeatedly washed with hot cyclohexang @ mL). The
remaining white solid was dissolved in @El, (60 mL) and the

d organic phase washed with waterX35 mL). The organic solution

was dried (NaSO,) and evaporated to dryness, leaving a solid
residue, which was further purified by recrystallization from toluene.
Yield: 1.18 g (82%)H NMR (CDCl): ¢ 8.18 (d, 2H,J = 2.7
Hz), 7.80 (m, 2H), 7.527.23 (m, 16 H), 6.426.41 (m, 2H).31P
NMR (CDCly): ¢ 23.8 (d,Jpp = 80.7 Hz), 4.7 (tJpp = 80.7 Hz).
Anal. Calcd for GogH»,OsN-P;: C, 56.52; H, 3.48; N, 15.38.
Found: C, 56.69; H, 3.58; N, 15.40.

Preparation of 2,2-Bis(3,5-dimethylpyrazolyl)-4,4,6,6-bis-
[spiro(2',2"-dioxy-1',1"-biphenylyl)]cyclotriphosphazene (3b).A
portion of 3 (2.00 g, 3.48 mmol) was combined with solid 3,5-
dimethylpyrazole (10.00 g, 0.104 mol). The mixture was heated to
190°C and kept at this temperature for 7 h. After being cooled to
room temperature, the reaction mixture was thoroughly washed with
warm EtOH (3x 20 mL). The solid residue was dried in vacuo
and dissolved in 30 mL of C#Cl,. The organic phase was washed
with water (3x 25 mL) and subsequently dried (Mg0,). After

Inorganic Chemistry, Vol. 43, No. 2, 2004 643
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removal of the solvents under reduced pressure, the white residueorganic phase was washed with water 530 mL) and subse-
was dissolved in 10 mL of hot acetone, and addition of 60 mL of quently dried with NagSO,. The solvent was evaporated, and the
diethyl ether afforde@b as a crystalline solid. Yield: 1.4 g (58%). remaining yellow crude product was recrystallized from toluene.
IH NMR (CDCly): 6 7.21-7.45 (m, 16H), 5.89 (d, 2H] = 3.3 Yield: 2.1 g (81%).H NMR (CDCl): 6 8.12 (d, 2HJ= 4.8 Hz
Hz), 2.32 (s, 6H) 2.18 (s, 6H}P NMR (CDC}): 6 23.7 (d,Jpp ), 7.42 (dd, 2HJ, = J, = 7.6 Hz), 7.27 (d, 2HJ) = 8.2 Hz), 6.72
= 80.8 Hz), 4.5 (tJpp = 80.8 Hz). Anal. Calcd for &H3gOsN7Ps: (dd, 2H,J3, = J, = 6.3 Hz), 6.28 (d, 2HJpy = 9.0 Hz), 3.08 (d,
C, 58.88; H, 4.36; N, 14.14. Found: C, 59.06; H, 4.57; N, 14.04. 8H, Jpii* = 11.4 Hz), 2.50 (d, 12HJp* = 12.0 Hz).3P NMR
Preparation of 2,2-Bis(3-(2-pyridyl)pyrazolyl)-4,4,6,6-bis- (CDCls) 6 29.1 (d,Jpp = 55.4 Hz), 6.3 (tJpp = 55.4 Hz). Anal.
[spiro(N,N'-dimethylethylenediamino)]cyclotriphosphazene (1c).  Calcd for GgHsoN1iPs: C, 43.82; H, 6.13; N, 31.22. Found: C,
A portion of 1 (2.00 g, 5.29 mmol) was combined with 3-(2- 43.68; H, 6.36; N, 31.16.
pyridyl)pyrazole (9.00 g, 62.00 mmol), and the mixture was heated  Preparation of 2,2-Bis(bis(2-pyridyl)amino)-4,4,6,6-bis[spiro-
to 200°C for 3 h. The reaction mixture was allowed to cool to (2,2'-dioxy-1',1"-biphenylyl)]cyclotriphosphazene (3g) A sample
room temperature and repeatedly washed with hot water. The of 3 (1.80 g, 3.13 mmol) was mixed with 2;@ipyridylamine (7.80
remaining white solid was dissolved in @El, (40 mL), and the g, 45.56 mmol). The mixture was heated to $200°C for 2.5 h.
organic phase was washed with dilute agueous ammonia and subExcess dipyridylamine was removed in vacuo, and the remaining
sequently with water. The organic phase was dried withSa yellow residue was washed with 25 mL of THF. The remaining
and the solvent removed in vacuo. The residue was treated withsolid was dissolved in C#Cl, (80 mL), and 30 mL of water was
10 mL of acetone, yieldindc as a white crystalline solid (1.95 g, added. NH(aq) was added dropwise until the mixture reached pH
62%).H NMR (CDCl): ¢ 8.53 (d, 2 H,J = 4.5 Hz), 8.04 (d, 8. The organic phase was separated, washed with water, and
2H,J=8.1Hz), 7.91 (d, 2HJ) = 2.7 Hz), 7.61 (dd, 2HJ; = J, subsequently dried with N8O,. The solvent was removed under
= 7.6 Hz), 7.14 (dd, 2HJ; = J, = 6.2 Hz), 6.98 (t, 2HJ = 2.8 reduced pressure and the residue washed with ethyl acetate and
Hz), 3.13 (d, 8HJpr* = 9.9 Hz), 2.55 (d, 12HJp* = 12.3 Hz). ether. Yield: 1.8 g (68%)'H NMR (CDsCl) 6 8.28 (d, 4H,J =
3P NMR (CDCE) ¢ 28.0 (d,Jpp = 58.8 Hz), 6.8 (t,Jpp = 58.8 4.0 Hz), 7.53-7.39 (m, 12H), 7.297.16 (m, 8H), 6.99-6.93 (m,
Hz). Anal. Calcd for GH3NisPs: C, 48.40; H, 5.42; N, 30.58.  8H). 3P NMR (CDC}) ¢ 25.9 (d,Jpp = 77.1 Hz), 10.2 (tJpp =
Found: C, 48.46; H, 5.57; N, 30.34. 77.1 Hz). Anal. Calcd for @H3NgO4P;: C, 62.64; H, 3.82; N,
Preparation of 2,2-Bis(3,5-dimethylphenylamino)-4,4,6,6-bis- ~ 14.94. Found: C, 61.71; H, 3.76; N, 14.56.
[spiro(2',2"-dioxy-1',1"-biphenylyl)]cyclotriphosphazene (3d) A Preparation of 2,2-Bis(1,4,7,10-tetraoxa-13-azacyclopenta-
sample of3 (1.270 g, 2.21 mmol) was suspended in 3,5-dimeth- decanyl)-4,4,6,6-bis[spiro(22"-dioxy-1',1""-biphenylyl)]cyclo-
ylaniline (10.00 g, 82.5 mmol). The mixture was heated to 480 triphosphazene (3h).A mixture of 3 (0.50 g, 0.87 mmol) and
and kept at this temperature for 3 h. Excess amine was removedl-aza-15-crown-5 (5.00 g, 22.89 mmol) was heated to *IB€or
under vacuum, and the residue was thoroughly washed with petrol-3 h. The reaction mixture was cooled to room temperature and
eum ether (40:60). The remaining white solid was dissolved in 50 poured into 80 mL of water. The resulting colorless solid was
mL of CH,Cl,, and the organic phase was washed with diluted filtered and washed repeatedly with water, followed by washing
ammonia and water (% 30 mL). The organic phase was dried with diluted aqueous ammonia, water, and methanol. The color-

with Na,SQ, and evaporated to dryness. The residue was again less solid was dried in vacuo. Yield: 0.50 g (61%ij NMR

washed with petroleum ether and recrystallized from toluene.

Yield: 1.60 g (97%).H NMR (CDCl): 6 7.46-7.45 (m, 4 H),
7.30-7.18 (m, 8H), 7.09-7.07 (m, 4H), 6.70 (s, 4H), 6.56 (s, 2H),
5.07 (d, 2H,Jpy = 9.0 Hz), 2.18 (s, 12H)3*P NMR (CDCE): ¢
26.2 (d,Jpp = 73.1 Hz), 6.5 (t,Jpp = 73.1 Hz). Anal. Calcd for
CuoH36NsO4Ps: C, 64.60; H, 4.88; N, 9.42. Found: C, 64.57; H,
5.01; N, 9.44.

Preparation of 2,2-Bis(4-aminophenylamino)-4,4,6,6-bis[spiro-
(2',2"-dioxy-1',1"-biphenylyl)Jcyclotriphosphazene (3e). 32.00
g, 3.48 mmol) was added in small portions to a meltH170°C)
of 1,4-phenylenediamine (15.00 g, 0.139 mol). The reaction
temperature was kept at 19C for 2 h, during which the color

(CDsCN): 6 7.63-7.60 (m, 4H), 7.5%7.45 (m, 4H), 7.46-7.33
(m, 8H), 3.72 (t, 8H, 6.3 Hz), 3.593.56 (m, 24H), 3.26:3.22 (m,
8H). 3P NMR (CDsCN): 6 25.8 Jpp = 66.7 Hz), 25.1 Jpp =
66.7 HZ)‘:I'7 Anal. Calcd for G4HseN5015P3: C, 56.23; H, 6.01; N,
7.45. Found: C, 56.56; H, 6.26; N, 7.42.

Preparation of [{ ReCI(CO)s} A N3P3(pyNH)(MeNCH,NMe)}
(4). A sample of NP3(pyNH),(MeNC,H,NMe), (1f) (0.3 g, 0.61
mmol) was dissolved in 20 mL of CHgland [ReCI(CHCN),-
(CO)] (0.472 g, 1.22 mmol) was added. The mixture was refluxed
for 4 h. The solvent was evaporated, and the residue was treated
with cold acetone. The microcrystalline white solid was filtered
and dried in vacuo. Yield: 350 mg (52%H NMR (CDCl): o

changed from orange-brown to green. The mixture was allowed to 9.16 (s, 2H), 8.56 (d, 2H, 5.7 Hz), 7.21 (dd, 2H,= J, = 7.8

cool to room temperature and washed with hot waterx(400
mL). The residue was washed with MeOH until the washing solu-

Hz), 6.75 (dd, 2HJ; = J, = 7.1 Hz), 6.48 (d, 2H, 7.4 Hz), 3.52
(br s, 4H), 3.26 (br s, 4H), 2.75 (d, 6Hp* = 12 Hz), 2.66 (d,

tions were nearly colorless, and the remaining microcrystalline solid 6H, Jpii* = 12 Hz).31P NMR (CDCE): 6 29.6 (d,Jpp= 48.5 Hz),

was dried in vacuo. Yield: 2.20 g (88%) NMR (CD3;CN): o

7.63-7.60 (m, 4 H) 7.487.35 (m, 8H), 7.217.18 (m, 4H), 6.91

(d, 4H,J = 8.7 Hz), 6.49 (d, 4H) = 8.7 Hz), 5.65 (d, 2HJpn =

9.6 Hz), 4.18 (s, 4H)3'P NMR (CD;CN): 0 26.4 (d,Jpp = 69.6

Hz), 9.0 (t,Jpp = 69.6 Hz). Anal. Calcd for gH3zoN7O4Ps: C,

60.26; H, 4.21; N, 13.66. Found: C, 60.21; H, 4.45; N, 13.32.
Preparation of 2,2-Bis(2-pyridylamino)-4,4,6,6-bis[spirokl,N'-

dimethylethylenediamino)]cyclotriphosphazene (1f)A portion

of 1 (2.00 g, 5.28 mmol) was combined with solid 2-aminopyridine

(11.00 g, 0.117 mol), and the mixture was heated to°I3%r 3.5

15.9 (t, Jep = 48.5 HZ) Anal. Calcd for %|2P306N11C24H30‘
CHCIls: C, 24.53; H, 2.55; N, 12.59. Found: C, 24.85; H, 2.69; N,
12.68.

Preparation of [{ Fel2} o{ NaPs(pyNH)(MeNC,HNMe),} ] (5).
A portion of I, (0.82 g, 3.24 mmol) was dissolved in 50 mL of
THF, and iron powder (0.30 g, 5.37 mmol) was added. The mixture
was refluxed for 1 h, and excess iron was removed with the
magnetic stir barlf (0.80 g, 1.62 mmol) was added to the green
solution, and the resulting mixture was refluxed for 60 min. After
the mixture was cooled to room temperature, the solvent was

h. The excess 2-aminopyridine was removed in vacuo on heatingremoved in vacuo. The gray-green residue was dissolved in hot

to 100°C, and the residue was dissolved in 80 mL of CHCThe
644 Inorganic Chemistry, Vol. 43, No. 2, 2004

CH;CN (25 mL), and diethyl ether (75 mL) was added to the
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solution. The mixture was cooled t630 °C. After 24 h the
crystalline product was filtered and dried in vacuo. Yield: 1.42 g
(79%). Anal. Calcd for F£4PsN1,CigH3e: C, 19.43; H, 2.72; N,
13.85. Found: C, 19.42; H2.69; N, 13.64.

Preparation of [{ PACI} { N3P3(pyNH)(MeNC,HNMe);] (6).

A portion of 1f (0.50 g, 1.01 mmol) was dissolved in 25 mL of
CHCl;, and [PdCJ(COD)] (0.58 g, 2.02 mmol) was added. The
supension was refluxed for 2 h. During this time, [PgCOD)]
slowly dissolved and an orange solution formed. The reaction
mixture was stirred at room temperature for 12 h, and insoluble
material was filtered. The solvent was removed in vacuo, and the
orange residue was dissolved in a minimal amount of hot DMF
(~15 mL). Diethyl ether (60 mL) was slowly added at room
temperature, and after the resulting solution was stirred for 1 h,
the crystalline material was filtered, washed with diethyl ether, and
dried in vacuo. Yield: 0.9 g of6:2DMF (89%). IH NMR
(CDCl): 6 9.88 (br s, 2H), 8.42 (d, 2H, 6.0 Hz), 7.72 (dd, 2H,
=J,=7.5Hz), 7.50 (d, 2H, 8.1 Hz), 6.96 (dd, 2B,= J, = 6.5

Hz), 3.72 (m, 4H), 3.1#3.15 (m, 2H), 3.06:2.99 (m, 2H), 2.17

2.10 (m, 12H).3P NMR (CDCEk) 6 23.1 (d,Jpp = 49.6 Hz), 1.9

(t, Jep= 49.6 HZ) Anal. Calcd for %|4P3N11C13H30’2DMF: C,
28.99; H, 4.46; N, 18.31. Found: C, 29.11; C, 4.26; N, 18.23.

Preparation of [La(NO 3)s{ NaPs(pzpy)(MeNC,HsNMe),} ] (7).

A sample of NPs(pzpyp(MeNC;H,NMe), (1¢) (0.20 g, 0.34 mmol)
was dissolved in 8 mL of warm MeOH and the resulting solution
added to a solution of La(Ngx-6H,0 (0.15 g, 0.34 mmol) in 5
mL of MeOH. The mixture was refluxed fd. h and subsequently
allowed to cool to room temperature. The precipitated material was
filtered off, washed with MeOH, and dried in vacuo. The white
solid was treated with CHgIsubsequently filtered, and redissolved
in warm nitromethane. Slow addition of diethyl ether yieltas a
colorless crystalline material. Yield: 0.22 g (70%H NMR
(nitromethaneds): 6 8.86 (d, 2H, 5,2 Hz), 8.43 (d, 2H, 2.7 Hz),
8.06-7.95 (m, 4H), 7.53-7.57 (m, 2H), 7.14 (t, 2H, 3.0 Hz), 3.33
3.30 (m, 4H), 3.22-3.15 (m, 4H), 2.5%+2.47 (m, 12H) 3P NMR
(nitromethaneds): 6 26.8 (d,Jpp = 54.8 Hz), 7.1 (tJpp = 54.8
Hz). Anal. Calcd for LaBOgN16Co4H32: C, 31.32; H, 3.50; N, 24.35.
Found: C, 31.55; H, 3.73; N, 24.18.

X-ray Structure Determination. Crystals of3h, 4, 5, 6, and7
suitable for X-ray structure analysis were grown by slow diffusion
of pentane into a solution &h in dioxane, by slow diffusion of
ether into a solution of in chloroform, by slow diffusion of ether
into a solution o6 in THF, by slow diffusion of ether into a solution
of 6 in DMF, and by slow diffusion of ether into a solution Bin
nitromethane, respectively. No high quality crystals could be
obtained for3h. Several attempts were made to find the best crys-

5. The electron density of partially occupieet@.75), disordered
THF was removed from the unit cell using PLATON/SQUEEZE.
This resulted in a total of three formula units (36O) per cell
being removed (117 ¢cell and 785 & were found).

7. Disordered solvent (diethyl ether) is present in one void per
unit cell. The contribution of the disordered solvent to the diffrac-
tion pattern was incorporated into the model using PLATON/
SQUEEZE15. A total of 51 ewere found in the void (218 3.

Discussion

Ligand Synthesis and Characterization.In our initial
efforts to prepare cyclotriphosphazene-based bis(pyrazole)
chelators, we found that these materials can be conveniently
prepared in good yields by reacting readily available spiro-
tricyclic 2,2-dichlorocyclotriphosphazenes in a melt of pyra-
zolel® In light of the strong metal-binding capabilities of
these ligands, we extended this solvent-free strategy to anchor
other substituents that are not only valuable candidates to
bind metals but also interesting starting materials for further
chemical transformations.

Among the large group of potential bidentate blocking
entities to produce 2:1-site-differentiated dichlorophospha-
zenes, 2,2dihydroxybiphenyl and\,N'-dimethylethylene-
diamine are of particular interest since the formation of the
undesired mono- or trisubstituted cyclophosphazenes can be
avoided by simply controlling the stoichiometry)(or
temperature ) of the substitution reaction. Thus, 2,2-
dichloro-4,4,6,6-bis[spird{,N'-dimethylethylenediamino)]cy-
clotriphosphazene 1j and 2,2-dichloro-4,4,6,6-bis[spiro-
(2',2"-dioxy-1',1"-biphenylyl)]cyclotriphosphazene) can
be isolated as the sole isomers in 81% and 80% vyield,
respectivel\®® To synthesize bisspiro-type cyclophospha-
zenes with varying solubility and steric properties, we also
targeted the synthesis of the dichlorocyclotriphosphazene
with N,N'-diisopropylethylenediamine as the exocyclic side
group. Following the procedure for the preparationlof
reaction of NPs;Cls with excessPrNHGHNHiPr in reflux-
ing ethereal or THF solution only yields the monosubstituted
product. The failure to forn2 under moderate reaction
conditions can most likely be attributed to the bulkiness of
the dialkylated diamine. In contraggcan readily be obtained
in 71% yield if NsPsClg is allowed to react with neadt,N'-
diisopropylethylenediamine at elevated temperatures{140

tal, but peak scans still showed broad peaks. The large size andl50°C). It is interesting to note that no trisubstituted product

flexibility of the molecule precludes a well-ordered crystal, and

has been isolated under these harsh reaction condittons.

the above average temperature factors and disorder in the atomcan readily be separated from excess amine by adding a

O5 are indicators of this (R1 [> 20(1)] = 0.0972). All crystals
were coated with mineral oil and mounted onto a glass fiber. X-ray
data were collected using a Bruker SMART CCD area detector
single-crystal diffractometer with graphite-monochromatized Mo
Ko radiation § = 0.71073 A) by thep—w scan method aT =
203(2) K.

A total of 1770 frames of intensity data were collected for
each compound. Absorption corrections were applied using the
SADABS! program. The structures were solved by direct methods
and refined using full-matrix least-squares refinement-érand
difference Fourier synthesis using SHELXTL-PGoftware. All
non-hydrogen atoms were refined anisotropically; hydrogen atoms

were included at calculated positions. Further crystallographic data

for each compound are summarized in Table 3.

methanol/water mixture and can further be purified by
recrystallization from heptane.
When the dichlorocyclotriphosphazengs3 were sub-

jected to further chlorine displacement with nucleophiles such

(13) Sheldrick, G. MSADABSUniversity of Gdtingen: Gitingen, Ger-
many, 1996 (program for absorption corrections using Bruker CCD
data).

(14) Sheldrick, G. M.Bruker SHELXTL-PC University of Gdtingen:
Gattingen, Germany, 1997.

(15) Spek, A. L.Acta Crystallogr.199Q A46, C34.

(16) Harmjanz M.; Scott, B. L.; Burns, C.GChem. Commur2002 1386~

387.

(17) For the determination afa, vg, andJag in AB; spin systems, see:
Bovey, F. A. InNuclear Magnetic Resonance Spectros¢émademic
Press: San Diego, CA, 1988; pp 15962.
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Scheme 1 Table 1. Yields and3'P NMR Data for the 2:1-Site-Differentiated
cl el Cyclotriphosphazeneka,c,f, 2a, and3ab,d,e,g,h
oL
CN NU’O side group entry vyield (%) 31p NMR data
NP \
o N " pyrazole 1a 81 28.3 (dJpp= 58.8 Hz)
i N N— 1 6.8 (t,Jpp=58.8 Hz)
ata —/ - 2a 92 23.2 (dJpp=57.1 Hz)
>Pg 6.8 (t,Jpp=57.1 Hz)
on N N no >—N\_/N_< 2 3a 82 23.8 (dJpp= 80.7 Hz)
(QN/”\N’/”\N,O 0o 4.7 (t, Jep= 80.7 Hz)
3,5-dimethylpyrazole 3b 58 23.7 (dJpp=80.8 Hz)
\n O O 3 4.5 (t, Jop= 80.8 Hz)
pyridylpyrazole 1c 62 28.0 (dJpp=58.8 Hz)
'-:P:'- 6.8 (t,Jepp= 58.8 Hz)
on Y N oo 3,5-dimethylaniline 3d 97 26.2 (dJpp=73.1 Hz)
(J PR 6.5 (t,Jpp= 73.1 Hz)
ON NQ 1,4-phenylenediamine  3e 88 26.4 (dJpp= 69.6 Hz)
D) A _ o 9.0 (t,Jpp= 69.6 Hz)
N N 2-aminopyridine 1f 81 29.1 (dJpp=55.4 Hz)
. b N 6.3 (t,Jpp=55.4 Hz)
B B 2,2-dipyridylamine 39 68 25.9 (dJpp=77.1 Hz)
HeN N 10.2 (t,Jpp= 77.1 H2)
L= Q [N aza-15-crown-5 3h 61 25.8 (pp= 66.7 H2)
NH NH NH 25.1 Jpp= 66.7 Hz)
d | e fi
(o) . .
@ @ g\ 0 metals, the cyclotriphosphazeBe (L = NH,CsHsNH-) is
7N \g <—ounf7’1 an interesting candidate for further derivatizations.

. . ) All new compounds have been characterized by means of
aReaction conditions: (i) foll and 3, see refs 8 and 9; fd2, solvent 1 a1 . . .
free, exces®\,N'-diisopropylethylenediamine, 15, 2—3 h; (i) solvent H and*'P NMR spectroscopy. While the different substitu-
free, excess L, 186200°C, 2-7 h. tion patterns at the phosphorus centerd@f 3g (Table 1)
) ) . give rise to one triplet (P and one doublet @) in the
as pyrazole in refluxing toluene and in the presence of proton-decoupled’® NMR spectra, the spectrum of the

different bases, no or partial substitution was repeatedly ..q\vn ether derivativ8h exhibits a total of eight signals,
observed. The decreased reactivity toward further substitutiontypica| for AB, systemsJdpdAv = 0.8)17 In either case, these

can be ascribed to the strong electron-donating ability and findings are in agreement with the two types of phosphorus
steric influence of the substituents already present on the 4;oms present in the cyclophosphazene ring. Fh&IMR

ring. To overcome this difficulty, more drastic conditions gnectra of the dispiro phosphonitrilic imidazolidine deriva-
are required to attain total chlorine replacement in an efficient ;oo 1a, 1c, and1f show characteristic second-order effects
way. Thus, the aminolysis of the dichlorocyclophosphazenes. e P—,N—C—H protons of the bidentate alkylated
has been performed at 18200 °C in a melt of selected gy jenediamine units. Thus, a broad absorption is evident
cyclic and acy_cllc mtrogen-contammg species L to produce between the signals that arise on the basis of first-order
10 new cycl_otrlphosphaze_ne—based Ilgand_ consfcructs (Schem%ssignments. Thesartual couplingshave been observed
1). Depending on the amine and on the difunctional geminal ¢, 5 yariety of alkyl- and dialkylamino-substituted cyclo-
blocking unit, reaction times vary between 2 and 7 h. All triphosphazene’.

reactions were carried out under an argon atmosphere to Figure 1 displays the solid-state structure3bf Together

minimize hydrolytic and oxidative decomposition. Excess i the core phosphorus atoms, the two stereogenic dioxy-

substrate can be removed by suplimation or distillation bipheny! groups constitute two seven-membered spiro rings
(1a—3a, 1f, 3d, 3g) or simply by treating the crude product  onq exhibit a twist between the phenyl groups of 2@6d

with warm ethanol b) or hot water {c, 3¢ 3h). Dissolving 45 3¢ respectively. Although thenesodiastereomerR, )
the residue in CECl, or CHCk and washing the organic ot 3p s evident in the crystal structure, a faB-S
solutions with a diluted N&OH solution and/or water gives,  inierconversion in solution can be expecté@ihe P-O bond

after remoyal o_f the or.ganic solvgnt and recrystallization, yistances [av 1.599(6) A] and-€P—O bond angles [av

the respective ligands in 5&87% yield (Table 1). _102.0(3y] are comparable with those found in other dioxy-
As.dlsplayed in Scheme 1, the discussed approach Pro‘{'de%iphenylgemsubstituted cyclophosphazeriéghe cyclotri-

a facile methodology to alter the nature of the metal-binding phosphazene skeleton is almost planar, with the largest out-

entity. As such, the number and type of donor atoms as well of-plane displacement for N(1) of 0.12 A.Compared to

as the steric requirements of the ligand can easily be cus-y,, P(2/3)-N bond distances [1.575(3)L.588(3) A] within

tomized. Moreover, the constitution of the bidentate blocking 1,4 phosphazene ring, the PN bond lengths [1.610(3)
unit, which contributes to the solubility and electronic char- ’

acteristics of the entire ensemble, can readily be modified. (18) See, for example: (a) Krishnamurthy S. S.; Woods, MAtmual

i i /- Reports on NMR Spectroscopi/ebb, G. A., Ed.; Academic Press:
(.:urrem side grqus range from pyrazodx)e. énd its deriva London, 1987; Vol. 19, pp 182183. (b) Krishnamurthy, S. S.; Sau,
tives (, c) to anilines ¢, &) and pyridylaminesf( g). Even A. C.; Woods, M.Adv. Inorg. Chem. Radiochera978 21, 41—112.
macrocyclic crown-type ligand systemis) (can readily be (c) Keat, R.; Ray, S. K.; Shaw, R. Al. Chem. Soc. A965 7193.

" (19) Amato, M. E.; Carriedo, G. A.; Alonso, F. J. G.; Gardlvarez, J.
attached to the cyclophosphazene scaffold. In addition to the L.: Lombardo, G. M. Pappalardo, G. @.Chem. Soc.. Dalton Trans.

use of these materials for the complexation of transition 2002 3047-3053.
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Figure 2. ORTEP diagram and partial labeling scheme of the dinuclear
rhenium complexd. H atoms have been omitted for clarity.

Figure 1. Molecular structure of the bis(1,4,7,10-tetraoxa-13-azacyclo- rounded by three carbonyl carbons, one chloride, and two
pentadecane)-substituted cyclotriphosphazei. (H atoms have been  njitrogen donor atoms from the cyclophosphazene backbone
omitted for clarity and ellipsoids drawn at the 50% probability level. . . . .
and the adjacent pyridine, respectively. Interestingly, the

coordination of two ReCIl(CQ)units may lead to two

isomers, in which both chloride atoms may adopt either a
hcis or atransposition with respect to the phosphazene plane.
The solid-state structure as well as tHd/*'P NMR data
suggests tha# is exclusively formed as itfrans isomer.
With the carbonyl carbons in a facial arrangement, the
pyridylamino-substituted phosphazene construct acts as a
bidentate ligand for each rhenium atom with an average
N—Re—N angle of 89.4(3). Both metals are slightly
displaced [0.211 A, Re(1); 0.117 A, Re(2)] from the
phosphazene rid§and are separated from each other by
6.484(3) A. The six-membered chelate rings are highly
distorted from planarity as evident in the torsion angles of
42.2 for P(1-N(4)—C(1)—N(5) and 36.2 for P(1)-N(6)—
C(6)—N(7). The average ReN bond length to the phos-
phazene nitrogens [2.271(8) A] is comparable to the
Re—Npyrigne bond distance [av 2.266(8) A], and these
distances are slightly elongated compared with those in the
previously characterized pyridine complex [ReClgi€0)]
[2.211(3) A]23 The phosphazene ring is almost planar, with
the largest out-of-plane displacement for N(3) of 0.16 A.
The P-N bond distances within the ring are longest between
the coordinating nitrogens [N(1), N(3)] and the ethylenedi-
amine-substituted phosphorus atoms P(2) and P(3) [1.656-
(7) A, 1.660(7) A vs 1.557(8)1.619(7) A] (Table 2). This
distortion likely arises from a combination of the electron-
donating ability of the ethylenediamine substituents and
(20) Alicock, H. R.; Stein, M. T.. Stanko, J. Al. Am. Chem. S0d971 coordination of the rhenium center by the two core nitrogen

93, 3173-3178. (b) Dez. |.; Levalois-Mitjaville, J.; Gtemacher, H.; atoms. As evidenced biH NMR and 3P NMR (CDCE),

Gramlich, V.; De Jaeger, FEur. J. Inorg. Chem1999 1673-1684. i i i i i i
(@ Allcock, H. R.: Turner. M. L.: Visscher. K. Brorg, Chem 1992 the d_|scu_ssed coordma_ttpn enwronment in the solid state
31, 4354-4364. (d) Vij, A.; Geib, S. J.; Kirchmeier, R. L.; Shreeve, ~€mains intact and static in solution.

1) fw &n'“p?;%-e%iefméldgﬁg g?i)zgé(z&)zgﬁ% P@) Similarly, reaction of1f with freshly prepared Felin

(22) See, for example: (a) Ainscough, E. W.: Brodie, A. M.; Depree, c. T€fluxing THF or with [PdCCOD)] in refluxing chloroform

V. J. Chem. Soc., Dalton Tran$999 4123-4124. (b) Thomas, K. in a 1:2 molar ratio generates complexes of the type

R. J.; Chandrasekhar, V.; Vivekanandan, K.; Andavan, G. T. S — —
Nagendran, S.; Kingsley, S.; Tiekink, E. R.Ifiorg. Chim. Acta1999 [{MX 2} 2N3Ps(pyNH),(MeNCH,NMe),] [M = Fe(ll), X =
286, 127-133. (c) Koo, B. H.; Byun, Y.; Hong, E.; Kim, Y.; Do, Y. I (5); M = Pd(ll), X = CI (6)] as the sole isolable products.
Chem. Communl998 1227-1228. (d) Byun, Y.; Min, D.; Do, J,; i i i i i _ -
Yun, H.; Do, Y.Inorg. Chem1996 35, 3981-3989. (e) Diefenbach, As shown in Figures 3 and 4, the di(pyridylamino)-func
U.; Kretschmann, M.; Stromburg, EEhem. Ber1996 129 1573~
1578. (f) Thomas, K. R. J.; Tharmaraj, P.; Chandrasekhar, V.; Bryan, (23) Belanger, S.; Hupp, J. T.; Stern, C.Acta Crystallogr., Sect. €998
C. D.; Cordes, A. Wlnorg. Chem.1994 33, 5382-5390. 54, 1596-1600.

A] are slightly longer, which may be attributed to the strong
electron-donating ability of the azacrown amino nitrogens.
The overall small steric congestion at P(1) suggests a hig
flexibility of the two macrocycles with regard to their mutual

orientation in solution, which may lead to novel sandwich-
type metal complexes.

Synthesis and Characterization of Dinuclear Metal
Complexes of 1f.To demonstrate and explore the activity
of the prepared ligand constructs in metal complexation
reactions, we have chosen to reagPNpzpyyr(MeNCH,-
NMe), with La(NO;);:6H,O and 1f with a variety of
transition-metal complexes or halidgseh, [ReCI(CHCN).-
(CO)q], [PACL(COD)J}. On the basis of the observation that
the core nitrogens of the cyclophosphazene ring most often
contribute to the metal complexatiéh1f is a superior
candidate for the generation of dinuclear metal complexes
in which each metal is simultaneously coordinated by one
core nitrogen and one pyridine nitrogen. On the basis of this
assumption, we reactetif with excess [ReCIl(CECN),-
(COX]*?in refluxing chloroform. Evaporation of the solvent
and recrystallization from cold acetone yield a white micro-
crystalline compound, which was spectroscopically and
structurally identified as the dinuclear neutral rhenium
complex4. As displayed in Figure 2, the solid-state structure
of complex 4 possesses nearl2 symmetry. The two
rhenium(l) centers are being distorted octahedrally sur-
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Table 2. Selected Bond Lengths (A) fat—6 Cl—Pd—Cl angles of 91.47(9) In contrast to the structures
[{ReCI(COY} A NsP3(pyNH)(MeNCHNMe)} ] (4) of 4 and5, in which the two pyridyl entities are aligned in
Regl)):CI((l)) 2-494§2; Re§1;}Ngl)) 2.280((6)) an almost parallel fashion, the pyridyl groups @nare
Re(1-N(5 2.249(8 Re(1rC(19 1.927(9 - ;
Re(1)-C(20) 1915(9) Re(C(21) 1.903(11) pointing away from each o.ther, forqng tr_]e Pg‘_(l}él planes
Re(2)-CI(2) 2.503(2) Re(2}N(3) 2.262(7) to adopt a nearly perpendicular orientation with respect to
Re(2)-N(7) 2.283(7) Re(2)yC(22) 1.910(8) the cyclophosphazene ring [§6Pd(2); 75, Pd(1)]. In
D) A ReReEd  IMEA) andlogy 104 the P Nyuspbond lengis 2.050(6) A
P(2)-N(1) 1.656(7) P(2XN(2) 1.595(7) 2.083(5) A] are comparable with the Pllpyrigine bond
P(BF-N(2) 1.557(8) P(3FrN(@3) 1.660(7) distances [2.051(7) A, 2.027(6) A] (Table 2). Apparently,
[{ Feb} of NaPs(pyNH)(MeNCHNMe)s} | (5) no clear trend between the Mpyrigine @aNd M—Nphosphazene
Fe(1)-1(1) 2.5944(11) Fe(t1(2) 2.6276(12) bond lengths is evident id—6, but the discussed discrep-
Fe(1)-N(2) 2.095(4) Fe(LyN(5) 2.167(5) . . . : .
Fe(2)-1(3) 2.6187(11) Fe(2)I(4) 2.5953(11) ancies may arise from the respective steric and electronic
Fe(2)-N(3) 2.071(4) Fe(2yN(7) 2.137(5) constraints with regard to metal toNsphazendnteractions.
P(1-N(1) 1.608(5) P(1yN(3) 1.600(5) The P-N bond lengths within the phosphazene scaffold in
Eg)):“gg i:ggég E%Hg; 1;2228 6 range from 1.575(6) to 1.655(6) A, and the bond length
[{PACh} o{ NsPs(pyNH)o(MeNCHaNMe)] (6) distribution is strikingly similar to that oft and5.
Pd(1)-N(1) 2.050(6) Pd(1¥N(5) 2.051(7) The formation of the dinuclear complexdsand 6 can
Pd(1)-CI(2) 2.292(2) Pd(1)-CI(2) 2.300(2) also be monitored by*P NMR. In addition to the pyridyl-
Pd(2)-N(3) 2.083(5) Pd(2)N(7) 2.027(6) ) . .
Pd(2)-CI(3) 2.281(2) Pd(2)CI(4) 2.291(2) amino groups at P(1) (Figures 2 and 4), this phosphorus atom
P(1)-N(1) 1.614(6) P(1)N(3) 1.608(6) is surrounded by two metal-coordinating core nitrogens.
P(2-N(1) 1.649(6) P(2FN(2) 1.575(6) ; —
PEI-NG) 1589(6) PGING) 1655(6) Compared to the free ligand [= 29.1 (d), 6.3 (t) ppm],

metalation results in a significant shift of the signal pattern

tionalized cyclophosphazene construct acts as a bis-bidentatétriplet) of P(1). Although metal binding by the cyclophos-
ligand, which again provides two N donor atoms from the Phazene nitrogen atoms suggests an increased deshielding
pyridy! rings and two from the cyclophosphazene backbone. @t P(1), the expected downfield shift of the triplet can only
The individual metal centers are separated from each otherP€ observed fo# (6 = 15.9 ppm), while the spectrum 6f
by 5.99 A 6) and 6.04 A 6), respectively. displayed a noticeable upfield shith & 1.9 ppm). TheH

The geometry about the iron atoms in the dinuclear NMR spectrum o# establishes the dinuclear nature of this
complex5 is best described as pseudotetrahedral with bite COmplex in solution. The given coordination geometryn
angles of the ligand of 97.90(1Bjand 97.96(18) and with the Cl and CO ligands in thgans position gives rise
N—Fe—I angles ranging from 102.24(13)o 121.67(13). to two nonequivalent methyl and methylene groups of the
The degree of distortion can also be seen in the deviationsbidentate N,N'-dimethylethylenediamine substituents. As
of the dihedral angles from 9pdefined by the two planes  observed for the ligandka, 1c, and1f, characteristic second-
N(1), N(5), Fe(1) [N(3), N(7), Fe(2)] and I(1), 1(2), Fe(1) order effects for the PN—C—H protons are evident. Al-
[I(3), I(4), Fe(2)], respectively (86°085.8). Interestingly, ~ though the geometry in the Pd compléxuggests a similar
the Fe-Nphosphazene[2.095(4), 2.071(4)] bond lengths are ~Signal pattern, a splitting of thé1 NMR signals of theN,N -
substantially shorter than the F8l,ygine [2.167(5), 2.137- dlmethyleyhylenedlamlne methyl groups |nt.o two distifer
(5)] bond lengths (Table 2). As such, the Pepnosphazene coupled signals can only be observed at higher temperatures.
distances rather resemble those in the; Eemplex of the ~ At room temperature, however, théd NMR shows a
strong bidentate donor ligand bis(tetramethylguanidino)- multiplet for the methyl groups and three multiplets for the
propane (btmgp) [av 2.039(3) A}, while the Fe-Npyiigine methylgne hydroggns in a?:l:l ratio. These fi_ngiings ;uggest
distances are comparable with those in the diamino complex@ Solution dynamic behavior & that may originate in a
[Fel,(tmeda)] [av 2.14(2) AP® This again illustrates the flexing of the two pyridylamino groups between a nearly
donor strength of the cyclophosphazene nitrogen atoms andParallel position and an arrangement in which both pyridyl
indicates that the cyclophosphazene nitrogen atoms must beJfoups are pointing away from each other (Figure 4). This
taken into consideration for complex design and synthetic motion may, to some extent, also involve cleavage of the
strategies. As observed in the solid-state structur4, tiie Pd=Npnosphazendonds.
coordination of the Fe centers by the core nitrogens slightly ~ To investigate potential electronic communication between
affects the structural parameters within the phosphazene ringthe metal centers by way of the ligand-system, the
and the observed pattern of the-R bond lengths distribu-  €lectrochemical properties of the free ligadél and the
tion in 5 matches that ir. corresponding redox-active diiron comp&gwere examined.

In the solid-state structure & the two palladium atoms ~ The cyclic voltammogram 0% in benzonitrile is shown in
adopt a distorted square planar coordination environmentFigure 6. While the free ligand was found to be redox

with average N-Pd—N angles of 85.2(2) and average inactive between-1.04 and—2.20 V vs [FeCp| (benzoni-

trile), the voltammogram db displays two distinct oxidation

(24) gohl, S-;I:*arr{ljang,z c';/(l)'é Sg%ﬂﬁ%ﬁ; 9J.; Saak, W.; Henkel, Ghem. waves with a peak potential &box = +0.34 V andEpyx =
OcC., balton Iran . . .

(25) Calderazzo, F.. Englert, U.; Pampaloni, G.; Vanni,CE.R. Acad. +0.59 V vs [FeCg, respectively. Although this result would

Sci., Ser. 11c1999 2, 311-319. be in agreement with the successive oxidative formation of
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Table 3. Crystallographic Data foth, 4-CHCl;, 5:0.75THF,6-2DMF, and7-0.5E£O

3h 4-CHCLg 5-0.75THF 6-2DMF 7-0.5E£0
empirical formula BO12N5CsqHs6 Re&PsCls06N11CasH31 Fexl4P300.7N11C21H36 P&Cl4P3OoN13C24H4s LaP30g sN16Co6H37
M 939.85 1224.17 1166.82 994.23 957.54
TIK 203(2) 203(2) 203(2) 203(2) 203(2)
cryst syst monoclinic triclinic monoclinic monoclinic _triclinic
space group P2,/c P1 P2i/n C2lc P1
alA 22.214(9) 11.225(3) 14.114(4) 20.712(7) 9.6291(13)
b/A 11.700(4) 11.484(3) 16.681(5) 10.281(3) 11.8931(18)
c/A 18.977(8) 17.683(5) 16.772(5) 38.104(11) 18.220(3)
o/deg 80.303(4) 76.506(2)
pBldeg 111.527(7) 85.976(4) 91.431(6) 96.866(9) 81.191(3)
yldeg 62.316(4) 78.136(2)
VIA3 4588(3) 1989.6(8) 3948(2) 8055(4) 1973.4(5)
z 4 2 4 8 2
DJ/g cm 2 1.361 2.043 1.963 1.640 1.611
u(Mo Kay)/cmt 1.97 65.88 40.16 13.19 12.74
no. of reflns collected 28104 12850 24663 25211 10925
no. of unique reflns 8284 6655 7174 7407 5356
no. of refined params 586 469 344 433 478
GOF onF? 1.817 1.145 1.131 1.257 1.036
RIa[I > 20(1)] 0.0972 0.0472 0.0435 0.0644 0.0530
WR2 0.1802 0.1237 0.0969 0.1461 0.1361

AR1= 3 ||Fo| — IFcl /ZIFol. ®PWR2 =[F[W(F? — FA[ITW(FATIY% w = 1/[0*(Fo)? + (xP)? + yF], whereP = (F&? + 2F)/3.

Figure 3. Molecular structure and partial labeling scheme of the dinuclear
iron complex5. All hydrogen atoms have been omitted for clarity.

the corresponding F&Fe™ and Fé'/Fe*" dinuclear species,
we found that the cyclic voltammogram of the analogous
dinuclear FeGl complex exhibits only one irreversible
oxidation wave aEpox = +0.50 V vs [FeCp|.2® Moreover,
the cyclic voltammogram of the mononuclear Fspecies
[Fel{ N3P5(3,5-Phpz),(MeNC,H,NMe),} 126 shows a redox
pattern closely related to that & On the basis of these
findings, the second oxidation observed 5amight involve

Figure 4. ORTEP diagram and partial labeling scheme of the dinuclear
complex6. H atoms have been omitted for clarity.

Given the steric control that can be built into the phosphazene
construct, 2,2-bis(3-(2-pyridyl)pyrazolyl)cyclotriphosphazenes
such aslc may improve the ligation properties and signifi-
cantly reduce the tendency to form metal complexes with
>, U ol | bridging coordination modes. In our efforts to explore the
the oxidation of the iodide coligands. coordination properties ofc, we reacted this ligand in a
Lanthanum Complex 7.Pyrazolylpyridine is a commonly  1:1 molar ratio with La(N@)s:6H,0 in refluxing methanol.
used component of many elaborate ligand architectures.The resulting solid has been structurally and spectroscopically
Related to the well-known bis- and tris(pyrazolyl)borate identified as the mononuclear compl@x The 1:1 stoichi-
ligands, terdentate chelating (pyrazolylpyridyl)borate ana- ometry of the product is different from that of the reaction
logues are among the most widely investigated pyrazolylpy- of the anionic ligand bis(pyrazolylpyridyl)borate (Bpwith
ridine-based ligand systerd§The small steric congestion  various trivalent lanthanide ions. This reaction typically

at the apical borate headgroup, however, allows for the freeyields mononuclear complexes of the type [Ln{BgNO)]2
rotation of the pyrazolylpyridine units, which often results

in the formation of bridged, multinuclear metal complexés.

(28) (a) Bardwell, D. A.; Jeffery, J. C.; Jones, P. L.; McCleverty, J. A,;
Psillakis, E.; Reeves, Z.; Ward, M. . Chem. Soc., Dalton Trans.
1997 2079-2086. (b) Armaroli, N.; Accorsi, G.; Barigelletti, F.;
Couchman, S. M.; Fleming, J. S.; Harden, N. C.; Jeffery, J. C.; Mann,
K. L. V.; McCleverty, J. A;; Rees, L. H.; Starling, S. R.; Ward, M. D.
Inorg. Chem 1999 38, 5769-5776.

(26) Harmjanz, M.; Burns, C. J. Unpublished results.
(27) Ward, M. D.; McCleverty, J. A.; Jeffery, J. ©Coord. Chem. Re
2001, 222, 251-272.
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surrounded by three nitrates with average metalygen
distances of 2.61(6) A, yielding an overall coordination
number of 10. A close contact exists between the metal ion
and one core nitrogen [La@N(1), 3.092 A]. The pyridine
and the pyrazole rings of the respective Nbilentate arms
are nearly coplanar. The inherent rigidity of the diverging
chelating pyrazolylpyridine substituents results in signifi-
cantly shorter LaN,, bond distances [2.67(1) A] in com-
parison to the LaN,, bond lengths [2.87(3) A]. These
geometric constraints can also be seen in the notably
dissimilar N-La—N angles [N,—La—Np, 70.64(18j;
Npy—La—Npy, 125.59(16)]. As has been observed fdrand

5, the P-N bond distances within the ring are longest
between N(1)/N(3) and the ethylenediamine-substituted
phosphorus atoms. Apparently, the weak interaction of N(1)
with La has negligible impact on the geometry within the
cyclophosphazene backbone. It is important to note that this
interaction is not evident in the room-temperattifesolution
NMR (nitromethaneds). As such, thé'P NMR shows only
one doublet and one triplet, consistent with anAoéttern.

Figure 5. ORTEP diagram (ellipsoids drawn at the 30% probability levely Concluding Remarks
and partial labeling scheme of the mononuclear complest atoms have

been omitted for clarity. Selected bond lengths (A): La{®)1), 2.700- In conclusion, on the basis of the cyclotriphosphazene
(9); La(1)-0(2), 2.544(6); La(1yO(4), 2.584(5); La(1}O(5), 2.626(5);  hackbone, a straightforward route was developed to prepare
La(1)-0(7), 2.563(5); La(1}0(8), 2.626(5); La(1}N(5), 2.667(6); ; .

La(1)-N(6), 2.837(6); La(1)N(8), 2.678(5); La(1)}N(9), 2.897(6). highly flexible ligand systems. The solvent-free methodology

readily provides many variables that can be incorporated into
the ligand constructs. Given the numerous combinations of
exocyclic side groups and metal-binding sites, the described
approach provides an efficient protocol to customize the
reactivity and solubility of the ligand architectures. In addi-
tion, this synthetic approach may be adapted as a means to
introduce other side groups. The prepared ligands can be
considered as neutral alternatives (elg;-3a) to existing
anionic ligand systems such as tris(pyrazolyl)borate and may
serve as model compounds for the metal-binding sites of
related high molecular weight polyphosphazenes. Mono- and
dinuclear metal complexes have been successfully prepared
to demonstrate and explore the activity of selected ligand
constructs in metal complexation reactions.

Promising studies addressing the generation of polyphos-

' 08 04 0 S04 phazenes with closely related substitution patterns are
Potential (V) vs. Fe/F¢* currently in progress.
Figure 6. Cyclic voIt_ammogram _of comples in benzpnltrlle solution. Acknowledgment. We acknowledge the LANL Labora-
Data were recorded with a Pt working electrode, a Pt wire counter electrode, .
a silver wire pseudo reference electrode, an electrolgBuMN*PF;) tory Directed Research and Development Program for
concentration of 0.1 M, and a scan rate of 100 mV/s. Ferrocene was usedsupport. M.H. is the recipient of a Director’s postdoctoral
as a standard. fellowship at LANL.

in which two BP units are encapsulating one central metal ~ Supporting Information Available:  Crystallographic data in
ion. As displayed in Figure S,cacts as a tetradentate ligand CIF format. This material is available free of charge via the Internet
with the two bidentate pyrazolylpyridine arms coordinated 2t NttP-//pubs.acs.org.

to the La(lll) center. In addition, the central metal ion is 1C034990B
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