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Abstract

The syntheses of compounds Ln(NO,);L, (A1-A12) and Ln(NO,),L’, (B1-B12), where L=[(MeO),P(0)],C(OH)Ph and
L’ =(MeO),P(O)OCHPhP(O)(OMe), and Ln=La-Lu except Pm, Tb and Tm, are described. For the heavier lanthanides
isomerisation of A to B occurs readily in solution. All compounds are prone to loss of methyl nitrate above ambient temperature,
the propensity for this reaction increasing with the atomic weight of the metal. Study by IR and NMR spectroscopies indicate
that both the series A and B show slight differences in structure between the heavier and lighter lanthanides and that these
differences are probably due to changes in the coordination of the nitrate ligands. The X-ray structures of two isomeric
praseodymium complexes A3 (R’ =0.0690 for 5326 diffractometer observed reflections) and B3 (R’ =0.0393 for 4427 diffractometer
observed reflections) show that in both cases the metals are ten-coordinated. The hydrogen atoms of the OH group in A3
were not located but appear to be hydrogen bonded to two of the nitrate groups. One of the ligands in A3 is distorted
towards the structure of the isomer. The isomerisations of complexes A to B are discussed in terms of the electrostatic
interactions between the phosphorus atoms and the metal centre.
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1. Introduction reactions of the ligand L and its isomer L’ with lan-
thanide nitrates.
Whilst the coordination chemistry of phosphoryl com- @ @
pounds with lanthanide metals has been thoroughly HO\C H\C
studied [1] complexes of bidentate analogues are less (MeO)2P” P (OMe)2 (MeO)2 P—0~ P (OMe)2
1l Il 1l I

well represented.

Complexes of lanthanide nitrates with [(R,P(O)],CH,
[2,3] and [(Me,N),P(O)].NMe [4,5] have been char- ‘
acterised, whilst others are presumably involved in
solvent extraction using [(RO),P(O)],CH, in nitrate
media [6].

The recent fortuitous synthesis, albeit in low yield,
of complexes Al and A2 by the reaction of
(MeO),P(O)C(O)Ph with lanthanum and cerium ni-
trates in methanol [7] prompted us to study the direct

0]

2. Results and discussion
2.1. Preparation of the complexes

The direct reaction of L with lanthanum nitrate in
*Corresponding author. methanol gave only a modest improvement in the yield
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from 20 to 35% and although the praseodymium complex
could be obtained in lower yield ( ~10%) the complexcs
of the heavier lanthanides could not be crystallised
from methanol. Of the common organic solvents, ace-
tonitrile was found to be the best for the synthesis of
complexes A. The characterisation data arc given in
Table 1. Reaction of a slurry of L with solutions of
the lighter lanthanide (La-Eu) nitrates gave clear so-
lutions from which the products crystallised sponta-
neously in 80-60% yield. For gadolinium and subsequent
metals the product was more soluble and the crude
product was isolated by evaporation of the solvent
under reduced pressure followed by precipitation with
diethyl ether from chloroform solution. The yields using
this procedure were generally lower, at about 50% for
Gd and Dy, with the title compounds not being obtained
for the heavier metals as discussed below.

The difficulties encountered with the heavier lan-
thanides are thought to be due to the increased solubility
and the tendency of the complexes to undergo iso-
merisation. In all preparations it was found that iso-
merisation of L to L" occurred as a side reaction and
that the rate of this reaction increased as the lanthanide
series was traversed. The base catalysed isomerisation
of L to L' is known to be rapid [8], but hydroxybis-
phosphonates are stable to acids, the free phosphonic
acid being obtainable by reflux with concentrated HCl
[9]. This isomecrisation is discussed in terms of the
structures below. Complexes of L with ytterbium and
lutetium nitrates could not be obtained. 2:1 mixtures
of L with ytterbium and lutetium nitrates examined by

Table 1
Characterisation data for complexes A

*'P NMR spectroscopy showed that initial complex
formation was followed by rapid isomerisation, indicated
by the observation of two doublets for L', this process
being complete within 45 min. The process is slower
for the lighter metals, isomerisation of Eu(NO;),L, to
Eu(NO,;);L’, being complete within one week in ace-
tonitrile solution.

The complexes B are all more soluble than the
isomeric A series and were isolated by precipitation
from acetonitrile with diethyl ether for the early lan-
thanides or by evaporation of the acetonitrile followed
by recrystallisation from chloroform/diethyl ether for
the heavier metals. Characterisation data are given in
Table 2.

For both series of complexes it was found that
satisfactory elemental analyses corresponding to
Ln(NO,),L, could not be obtained for holmium and
subsequent elements. Attempts to prepare analytically
pure samples of these 2:1 complexes by slow diffusion
of diethyl ether into chloroform solutions of the crude
complexes gave solids with an apparent 1:1 ligand to
metal ratio. Although elemental analyses are not entirely
satisfactory (see Experimental) it seems that binuclear,
or more complex species, are formed with a composition
approximating to Ln,(OH),(NO;),L, or Ln,O(NO;),L..
The hydroxo and oxo bridges are presumably derived
from moisture in the solvent. Optimisation of the con-
ditions for formation of these complexes requires further
work and is still under investigation.

Evidence that holmium and erbium do form genuine
2:1 complexes can be seen from the general similarity

Complex Ln Analysis: found(calc.) (%) 5P Avy,?
(CH,CN)
C H N

Al La b 18.4 <10
A2 Ce v 30.0 40
A3 Pr 26.63(27.09) 3.69(3.72) 3.98(4.31) 45.6 90
Ad Nd 27.24(27.00) 3.92(3.71) 3.63(4.29) 55.8 50
AS Sm 27.16(26.82) 3.75(3.68) 4.00(4.26) 163 40
A6 Eu —-50.6 80
A7 Gd not observed

A8 Dy 27.05(26.50) 3.65(3.64) 3.84(4.20) - 107 600
A9 Ho ¢ -71 460
Al10 Er ¢ —65 890
All Yb J —-3.8 150
Al2 Lu d 16.0 <10

IR data (KCI or KBr discs). All isolated complexes show strong bands characteristic of bidentate nitrate groups between 1500-1475 and
1320-1290 cm™'; both these bands were observed to have a doublet structure. The absorbance due to the P=0 group was betwcen 1220

and 1205 cm ™' compared with 1265 and 1220 cm™! for the free ligand.

“Linewidth at half height (Hz).

“Samples had identical IR and NMR spectra with those prepared using methanol as solvent for which satisfactory analyses have alrcady

been obtained (see Ref. [7]).

“Analytically pure samples could not be obtained, see Sections 2 and 3.

“Observed in solution only.
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Table 2
Characterisation data for complexes B
Complex Ln Analysis: found(calc.) (%) P data (CDCL)
(MeO),PA(0)OCH(Ph)Py(O)(OMe),

C H N 8a Av dp Avip
Bl La 27.43(27.15) 3.75(3.73) 4.00(4.32) 0.4 <10 18.4 <10°
B2 Ce 26.93(27.11) 3.62(3.72) 3.74(4.31) 22.4 30 41.1 30
B3 Pr 26.97(27.09) 3.93(3.72) 4.00(4.31) 48.2 50 64.4 50
B4 Nd 26.43(27.00) 3.85(3.71) 4.10(4.29) 70.2 30 82.4 30
BS Sm 25.87(26.82) 3.69(3.68) 3.72(4.26) -25 <10 16.5 <10°
B6 Eu 26.71(26.79) 3.76(3.68) 4.10(4.26) -85 300 —51 250
B7 Gd 26.83(26.64) 3.74(3.66) 4.05(4.23) not observed
BS Dy 25.98(26.50) 3.65(3.64) 3.75(4.21) —238 1500 —118 1400
BS Ho d —173 920 —90 660
B10 Er d —165 660 —119 310
B11 Yb d —33.9 150 -16.9 110
BI12 Lu ¢ 1.0 <10 17.1 <10f

IR data (KCl or KBr discs). Complexes B1-B7 showed two characteristic strong bands due to coordinated nitrate between 1490-1450 and

1320-1300 cm ™', both of these bands have a doublet structure. In complex B8 the doublet separation for the 1320-1300 cm ™' band is smaller,
whilst in B9-B11 this band appeared as a singlet. All complexes gave a strong absorbance due to the P=0 groups between 1245 and 1250

cm ™! compared with 1275 cm™! for the free ligand.

“Linewidth at half height (Hz).
b3J(PP) 27 Hz.
“YJ(PP) 30 Hz.

“Analytically pure samples could not be obtained (see Sections Z and 3).

°*Observed in solution.
3J(PP) 29 Hz.

of the IR spectra of the crude complexes with those
of their lighter congeners, and in particular, the absence
of the two P=0 absorptions associated with the free
ligand indicates that the crude products are not simply
mixtures of 1:1 complexes and excess L.

2.2. Structures

The structures of the praseodymium complexes A3
and B3 are shown in Figs. 1 and 2, respectively. Sclected
bond lengths and angles are given in Tables 3-6 and
the atomic coordinates in Tables 7 and 8. The structures
show that in both cases the praseodymium is ten-
coordinate with all ligands chelating through two oxygen
atoms. The overall geometry of A3 is very similar to
the related La(NO;);(NIPA), (NIPA = [(Me,N),P(O)].-
NMe) [5].

The ranges of Pr-O (nitrate) distances, 2.531-2.659
A in A3 and 2.568-2.658 A in B3, compare well with
the interatomic distances observed for other simple
ten-coordinate praseodymium nitrate complexes, such
as  Pr(NO,),(dmso), (2.605-2.756 A) [10], the
Pr(NO,);(OH,), unit in Pr(NO;),(OH.,),- (bipy).- H,O
(2.52-2.75 A) [11] and a praseodymium nitrate complex
of an aza crown ether (2.608-2.678 A) [12]. The N-O(Pr)
distances lie well within the observed range for the
above examples, but the terminal N-O bond lengths

at 1.216-1.177 A in A3, seem to be shorter, the typical
distances in the examples cited above being around
1.24 A,

Although the hydrogen atoms of the OH groups of
A3 were not detected there is evidence that they are
involved in intramolecular hydrogen bonding to the
nitrate groups. Atom O(2) seems to be hydrogen bonded
to O(9A) whilst O(2A) is H bonded to O(8A). The
OH group in the free ligand is hydrogen bonded to
one of the phosphoryl groups. The O- - -O distance
between the two hydrogen-bonded oxygen atoms is
2.735 A [13] compared with 2.715 A for O(8A)- - - O(2A)
and 2.721 A for O(2)- - -O(9B) in A3. The hydrogen
bonding causes the nitrate ligands to bond asymmetri-
cally to the metal. Thus the Pr—Of(nitrate) distances
for the oxygens involved in hydrogen bonding (Pr—O(8A)
and Pr—O(9B)) are significantly longer than the other
Pr—O(nitrate) distances (Pr-O(9) and Pr—O(8B)) whilst
for nitrate C, which is not involved in hydrogen bonding,
the Pr—O distances are not significantly different from
each other.

No hydrogen bonding is possible in B3 and the nitrate
ligands show less distortion. The ranges of Pr-O(nitrate),
N-O(Pr) and N-O(terminal) are all much narrower
than in A3, in particular the N-O(Pr) lengths only vary
by 1.4% around the mean compared with 5% in A3.
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Fig. 1. Structure of complex A3 (hydrogen atom labels omitted for
clarity).

Fig. 2. Structure of complex B3 (hydrogen atom labels omitted for
clarity). The molecule has crystallographic two-fold symmetry.

Table 3
Bond Icngths (A) in complex A3

Pr-0(1) 2.434(9) Pr-0O(3) 2.498(9)

Pr-O(1A) 2.475(9) Pr-O(3A) 2.487(8)

Pr-O(8A) 2.630(14) Pr-O(9A) 2.531(12)
Pr-O(8B) 2.565(13) Pr-O(9B) 2.659(14)
Pr-N(1C) 3.006(14) Pr-O(8C) 2.558(10)
Pr-0(9C) 2.582(10) P(1)-0(1) 1.476(10)
P(1)-O(4) 1.538(11) P(1)-0(5) 1.538(11)
P(1)-C(1) 1.860(16) P(2)-0(3) 1.480(9)

P(2)-0(6) 1.536(15) P(2)-0(7) 1.544(15)
P(2)-C(1) 1.811(14) 0(2)-C(1) 1.404(19)
O(4)-C(2) 1.422(23) 0(5)-C(3) 1.445(21)
0(6)-C(4) 1.444(25) O(7)-C(5) 1.411(27)
C(1)-C(6) 1.551(21) C(6)-C(7) 1.375(21)
C(6)-C(11) 1.403(30) C(7)-C(8) 1.378(29)
C(8)-C(9) 1.340(41) C(9)-C(10) 1.424(33)
C(10)-C(11) 1.318(29) P(1A)-O(1A) 1.469(10)
P(1A)-O(4A) 1.592(14) P(1A)-O(5A) 1.540(12)
P(1A)-C(1A) 1.832(15) P(2A)-O(3A) 1.482(9)

P(2A)-O(6A) 1.536(15) P(2A)-O(7A) 1.538(13)
P(2A)-C(1A) 1.861(15) OQA)-C(1A) 1.470(20)
O(4A)-C(2A) 1.413(25) O(5A)-C(3A) 1.502(25)
O(6A)-C(4A) 1.388(30) O(7A)-C(5A) 1.483(24)
C(1A)-C(6A) 1.500(20) C(6A)-C(7A) 1.409(22)
C(6A)-C(11A) 1.403(28) C(7A)-C(8A) 1.369(25)
C(8A)-C(9A) 1.337(34) C(9A)-C(10A) 1.412(23)
C(10A)-C(11A) 1.356(22) N(1A}O(8A) 1.274(15)
N(1A)-O(SA) 1.277(26) N(1A)-O(10A) 1.177(24)
N(1B)-O(8B) 1.262(31) N(1B)-O(9B) 1.271(17)
N(1B)-O(10B) 1.182(28) N(1C)-0(8C) 1.229(19)
N(1C)-0(9C) 1.292(21) N(10)-0(10C) 1.216(18)

It is interesting to compare the structure of coor-
dinated L with that of the free ligand [13]. The formation
of the chelate ring disrupts the hydrogen bonding in
the ligand and also brings the two phosphorus atoms
into closer proximity. Thus on coordination the P- - -P
distance decreases from 3.055 A in L to 3.016 and
3.033 A. Thesc are similar to the P- - -P distance of
3.019 A in La(NO,),(NIPA), [5]. In the coordinated
ligand where the P- - -P distance is the largest the
structure appears to bc distorted towards that of the
isomeric L'. Thus the distorted ligand has a relatively
long C(1A)-O(2A) bond at 1.470 A compared with
1.404 A for C1-O1 in the coordinated ‘undistorted’
phosphonate and 1.426 A in the free ligand. This
lengthening of the C-O bond is associated with a
narrowing of the O(2A)-C(1A)-P(2A) angle, which at
99.9° is 4° less than the average of the other O-C-P
angles, and a slightly shorter non-bonded distance be-
tween the hydroxyl oxygen O(2A) and P(2A) of the
phosphoryl group (2.561 A as opposed to 2.609 A for
O(2A)-P(1A) in the same ligand). These distortions,
when taken to their full extent would lead to the
production of the isomeric L', This process is probably
driven by the increased electrostatic repulsion between
the two positive phosphorus centres, the production of
the isomer allowing a greater P---P separation. The
P---P distance increases from an average of 3.025 A
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Table 4
Selected bond angles (°) for complex A3

O(1)-Pr-O(3) 72.1(3)
0(3)-Pr-O(1A) 137.3(3)
0(3)-Pr-O(3A) 70.6(3)
O(1)-Pr-O(8A) 110.2(3)
O(1A)-Pr-O(3A) 70.1(3)
O(1)-Pr-O(9A) 72.6(4)
O(1A)-Pr-O(9A) 118.4(4)
O(8A)-Pr-O(9A) 48.8(4)
O(3)-Pr-O(8B) 76.8(4)
O(3A)-Pr-O(8B) 73.9(4)
O(SA)-Pr-O(8B) 145.3(4)
0(3)-Pr-O(9B) 66.5(3)
O(3A)-Pr-O(9B) 112.9(3)
O(9A)-Pr-O(9B) 132.8(4)
O(1)-Pr-N(1C) 71.0(3)
O(1A)-Pr-N(1C) 78.0(3)
O(8A)-Pr-N(1C) 87.9(4)
O(8B)-P1-N(1C) 110.8(4)
O(1)-Pr-0O(8C) 72.8(3)
O(1A)-Pr-O(8C) 79.8(3)
O(8A)-Pr-O(8C) 65.9(3)
O(8B)-Pr-O(8C) 132.2(3)
N(1C)-Pr—O(8C) 23.8(4)
0(3)-Pr-0O(9C) 129.0(4)
O(3A)-Pr-0(9C) 149.2(3)
O(%A)-Pr-0(9C) 126.8(4)
O(9B)~Pr-0O(9C) 66.8(4)
O(8C)-Pr-O(YC) 49.1(4)
Pr-O(1)-P(1) 147.6(5)
P(1)~C(1)-O(2) 104.2(8)
P(2)-C(1)-0(2) 105.5(9)
Pr-O(3A)-P(2A) 145.9(5)
P(1A)-C(1A)-O(2A) 103.8(9)
Pr-O(8A)-N(1A) 96.3(11)
Pr-O(9B)-N(1B) 95.0(13)
Pr-N(1C)}-O(SC) 58.7(7)
Pr-N(1C)-O(10C) 174.4(11)
Pr-O(9C)-N(1C) 96.0(9)

O(1)-Pr-O(1A) 148.9(3)
O(1)-Pr-O(3A) 136.7(3)
O(1A)-Pr-O(3A) 73.6(3)
O(3)-Pr-O(8A) 115.7(3)
O(3A)-Pr-O(8A) 68.7¢3)
O(3)-Pr-O(9A) 75.5(4)
O(3A)-Pr-0O(9A) 77.5(3)
O(1)-Pr-O(8B) 117.4(5)
O(1A)-Pr-O(8B) 71.6(4)
O(8A)-Pr-O(8B) 132.2(4)
O(1)-Pr-O(9B) 69.8(3)
O(1A)-Pr-O(9B) 108.6(3)
O(8A)-Pr-O(9B) 177.7(3)
O(8B)-Pr-0O(9B) 48.0(4)
O(3)-Pr-N(1C) 141.3(3)
O(3A)-Pr-N(1C) 147.9(4)
O(9A)-Pr-N(1C) 103.9(4)
O(9B)-Pr-N(1C) 90.0(4)
O(3)-Pr-O(8C) 142.6(3)
O(3A)-Pr-0O(8C) 132.9(4)
O(9A)-Pr-0O(8C) 82.1(3)
O(9B)-Pr-0O(8C) 112.1(4)
O(1)-Pr-O(9C) 73.5(3)
O(1A)-Pr-0O(9C) 77.5(3)
O(8A)-Pr-O(9C) 111.0¢4)
O(8B)-Pr-O(9C) 87.1(4)
N(1C)-Pr-O(9C) 25.3(4)
O(1)-P(1)-C(1) 109.8(6)
Pr-0(3)-P(2) 143.1(5)
P(1)-C(1)-P(2) 110.5(9)
Pr-O(1A)-P(1A) 141.7(5)
P(1A)-C(1A)-P(2A) 110.4(9)
P(2A)-C(1A)-0(24) 99.9(8)
Pr-O(9A)-N(1A) 101.0(8)
Pr-O(8B)-N(1B) 99.9(9)
Pr-N(1C)-O(8C) 57.2(7)
Pr-O(8C)-N(1C) 99.0(10)

in A3 to 3.642 A in the isomeric B3. Indeed on iso-
merisation not only does the P---P distance increase
but the P- - - Pr distances also increase from an average
of 3.775 A in A3 to 3.830 A in B3, further reducing
the electrostatic repulsions between positive centres.
The fact that thc hcavicr lanthanide ions promotc
isomerisation more readily is consistent with this view
as chelation with smaller metals would bring the phos-
phoryl groups closer to each other and to the metal
thus increasing the electrostatic repulsions. In addition
the higher charge density on the smaller lanthanide
ions might be expected to increase the positive charge
on the phosphorus atom and hence promote the for-
mation of the phosphate P-O bond. A combination of
these factors probably accounts for the fact that
Yb(NO,),L, and Lu(NO,),L, cannot be isolated, and
the difficulties in obtaining pure samples of the holmium
and erbium complexes.

2.3. Thermal stability

All the isolable complexes are stable as solids at
room temperature. Complexes in series A show no
tendency to isomerise in the solid state, although iso-
merisation does occur in solution. For example, samples
stored at room temperature for up to 6 months show
no sign of contamination with B when their solutions
are examined by *'P NMR.

Considerable differences in thermal stability are ob-
served at above ambient temperatures. Thus whilst all
complexes decompose violently on melting between 130
and 140 °Cwith evolution of gas, at 120 °C decomposition
occurs gradually with apparent loss of nitrate for both
A and B and with additional isomerisation of L to L’
for series A. The loss of nitrate is evident from the
absence of characteristic absorbances due to coordinated
or ionic nitrate in the IR spectra, and the failure to
detect nitrogen in microanalysis of the products. The
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Table 5
Bond lengths (A) in complex B3

[14] but are identical with the literature spectra reported
tor methyl nitrate [15] with intense bands at 1680, 1660,
1280, 1015 and 855 cm™'. Elemental analysis of the

Pr(1)-O(1) 2.459(2) Pr(1)-0O(3) 2.460(2) ) e -
Pr(1)-O(8A) 2.658(5) Pr(1)-O(9A) 2.568(4) residual solid gives the expected composition for loss
Pr(1)-N(1B) 2.989(5) Pr(1)-O(8B) 2.581(4) of 3MeNO,;. Anal. Found: C, 30.44; H, 3.67. Calc. for
Pr(1)-O(1A) 2.459(2) Pr(1)-O(3A) 2.460(2) La(NO;),L, —3CH,;NO,: C, 30.74; H, 3.67%.
gr(i)“g(zgﬁ) ;-ggfg) ir(ll)“ooigAA) f’jgg(;; The solid residues dissolve slowly in water and 'P
T — . — . . . .

P((l)zo(;) ) 1.566(3; P§1;—OE4; 1.53324) NMR spectra indicate tbe presence of mixed .p}}os—
P(1)-0(5) 1.557(4) P(2)-0(3) 1.467(2) phate-phosphonate species in at least three distinct
P(2)-C(1) 1.815(3) P(2)-0(6) 1.553(4) environments with signals at § 27.2, 0.5 *J(PP) 35 Hz;
P(2)-0(7) 1.543(5) 0(2)-C(1) 1.463(6) 6 13.4, 2.1 *J(PP) 32 Hz and 5 15.4, 1.0 *J(PP) 20 Hz.
C(1)-C(1) 1.498(5) O(4)-C(2) 1.404(10) We tentatively assign these to ionic species such as
0(5)-C(3) 1.425(7) O(6)-C(4) 1.396(11)

O(7)-C(5) 1.429(6) C(11)-C(12) 1.398(8) B

C(11)-C(16) 1.379(6) C(12)-C(13) 1.396(6) (I) ?MC

C(13)-C(14) 1.366(8) C(14)-C(15) 1.368(11) A D b

C(15)-C(16) 1.387(7) N(1A)-O(8A) 1.245(5) 0 ﬁ) O—CH(Ph) ‘13) 0

N(1A)-O(9A) 1.263(5) N(1A)-O(10A) 1.220(8) s} 0

N(1B)-O(8B) 1.252(5) N(1B)-O(10B) 1.215(8)

N(1B)-O(8BA) 1.252(5)

MeO o

gaseous products from the decomposition of Al and _ | _

B3 were found to be identical by IR spectroscopy. The 0 —ﬁ’—O——CH(Ph)——ﬁ’—O

spectra do not correspond to any simple nitrogen oxide 0]

Table 6

Selected bond angles (°) for complex B3

O(1)-Pr(1)-0(3) 74.0(1) O(1)-Pr(1)-O(8A) 108.8(1)
O(3)-Pr(1)-O(8A) 113.4(1) O(1)-Pr(1)-O(9A) 74.1(1)
O(1)-Pr(1)-O(9A) 72.3(1) O(8A)-Pr(1)-O(9A) 48.3(1)
O(3)~-Pr(1)-N(1B) 71.1(1) O(3)-Pr(1)-N(1B) 143.4(1)
O(8A)-Pr(1)-N(1B) 88.3(1) O(9A)-Pr(1)-N(1B) 107.7(1)
O(1)-Pr(1)-O(8B) 71.5(1) O(3)-Pr(1)-O(8B) 142.6(1)
O(8A)-Pr(1)-O(8B) 65.9(1) O(9A)-Pr(1)-O(8B) 84.6(1)
N(1B)~Pr(1)-O(8B) 24.6(1) O(1)-Pr(1)-O(1A) 142.2(1)
O(3)-Pr(1)-O(1A) 142.7(1) O(8A)-Pr(1)-0O(1A) 70.0(1)
O(9A)-Pr(1)-O(1A) 118.1(1) N(1B)-Pr(1)-O(1A) 71.1(1)
O(8B)-Pr(1)-O(1A) 74.2(1) O(1)-Pr(1)-O(3A) 142.7(1)
O(3)-Pr(1)-0(3A) 73.2(1) O(8A)-Pr(1)-O(3A) 69.6(1)
O(9A)-Pr(1)-O(3A) 79.5(1) N(1B)-Pr(1)-O(3A) 143.4(1)
O(8B)-Pr(1)-O(3A) 131.8(1) O(1A)-Pr(1)-O(3A) 74.0(1)
O(1)-Pr(1)-O(8AA) 70.0(1) O(3)-Pr(1)-O(8AA) 69.6(1)
O(8A)—Pr(1)-O(8AA) 176.6(1) O(9A)-Pr(1)-O(8AA) 133.1(1)
N(1B)-Pr(1)-O(8AA) 88.3(1) O(8B)-Pr(1)-O(8AA) 110.7(1)
O(1A)-Pr(1)-O(8AA) 108.8(1) O(3A)-P1(1)-O(8AA) 113.4(1)
O(1)-Pr(1)-O(9AA) 118.1(1) O(3)-Pr(1)-O(9AA) 79.5(1)
O(BA)-Pr(1)-O(9AA) 133.1(1) O(9A)-Pr(1)-O(9AA) 144.7(2)
N(1B)-Pr(1)-O(9AA) 107.7(1) O(8B)-Pr(1)-O(9AA) 130.2(1)
O(1A)-Pr(1)-O(9AA) 74.1(1) O(3A)-Pr(1)~O(9AA) 72.3(1)
O(8AA)-Pr(1)-O(9AA) 48.3(1) O(1)-Pr(1)-O(8BA) 74.2(1)
O(3)-Pr(1)-O(8BA) 131.8(1) O(8A)-Pr(1)-O(8BA) 110.7(1)
O(9A)-Pr(1)-O(8BA) 130.2(1) N(1B)-Pr(1)-O(8BA) 24.6(1)
O(8B)-Pr(1)-O(8BA) 49.2(2) O(1A)-Pr(1)-O(8BA) 71.5(1)
O(3A)-Pr(1)-O(8BA) 142.6(1) O(8AA)-Pr(1)-O(8BA) 65.9(1)
O(9AA)-Pr(1)-O(8BA) 84.6(1) O(1)-P(1)-0(2) 115.3(1)
0O(3)-P(2)-C(1) 114.2(2) Pr(1)-O(1)-P(1) 155.2(2)
P(1)-O(2)-C(1) 121.8(2) Pr(1)-O(3)-P(2) 153.0(2)
P(2)-C(1)-0(2) 105.0(3) Pr(1)-O(SA)-N(1A) 99.3(3)
Pr(1)-O(8A)-N(1A) 95.3(3) Pr(1)-N(1B)-O(10B) 180.0(1)
Pr(1)-N(1B)-O(8B) 59.1(3) Pr(1)-N(1B)-O(8BA) 59.1(3)

Pr(1)-O(8B)-N(1B) 96.3(3)




AW.G. Platt et al. | Inorganica Chimica Acta 223 (1994) 43-53 49

Table 7
Atomic coordinates for A3 (X 10*) and equivalent isotropic displace-
ment coefficicnts (A?x 10%)

Table 8
Atomic coordinates for B3 (x10*) and equivalent isotropic dis-
placement coefficients (A2x 10%)

x y z Ut x y z Ut
Pr 2511(1) 2830(1) 2515(1) 35(1) Pr(1) 0 —6(1) 2500 29(1)
P(1) 3772(2) 3038(2) 4244(2) 37(1) P(1) 1508(1) ~707(1) 4683(1) 37(1)
P(2) 2900(2) 4339(2) 3795(2) 47(2) P(2) 809(1) 2836(1) 4270(1) 40(1)
o(1) 3373(5) 2698(5) 3605(5) 45(4) o) 940(1) —863(3) 3830(2) 42(1)
0(2) 2725(5) 3360(5) 4595(6) 59(5) 0(2) 1645(1) 847(3) 5069(2) 40(1)
03) 2503(4) 3931(4) 3195(5) 43(4) o(3) 463(1) 2117(3) 3431(2) 41(1)
0o®4) 4411(5) 3426(5) 4223(6) 60(5) c) 1213(2) 1619(4) 5180(2) 35(1)
0o(5) 3991(4) 2507(5) 4838(5) 54(4) 0O(4) 2097(1) ~1065(4) 4746(2) 59(1)
0(6) 2478(6) 4867(6) 4059(7) 92(6) C(2) 2164(3) —836(9) 4069(4) 93(4)
o(7) 3489(7) 4763(5) 3686(7) 81(6) 0o(5) 1542(2) —1663(3) 5386(2) 60(2)
(1) 3265(7) 3737(7) 4496(8) 46(6) C3) 1160(3) ~ 2885(6) 5191(4) 78(4)
C(2) 4839(7) 3178(8) 3856(10) 61(7) o(6) 1311(2) 3877(3) 4390(2) 70(2)
@) 3622(9) 1865(9) 4877(11) 73(9) C(4) 1467(3) 4061(10) 3804(4) 109(5)
C(4) 1756(11) 4911(12) 3830(12) 106(11) o 430(2) 3738(4) 4496(2) 72(1)
a(s) 3454(11) 5158(10) 3095(12) 101(12) C(5) —191(2) 4196(6) 3914(3) 68(1)
C(6) 3679(7) 4072(8) 5181(10) 45(7) Cc(11) 1553(2) 2365(4) 6034(2) 37(1)
(7 4162(8) 4583(7) 5232(9) 58(7) Cc(12) 1241(2) 2665(5) 6415(2) 48(2)
C(8) 4493(9) 4859(9) 5862(14) 91(12) C(13) 1529(2) 3452(6) 7178(3) 66(2)
C9) 4356(12) 4643(11) 6421(13) 94(12) C(14) 2125(3) 3868(6) 7573(3) 73(3)
C(10) 3856(10) 4118(12) 6389(12) 86(11) C(15) 2441(2) 3549(6) 7219(3) 72(2)
cn 3547(8) 3866(8) 5779(11) 52(8) C(16) 2156(2) 2795(5) 6451(3) 53(2)
P(1A) 1257(2) 2446(2) 830(3) 55(2) N(1A) 671(2) 514(4) 1647(2) 45(2)
P(2A) 1481(2) 4034(2) 1097(2) 48(2) 0(8A) 162(2) —-92(3) 1235(2) 55(2)
0(14) 1786(5) 2273(4) 1461(5) 46(4) 0(94) 890(1) 832(4) 2421(2) 54(1)
0O(2A) 2042(5) 3272(7) 400(7) 73(5) O(10A) 945(2) 797(5) 1320(2) 73(2)
0(3A) 1995(5) 3828(4) 1739(5) 48(4) N(1B) 0 - 3220(6) 2500 62(3)
0(4A) 1185(6) 1845(6) 268(6) 73(5) O(8B) 257(2) ~2529(3) 2219(2) 57(2)
O(5A) 545(5) 2545(7) 875(6) 70(5) O(10B) 0 —4526(7) 2500 138(8)
O(6A) 785(6) 4196(7) 1157(7) 86(6)
O(7A) 1641(7) 4706(5) 748(7) 91(6) “Equivalent isotropic U defined as one third of the trace of the
C(1A) 1363(7) 3309(7) 457(8) 43(6) orthogonalised Uj; tensor.
C(2A) 1729(10) 1433(10) 209(10) 84(10)
C(3A) 235(10) 2004(9) 1223(11) 89(10) conditions corresponding well with the loss of three
Cl1A) 642(10) 4346(10) 1754(12) 98(12) moles of methyl nitrate. The ready loss of nitrate may
C(5A) 2320(10) 5022(10) 920(12) 92(11) . . . :
C6A) £92(6) 3472(6) —234(9) 36(6) §xp1a1n thf: consistently low values obtained for nitrogen
C(7A) 244(8) 3744(8) ~336(9) 54(8) in the microanalyses (see Tables 1 and 2).
C(8A) ~158(9) 3869(9) —-984(11) 62(8) The thermal decomposition was studied by differential
COA) 23(9) 3718(8) —1533(12) 60(8) scanning calorimetry. Fig. 3 shows typical results for
CUOm @) ) 12 D) e free ligand, La(NO),L, and La(NO,),L’;. These
N((lz;) :1;50252 iiig% 12228())) ggg; results are interpreted as an endothermic event on
O(8A) 3060(5) 2966(5) 1539(6) 50(5) melting for L being followed by exothermic isomeri-
O(9A) 3521(5) 3533(6) 2457(8) 60(5) sation. For Al we ascribe the exothermic event to
O(10A) 3870(7) 3674(8) 1580(8) 97(7) isomerisation whilst the endotherm at slightly higher
N(1B) 1382(7) 2869(7) 3149(12) 7009) temperature could correspond to simultaneous melting
gigg; iézzg 32(3)222; iiig% ggg and loss of methyl nitrate. For the complex Bl en-
O(10B) 973(8) 3037(9) 3405(8) 99(8) dothermic melting and loss of nitrate are seen.
N(1C) 2991(7) 1307(7) 2671(8) 60(6) Consistent values for the enthalpy changes for these
0(8C) 3244(5) 1772(5) 2410(6) 57(5) events could not be obtained presumably due to the
88(()3%) i‘z‘gjzg; 138;8 igggg; ggg; vigorous and irreversible nature of the decomposition

“Equivalent isotropic U defined as one third of the trace of the
orthogonalised Uj; tensor.

Samples of B2 showed no decrease in weight on
heating at 80 °C for 1 week whilst a crude sample of
B11 suffered a 22% weight reduction under the same

and proximity of the events which all occur in a narrow
temperature range.

2.4. Stability towards nitrate substitution

IR spectra of all the complexes obtained as KBr
discs contained a band at 1380 cm ™' which corresponds
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Fig. 3. Differential scanning calorimetry plots for L, Al and B1.

well with that of ionic nitrate [16]. This band tended
to increase in intensity with the atomic weight of the
lanthanide and for the heavier members of series A
and B the bands due to coordinated nitrate were either
very weak or totally absent. Spectra run as bromoform
solutions show that ionic nitrate is absent thus its
detection in the KBr matrix is probably due to nitrate
substitution by bromide.

Interestingly, spectra run as KCl discs show that the
rate of substitution is reduced. For instance the spectrum
of Er(NO,);L, in KCI shows bands due to bidentate
nitrate whilst in KBr these peaks are reduced in intensity
and the absorbance due to ionic nitrate increases. The
spectrum run as a KI disc shows only ionic nitrate to
be present. On heating the KCI disc to 120 °C the
substitution appears to be complete. This trend in
reactivities is the opposite to that which might be
expected in terms of the hardness of the halide ions.
Presumably the lattice energy of the potassium halide
provides a kinetic barrier to the substitution reactions.

2.5. *'P NMR spectra

Although NMR of paramagnetic molecules does not,
in general, yield detailed structural information, analysis
of the lanthanide induced shifts for a series of related
complexes has been shown to give indications of changes
in structure across the series of lanthanide complexes
[17,18]. The lanthanide induced shifts are analysed by
plotting &5,;/(S.); versus D;/{S.); and &,/D; versus (S.);/
D, where (S.), is the spin expectation value and D, is

related to the variation in paramagnetic shift which
should occur if the crystal field coefficients are inde-
pendent of the lanthanide ion. {S.); and D, are char-
acteristics of a particular lanthanide ion and their values
have been calculated [19,20]. §; is the paramagnetic
shift given by §,=6,,,— 1/2(8., + 6L.), where 8, is the
observed shift for a given lanthanide and §_, and &,
are the shifts of the diamagnetic lanthanum and lutetium
complexes. If the complexes are essentially isostructural
across the series, then both plots are expected to be
linear, whilst if a major structural change occurs, for
example a change of coordination number or a change
from monodentate to bidentate coordination of a ligand,
then both plots are expected to show a break. Minor
changes in structure are implied if the plot of §,/{S.);
versus D;/{S.); shows a break whilst §,/D, versus (S.),/
D; remains linear. The results for series A are shown
in Fig. 4 whilst the results for both phosphorus nuclei
in series B are shown in Fig. 5. The plots generally

-20 T T T T T T T ]
30 25 20 15 1.0 05 00 05 10

<Sz>i/Di

Fig. 4. Lanthanide induced shift plots for series A.
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Fig. 5. Lanthanide induced shift plots for series B.

show good linearity, particularly if the value for sa-
marium is disregarded. The unreliability of the values
for samarium could be due to the fact that the shifts
tend to be similar in magnitude to those of the lanthanum
and lutetium complexes thus §; is often in the region
of zero and small errors in any of the measured shifts
could lead to a large relative error in the subsequently
calculated values. This coupled with the small values
of D; and, in particular {S,); for samarium would tend
to magnify these errors. Similar effects have been noted
previously [17,18].

For both series A and B the results of the analysis
of the lanthanide induced shifts are the same. The plot
of 8,/D; versus (S,)/D; is linear whilst the plots of §,/
(S, versus D,/{S,) show two distinct lines with a break
between the lighter and heavier lanthanides. It seems
that the complexes A and B for lanthanum to europium
are isostructural whilst those of dysprosium to lutetium

form a separate isostructural series. The differences
between the complexes of heavier and lighter lan-
thanides appear, however, to be minor. Although it is
not possible to be correlate solution data with solid
state information with certainty, the break in solution
structure does coincide with a minor change in the IR
spectra in the nitrate N-O stretch region for the B
complexes where the doublet in the 1300 cm ™' region
observed for the La to Gd complexes becomes a singlet
for the subsequent complexes.

3. Experimental

The ligand L was prepared by the published procedure
[9]. 6 *'P (CDCl,) 17.9 (lit. 18.0 [9]). L' was prepared
by treating a methanol solution of L with a trace of
triethylamine [8]. Evaporation of the solvent gave a
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colourless oil which was used without further purifi-
cation. 6 *'P (CDCl;) 18.7, 1.0 *J(PP) 33 Hz (lit. § *'P
21.9 *J(PP) 29) [8].

The general methods for preparation of the complexes
were described in Section 2 and so detail is given below
for only some representative syntheses for complexes
of each series. All complexes had the characteristic
colour of the lanthanide ion.

3.1. Series A

A3; Pr(NOs)s L. Pr(NOs)5-5H,0 (0.33 g, 0.79 mmol)
in acetonitrile (5 ml) was added to a slurry of the
ligand (0.52 g, 1.57 mmol) in 5 ml acetonitrile at 0 °C.
The ligand dissolved on mixing to give a clear solution
from which the product precipitated spontaneously as
green crystals (0.58 g, 75%).

A8; Dy(NO;);L,. Dy(NO3);-6H,0 (0.34 g, 0.74 mmol)
in acetonitrile (5 ml) was added to a slurry of the
ligand (0.50 g, 1.54 mmol) at 0 °C. The resulting clear
solution was evaporated under reduced pressure and
the resulting crude product recrystallised from di-
chloromethane/diethyl ether to give the product as a
white solid (0.48 g, 65%).

Attempted  preparation  of A10; Er(NOs);L..
Er(NO;);-5H,0O (0.34 g, 0.77 mmol) in acetonitrile (5
ml) was added to a suspension of the ligand at 0 °C.
The resulting clear pink solution was evaporated under
reduced pressure without external warming. Following
trituration with diethyl ether the resulting pale pink
powder did not give satisfactory elemental analysis. The
crude material was dissolved in chloroform and diethyl
ether carefully added to form two layers which were
allowed to slowly diffuse over two wecks. The resulting
pink crystals gave the following analysis. Anal. Found:
C, 21.88; H, 3.47; N, 4.33. Calc. for Er,0O(NO,),L,: C,
21.19; H, 2.91; N, 4.49%.

Attempted preparation of A9; Ho(NO;):L,. When
holmium nitrate was treated as described above pale
orange crystals were obtained which gave the following
composition. Anal. Found: C, 21.93; H, 3.31; N, 4.60.
Calc. for Ho,O(NO;),L,: C, 21.27; H, 2.92; N, 4.51%.

3.2, Series B

BI; La(NOs);L',. La(NOs);-6H,0 (1.0 g, 2.41 mmol)
in 20 ml acetonitrile was treated with the ligand (1.61
g, 497 mmol). The solvent was evaporated to 5 ml
under reduced pressure and the product was precip-
itated as a white solid by addition of diethyl ether (2.07
g, 88%).

B6; Eu(NO,),L’;,. Eu(NO;);-5H,O (0.18 g, 0.42
mmol) was dissolved in acetonitrile (5 ml) and L’ (0.30
g, 0.93 mmol) was added. The solution was evaporated
under reduced pressure and the resulting solid re-

crystallised from chloroform/diethyl ether to give the
product as colourless crystals (0.23 g, 55%).

Attempted  preparation  of Bl0; Er(NO,);L',.
Er(NO,);-5SH,O (0.34 g, 0.77 mmol) was stirred in
acetonitrile and the mixture evaporated under reduced
pressure to give a pink oil. Recrystallisation from chlo-
roform/diethyl ether gave a pale pink powder. Anal.
Found: C, 2038; H, 3.40; N, 4.30. Calc. for
Er,(OH),(NOs),L',: C, 20.89; H, 3.03; N, 4.43%.

Attempted preparation of B11; Yb(NO;);L',. The same
procedure using ytterbium nitrate gave a white solid
with the following composition. Anal. Found: C, 20.28;
H, 3.30; N, 4.27. Calc. for Yb,(OH),(NO:),L",: C, 20.70;
H, 3.00; N, 4.39%.

The **P NMR spectra were recorded at 36.23 MHz
on a JEOL FX90Q spectrometer. IR spectra were
recorded on a Perkin-Elmer 457. Differential scanning
calorimetry was performed an a Mettler DSC 25.

3.2. Crystallography

Crystals of A3 suitable for single crystal work formed
spontaneously on mixing the reagents. Crystal data: A3,
C,,H,N,O,,P,Pr, M, =973.3, monoclinic space group
C2/e, a=21.011(8), b=18.708(8), c=20.721(5) A,
B=107.91(1)°, U=7750(6) A®, Z=8, D.=1.668 Mg/m®,
pr=1.509 mm ', F(000)=23920. The crystal dimensions
were 0.49x0.28x0.18 mm. The intensities of 5326
unique reflections with 260 <54° were measured with a
Siemens P4 diffractometer with graphite monochro-
mated Mo Ko radiation (A=0.71073 A) using an o-
scan technique. The data were corrected for Lorentz
and polarisation effects to yield 3453 unique reflections
with F>4.00(F).

The structure was solved by Patterson methods, and
refined using SHELXTL PC [21]. The hydrogen atoms
of the hydroxyl groups were not located. All other
hydrogen atoms were included in calculated positions
with a single fixed thermal parameter. The non-hydrogen
atoms were refined with anisotropic thermal parameters.

Final cycles of refinement employed a weighting
parameter g=0.0123 in w=1/(c*(F)+gF?) and gave
residual indices R=L(|F,|—|F|)/L|F,/=0.069 and
R' =[Zw(|F | = |F)/Zw|F,]*]'*=0.085. The final dif-
ference Fourier map had a +1.9 ¢ A~ peak at <1
A from phosphorus and a 1.6 ¢ A~ peak 0.75 A from
praseodymium. An analysis of the weighting scheme
over |F | and sin 6/A showed that the weighting of high
angle reflections was too great, and the most significant
deviations were reflections having high 4, k and / values
with |Fj|> |F,|.

Suitable crystals of B3 were grown by slow evaporation
of a toluene/dichloromethane solution. Crystal data:
B3, C,,HyN;O,.P,Pr, M=9733, monoclinic space
group C2/c, a=26.493(3), b=9.3020(10), c=18.884(2)
A, p=124.560°, U=3832.5(7) A®, Z=4, D.=1.690 Mg/



AW.G. Platt et al. |/ Inorganica Chimica Acta 223 (1994) 43-53 53

m’, p=1.526 mm~', F(000)=1968. The crystal di-
mensions were 0.44x0.41x0.36 mm. The intensities
of 6537 unique reflections with 26 < 59.8° were measured
with a Siemens P4 diffractometer with graphite mono-
chromated Mo Ka radiation (A=0.71073 A) using an
w-scan technique. The data were corrected for Lorentz
and polarisation effects to yield 5530 reflections with
F>4.00(F).

The structure was solved by Patterson methods, and
refined using SHELXTL PC [21]. All hydrogen atoms
were included in calculated positions with a single fixed
thermal parameter. The non-hydrogen atoms were re-
fined with anisotropic thermal parameters.

Final cycles of refinement employed a weighting
parameter g=0.0007 in w=1/(¢*(F)+gF?) and gave
residual indices R=L(|F,|—|F|)/L|F,|=0.0393 and
R' =[Zw(|F,|— |F )Y Zw|F*]"*=0.0572. The largest dif-
ference peaks are +1.7 ¢ A3, 0.7 A from O7 per-
pendicular to the P2-O7-C5 plane.

4. Supplementary material

Additional material available from the Cambridge
Crystallographic Data Centre comprises H atom co-
ordinates, thermal parameters and the remaining bond
lengths and angles.
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