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Complexes of lanthanide chlorides with
tricyclohexylphosphine oxide. The single crystal
X-ray structures and solution properties of
pentagonal bipyramidal complexes [Ln(H2O)5
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Ln(Cy3PO)n(H2O)5�L�3Cl�H2O�EtOH show a
pentagonal bipyramidal geometry about
the lanthanide ion.
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The coordination chemistry of lanthanide metal ions with phos-
phine oxides has a long history [1–3]. One of the main reasons for
the continued interest in this chemistry lies in the use of phosphine
oxides as extractants in nuclear fuels reprocessing [4,5]. There are
numerous reports of complexes between lanthanide chlorides and
simple phosphine oxides. These show R3PO to be directly bonded to
the lanthanide metal via the oxygen atom, as expected [6–8] with
trans [LnCl2(Ph3PO)4}+ and mer [LnCl3(Ph3PO)3] being isolated
depending on reaction conditions. Reaction of cerium (III) chloride
with the less sterically demanding trimethylphosphine oxide
leads to the isolation CeCl3(Me3PO)4(H2O)4 which contains an
8-coordinate [Ce(Me3PO)4(H2O)4]3+ ion [9]. Similarly there are
numerous reports of ligands binding to lanthanide ions in their sec-
ond coordination sphere by hydrogen bonding to coordinated
water molecules. For instance coordination of 18-crown-6 to lan-
thanide nitrates is in the primary coordination sphere for the light-
er lanthanides whilst heavier metals adopt structures in which the
crown ether is hydrogen bonded to the Ln(NO3)3(H2O)3 moiety
[10]. Similar behaviour has been reported for the coordination
complexes of linear polyethers where heavier lanthanide nitrates
(Ho–Lu) form outer sphere complexes [11], and whilst scandium
chloride forms inner sphere complexes with a variety of crown
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uctures of the complexes are based on a pentagonal bipyramidal arrangemen
with two Cy3PO in axial positions and five water molecules in the equatori
ulae LnLn(H2O)5�L�3Cl�H2O�EtOH. An extensive H-bonding network links th
hloride ions to the coordinated water molecules to form a polymeric uni
olution 31P NMR spectra in CD2Cl2 and CDCl3 indicate that the solid stat
similar and that exchange between H-bonded and lanthanide bonded Cy3P
id for La but slower for the Er and Yb complexes. Differences in the spectr
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ethers, which on hydrolysis these are converted to outer spher
complexes [12]. Of particular importance is the outer sphere coor
dination of water which has significance in the effectiveness o
gadolinium based MRI contrast agents [13–15]. Solution studie
have been used to demonstrate a variety of coordination behav
iours, with dimethylacetamide being bound in both the inner an
outer coordination spheres depending on its concentration in solu
tion [16] whilst the perchlorate and halite ions remain in the oute
sphere of the lanthanide ions even at high concentrations [17]. Th
presence of both inner and outer sphere coordinated Co(acac)3 i
the solvent extraction of lanthanide ions also has been examine
[18].
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which show unexpected structures with one of the phosphin
oxide ligands hydrogen bonded to coordinated water, a bondin
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the phosphine oxide is usually in the primary coordination spher

2. Results and discussion

The reactions of hydrated lanthanide chlorides with tricyclo
hexylphosphine oxide, Cy3PO = L in ethanol led to the crystallisa
tion of well defined complexes for the heavier lanthanides. Th
composition of the complexes depends on the ratio of reactant
used in the synthesis with 1:2 complexes formed with low ligan
to metal ratios and 1:3 complexes obtained at higher ratio
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85 Complexes with four L were not obtained under the reaction con-
86 ditions employed. Elemental analysis indicates the compounds are
87 LnLn(H2O)5Cl3�H2O�EtOH (Ln = Dy, Yb (n = 3), Er (n = 2)), the value
88 of n reflecting the reaction ratio in the preparation. Attempted
89 preparation of similar complexes with the lighter lanthanides
90 was of limited success and with lanthanum chloride a mixture
91 was obtained consisting of La(Cy3PO)3(H2O)5Cl3 and La(Cy3PO)2

92 (H2O)5Cl3 in approximately 1:2 ratio based on the elemental analy-
93 sis. No solid material could be obtained from reactions with NdCl3.
94 Single crystal X-ray crystallography has been carried out on the
95 Dy and Er complexes (see below). The crystal selected for analysis
96 from the erbium complex was found to be based on Er(Cy3PO)3(H2-

97 O)5Cl3 and is isostructural with the Dy complex. It is thus is not
98 representative of the bulk sample for which the elemental analysis
99 as Er(Cy3PO)2(H2O)5Cl3�H2O�EtOH was satisfactory. The infrared

100 spectra of the isolated complexes show the bands expected for
101 coordinated phosphine oxides with mPO between 1102–1105 cm�1

102 compared to 1158 cm�1 in the free ligand [19]. In additional to
103 absorptions due to the cyclohexyl groups peaks characteristic of
104 hydrogen bonded OH groups are clearly seen between 3400 and
105 3130 cm�1. The La and Yb complexes have infrared spectra which
106 strongly resemble those of the Dy and Er complexes and it seems
107 reasonable to suppose that the structures are similar.
108 The single crystal X-ray structures were determined for the Dy
109 and Er complexes and the Er complex is shown in Fig. 1. Details of
110 the data collection and refinement are shown in Table 1 and
111 selected bond distances and angles in Table 2. The structures are
112 unusual for this type of lanthanide complex in that they are not
113 based on the mer – octahedral geometry observed for other
114 LnX3(R3PO)3 complexes [6–8].
115 The geometry is a slightly distorted pentagonal bipyramid in
116 which two Cy3PO groups occupy axial positions, five water mole-
117 cules make up the equatorial plane and the third phosphine oxide
118 is hydrogen bonded to the coordinated water molecules. All the O
119 and Ln atoms lie within ±0.15 Å of the equatorial plane defined by
120 the coordinated water molecules and the (H2O)O–Ln–O(H2O) an-
121 gles range between 69.3� and 74.7� for both structures with an

122average of 72.05� Close to the ideal angle of 72�. Similarly the
123(P)O–Ln–O(H2O) angles fall with an 85.95–93.73� range with the
124average again close to the 90� idea for a pentagonal bipyramid at
12590.03� for both complexes.
126The P–O distances at 1.510 Å (Dy) and 1.518 Å (Er) are essen-
127tially the same as observed previously in Ln(NO3)3(Cy3PO)3 com-
128plexes where the average of 1.510(5) Å was found to be
129independent of the lanthanide [20]. These value are longer than
130those found in Cy3PO itself where the P–O distances are about
1311.490 Å [21]. It is interesting that the PO distance in the hydrogen
132bonded ligand is essentially the same as in the lanthanide bonded
133Cy3PO molecules, suggesting that the P@O–Ln and P@O� � �H inter-
134actions are of similar strength. This is similar to our previous
135observation of the P@O bond distances in manganese and cobalt
136nitrate complexes of Ph2POC4H8POPh2 where the bis-phosphine
137oxide which is hydrogen bonded to coordinated water molecules
138has slightly longer P@O distances [22].
139An extensive hydrogen bonding network exists between all the
140coordinated water molecules, the chloride ions, the third Cy3PO
141and lattice ethanol and water molecules.
142Within the H-bonding network, pairs of complexes form dimers
143linked by coordinated water molecules H-bonded to chloride ion
144Cl3 about a rotational symmetry centre. These dimers are pre-
145vented from forming chains along the Ln� � �Cl3� � �Ln axis by termi-
146nation of the H-bonding network with both chloride ion Cl1 (itself
147H-bonded to the lattice ethanol molecule) and the third Cy3PO
148molecule. The dimers are linked into a continuous ladder motif
149along the crystallographic a axis by H-bonding between coordi-
150nated water molecules, the lattice water molecule (O10) and chlo-
151ride ion Cl2. Fig. 2 shows the H-bonding network for the Dy
152complex.
153The O� � �O distances between the Cy3PO and coordinated water
154are significantly smaller than the sum of Van der Waals radii for
155oxygen (3.04 Å) and are essentially the same for both complexes
156at 2.62 Å. Similarly the hydrogen bonded distances between the
157chloride ions and coordinated water molecules average at 3.05
158and 3.06 Å, respectively for the Dy and Er complexes. These values
159are also shorter than the sum of Van der Waals radii of oxygen and
160chlorine (3.27 Å). The lattice H2O is hydrogen bonded to only one
161of
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Pl
. 1. The structure of Er(Cy3PO)2(H2O)5�(Cy3PO)�3Cl�EtOH�H2O (cyclohexyl,
thylene and methyl H-atoms omitted for clarity).
ease cite this article in press as: A.M.J. Lees, A.W.G. Platt, Polyhedron (2013), ht
the coordinated water molecules with the O(10)� � �O(6) distance
around 2.6 Å in both Dy and Er complexes. The lattice ethanol is
ore weakly H-bonded to Cl(1) with an O(9)� � �Cl(1) distance just
der 3.2 Å only slightly shorter than the sum of the Van der Waals

dii.
The solid state 31P NMR spectrum of the solid obtained from the
thanum reaction showed two peaks; a signal at 59.3 ppm

signed to metal bound ligand and a lower intensity signal at
.1 ppm is assigned to hydrogen bonded Cy3PO.

Solution properties

The behaviour of the complexes in solution was investigated by
NMR spectroscopy in both CD2Cl2 and CDCl3. The results are

own in Table 3. In CD2Cl2 at room temperature the La complex
ows a single broad resonance at 60.7 ppm (W1/2 = 130 Hz) indic-
ive of rapid exchange between the two Cy3PO environments in
(H2O)5L3]3+ which is also in rapid exchange with [La(H2O)5L2]3+

the NMR timescale. On cooling the solution of the La complex to
0 �C the line sharpens and two additional signals are seen which

imic the room temperature spectra of the Er and Yb complexes,
scussed below. The dynamic exchange observed for the La com-
ex probably is a result of the weaker bonding of Cy3PO to the lar-
r La3+ ion compared with the smaller Dy, Er and Yb centres. We
ve previously observed similar lanthanide dependent fluxional
haviour in Ln(NO3)3(R3PO)3 complexes [20,23–25].
tp://dx.doi.org/10.1016/j.poly.2013.09.026

http://dx.doi.org/10.1016/j.poly.2013.09.026
Original text:
Inserted Text
to 

Original text:
Inserted Text


Original text:
Inserted Text
15 

Original text:
Inserted Text
-

Original text:
Inserted Text
-

Original text:
Inserted Text
3o 

Original text:
Inserted Text
-

Original text:
Inserted Text
-

Original text:
Inserted Text
 to 

Original text:
Inserted Text
-

Original text:
Inserted Text
510 

Original text:
Inserted Text
-

Original text:
Inserted Text
490 

Original text:
Inserted Text
-

Original text:
Inserted Text
…

Original text:
Inserted Text
…

Original text:
Inserted Text
…

Original text:
Inserted Text
….

Original text:
Inserted Text
04 

Original text:
Inserted Text
62 

Original text:
Inserted Text
06 

Original text:
Inserted Text
27 

Original text:
Inserted Text
)…

Original text:
Inserted Text
6 

Original text:
Inserted Text
)…

Original text:
Inserted Text
2 

Original text:
Inserted Text
.

Original text:
Inserted Text
.

Original text:
Inserted Text
 

Original text:
Inserted Text
 

Original text:
Inserted Text


Original text:
Inserted Text
o

Original text:
Inserted Text
o

Original text:
Inserted Text
o

Original text:
Inserted Text
o

Original text:
Inserted Text
o

kathy
Sticky Note
Line 126 should start "The mean P-O distances...." please add "mean".



185 The ambient temperature spectra of the other complexes show
186 signals assigned to both the lanthanide bound and hydrogen
187 bonded Cy3PO groups, the latter being assigned on the basis of
188 the larger paramagnetic shift from the position of Cy3PO. The pres-
189 ence of two signals for the H-bonded ligands for the Er and Yb com-
190 plexes can be explained by the possible formation of two species in
191 solution which differ in their H-bonding patterns. Possible struc-
192 tures are indicated schematically in Fig. 3.
193 The appearance of the spectra in CDCl 3 is somewhat different.
194 For example the Er complex shows a very broad time averaged sig-
195 nal at ambient temperature at 61.3 ppm (W1/2 = 4 kHz) whilst the
196 Yb complex shows a broadened signal at 12.9 ppm due to
197 Cy3PO–Yb and a sharper peak at 50.5 ppm due to the hydrogen
198 bonded ligand. Heating the solution causes changes in the appear-
199 ance of the spectra that would be expected from increasingly rapid
200 exchange. Thus the spectra for the Er complex become relatively
201 sharper with single peak at �41.4 ppm and W1/2 = 960 Hz at
202 60 �C whilst for the Yb complex coalescence of the signals does
203 not occur at 60 �C.
204 The difference in spectra between CD2Cl2 and CDCl3 probably
205 arises from the difference in hydrogen bonding capacity of
206 the two solvents. Chloroform would be expected to disrupt the
207 H-bonding in the complexes to a greater extent by virtue of the
208 greater polarity of its C–D bond. The stronger H-bonding implied
209 for the Yb complex compared to the Er analogue might be expected
210 on the basis of the increased polarising power of the Yb3+ ion.

Table 1
Data collection and refinement.

Compound [Dy(H2O)5(Cy3PO)2] (Cy3P

Crystal data
Molecular formula C56H117Cl3DyO10P3

Molecular weight, Mr

Crystal system monoclinic
Space group P21/n

Unit cell dimensions
a (Å) 11.72450(10)
b (Å) 29.4136(4)
c (Å) 19.3908(2)
a (�) 90
b (�) 97.4860(10)
c (�) 90
Cell volume, U (Å3) 6630.11(13)
Formula units/unit cell, Z 4
Density (calc.), Dx (Mg m�3) 1.315
m (mm�1) 1.370
F (000) 2780
Reflections to obtain cell parameters 67912
T (K) 120(2)
Crystal description rod

colourless
Dimensions (mm3) 0.03 � 0.07 � 0.26
h (�) 2.92–27.54
Index ranges
h �15 ? 15
k �36 ? 38
l �25 ? 25
Measured reflections 82001
Independent reflections (Rint) 15195 (0.1022)
Data completeness to h = 27.54� 99.4%
Absorption correction semi-empirical from equi
Tmax/Tmin 0.9601/0.7171
Refinement method full matrix least squares o
Data/restraints/parameters 15195/14/697
Goodness-of-fit of F2 1.046
Final R indices [Fo > 2s(Fo)] R1 = 0.0486, wR2 = 0.1184
R Indices [all data] R1 = 0.0713, wR2 = 0.1296
(Dr)max 0.002
Largest difference in peak and hole (e Å�3) 1.912 and �2.066
Absolute structure parameter –

A.M.J. Lees, A.W.G. Platt / Polyhedron xxx (2013) xxx–xxx 3
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O)(H2O)Cl3�CH3CH2OH [Er(H2O)5(Cy3PO)2] (Cy3PO)(H2O)Cl3�CH3CH2OH

C56H117Cl3ErO10P3

monoclinic
P21/n

11.7738(6)
29.5356(16)
19.4461(9)
90
97.418(2)
90
6705.7(6)
4
1.305
1.492
2788
51754
120(2)
rod
colourless
0.14 � 0.04 � 0.04
2.95–25.00

�13 ? 12
�35 ? 35
�23 ? 23
32561
10594 (0.0748)
to h = 25.00� 89.9%

valents semi-empirical from equivalents
0.9427/0.8184

n F2 full matrix least squares on F2

10594/103/697
1.152
R1 = 0.1155, wR2 = 0.2716
R1 = 0.1329, wR2 = 0.2913
0.002
3.585 and �1.889
2114. Experimental

2124.1. Crystal structure determinations

213Data were collected by the National Crystallography Service at
214the University of Southampton using previously described proce-
215dures [26–31].
216Structures were solved using direct methods (SHELXS-97) [32,33].
217All remaining non-H atom positions were obtained through subse-
218quent fourier syntheses (SHELXL-97) [34], and refinement was by
219full-matrix least-squares on F2 data using SHELXL-97 [34] from with-
220in the WinGX [35] suite of software.
221In each of the structures, all non-H atoms were refined aniso-
222tropically. All ethanol and cyclohexyl H atoms were refined at
223calculated idealised positions using a riding model (methyl
224C–H = 0.98 Å, methylene C–H = 0.99 Å, methine C–H = 1.00 Å,
225O–H = 0.84 Å). The H atoms of water molecules were located close
226to their final positions, and restrained as necessary to give idealised
227H–O–H geometry. H atoms in each structure were assigned a com-
228mon, refined, H atom isotropic displacement parameter.
229The quality of the data for the Er structure was poor due to the
230crystal quality, and high angle data was incomplete. The R and
231weighted R factors in the final model were high. Adopting a fully
232anisotropic model, the thermal ellipsoids of the C atoms in some
233of the cyclohexyl rings displayed marked librational elongation
234suggesting overlapping disorder. An adequate disordered model

3), http://dx.doi.org/10.1016/j.poly.2013.09.026
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235could not be refined, so thermal and geometrical restraints (SIMU
236and DELU) were applied to maintain the cyclohexyl rings in a rea-
237sonable chair conformation.
238Although precision was poor, we are confident in the character-
239isation, which shows the complex to be isostructural with the neigh-
240bouring Dy complex for which better quality data was obtained.
241Molecular graphics were generated using ORTEP-3 [36].
242Crystallographic data for the structures reported in this paper
243have been deposited with the Cambridge Crystallographic Data
244Ce
245in
246CC
24733
248ac
249

250a T
251m
252sp
253

254CD
255ap

2564.2

257

258th
259ph
260fo
261te
262cry
263pu

Table 2
Selected bond distances (Å) and angles (�) in [Ln(Cy3PO)2(H2O)5]
(Cy3PO)(EtOH)(H2O)Cl3.

Dy Er

Ln(1)–O(1) 2.214(3) 2.208(10)
Ln(1)–O(2) 2.210(3) 2.207(10)
Ln(1)–O(3) 2.369(3) 2.353(9)
Ln(1)–O(4) 2.362(3) 2.358(10)
Ln(1)–O(5) 2.364(3) 2.338(10)
Ln(1)–O(6) 2.326(3) 2.327(10)
Ln(1)–O(7) 2.352(3) 2.345(11)
P(1)–O(1) 1.509(3) 1.521(11)
P(2)–O(2) 1.515(3) 1.517(11)
P(3)–O(8) 1.506(3) 1.517(10)
Ln(1)� � �P(1) 3.7013(10) 3.705(4)
Ln(1)� � �P(2) 3.6998(10) 3.701(4)
O(1)–Ln(1)–O(2) 175.63(10) 175.6(4)
O(1)–Ln(1)–O(3) 92.42(10) 92.3(4)
O(1)–Ln(1)–O(4) 85.96(10) 85.9(4)
O(1)–Ln(1)–O(5) 89.62(10) 88.9(4)
O(1)–Ln(1)–O(6) 86.70(11) 86.7(4)
O(1)–Ln(1)–O(7) 91.89(11) 91.8(4)
O(2)–Ln(1)–O(3) 90.16(10) 90.0(4)
O(2)–Ln(1)–O(4) 91.50(10) 91.3(4)
O(2)–Ln(1)–O(5) 86.27(10) 87.1(4)
O(2)–Ln(1)–O(6) 93.44(10) 93.7(4)

Fig
(Cy
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O(2)–Ln(1)–O(7) 92.32(11) 92.5(4)
O(3)–Ln(1)–O(4) 71.63(10) 72.1(4)
O(3)–Ln(1)–O(5) 145.65(10) 146.0(4)
O(3)–Ln(1)–O(6) 141.97(10) 141.8(4)
O(3)–Ln(1)–O(7) 69.50(10) 69.3(4)
O(4)–Ln(1)–O(5) 74.33(9) 74.1(4)
O(4)–Ln(1)–O(6) 145.91(10) 145.6(4)
O(4)–Ln(1)–O(7) 140.94(9) 141.2(3)
O(5)–Ln(1)–O(6) 72.38(10) 72.2(4)
O(5)–Ln(1)–O(7) 144.71(10) 144.7(4)
O(6)–Ln(1)–O(7) 72.52(10) 72.5(4)
2644.3

265

266Cy
2670.3
268

269re
270(m

P(1)–O(1)–Ln(1) 167.20(17) 167.1(6)

P(2)–O(2)–Ln(1) 166.44(17) 167.2(6)
Ln(1)–O(1) 2.214(3) 2.208(10)
Ln(1)–O(2) 2.210(3) 2.207(10)
Ln(1)–O(3) 2.369(3) 2.353(9)
Ln(1)–O(4) 2.362(3) 2.358(10)
Ln(1)–O(5) 2.364(3) 2.338(10)
Ln(1)–O(6) 2.326(3) 2.327(10)
Ln(1)–O(7) 2.352(3) 2.345(11)
. 2. The intra- and intermolecular hydrogen bonding network in Dy(Cy3PO)2(H2O)5�3
clohexyl groups and methyl and methylene H atoms omitted for clarity). [Symmetry co

ease cite this article in press as: A.M.J. Lees, A.W.G. Platt, Polyhedron (2013), ht
ntre, CCDC numbers 951904 (Dy) and 951905 (Er). Copies of this
formation may be obtained free of charge from The director,
DC, 12 Union Road, Cambridge, CB2 1EZ, UK (fax: +44-1223-
6033; e-mail: deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.
.uk).
Infrared spectra were recorded with a resolution of ±2 cm�1 on
hermo Nicolet Avatar 370 FT-IR spectrometer operating in ATR

ode. Samples were compressed onto the optical window and
ectra recorded without further sample pre-treatment.
NMR spectra were recorded on a JEOL ECX 400 in CD2Cl2 or
Cl3 solutions approximately 20 mg of complex dissolved in
proximately 0.75 ml of solvent.

. Synthesis

The same general procedure was adopted for the synthesis of all
e complexes. The lanthanide chloride and tricyclohexylphos-
ine oxide were dissolved in hot ethanol. Heating was continued

r 1 h and the solution was allowed to slowly evaporate at room
mperature during which time crystalline material formed. The

stals were filtered, washed with cold ethanol and dried at the
mp.

. Mixture of [La(H2O)5(Cy3PO)3Cl3][La(H2O)5(Cy3PO)3Cl3]2

Solutions of LaCl37H2O (0.42 g 1.2 mmol) in 10 g EtOH and
3PO (0.36 g 1.21 mmol) in 3.5 g EtOH were treated as above gave
3 g white powder.
Analysis for [La(H2O)5(Cy3PO)3Cl3][La(H2O)5(Cy3PO)3Cl3]2

quired (found) C 49.12 (49.16) H 8.54 (8.93); IR/cm�1: 3297
, br) OH, 1636 (w, br) OH, 1102 (s) PO.
Cl�EtOH�H2O. Displacement ellipsoids are drawn at the 50% probability level.
des: (i) 1 � x, �y, 1 � z; (ii) 1 + x, y, z; (iii) 2 � x, �y, 1 � z].
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271 4.4. [Dy(OH2)5(Cy3PO)3]�3Cl�H2O�EtOH

272 Solutions of DyCl36H2O (0.15 g 0.41 mmol) in 4.2 g EtOH and
273 Cy3PO (0.48 g, 1.62 mmol) in 3.8 g EtOH were treated as above
274 gave 0.19 g (35%) crystals suitable for X-ray analysis. Analysis for
275 [Dy(OH2)5(Cy3PO)3]�3Cl�H2O�EtOH required (found) C51.25
276 (51.28) H 8.99 (8.79); IR/cm�1: 3173 (m, br) OH, 1630 (w, br)
277 OH, 1102 (s) 1081 (m) PO.

278 4.5. [Er(OH2)5(Cy3PO)2]�3Cl�2H2O�EtOH

279 Solutions of ErCl36H2O (0.25 g, 0.66 mmol) in 6.0 g EtOH and
280 Cy3PO (0.29 g, 0.96 mmol) in 4.8 g EtOH were treated as above
281 gave 0.20 g (20%). Analysis for [Er(OH2)5(Cy3PO)2]�3Cl�2H2O�EtOH
282 required (found) C43.56 (43.61) H 8.12 (8.16); IR/cm�1 3174 (m,
283 br) OH, 1635 (w, br) OH, 1121 (m) 1105 (s) PO.

284 4.6. [Yb(OH2)5(Cy3PO)3]�3Cl�2H2O�EtOH

285 Solutions of YbCl36H2O (0.16 g, 0.40 mmol) in 4.8 g EtOH and
286 Cy3PO (0.43 g, 1.46 mmol) in 5.0 g EtOH were treated as above
287 gave 0.29 g (54%). Analysis for [Yb(OH2)5(Cy3PO)3]�3Cl�2H2O�EtOH
288 required (found) C50.16 (49.93) H 8.95 (8.78); IR/cm�1 3170 (m,
289 br) OH, 1653 (w, br) OH, 1105 (s), 1100 (m) PO.

290 Acknowledgements

291 The authors wish to thank the EPSRC UK National Crystallogra-
292 phy Service at the University of Southampton for the collection of
293 the crystallographic data.

294References

295[1] D.R. Cousins, F.A. Hart, J. Inorg. Nucl. Chem. 29 (1967) 1745.
296[2] D.R. Cousins, F.A. Hart, J. Inorg. Nucl. Chem. 30 (1968) 3009.
297[3] J.V. Kingston, E.M. Krankovits, R.J. Magee, Inorg. Nucl. Chem. Lett. 5 (1969) 485.
298[4] X. Gan, B.M. Rapko, E.N. Duesler, I. Binyamin, R.T. Paine, B. Hay, Polyhedron 24
299(2005) 469.
300[5] M.P. Anthony, K.A. Venkatesan, A.S. Sneesh, K. Nagarajan, P.R. Vasudeva Rao,
301Proc. Chem. 7 (2012) 130.
302[6] J.M.J. Glazier, W. Levason, M.L. Matthews, P.L. Thornton, M. Webster, Inorg.
303Chim. Acta 357 (2004) 1083.
304[7] W. Levason, E.H. Newman, M. Webster, Acta Crystallogr., Sect. C 56 (2000) 1308.
305[8] N.J. Hill, L.-S. Leung, W. Levason, M. Webster, Acta Crystallgr., Sect. C 58 (2002)
306295.
307[9] N.J. Hill, L.S. Leung, W. Levason, M. Webster, Acta Crystallogr., Sect. C 58 (2002)
308pm295.
309[10] C. Jones, P.C. Junk, M.K. Smith, R.C. Thomas, Z. Anorg. Allg. Chem. 626 (2000)
3102491.
311[11] C.C. Hines, C.B. Bauer, R.D. Rogers, New J. Chem. 31 (2007) 762.
312[12] M.D. Brown, W. Levasono, D.C. Murray, M.C. Popham, G. Reid, M. Webster, J.
313Chem. Soc., Dalton Trans. (2003) 857.
314[13] D. Parker, H. Puschmann, A.S. Batsanov, K. Senanayake, Inorg. Chem. 42 (2003)
3158646.
316[14] K.I. Hardcastle, M. Botta, M. Fasano, G. Digilio, Eur. J. Inorg. Chem. (2000) 971.
317[15] A. Barge, M. Botta, D. Parker, H. Puschmann, J. Chem. Soc., Chem. Comm. (2003)
3181386.
319[16] S. Ishiguro, Y. Umbayashi, M. Komiya, Coord. Chem. Rev. 226 (2002) 103.
320[17] G.R. Choppin, J. Alloys Compd. 249 (1997) 9.
321[18] N. Kameta, H. Imura, K. Ohashi, T. Aoyama, Polyhedron 21 (2002) 805.
322[19] F.G. Moers, P.J.W.M. Muskens, J. Francot, J. Inorg. Nucl. Chem. 41 (1979) 759.
323[20] A.M.J. Lees, A.W.G. Platt, Polyhedron 26 (2007) 4865.
324[21] J.A. Davies, S. Dutremez, A.A. Pinkerton, Inorg. Chem. 30 (1991) 2380.
325[22] A.M.J. Lees, A.W.G. Platt, Acta Crystallogr., Sect. C: Cryst. Struct. Commun. 65
326(1) (2009) m10.
327[23] A. Bowden, K. Singh, A.W.G. Platt, Polyhedron 42 (2012) 30.
328[24] A. Bowden, S.J. Coles, M.B. Pitak, A.W.G. Platt, Inorg. Chem. 51 (2012) 4379.
329[25] A. Bowden, P.N. Horton, A.W.G. Platt, Inorg. Chem. 50 (2011) 2553.
330[26] S.J. Coles, P.A. Gale, Crystal. Chem. Sci. 3 (3) (2012) 683.
331[27] DENZO – Data collection and processing software: Z. Otwinowski, W. Minor in:
332C.W. Carter, Jr, R.M. Sweet (Eds.), Methods in Enzymology, vol. 276:
333Macromolecular Crystallography, part A, Academic Press, London, 1997, p.
334307.
335[28] COLLECT – Data collection software, R. Hooft, B.V. Nonius, 1998.
336[29] Unit cell determination using DirAx: A.J.M. Duisenberg, J. Appl. Crystallogr. 25
337(1992) 92.
338[30] A.J.M. Duisenberg, R.W.W. Hooft, A.M.M. Schreurs, J. Kroon, J. Appl. Crystallogr.
33933 (2000) 893.
340[31] Absorption correction: G.M. Sheldrick, SADABS, Version 2007/2, Bruker AXS
341Inc., Madison, Wisconsin, USA, 2007.
342[32] SHELXS-97 – A program for automatic solution of crystal structures. G.M.
343Sheldrick, University of Goettingen, Germany, 1997 (Release 97–2).
344[33] G.M. Sheldrick, Z. Dauter, K.S. Wilson, H. Hope, L.C. Sieker, Acta Crystallogr.,
345Sect. D 49 (1993) 18.
346[34] SHELXL-97 – A program for crystal structure refinement, G.M. Sheldrick,
347University of Goettingen, Germany, 1997 (Release 97–2).
348[35] WinGX – A Windows Program for Crystal Structure Analysis. L.J. Farrugia, J.
349Appl. Crystallogr. 32 (1999) 837.
350[36] (ORTEP3 for Windows) L.J. Farrugia, J. Appl. Crystallogr. 30 (1997) 565.

351

Table 3
Solution 31P NMR data for Ln(H2O)5(Cy3PO)2�2Cy3PO�3Cl.

Lanthanide Solvent Laa Dy Er Yb

CD2Cl2 CD2Cl2 CD2Cl2 CDCl3 CD2Cl2 CDCl3

P@O–Ln 60.2 50.1 �82.7 �63.1 12.5 13.0
P@O–H2O–Ln 61.5, 61.6 570.4 �14.1, 51.3 52.8, 74.7 50.5

a From a mixture of Ln(H2O)5(Cy3PO)2�2Cy3PO�3Cl and Ln(H2O)5(Cy3PO)3�2Cy3PO�3Cl at �40 �C.
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Fig. 3. Schematic representations of possible solution structures of the complexes
viewed along the PO–Ln–OP axis.
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