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Abstract 

Synthesis and molecular structures of two metallated (aluminium) derivatives, 
[ C,H,,Cl,AlN,O,P,] * 1.5C,Hs and [ CsH1eCl,AINSO,P,] - 1.5C7Hs, of the macrocycle-bearing cy- 
clophosphazene N3P,Cl,[HN-(CH,)3-O-(CH2),-O-(CH2),-NH] (coded as SPIRO 30203) are 
reported. These two molecular structures reveal the same pattern of metal coordination where the 
two hydrogen atoms in SPIRO 30203 are substituted by aluminium generating monomeric struc- 
tures with pentacoordinated aluminium centres in the inner cavities. In the first compound the 
exocyclic ligand at aluminium is a methyl group, in the second a chlorine atom. Typical Al-N, Al- 
0 and Al-X distances are (A):1.84-1.89, 1.97-2.04 and 1.93 in the former, 1.81-1.86, 1.93-2.01 
and 2.12 in the latter, respectively. 

INTRODUCTION 

Reactions of long polyglycolamines, H,N- (CH, ),-O- (CH,) ,-O- (CH,) m- 
NH2 and H,N-(CH,),-0-(CH,),-0-(CH,),-0-(CH,),-NH,, with hex- 
achlorocyclotriphosphazene, N3P3C16, lead to macrocyclic host molecules, the 
conformation, cavity size and number of coordination sites of which depend 
drastically on experimental conditions [l-11 1. Most of these attractive one- 
and two-ring architectures were unambiguously evidenced by X-ray investi- 
gations [5-111 and only the following four configurations have ever been ob- 
served up to now: (i) the SPIRO configuration (in which the oxodiamino li- 
gand is grafted as a SPIRO loop onto one phosphorus atom of one N3P3 ring); 

*For nomenclature see ref. 3. 
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(ii) the cis-ANSA configuration (in which the oxodiamino ligand is grafted on 
one side of one N3P3 ring as an ANSA arch onto two different phosphorus 
atoms); (iii) the truns-ANSA configuration (in which the oxodiamino ligand 
is grafted on both sides of one N3P3 ring as an ANSA arch onto two different 
phosphorus atoms); and (iv) the BIN0 configuration (in which the oxodi- 
amino ligand bridges two different N3P3 rings). 

We recently reported [ 121 the possibility of using one of these new bicyclic 
compounds, namely the SPIRO (30203) (1) [3,6] obtained from H,N- 
(CH,),-O- (CH,) 2-O- ( CHB)3-NH2, as a ligand to metallic elements such as 
monovalent lithium (la) and divalent zinc (lb) and magnesium ( lc). These 
three molecular structures reveal three different patterns of metal coordina- 
tion. In compound (la) one of the two hydrogen atoms in SPIRO 30203 is 
substituted by lithium generating a dimeric structure with pentacoordinated 
lithium centres. This structure is further stabilized by N-H hydrogen bonds. 
In (lb) both hydrogen atoms of the macrocyclic loop are replaced by two zinc 
atoms through a cross-link metallation leading again to a dimeric molecule. In 
this compound the Zn atom is found to be in a trigonal bipyramidal environ- 
ment with one very long N-Zn interaction. The origin of the dimerization of 
the magnesium compound (lc) is analogous to (lb). Magnesium is in the 
centre of a distorted octahedron, coordinated with the 0- and N-donors of the 
macrocyclic loop and also one nitrogen atom of the N,P, ring. (lc) is the first 
example of a metallic centre coordinated by a neutral phosphazene ligand. 

The present contribution deals with two aluminium cryptates, (2 ) and (3 ) , 
from SPIRO 30203 as the cryptand. 

SYNTHESIS 

All experiments have been performed under dry nitrogen in a Stock appa- 
ratus (high vacuum techniques). Compound ( 1) has been carefully dried in 
vacua after synthesis. Elemental analyses (C,H,N) have been performed by 
BELLER, Gijttingen, Germany; aluminium was determined by standard com- 
plexometric methods. ‘H NMR spectra (6 values) were recorded on a Bruker- 
80-MHz-Ft spectrometer and 31P NMR spectra on a Bruker AM 400 spectrom- 
eter. For ‘H NMR spectra toluene (Ph-Me, 2.12 ppm) was used both as inter- 
nal standard and solvent, while for 31P NMR spectra 85% phosphoric acid was 
used as external standard and 1,2dichlorobenzene as solvent. 

The incorporation of aluminium into the bicyclic SPIRO (30203 ) ( 1) can 
be easily performed by reacting it with suitable organoaluminic compounds as 
summarized in the equation 

C1,P2N3P(NH)2 (CH,-CH,-CH,-O),(CH,-CH,) (1) +A1R3 + 1.5C7H8 

+2RH+ [C14P2N3P(N2M) (CH,-CH,-CH,-0)2(CH,-CH,)] 

.1.5C7H8 (2) 
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where R = Me and for product (2 ) M = Al-Me. 
Product (2 ) is obtained in high yields and can be characterized completely. 

The molarities of the reactants have to be strictly followed according to the 
equation. 

Synthesis of (2) 

4.46 g (9.89 mmole) (1) are dissolved in 80 ml toluene. Dropwise addition 
of 4.94 ml of a 2 M solution of trimethylaluminium in toluene causes some 
precipitation of the product and evolution of methane. Stirring of the mixture 
is continued for 15 h at lOO”C, after which half of the solvent is removed in 
vacua at 25’ C to spontaneously give 9.7 g (78% yield) of colourless plate-like 
crystals of (2). 

C,H,,AlCl,N,O,P,*15C,H, (mol.wt., 629.21) (2); m.p. 210°C (dec.); ‘H 
NMR, -0.5776 ppm (s) Al-Me. 31P NMR: P(2), 6=8.88 ppm (dd, 2Jpp= 23 
Hz,2J,p=8Hz);P(1)orP(3),8=18.10ppm (dd,2Jpp=79Hz,2Jpp=23Hz); 
P(1) or P(3), 6=20.05 ppm (dd, ‘Jpp= 79 Hz, 2Jpp= 8 Hz). Elemental anal- 
ysis: talc.; C, 37.22%; H, 4.97%; Al, 4.29%; N, 11.13%; found; C, 31.55%; H, 
4.86%; Al, 4.04%; N, 10.84%. 

The deviation in experimental C and H values from the calculated values is 
partly due to loss of the solvent trapped in the crystal (see below). 

Reactivity of (2) and synthesis of (3) 

The methyl group of (2) can be exchanged by a halogen as exemplified in 
the reaction 

Me3SnCl+ (SPIRO 30203- 2H +AlMe)*1.5C,H, 
(2) 

+Me,Sn+ (SPIRO 30203- 2H +A1C1)*1.5C7H8 
(3) 

A suspension of 0.146 g (0.232 mmole) (1) is prepared in 8 ml toluene at 
room temperature. Dropwise addition of 2.7 ml of a 0.168 M solution of tri- 
methyltinchloride in toluene and stirring of the mixture for 24 h at 80’ C gives 
a clear solution. After slow cooling at room temperature colourless crystals are 
obtained. Recrystallization of the product from toluene gives 1.43 g (95% yield) 
of colourless plate-like crystals of (3). 

CBH16A1C15N502P3*1.5C7H8 (molwt. 649.62) (3), m.p. 280°C (dec.). Ele- 
mental analysis: talc.; C, 34.21%; H, 4.34%; Al, 4.15%; N, 10.78%; found; C, 
33.49%; H, 4.56%; Al, 3.98%; N, 10.32%. 

The reaction was done with an excess of trimethyltinchloride as it was an 
equilibrium reaction [ 131. 
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X-RAY STUDY 

Data collection 

Transparent colourless blocks of compounds (2 ) and (3 ) have been chosen 
for data collections using a Siemens AED diffractometer. 25 hkl reflections 
were used to give the lattice parameters. Details of data collections together 
with morphologies and sizes of single crystals used are reported in Tables 1 
and 2. Lorentz and polarization corrections were applied. Absorption correc- 
tions were not necessary. 

Structural analyses and refinements 

Structures were determined using direct methods leading to the location of 
all non-hydrogen atoms. Hydrogen atoms were added to the structure factors 
calculations as fixed at 1.08 A from their related attached atoms. Scattering 

TABLE 1 

Physical properties and parameters for data collection and refinement of compound (2 ) 

Formula 
Crystal 
Mol. wt. (g) 
Crystal system 
Space group 
a (b) 
b (Aj 

c (A) 

Z 
& k cmp3) 
F (000) 

p(MoKa) (cm-‘) 
Temperature (K) 

,I (A) 
19 range (deg. ) 
No. of measured refl. 
No. of observed refl., NO 
No. of variables, NV 

Agreement factors 
R 

RW 

[CgH,sC1,A1N502P3]~1.5C,Hs 
Plate-like (0.05x0.5 x0.9 mm3) 
629.2 
Monoclinic 

P 2,ln 
7.675(6) 
11.919(8) 
33.025(2) 
94.75(13) 
3010.4 
4 
1.388 
1300 
5.49 
291 
0.71069 
3-45 
4189 
1681 (F2 317) 
253 

0.073 
0.078 

w=1.4267/(crFZ+0.002636F2) 
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TABLE 2 

Physical properties and parameters for data collection and refinement of compound (3 ) 

Formula 
Crystal 
Mol. wt. (g) 
Crystal system 
Sptce group 
a (4) 
b (+) 
c(A) 
P (deg.) 
v (A3) 
Z 
dx (g cme3) 
F (000) 
,u (MoKcr) (cm-‘) 
Temperature (K ) 
a. (A) 
0 range (deg.) 
No. of measured refl. 
No. of observed refl., NO 
No. of variables, NV 

Agreement factors 
R 

R, 

[ CsH1&15AIN502P3] -1.5CrHs 
Plate-like (0.05 X0.3 X0.1 mm3) 
649.6 
Monoclinic 

P2Jn 
7.607(2) 

11.918(2) 
33.132(9) 
95.86(3) 
2988.0 
4 
1.444 
1332 
6.37 
291 
0.71069 
3-45 
3057 
1459 (F2 30) 
235 

0.085 
0.072 

w=2.5875/(aF2+0.000010FZ) 

factors were taken from ref. 14. Details for refinements are gathered in Tables 
1 and 2. Both calculations with SHELX-76 [ 151 or SHELX-86 [ 161 and illus- 
trations with SHAKAL-88 [ 171 softwares were performed on a Microvax VMS 
4.3 computer. 

Packing 

Packing in the two structures is most efficient, as from the space groups of 
the crystals and the number of molecules per unit cell it follows that a closed 
packed van der Waals lattice is built up [ 181. These closed packings are achieved 
by incorporating solvent molecules in unit cells, namely six molecules of tol- 
uene for both compounds (2) and (3). In both cases, four of these molecules 
of solvent are detected in general positions, whereas two of them are situated 
at inversion centres in the unit cells. It must be pointed out that the atoms of 
these clathrated species are so highly vibrating at room temperature that they 
could not be accurately located as could be done for non-hydrogen atoms of 
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metallated species. Then, molecules of solvents were only introduced in struc- 
ture factor calculations of (2 ) and (3 ) with occupation factors as indicated at 
the bottom of Tables 3 and 4. 

TABLE 3 

Positional parameters and isotropic B values calculated from Uij for non-hydrogen atoms of com- 
pound (2) 

Atom x Y 2 B (A2) 

Cl(l) 
Cl@) 
Cl(3) 
Cl(4) 
P(1) 
P(2) 
P(3) 
Al 
O(1) 
O(2) 
N(1) 
N(2) 
N(3) 
N(4) 
N(5) 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(lO) 
C(l1) 
C(l2) 
C(l3) 
C(l4) 
C(l5) 
C(l6) 
C(17) 
C(l8) 
C(l9) 
C(20) 
C(21) 

0.7351(5) 
0.5566( 7) 
0.0543 (5) 
0.2232 (6) 
0.4956 (4) 
0.2192(4) 
0.2159(4) 
0.0466(5) 

-0.185(l) 
-0.122(l) 

0.401(l) 
0.132(l) 
0.410(l) 
0.211(l) 
0.097 ( 1) 
0.036(2) 

-0.096(2) 
-0.245(2) 
-0.321(2) 
-0.309(2) 
-0.080(2) 

0.099 (2) 
0.234(2) 
0.122(2) 
0.025(3) 
0.213(4) 
0.355(4) 
0.349(4) 
0.176(5) 
0.032(4) 
0.180(4) 
0.437(3) 
0.737(5) 
0.698(5) 
0.594 (6) 
0.587(6) 

0.4357(4) 
0.3995(4) 
0.2313(3) 
0.2684(5) 
0.4311(3) 
0.5734(3) 
0.3389(3) 
0.7583 (3) 
0.7798(8) 
0.7463 (7) 
0.3228(g) 
0.4549(8) 
0.5472 (9) 
0.6691(8) 
0.6443(8) 
0.607 ( 1) 
0.692 (1) 
0.719( 1) 
0.815(l) 
0.750( 1) 
0.689 ( 1) 
0.710(l) 
0.649 ( 1) 
0.913(l) 
0.494 (2) 
0.450(3) 
0.476(2) 
0.546(2) 
0.585(2) 
0.565(2) 
0.391(3) 
0.046(2) 
0.078(3) 

-0.003(3) 
0.090(4) 
0.037(4) 

0.1215(2) 
0.0375(l) 
0.0940(2) 
0.1801(2) 
0.0943 (1) 
0.1124(l) 
0.1249(l) 
0.1151(l) 
0.0809(3) 
0.1568(3) 
0.1084(4) 
0.1265(3) 
0.0967(4) 
0.1465(3) 
0.0804(3) 
0.0393 (5) 
0.0209 (5) 
0.0461(6) 
0.1069(5) 
0.1436(5) 
0.1950(5) 
0.2117(5) 
0.1902(6) 
0.1140(5) 
0.7000(8) 
0.699(l) 
0.7229(9) 
0.7571(9) 
0.7557 (9) 
0.734(l) 
0.670( 1) 
0.0289(7) 
0.024(l) 

-0.014(l) 
0.042(l) 
0.005(2) 

8.9(3) 

9.7(3) 

8.0(3) 
10.1(3) 
5.2(2) 
4.7(2) 
5.1(2) 
4.6(2) 
6.8(6) 
6.2(5) 
6.7(7) 
5.1(6) 
5.8(6) 
5.0(6) 
4.4(5) 
6.7(4) 
6.8(3) 
7.1(4) 
7.7(4) 
7.2(4) 
7.9(4) 
8.1(4) 
8.2(4) 
8.(l) 

13.4(7) 
15.5(9) 
13.7(8) 
14.6(8) 
15.6(8) 
15.1(8) 
19.(l) 
10.7(6) 
21.(l) 
9.(l)” 

10.(l)” 
12.(l)” 

*Occupation factor, 0.5. 
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TABLE 4 

Positional parameters and isotropic B values calculated from uti for non-hydrogen atoms of com- 
pound (3 ) 

Atom x Y 2 B (ii*) 

Cl(l) 
Cl@) 
Cl(3) 
Cl(4) 
Cl(5) 
P(1) 
P(2) 
P(3) 
Al 
O(1) 
O(2) 
N(1) 
N(2) 
N(3) 
N(4) 
N(5) 
C(1) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(l0) 
C(l1) 
C(l2) 
C(l3) 
C(l4) 
C(l5) 
C(l6) 
C(l7) 
C(l8) 
C(l9) 
C(20) 
C(21) 

0.7361(7) 
0.5605 (9) 
0.0567(7) 
0.2290(9) 
0.1190(8) 
0.4936 (6) 
0.2141(7) 
0.2179(8) 
0.0341(8) 

-0.196(2) 
-0.127(2) 

0.405(2) 
0.133(2) 
0.407 (2) 
0.204(2) 
0.092(2) 
0.023(3) 

-0.110(3) 
-0.247(3) 
-0.327(3) 
-0.319(3) 
-0.085(3) 

0.094 (4) 
0.222(3) 
0.015 (4) 
0.204(5) 
0.380(4) 
0.329(4) 
0.163(5) 
0.023 (4) 
0.191(5) 
0.445(4) 
0.714(5) 
0.698( 7) 
0.600(8) 
0.588 (6) 

0.4439 (5) 
0.4065(6) 
0.2294(5) 
0.2759(6) 
0.9240 (5) 
0.4372(6) 
0.5751(5) 
0.3419(5) 
0.7550(5) 
0.782 (1) 
0.752(l) 
0.328(l) 
0.457(l) 
0554(l) 
0.669 ( 1) 
0.650(l) 
0.616(2) 
0.706(2) 
0.725(2) 
0.819(2) 
0.762(2) 
0.694(2) 
0.713(2) 
0.649(2) 
0.492 (2) 
0.459 (3) 
0.464(3) 
0.541(2) 
0.591(3) 
0.562(2) 
0.395 (3 ) 
0.047(2) 
0.079(3) 
0.004(4) - 

0.103(4) 
0.027(4) 

0.1236(2) 
0.0390 (2 ) 
0.0944 (2) 
0.1798(2) 
0.1139(2) 
0.0947(2) 
0.1115(2) 
0.1242(2) 
0.1146(2) 
0.0807(4) 
0.1563(4) 
0.1081(5) 
0.1253(5) 
0.0968 (5) 
0.1451(4) 
0.0788(5) 
0.0373(7) 
0.0212(6) 
0.0436 (8) 
0.107( 1) 
0.1438(8) 
0.1954(8) 
0.2099(7) 
0.1907(9) 
0.6988(8) 
0*704(l) 
0.720(l) 
0.7529 (9) 
0.7599(9) 
0.734(l) 
0.670( 1) 
0.0331(8) 
0.016(l) 

-0.020(2) 
0.045(l) 
0.005(2) 

10.8(5) 
11.3(5) 
9.0(4) 

11.1(5) 
9.6(4) 
6.1(4) 
5.0(3) 
5.7(4) 
5.1(l) 
8.(l) 
6.8(9) 
7.(l) 
6.(l) 
7.(l) 
4.9(4) 
5.0(4) 
7.0(6) 
7.9(6) 
6.9(6) 
9.4(7) 
8.6(6) 
8.2(6) 
8.2(6) 
9.2(7 

11.8(8 
16.(l) 
17.(l) 
12.5 (9 
14.(l) 
12.3(8 
19.(l) 
10.0(7) 
18.(l) 
9.(l)” 
9.(l)” 
9.(l)” 

“Occupation factor, 0.5. 

Results 

Final positions and equivalent isotropic thermal parameters for the non- 
hydrogen equivalent atoms are given in Tables 3 and 4. Bond lengths and an- 
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TABLE 5 

Bond lengths (A) in (2) 

Bond 

P(l)---Cl(l) 
P(l)**-Cl(2) 
P(3)---Cl(3) 
P(3).-X1(4) 
O(l)--*Al 
O(2).--Al 
N(l)---P(l) 
N(l)-.-P(3) 
N(2)---P(2) 
N(2)-**P(3) 
N(3)---P(1) 
N(3)***P(2) 
N(4)-**P(2) 
N(4)..-Al 

Length Bond 

1.979(5) N(5).--P(2) 
2.007 (5) N(5)--*Al 
2.004(5) C(l)---N(5) 
2.002(6) C(2).**C(l) 
2.041(9) C(3)*-*O(l) 
1.971(Q) C(3)*--C(2) 
1.57(l) C(4)*-*O(l) 
1.58(l) C(5).--O(2) 
1.65(l) C(5).*-C(4) 
1.527(9) C(6)-**O(2) 
1.54(l) C(7)*-*C(6) 
1.62(l) C(8).--N(4) 
1.606(g) C(8)*-Z(7) 
1.89(l) C(9)..-Al 

Length 

1.597(9) 
1.840(9) 
1.47(2) 
1.53(2) 
1.40(2) 
1.50(2) 
1.47(2) 
1.46(2) 
l-43(2) 
1.45(2) 
1.46(2) 
1.46(2) 
1.50(2) 
1.93(l) 

TABLE 6 

Bond lengths (A) in (3) 

Bond 

P(l)*-*Cl(l) 
P(l)**-Cl(2) 
P(3)*--C1(3) 
P(3)*-Gl(4) 
Al--X1(5) 
N(l)---P(l) 
N(1).--P(3) 
N(2).-*P(2) 
N(2)-*-P(3) 
N(3)---P(l) 
N(3).-*P(2) 
N(4)-**P(2) 
N(4)---Al 
N(5).-*P(2) 

Length 

1.991(6) 
1.999(8) 
2.007(7) 
1.999(8) 
2.116(8) 
1.54(l) 
1.58(l) 
1.62(l) 
1.52(l) 
1.54(l) 
1.62(l) 
1.59(l) 
1.86(l) 
1.62( 1) 

Bond 

N(5).-*Al 
O(l)--*Al 
O(2).--Al 
C(l)-*-N(5) 
C(2)**-C(1) 
C(3)-*-O(l) 
C(3).*-C(2) 
C(4)*--O(l) 
C(5).**O(2) 
C(5)-**C(4) 
C(6)*-*O(2) 
C(7)***C(6) 
C(8)**-N(4) 
C(8)--*C(7) 

Length 

1.81(l) 
2.01(l) 
1.93(l) 
1.48(2) 
1.54(3) 
1.42(2) 
1.36(2) 
1.46(3) 
1.48(2) 
1.39(3) 
1.48(2) 
1.41(3) 
1.52(3) 
1.43(3) 

gles are given in Tables 5-8. Chlorine atoms are found to have relatively high 
B values; this is attributed to their terminal positions in the molecules. 

DISCUSSION 

Preliminary remarks 

Ball-and-stick drawings of suitable perspective views of (2) and (3) are 
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TABLE 7 

Bond angles (deg.) in (2) 

Angle Value Angle Value 

C1(2)-P(l)-Cl(l) 
N(l)-P(l)-Cl(l) 
N(l)-P(l)-Cl(B) 
N(3)-P(l)-Cl(l) 
N(3)-P(l)-Cl(2) 
N(3)-P(l)-N(1) 
N(3)-P(2)-N(2) 
N(4)-P(2)-N(2) 
N(4)-P(2)-N(3) 
N(5)-P(2)-N(2) 
N(5)-P(2)-N(3) 
N(5)-P(2)-N(4) 
C1(4)-P(3)-Cl(3) 
N(l)-P(3)-Cl(3) 
N(l)-P(3)-Cl(4) 
N(2)-P(3)-Cl(3) 
N(2)-P(3)-Cl(4) 
N(2)-P(3)-N(1) 
O(2)-Al-O(l) 
N(4)-Al-O(l) 
N(4)-Al-O(2) 
N(5)-Al-O(l) 
N(5)-Al-O(2) 
N(5)-Al-N(4) 
C(9)-Al-O(l) 
C(9)-Al-O(2) 

98.6(2) 

108.9(5) 

105.8(5) 
109.6(4) 
110.6(5) 
121.0(5) 
108.8(5) 
111.8(5) 
116.6(5) 
114.2(5) 
112.7(5) 
92.0(5) 
99.5(3) 

106.4(5) 
107.9(5) 
110.6(4) 
109.3(5) 
121.0(6) 
78.7(4) 

152.2(4) 
91.4(4) 
88.0(4) 

124.5(4) 
76.2(4) 
96.7(6) 

107.3(6) 

C(9)-Al-N(4) 
C(9)-Al-N(5) 
C(3)-O(l)-Al 
C(4)-O(l)-Al 
C(4)-0(1)-C(3) 
C(5)-O(2)-Al 
C(6)-O(2)-Al 
C(6)-0(2)-C(5) 
P(3)-N(l)-P(1) 
P(3)-N(2)-P(2) 
P(2)-N(3)-P(1) 
Al-N(4)-P(2) 
C(8)-N(4)-P(2) 
C(8)-N(4)-Al 
Al-N(5)-P(2) 
C(l)-N(5)-P(2) 
C(l)-N(5)-Al 
C(2)-C(l)-N(5) 
C(3)-C(2)-C(1) 
C(2)-C(3)-O(1) 
C(5)-C(4)-O(1) 
C(4)-C(5)-O(2) 
C(7)-C(6)-O(2) 
C(S)-C(7)-C(6) 
C(7)-C(8)-N(4) 

111.1(6) 
127.8(6) 
126.8(8) 
109.9(8) 
115(l) 
118.4(8) 
122.0(8) 
115(l) 
117.1(6) 
125.9 (6) 
126.2(6) 
94.4(4) 

124.5(9) 
130.9(9) 
96.9 (5) 

125.1(8) 
137.3 (8) 
108(l) 
116(l) 
111(l) 
110(l) 
105(l) 
113(l) 
114(l) 
111(l) 

given in Figs. 1 and 2 which show that the two aluminium derivatives are mon- 
omeric. Aluminium appears &fold coordinated in both (2) and (3). This 5- 
fold coordination of aluminium atoms is not very common. There are few com- 
pounds previously described with &fold coordinated aluminium. For any com- 
parisons, the literature data are given in refs. 19-21 and 27. 

Coordination spheres around metals 

Let us focus now on the description of the pentacoordinated aluminium in 
(2 ) (Figs. 1 and 3 ) . The coordination polyhedron could be either a tetragonal 
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TABLE 8 

Bond angles (deg.) in (3 ) 

Angle Value Angle Value 

Cl(P)-P(l)-Cl(l) 
N(l)-P(l)-Cl(l) 
N(l)-P(1)-Cl(B) 
N(3)-P(l)-Cl(l) 
N(3)-P(l)-Cl(2) 
N(3)-P(l)-N(1) 
N(3)-P(2)-N(2) 
N(4)-P(2)-N(2) 
N(4)-P(2)-N(3) 
N(5)-P(2)-N(2) 
N(5)-P(2)-N(3) 
N(5)-P(2)-N(4) 
C1(4)-P(3)-Cl(3) 
N(1)-P(3)-Cl(3) 
N(1)-P(3)-Cl(4) 
N(2)-P(3)-Cl(3) 
N(2)-P(3)-Cl(4) 
N(2)-P(3)-N(1) 
O(l)-Al-Cl(5) 
O(2)-Al-Cl(5) 
O(2)-Al-O(l) 
N(4)-Al-Cl(5) 
N(4)-Al-O(l) 
N(4)-Al-O(2) 
N(5)-Al-Cl(5) 
N(5)-Al-O(l) 

98.1(3) 
107.7(7) 
105.7(7) 
108.5(6) 
110.8(7) 
123.1(8) 
109.7 (8) 
111.6(8) 
115.6(8) 
117.0(7) 
111.3(8) 
90.8(7) 
99.0(3) 

107.1(7) 
108.4(7) 
112.0(6) 
108.1(7) 
120.1(8) 
95.3(5) 

103.9(4) 
79.9(6) 

109.4(5) 
155.3(6) 
93.4(6) 

123.9(5) 
89.8(6) 

N(5)-Al-O(2) 
N(5)-Al-N(4) 
C(3)-O(l)-Al 
C(4)-O(l)-Al 
C(4)-0(1)-C(3) 
C(5)-O(2)-Al 
C(6)-O(2)-Al 
C(6)-0(2)-C(5) 
P(3)-N(1)-P(1) 
P(3)-N(2)-P(2) 
P(2)-N(3)-P(1) 
Al-N(4)-P(2) 
C(8)-N(4)-P(2) 
C(8)-N(4)-Al 
Al-N(5)-P(2) 
C(l)-N(5)-P(2) 
C(l)-N(5)-Al 
C(2)-C(l)-N(5) 
C(3)-C(2)-C(1) 
C(2)-C(3)-O(1) 
C(5)-C(4)-O(1) 
C(4)-C(5)-O(2) 
C(7)-C(6)-O(2) 
C(8)-C(7)-C(6) 
C(7)-C(8)-N(4) 

131.9(6) 
77.0(6) 

124( 1) 
109(l) 
121(2) 
119(l) 
123(l) 
114(2) 
116.4(g) 
126.9(g) 
123.8(9) 
95.1(7) 

125(l) 
128(l) 
95.9(7) 

127(l) 
136(l) 
107(2) 
116(2) 
113(2) 
114(2) 
104(2) 
llO(2) 
116(2) 
ill(2) 

pyramid with C (9) at the top or a trigonal bipyramid with 0 (1) and N (4) in 
axial positions. A deep comparison of bond lengths and angles according to 
these possibilities shows that the latter structure has to be preferred. Indeed, 
the sum of C(9)-Al-O(2), C(9)-Al-N(5) and O(2)-Al-N(5) is equal to 
359.6”, i.e. 360”, while O(l)-Al-N(4) is 152.2”. In contrast, the tetragonal 
pyramid situation would imply C(9)-Al-O(l) (96.7”), C(9)-Al-O(2) 
(107.3”),C(9)-Al-N(4) (111.1”) andC(9)-Al-N(5) (127.8”) tobeequalto 
90”. A comparison of bond lengths O(l)-Al with O(2)-Al and N(4)-Al with 
N (5 )-Al also shows the different positions of (0 (1) , 0 (2 ) ) and (N (4 ), N (5 ) ) 
in the coordination polyhedron in (2 ) . 

A similar situation happens in compound (3 ) where the coordination poly- 
hedron of aluminium is also trigonal bipyramid with 0 (1) and N (4) in axial 
positions. Indeed, the sum of C1(5)-Al-O(2), C1(5)-Al-N(5) and of 0(2)- 
Al-N(5) is equal to 359.7”, i.e. 360”, while O(l)-Al-N(4) is 155.3”. In con- 
trast, the tetragonal pyramid situation would imply angles near 90 ’ for Cl (5)- 
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c4 

c2 

Fig. 1. Perspective view of (2 ) with numbering of atoms and the N,P, ring perpendicular 
plane of the figure (slightly tilted for sake of clarity). 

Cl 

‘to the 

Fig. 2. Perspective view of (3) with numbering of atoms and the N3P, ring perpendicular to the 
plane of the figure (slightly tilted for sake of clarity). 
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N4 
Fig. 3. Coordination polyhedron in (2). 

Al-O(l) (95.3”), C1(5)-Al-O(2) (103.9”), C1(5)-Al-N(4) (109.4”) and 
C1(5)-Al-N(5) (123.9”). 

Incidentally,thesumofN(4)-P(2)-N(5) (92.0” in (2) and90.8” in (3)), 
P(2)-N(5)-Al (96.9” in (2) and95.9” in (3)),P(2)-N(4)-Al (94.4” in (2) 
and 95.1” in (3)) and of N(4)-Al-N(5) (76.2” in (2) and 77.0” in (3)) is 
equal to 359.5 o and 358.8” in (2 ) and (3) respectively. Then, the P (2 )-N (4)- 
Al-N (5) quadrangles are actually almost square planar. The greater deviation 
from planarity appears in (3 ). This can be due to the chlorine atom. 

Cyclophphazenic rings 

Compound (2) 
Figure 1 shows that the N3P3 ring is planar with P(2)-N(2) (1.65 A) and 

P (2 )-N (3) (1.62 A) longer than in the genuine starting material ( 1). In that 
case, this effect must be related only to the coordination of the aluminium 
atom, no dimerization effect having to be taken into account as in ref. 12. 
Conversely, P(2)-N(4) and P(2)-N(5) (1.61 and 1.60 A) are not really af- 
fected upon coordination, despite the fact that aluminium has replaced the two 
related H-N (4) and H-N (5) hydrogen atoms. The 31P NMR spectrum of the 
compound (2) in solution shows that the two phosphorus atoms P (1) and 
P (3 ) are not equivalent as in the genuine starting material ( 1). The different 
chemical shifts of P ( 1) and P (3 ) in solution are consistent with the solid state 
structure given in Fig. 1. This can be seen as a proof for equal coordination 
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spheres of aluminium in solution and the solid state. The two phosphorus at- 
oms P (1) and P(3) cannot be assigned to the observed resonances in the 31P 
spectrum. 

Compourd (3) 
The same situation is observed in compound (3 ) where the N3P3 ring stays 

planar (Fig.2) withP(2)-N(2) (1.62A) andP(2)-N(3) (1.62A) longerthan 
inthestartingmaterial (l).Again,P(2)-N(4) (1.59A)andP(2)-N(5) (1.62 
A) are not really affected upon complexation. The 31P NMR spectrum of com- 
pound (3 ) is also assumed to show different phosphorus atoms P (1) and P (3 ) . 
The lack of experimental data is due to the extremely low solubility of this 
compound. In other words, it may be emphasized that aluminium induces only 
very slight perturbations into the macrocyclic loop when cryptated by this cav- 
ity, whatever is its attached ligand (methyl group or chlorine atom). 

Macrocyclic SPIRO loops 

The most interesting feature comes from the monomeric Al species (2) (Fig. 
1) in which we neatly observe a “concerted” replacement of the two N-H at- 
oms of the loop by the metal together with a concomitant coordination of the 
metal to the two oxygen atoms. Figure 4 shows another perspective view of (2 ) 
with the N3P3 ring almost equiplanar to the drawing. We may see that the 
SPIRO loop adopts a sort of “chistera” (i.e. shaped as the gauntlet used when 
playing Basque pelota) conformation which may protect aluminium from any 
nucleophilic attack. The same situation is observed in (3) (Fig. 5). 

Conversely, in dimeric species from lithium, zinc and magnesium [ 121, the 
situation seems more intricate, SPIRO loops adopting twisted conformations 
which are requested both by metal fixation and by dimerization constraints. 
Anyhow, the SPIRO loop which seemed to be so rigid in the starting material 
( 1) [ 61, appears nicely flexible and capable of adapting itself to any complex- 
ing process. Indeed, the four molecular structures obtained up to now reveal 
four different patterns of metallation: (i) the substitution of one N-H atom of 
the loop by the metal, the other N-H bond staying unaffected and then free 
for generating a dimeric architecture (Li); (ii) the substitution of two N-H 
atoms of the loop by two metal atoms through a sort of cross-link metallation 
leading to a dimer without hydrogen bonds (Zn); (iii) a pattern analogous to 
(ii) but in which one N atom from the N3P3 ring is involved to help at the 
percoordination of the metal (Mg); and (iv) the substitution of the two N-H 
atoms of the loop by one metal atom in a monomeric architecture (Al). Inci- 
dentally, looking from a mechanistic point of view, it may be anticipated from 
the distribution of the bond lengths that the dimerization has already occured 
at the stage of the replacement of hydrogen atoms of the N-H groups. 
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Fig. 4. Perspective view of (2 ) with numbering of atoms and the NBP, ring parallel to the plane 
of the figure (slightly tilted for sake of clarity). 

Cl3 

Fig. 5. A perspective view of (3 ) with the N3P, ring parallel to the plane of the figure (slightly 
tilted for sake of clarity). 
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Metal-ligand bond lengths 

The distances of aluminium atoms to the non-metal N, 0, C and Cl are 
observed to be in the range of their standard atomic radii (Al-N, 1.93; Al-O, 
1.91; Al-C, 1.95; Al-Cl, 2.17 A) [22]. When smaller values are observed, the 
coordination number at one of the bonding partners is low (e.g. Al-N distances 
in both structures); higher values are observed for Al-O and Al-C. This seems 
to be because aluminium is in an unusual &fold coordination. For other com- 
parisons, some literature data are given in refs. 19 and 23-31. 
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