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Cerium(IV) Nitrate Complexes With Bidentate Phosphine
Oxides
Simon J. Coles,[a] Simon Cooper,[b] Wim T. Klooster,[a] Laura J McCormick Mc Pherson,[a] and
Andrew W. G. Platt*[b]

The reactions between ceric ammonium nitrate, (NH4)2Ce(NO3)6,
(CAN) and the bidentate phosphine oxides, 4,5-
bis(diphenylphosphine oxide)-9,9-dimethylxanthene (L1), oxydi-
2,1-phenylene bis(diphenylphosphine dioxide) (L2), 1,2-
bis(diphenylphosphino)ethane dioxide (L3) and 1,4-
bis(diphenylphosphino)butane dioxide, L4 have been investi-
gated. The crystal structures of the molecular Ce(NO3)4L

1 (1),
and ionic [Ce(NO3)3L

3
2][NO3]

.CHCl3 (3), [Ce(NO3)3L
3
2][NO3] (4) and

the polymeric [Ce(NO3)3L
4
1.5] [NO3] (5) and the cerium(III)

complex [Ce(NO3)2L
1
2][NO3] (2) are reported. The thermal

stability of the complexes has been examined by thermog-
ravimetry with the gaseous decomposition products analysed

by infrared spectroscopy. Evolution of CO2 is found for both
Ce(III) and Ce(IV) complexes with the later also forming NO2.
The formation of the complexes in solution has been studied by
31P NMR spectroscopy and further complexes [Ce(NO3)3L

1
2]

+

[NO3]
� and [Ce(NO3)2L

1
3]
2+2[NO3]

� identified in CD3CN solution.
The complex (1) exists as a single molecular species in solution
and is stable in dichloromethane whilst (3) decomposes on
standing in both CD2Cl2 and CD3CN to Ce(III) containing species.
Complexes of L2 have been identified by solution 31P NMR
spectroscopy and these decompose in solution to give Ce-
(NO3)3L

2
2. This study represents the first structural character-

isations of Ce(IV) complexes with bidentate phosphine oxides.

Introduction

The coordination chemistry of cerium(IV) has been studied in
detail as it serves as a mimic for plutonium(IV) systems,[1,2]

because of the catalytic properties of its complexes, [3,4] their
use as photocatalysts,[5,6] one electron oxidants[7,8, 9] and in the
extraction of Ce(IV) from aqueous media.[10] Its coordination
chemistry with phosphine oxides, however, is relatively
unexplored.[11,12] Since the initial and subsequent reports of
Ce(NO3)4(Ph3PO)2

[13,14] there have been few reports of phosphine
oxide complexes. A thermally unstable complex with Ph2P-
(O)CH2C(O)Ph was isolated and characterised as Ce(NO3)3(Ph2P-
(O)CHC(O)Ph)(Ph2P(O)CH2C(O)Ph)2 on the basis of elemental
analysis and infrared spectroscopy.[15] The cerium(IV) complex,
Ce(NO3)4(

tBuPhPOC2H4POPh
tBu) was prepared from ceric

ammonium nitrate, (NH4)2Ce(NO3)4 (CAN), and the ligand in
acetone and characterised by spectroscopy and elemental
analysis but the structure was not reported.[16] The Ce(III)
complex Ce(NO3)3((n-C8H17)PhP(O)CH2N

iBu2)3 undergoes reversi-
ble one electron oxidation in acetonitrile solution but the Ce(IV)
complex formed was not further characterised.[17] Cerium(IV)
nitrate complexes with trialkylphosphine oxides have been
reported more recently with Ce(NO3)4(Cy3PO)2 having a similar
structure to the Ph3PO analogue, whilst with Et3PO a cationic
complex, [Ce(NO3)3(Et3PO)3]

+, was structurally characterised.[18]

Complexes with bidentate ligands have not been reported and
we report here our investigations into the reactions of CAN
with various bidentate phosphine oxide ligands and the
structures of complexes of cerium(IV) nitrate with 4,5-
bis(diphenylphosphine oxide)-9,9-dimethylxanthene (L1), oxydi-
2,1-phenylene bis(diphenylphosphine dioxide) (L2), 1,2-
bis(diphenylphosphino)ethane (L3) and cerium(III) complexes
with L1 and 1,4-bis(diphenylphosphino)butane, (L4). The ligand
structures are shown in Figure 1

The choice of ligands was made on the basis of the differing
flexibilities of the linker architecture between the two
phosphine oxide groups, with L1 having limited flexibility whilst
L2, L3 and L4 have more scope to accommodate different
geometries on coordination to the metal. This study aims to
examine effect of this on the formation and stability of the
Ce(IV) complexes.

Results and Discussion

The complexes Ce(NO3)4L
1 (1) and [Ce(NO3)3L

4
1.5] (5) were

obtained from the reaction of chlorocarbon solutions of the
ligand with solid CAN. Complexes [Ce(NO3)3L

3
2]NO3

.CHCl3 (3),
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[Ce(NO3)3L
3
2]NO3 (4), and an impure Ce(IV) complex with L2,

were prepared by the biphasic reaction of aqueous CAN with
chlorocarbon solutions of L2 and L3. The Ce(III) complex
[Ce(NO3)2L

1
2]

+[NO3]
� , (2) was prepared by the reaction of

Ce(NO3)3
.6H2O with L

1 in hot ethanol. All of the isolated solids
are stable to air and moisture at ambient temperature as
evidenced by their infrared and NMR spectra remaining
unchanged on prolonged exposure to normal laboratory
conditions. Similarly no special measures were to taken to
exclude air and moisture from samples submitted for elemental
analysis. The reaction of CAN with 2 equivalents of L1 led to the
isolation of a solid which contained predominantly Ce(NO3)4L

1
2

in addition to a small amount of (1), unreacted L1 and (2) (NMR
evidence), but attempts to obtain crystals suitable for structural
work were not successful.

Attempts to obtain crystals of complexes of L2 were similarly
not successful due to the low solubility of the Ce(III) and Ce(IV)
complexes in all common organic solvents. The Ce(IV) complex
of L2 is slightly soluble in CD2Cl2 and CD3CN. Slow evaporation
of CH2Cl2 solutions led to the formation of Ce(NO3)3L2

2 which
had identical infrared and 31P NMR spectra to a sample
prepared from Ce(NO3)36H2O and L

2 from ethanol.
The infrared spectra of all complexes are typical of

phosphine oxide - lanthanide nitrate complexes.[19] The bands
due to coordinated nitrate are generally easily identified with
the exception of complexes of L1 for which the ν4 and ν5
absorptions are obscured by ligand peaks. The assignments of

the main bands are given in Table S1. The presence of ionic
nitrate was not apparent in the spectra of (2), (3) or (4). In the
case of (2) this is clearly due to a lowering of the local symmetry
on hydrogen bonding to ethanol. In (3) and (4) the ionic nitrate
is present in the lattice with reduced local symmetry.

Thermal Stability

The thermal stability of L1, (1), (2) and (3) was examined by
thermogravimetric analysis under a nitrogen atmosphere from
30–1000 °C with the infrared spectra of the volatile

decomposition products monitored at each mass loss. The
results are summarised in Table 1 and illustrated for (1) in
Figure 2. The TGA results for all the complexes studied are
given in Figure S1. The cerium(IV) complexes (1) and (3)
decompose at lower temperatures leading to the evolution of
NO2 and CO2 (and the lattice CHCl3 in the case of (3)) with no
NO2 detected during the decomposition of (2). Potassium
cerium(IV) nitrate can act as a source of the highly oxidising
nitrate radical under photolysis in CH3CN

[20] but there are no
reports of this being generated under thermal conditions. A
Ce(III) complex is formed as an intermediate during the thermal
decomposition of K2Ce(NO3)6 and Rb2Ce(NO3)6 with the forma-
tion of nitric oxide, nitrogen dioxide and oxygen where the
oxidation of a nitrate oxygen by Ce4+ is thought to occur,[21,22] A
similar process may be occurring here leading to the simulta-

Figure 1. The structures of the ligands.

Table 1. Thermogravimetric analysis of L1, (1), (2), and (3).

L1.H2O Ce(NO3)4L
1 (1) Ce(NO3)3L

1
2 (2) [Ce(NO3)3L

2
2][NO3]CHCl3 (3)

Temperature/
°C
(mass loss%)

Gaseous
decomposition
products[a,b]

Temperature/
°C
(mass loss%)

Gaseous
decomposition
products

Temperature/
°C
(mass loss%)

Gaseous
decomposition
products

Temperature/
°C
(mass loss%)

Gaseous
decomposition
products

121 (9) CHCl3,CO2, NO2,
H2O

241 (11) CO2, NO2, H2O

358 (15) CO2 H2O 371 (22) CO2, H2O, L
[1a] 343 (34) CO2, N2O H2O

425 (100) L,[1a] H2O
[a] 405 (16) CO2, H2O 424 (47) L[1]

618 (12) L[1] 624 (8) L[1] 582 (27)

[a] Identified by infrared spectrum.
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neous reduction to Ce3+ and oxidation of the hydrocarbon
periphery of the ligand to generate the observed CO2, NO2 and
H2O. The behaviour at higher temperatures is very similar with
both Ce(IV) and Ce(III) species further decomposing to give CO2,
presumably by nitrate oxidation followed by liberation of L1 at
around 620 °C (compared with 425 °C for L1 itself) in the case of
(1) and (2). Previous stidies on the thermogravimetric analysis
of several metal nitrates, including cerium and gadolinium,
found that NO2 and O2 were evolved in air, whilst in a reducing
H2 atmosphere the gaseous products were N2 and H2O.

[23] For
the Ce complexes here, the presence of the hydrocarbon
moieties in the ligand would provide a reducing environment
for the thermal decomposition of the remaining nitrate ions
and hence the formation of CO2, water and presumably N2 as
the nitrogen containing product of nitrate reduction.

L1.H2O itself shows a single 100% mass loss at 425 °C
presumably due to boiling.

In all cases the solid residue from the decomposition of the
complexes was a black intractable material whose infrared
spectrum showed a strong, broad absorption with peak maxima
at 1084, 990, 951 and 907 cm� 1 which are consistent with the
spectra of coordinated phosphate ion.[23,24]

Crystal Structures

General points

Some general aspects are discussed followed by comments
specific to the individual structures. The crystal structures of five
complexes were determined by single crystal x-ray diffraction
and details of the data collection and refinement are given in
the supplementary information. The full listing of bond
distances and angles are given in Tables S2 and S3 respectively
in the supplementary information. Apart from (5) which is

polymeric, the compounds crystallise with discreate molecules
or ions in the lattice. There are no significat Ce….Ce interactions
with the distance between adjacent metals in the lattice being
over 10 Å in all cases. There are weak intermolecular inter-
actions between adjacent moleclues in all of the structures.
These take the form of weak hydrogen between coordinated
nitrate oxygen atoms and the hydrogens of the aromatic rings
of neighbouring molecules or ions C� H….O generally in the
region of 2.36 to 2.55 Å. The ionic nitrate ions in (2), (3) and (4)
also weakly interact with the aromatic C� H groups. The
geometries around the cerium ions were determined by
continuous shape measures[25,26] which gives the sum of squares
(S) of deviations of the coordinated atoms from their positions
in idealised polyhedra. Values of S between 0.1 and 3 represent
small distortions from the optimum geometry with higher
values being indicative of more significant deviations. The S
values are also included in Table S2 and are generally in the
acceptable range for the assigned geometry.

The average Ce� O bond distances are given in Table 2
together with the calculated oxidation states for the complexes.
Assignment of oxidation states to cerium complexes is often
not straightforward.[28] The use of bond valence sums in this
regard can prove useful and we have previously used this to
show that [Ce(NO3)3(Et3PO)3]

+ is indeed a cerium(IV) complex.[18]

Figure 2. The TGA curve (red) and the derivative (blue) for (1). The insets show the infrared spectra of gaseous products formed at 250 °C and 350 °C
respectively.

Table 2. Average Ce� O bond distances (Å) and calculated oxidation states
for complexes (1) to (5).

Complex (1) (2) (3) (4) (5)

Ce� O 2.43(11) 2.48(11) 2.43(11) 2.43(10) 2.47(10)

Ce� O(N) 2.48(5) 2.58(2) 2.51(4) 2.51(3) 2.541(6)

Ce� O(P) 2.244(8) 2.39(1) 2.31(2) 2.31(2) 2.336(1)

OS(+3)[a] 4.49 3.09 4.43 4.49 3.58

OS(+4)[a] 3.95 2.72 3.89 3.95 3.14
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The results in Table 2, with the exceptions of (2), which was
synthesised from Ce(III) starting materials, and (5) (discussed
below) are in good agreement with the assignments of the
oxidation states as Ce(IV). The average Ce� O bond distances are
also in accord with these conclusions with complexes (1), (3)
and (4) having average values of 2.43 (10) Å compared with the
literature value of 2.44(3) Å for 10 coordinate Ce(IV).[29] The
cerium(III) complex (2) has an average Ce� O distance of
2.48(10) Å which is smaller than the literature average of
2.60(10) Å for 10-coordinate complexes. However the average
lies well within the rather large range for Ce(III) (2.343 – 2.929 Å.

From ref 28 OS þ3ð Þ ¼
X

i

e
2:118� ri
0:37 OS þ4ð Þ ¼

X

i

eð2:07� riÞ=0:37
(1)

Structures of Ce(NO3)4L1 (1) and [Ce(NO3)2L12][NO3] (2)

A 1 :1 complex of composition Ce(NO3)4L
1 (1) forms on reaction

with an excess of solid (NH4)2Ce(NO3)6 with a solution of L
1 in

CH2Cl2. The complex crystallised in the P-1 space group and the
molecular structure is shown in Figure 3a. The coordination
geometry around the cerium ion is a sphenocorona with a 2, 4,

2, 2 distribution of oxygen atoms around the cerium ion with
the phosphine oxide oxygens O13 and O14 forming one of the
“2” groups and the nitrate oxygens the remainder as illustrated
in Figure 3b.

From ref 28 OS þ3ð Þ ¼
X

i

e
2:118� ri
0:37

(2)

OSðþ4Þ ¼
X

i

eð2:07� riÞ=0:37 (3)

The P=O distances in (1) at 1.498 Å are larger than those
found in L1.H2O (1.478(4) Å,

[30] as expected, but similar to those
in complexes with trivalent lanthanides; in halo complexes of
lanthanum (1.485 Å)[31] and complexes with substituted
pentane-2,4-dionates of samarium and europium (1.496 Å)[32,33]

and do not seem to be lengthened significantly on coordination
to the more highly charged ion. The bite angle (O� Ce-O) is
77.4(3)° which is larger than those for L1 in complexes with
trivalent ions where the bite angles range between 70.8–74.7°
with an average of 73.1°.

For comparison with the structure of (1) Ce(NO3)3L12 (2) was
prepared. It crystalises in the P21/n space group and has an 8-
coordinate ionic structure [Ce(NO3)2L

1
2]

+[NO3]
� which is shown

in Figure 4.
The geometry around the Ce ion is a distorted dodecahe-

dron (S=3.17). The ionic nitrate is hydrogen bonded to a lattice
ethanol molecule (O….O 2.84 Å). The P=O and N� O(Ce) bond
distances in (2) are shorter than for (1) as expected on
coordination to a Ce3+ compared to Ce4+ ion. The intra-ligand
O….O distance of 3.040 Å is considerably longer than that
found in (1) (2.085 Å) and the (P)O� Ce� O(P) bite angle is wider
(79.35 ° in (2) compared with 77.35 ° in (1)) reflecting the
stronger bonding to the Ce(IV) centre.

Figure 3. (a) The molecular structure of Ce (NO3)4 L
1 (1). Thermal ellipsoids

drawn at 50% (b) the primary coordination sphere illustrating the 2,4,2,2
sphenocorona geometry around the cerium ion.

Figure 4. The structure of [Ce(NO3)2L
1
2]

+[NO3]
� (2). Hydrogen atoms omitted

for clarity. Thermal ellipsoids drawn at 50%.
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Structures of [Ce(NO3)3L
3
2][NO3] (3) and (4)

The [Ce(NO3)3L
3
2][NO3] complexes (3) and (4) crystallise in the

P21/c space group from either CHCl3 or CD2Cl2, with a 10-
coordinate Ce ion bound to 2 bidentate phosphine oxides and
three nitrate ions with the remaining nitrate not coordinated to
the metal. The assignment of the complex as Ce(IV) is further
supported by an analysis of the bond distances (see Table 2),
and from the fact that the Pr(NO3)3 complex with L

3 has a
polymeric structure[34] rather than the mononuclear structure
found here.

The complex crystallised from CD2Cl2 has a geometry best
described a 2,4,2,2 sphenocorona (S=2.9) although when
crystallised from CHCl3 a bicapped square antiprism is a
marginally better description. In both cases the differences in S-
values between the sphenocorona and bicapped square
antiprism are small and either description appears adequate.
The structure of the complex is shown in Figure 5a and the core
structure illustrating the bicapped square antiprism in Fig-
ure 5b.

The structure is very similar to the analogous thorium(IV)
complex, [Th(NO3)3L

3
2]

+[NO3]
� [35] which also has a bicapped

square antiprismatic coordination geometry. The bond distan-
ces and angles are also very similar between the thorium
complex and the two cerium(IV) analogues reported here. The
bite angles of both nitrate and phosphine oxide ligands are
slightly larger for Ce4+ possibly due to the difficulty in a small
bite angle ligand such as nitrate accommodating the smaller
ionic radius. A schematic comparison of the bond distances and
angles is given in Figure S2 in the supplementary information.

There is a pseudo meridonal arrangement of nitrate ligands
(considering the NO3

� to be a monodentate ligand bonded via

the N-atom) which is also seen in Ln(NO3)3/phosphine oxide
complexes but not in [Ce(NO3)3(Et3PO)3]

+ [18] where the nitrates
adopt a pseudo fac-arrangement. In (3) and (4) a fac-arrange-
ment of nitrates would be less favourable as this would
necessitate bringing the two bulky chelating ligands into a
pseudo cis – geometry and thus into closer proximity increasing
unfavourable steric interactions.

Structure of Ce(NO3)3L
4
1.5[NO3] (5)

The complex (5) formed during the reaction of CAN with L4 in
CD2Cl2, crystallises in the P-3c1 space group with a polymeric
network of Ce(NO3)3L

4
1.5 units linked by ligands bridging

between two metal centres (rather than chelating) as shown in
Figure 6. The geometry around the cerium ions as a tricapped
trigonal prism (S=2.5) and this together with the asymmetric
unit for the structure are shown in Figures 7 a and b
respectively.

The trigonal planes are parallel and the angles between the
square faces (each defined by two O1 and two O4 atoms) at
60.03° are almost identical to the idealised geometry. The
solution of the structure gave a residual electron density of 32
electrons, very close to the 31 expected for a nitrate ion. This
implies that (5) may be a Ce(IV) complex. The average Ce� O
length of 2.47(10) Å lies between the 9-coordinate averages of
2.55(10) Å for Ce(III) and 2.34(6) for Ce(IV) and comfortably
within the range for either oxidation state.[29] Oxidation state
calculations are similarly inconclusive (Table 2), a situation
which has previously been taken as an indication of the
presence of both Ce(III) and Ce(IV) in the structure,[28] although
we find no evidence of inequivalent cerium environments in

Figure 5. (a) The molecular geometry of the [Ce(NO3)3L
3
2]

+ · CHCl3 cation in (3). Thermal ellipsoids drawn at 50%. (b) The bicapped square antiprism core
geometry (hydrogen atoms and phenyl rings omitted for clarity.
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the structure. The structure of (5) also differs from those of
complexes of lanthanide(III) nitrates with L4 produced by
solvothermal synthesis which have dimeric structures with two

Ln(NO3)3L
4 units, in which L4 is chelating, bridged by a

second L4.[36] The difference in the structures could arise from
the different methods of synthesis and the possible presence of
Ce(IV). The cerium complex was not reported and so a direct
comparison is not possible, however the praseodymium
complex has been structurally characterised and as Pr3+ and
Ce3+ have similar ionic radii some general comparisons
between the two are meaningful. The Pr complex has a pseudo-
meridonal coordination geometry again considering the nitrates

again as monodentate ligands, whilst (5) has a pseudo-facial
arrangement. In the Pr complex the mer-geometry gives rise to
one cis-interaction between the chelating and bridging ligands.
A fac-arrangement would lead to two such interactions and it is
presumably this that leads to meridonal geometry being
preferred in this case. In (5) the absence of chelating L4 ligands
means that the fac-geometry incurs no significant steric penalty
and is preferred. Unusual differences in the metal oxygen bond
distances are also found. From a consideration of the lanthanide
contraction it would be expected that the Pr complex would
have slightly smaller metal- oxygen distances whereas the
opposite is the case, with the average Pr� O(N) 2.58(3) Å

Figure 6. The structure of Ce(NO3)3L
4
1.5 (5) showing the atom labelling of the coordination sphere. Hydrogen atoms omitted for clarity.

Figure 7. (a) The tricapped trigonal prismatic coordination geometry around the Ce ion in Ce(NO3)3L
4
1.5 (5). (b) The asymmetric unit with thermal ellipsoids

drawn at the 50% probability level.
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compared to Ce� O(N) 2.53(1) Å, and Pr� O(P) 2.38(2) Å Ce� O(P)
2.344(6) Å. Whilst it must be noted that this effect is small and
the ranges of observed Ln� O distances for 9-coordinate Ce(III)
and Pr(III) do overlap slightly,[29] it nonetheless implies Ce(IV)
rather than Ce(III). The oxidation state calculations, however,
give ambiguous results. This has previously been taken as being
indicative of the presence of both Ce(III) and Ce(IV) in a
structure,[28] although we can find no evidence of inequivalent
Ce atoms in the structure. The elemental analysis gives a
reasonable fit to the composition expected for Ce(IV) namely
[Ce(NO3)3L

4
1.5]

+[NO3]
� for the bulk sample and on balance,

whilst we cannot account for the oxidation state calculations,
we favour the formulation as Ce(IV).

Solution properties and complex formation reactions

The isolated complexes of L2, L
3 and L4 have low solubility in

common organic solvents and NMR spectra could be recorded
in chlorocarbons and CD3CN only with prolonged accumulation.
The coordination shifts of the 31P signals of all complexes are
between 15–20 ppm to higher frequency of those of the free
ligands. This is slightly lower than found for trialkylphosphine
oxides, on coordination to Ce(IV) where coordination shift of
around 25–30 ppm were observed.[18] This is probably because
of the poorer donor ability of the aromatic substituted ligands
studied here. The corresponding Ce(III) complexes all have 31P
NMR signals between 70–80 ppm due to the paramagnetic shift
on coordination to the 4f1 centre.

Ce(NO3)4L1 and [Ce(NO3)2L12][NO3] (1) and (2)

The Ce(IV) and Ce(III) complexes of L1 have reasonable solubility
in organic solvents. The 31P NMR spectrum of (1) in CDCl3 shows
a single sharp peak at 46.5 ppm (W1/2 6 Hz) shifted downfield
from the position in the free ligand (29.8 ppm) as expected on
coordination to the positively charged cerium centre. The
spectrum of (2) is similarly as expected for a cerium(III)
phosphine oxide complex with a significant paramagnetic
shift.at 78.9 ppm. In both cases the addition of small quantities
of L1 to solutions of the complexes gave rise to spectra in which
two separate peaks were seen at unchanged chemical shifts
indicating that L1 and its complexes do not undergo rapid
exchange on the NMR timescale. Generally free monodentate
phosphine oxides and their lanthanide complexes exchange
rapidly in solution giving rise to a single signal. In this case the
stronger binding with the bidentate ligands slows the ex-
change. In contrast to the complexes with more flexible ligand
backbones which decompose to Ce(III) complexes (see below),
(1) is relatively stable in solution, the 31P NMR spectra showing
no sign of decomposition to Ce(III) on standing for 14 days.
Addition of methanol of CDCl3 solution of (1) causes reduction
of the Ce centre with formation of (2).

The formation of (1) was investigated by monitoring the
reaction between an excess of CAN and L1 in CDCl3 and CD3CN
solutions. The reaction of an excess of solid CAN with an L1 in

CDCl3 solution gave rise a yellow/orange solution within a few
minutes of mixing, the 31P NMR spectrum initially showed the
signal from the free ligand to be absent and the presence of
two peaks at 47.1 and 44.5 ppm in an approximately 1 :4 ratio
tentatively assigned as Ce(NO3)4L

1 and Ce(NO3)4L
1
2 respectively.

The spectra are shown in Figure 8. The assignments of the
predominant species initially formed as Ce(NO3)4L

1
2 is based on

the presence of an excess of L1 compared to soluble cerium in
the initial stages of the reaction and on the 31P NMR spectra of
the isolated Ce(NO3)4L

1 and crude Ce(NO3)L
1
2 complexes. An

additional low intensity broad signal at 78.9 ppm was also
observed and is assigned as Ce(NO3)3L

1
2 by comparison with the

spectrum of an authentic sample. The large paramagnetic shift
is typical for Ce(III) - phosphine oxide complexes. The Ce(III)
complex is formed by reduction, probably from a small amount
of residual L1 ·H2O2 from the preparation of the ligand. On
standing for 3 days the peak at 47.1 ppm due to Ce(NO3)4L

1

increased in intensity. This complex then reacts with the excess
solid CAN present to give Ce(NO3)4L

1 as the major species in
solution on standing.

The reactions of both Ce(NO3)4L
1 with added L1, and of L1

with increasing amount of CAN were studied in CD3CN. The
resulting spectra are shown in Figures 9a and 9b respectively.
The same species as observed in CDCl3 solution (Ce(NO3)4L

1 at
47.1 ppm and Ce(NO3)4L

1
2 at 45.3 ppm) were found and the

presence of a further complex with a chemical shift of 44.7 ppm
which increases in intensity at higher L1 to Ce ratios and is
probably a 1 :3 complex which is in exchange with free ligand
(broad signal at about 38 ppm).

The nature of the 1 :2 complex is not certain from NMR
measurements alone. It could possibly be a 12-coordinate
neutral complex, but this seems unlikely in view of the presence
of two bulky bidentate ligands and the ionic nature of the
Ce(III) analogue. It seems, on balance more likely that this is an
ionic complex, [Ce(NO3)3L

1
2]

+ which retains a 10-coordinate
structure. Similarly the composition of the 1 :3 complex is most
likely to be ionic, possibly [Ce(NO3)2L

1
3]
2+ This was further

investigated by a conductimetric titration of Ce(NO3)4L
1 (1) with

L1 in acetonitrile and the results are shown in Figure 10. The
complex (1) is non conducting in CH3CN indicating the same
molecular structure in solution and solid state. On addition of L1

the conductance increases giving a value in the range of a 1 :1
electrolyte[37] at a 1 :1 (1) : L1 ratio. This indicates that [Ce-
(NO3)3L

1
2]

+[NO3]
� is the predominant species in solution. On

increasing the proportion of L1 the conductance increases to a
value within the expected range of a 1 :2 electrolyte suggesting
that [Ce(NO3)2L

1
3]
2+2[NO3]

� is formed. Thereafter the conduc-
tance does not rise sharply indicating that formation of the
tricationic species [Ce(NO3)L

1
4]
3+ 3[NO3]

� only occurs to a small
extent.

The reaction of aqueous CAN with L1 in a 1 :2 ratio in
dichloromethane led to the isolation of an impure solid
containing “Ce(NO3)4L

1
2” (δ=44.6 ppm) with a small amounts of

(2) (δ=78.6 ppm) and L1 (δ=33.5 ppm). Addition of solid CAN
to a CDCl3 solution of this solid gave rise to an additional signal
at 46.7 ppm due to Ce(NO3)4L

1 which increased in intensity on
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standing which is again consistent with the initial presence of
the 1 :2 complex.

[Ce(NO3)3L22]NO3 and [Ce(NO3)2L22]NO3

Impure Ce(NO3)4L
2
2 formed as a yellow powder and is poorly

soluble in all common organic solvents. Whilst the substance is
soluble in dimethylsulfoxide, the 31P NMR spectrum in DMSO-d6
gave a single sharp line at 24.2 ppm in good agreement with
the shift of free L2 showing that the complex undergoes

complete ligand substitution in this solvent. The best solvent
for NMR spectroscopy was CD3CN in which spectra could be
obtained with prolonged accumulation. The 31P NMR spectrum
shows two signals in a 1 :1 ratio at 40.3 and 40.0 ppm assigned
as Ce(NO3)4L

2
2 and a second lower intensity set of signals, again

in a 1 :1 ratio at 74.9 and 74.6 ppm due to Ce(NO3)3L
2
2 formed

by decomposition. The assignment of the Ce(III) complex was
confirmed by comparison with a sample prepared from Ce-
(NO3)36H2O and L2 which had identical 31P NMR and infrared
spectra. On standing further decomposition to Ce(III) is evident
with the Ce(III) complex present as the major species in solution

Figure 8. The evolution of the 31P NMR spectra from the reaction of L1 in CDCl3 with excess solid CAN.
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after standing for 5 d. After 14 d the decomposition is complete
with the only signals present being due to the Ce(III) complex.
Representative spectra are shown in Figure 11a. There are no
other phosphorus containing species present in solution. Two
sharp peaks in a 1 :1 ratio suggest the presence of two
inequivalent ligands within the complex which could be due to
the ether oxygen atom in one of the ligands coordinating to Ce
leading to two inequivalent phosphorus environments, possibly
as an ionic complex [Ce(NO3)3L

2
2]

+ NO3
� . At 80 °C the two

signals from Ce(NO3)4L
2
2 coalesce to form a single sharp peak.

This process is reversible, albeit with increased formation of
Ce(III) with the same spectrum obtained on cooling to 25 °C as
shown in Figure 11b There is precedent for L2 acting as a
tridentate ligand in the solid state in [LnCl2L

2
2]

+Cl� which
contain one bidentate and one tridentate ligand.[31]

The presence of two peaks for Ce(NO3)3L
2
2 could be

explained in the same way, although in this case it must be
noted that in the solid state structures of [Ln(NO3)2L

2
2]

+[NO3
� ]

(Ln=Pr, Lu) both the ligands are bidentate. In this case the
variable temperature NMR spectra show a broadening of the
signals but they do not coalesce at 80 °C indicating that the
exchange between inequivalent sites is occurring but at a
slower rate than in the Ce(IV) complex.

The investigation into the formation of complexes of L2 in
solution was hampered by the low solubility of the complexes
in CDCl3 and CD3CN and of L2 in CD3CN. In both cases the
reactions produced yellow poorly soluble materials. Depending
on the solvent used, there are significant differences in the

species formed which appear to be related to the solvent
polarity. In polar solvents[38] such as CD3CN two peaks in a 1 :1
ratio are seen whilst the spectrum from the reaction between
solid CAN with a CDCl3 solution of L2 gave spectra which
showed the presence of excess L2 together with a single peak
at δ 44.0 and at 75.7 and 75.2 ppm for Ce(IV) and Ce(III)
respectively. The simplest explanation is the ionisation of the
complex in more polar solvents as indicated schematically in
Figure 12. In CD2Cl2 a solvent with intermediate polarity a
similar set of

spectra were obtained with two pairs of signals at 39.6 and
39.4 ppm for Ce(IV) and 74.9 and 74.2 ppm for Ce(III) and a
single lower intensity peak at 44.7 ppm which is consistent with
the unionised form with equivalent phosphorus environments
being produced as observed in CDCl3.

[Ce(NO3)3L32][NO3] (3)

In CD3CN the
31P NMR spectrum of (3) shows two peaks, one at

51.8 (W1/2=11 Hz) assigned to (3) and a lower intensity signal at
51.1 ppm in addition to abroad signal at 70.6 ppm ppm (W1/

2~300 Hz) due to Ce(III). On heating to 80 °C the signal due to
(3) is considerably reduced in intensity with the major peak at
65.7 ppm due to a Ce(III) complex. On cooling this solution to
ambient temperature only a single broad peak at 67 ppm (W1/

2=1.3 kHz) is observed indicating complete decomposition to
Ce(III).

Figure 9. a. The 31P NMR spectra from a. Ce(NO3)4L1 with increasing L1 and b. L1 with increasing amount of CAN in CD3CN.
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Figure 10. Molar conductance of an acetonitrile solution of (1) versus mole ratio of L1. The accepted ranges for 1 :1, 1 : 2 and 1 :3 electrolytes are shown in the
shaded areas.

Figure 11. a. The decomposition of Ce(NO3)4L
2
2 to Ce(NO3)3L

2
2 b. The variable temperature

31P NMR spectra in CD3CN.
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Investigations into the complex formation reaction in
solution were hampered by, in addition to the insolubility of
CAN in chlorocarbon solvents, the very low solubility of L3 in
CD3CN. Addition of CAN to a suspension of L

3 in CD3CN led to
31P NMR spectra which showed a peak at 51.6 ppm assigned as
[Ce(NO3)3L

3
2]

+ together with a lower intensity signal at
51.0 ppm which is tentatively assigned as a PO coordinated to
Ce(IV), possibly [Ce(NO3)2L

3
3]
2+ on the basis of the 31P chemical

shift.

The evolution of the spectra over time is shown in
Figure 13. The concentration of [Ce(NO3)3L

3
2]
2+ increases over 5

weeks as does the Ce(III) decomposition product.
At 80 °C the separate signals from the Ce(IV) complexes

coalesce giving a single broad peak (W1/2=70 Hz) indicating
that the Ce(IV) complexes undergo rapid ligand exchange on
the NMR timescale at 80 °C. On cooling to 30 °C two separate
signals are again seen showing the process is reversible.

Ce(NO3)3L41.5 (5)

The 31P NMR spectrum of (5) in CDCl3 shows several phosphorus
environments. A small signal at 76.0 ppm is assigned as a Ce(III)
complex and three peaks at 54.5, 53.0 and 50.1 ppm to Ce(IV).
The spectrum is shown in Figure 14 and indicates that the
solution structure differs from that in the solid state where all
phosphorus atoms are equivalent. The reaction of L4 in CDCl3
with solid CAN with a Ce : L4 ratio of 1 :3 was slow. After 3 h the
31P NMR spectrum showed a broadening of the L4 signal to
80 Hz and a small broad peak (W1/2=~600 Hz) assigned to a
Ce(IV) complex at 53.3 ppm. After 2 weeks the intensity of the
Ce(IV) species has increased significantly with an approximately
1 :1 ratio of ligand (δ 33.4 W1/2=180 Hz) and complex (δ
54.5 W1/2=200 Hz) with a lower intensity signal at 50.1 ppm
assigned to PO coordinated to Ce(IV).

The signals were both broad indicating exchange between
free and bound ligand. On cooling to � 30 °C the broad peaks in
the region of 54 ppm resolved into three signals at 55.3, 54.4
and 52.0 ppm. In addition three low intensity broad resonances
were seen at 101.5, 95.1 and 87.2 ppm, the low field shift and
strong temperature dependence being characteristic of Ce(III)
coordinated phosphine oxide. The behaviour of this system in
solution is clearly more involved and the number of signals
which can be assigned to Ce(IV) complexes on the basis of their
chemical shifts indicates that a number of modes of bonding
are occurring. By analogy with the solid state structures of
trivalent lanthanides bonded to L4[36] it is reasonable to suppose
that here we are seeing the presence of both chelating and
bridging L4 in solution.

The reaction of L4 with excess solid CAN in CD2Cl2 after
10 days showed a major peak at 54.6 ppm with a lower

Figure 12. The probable speciation of complexes of L2 with differing solvent polarity.

Figure 13. The 31P NMR spectra of the L3 CAN reaction in CD3CN.
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intensity signal at 50.5 ppm, both assigned as Ce(IV). There was
little evidence for the formation of Ce(III) in solution over this
time.

Investigation of the reactions in CD3CN and in CD3NO2 was
again hampered by the very low solubility of L4 in these
solvents. The reaction carried out with a suspension of L4 with a
solution of CAN in CD3CN (effectively the reaction of L

4 with an
excess of CAN) led to the dissolution of L4 and a 31P NMR
spectrum which showed the presence of two Ce(IV) species at
57.1 ppm(major) and 51.9 ppm(minor). Similar results were
obtained when using CD3NO2 (δ 57.2 major and δ 52.1 minor)
which closely correspond to the spectrum obtained from
CD2Cl2. On heating at 90 °C for 6 h some decomposition to
Ce(III) was evident with a low intensity broad signal at about
70 ppm moving to 78 ppm at 30 °C.

Conclusions

The reactions of CAN with L1 led to the isolation of a 1 :1
molecular complex (1) which is stable in solution with strong
evidence for the formation (31P NMR and conductance measure-
ments) of ionic species, [Ce(NO3)3L

1
2]

+ and [Ce(NO3)2L
1
3]
2+ and

possibly [Ce(NO3)L
1
4]
3+, formed in solution on addition of

further L1. Reaction with Ce(NO3)3
.6H2O led to the formation of

the ionic [Ce(NO3)2L
1
2]

+[NO3]
� . The reactions of CAN with L2

formed less stable complexes which decompose to Ce(III) in
solution. With L3 the ionic [Ce(NO3)3L

3
2]

+ (3 and 4) was formed.
There is evidence for the formation of further Ce(IV) complexes

in solution, possibly [Ce(NO3)2L
3
2]
2+. In solution decomposition

to Ce(III) occurs. For L4 the polymeric complex, [Ce(NO3)3L
4
1.5]nn-

[NO3]
� (5) was isolated. In solution the presence of signals from

both Ce(IV) and Ce(III) indicate that complexes of L2, L3 and L4

are less stable than those of L1. The marked contrast in stability
of the Ce(IV) complexes could be correlated with the flexibility
of the ligand backbones with the more rigid L1 forming the
most stable complexes.

In the solid state cerium(IV) complexes of L1 are less
thermally stable than the Ce(III) analogue and more stable than
the complex with L2. The increased solid state stability of (1)
compared to (3) mirrors the solution stabilities.

Experimental Section
NMR spectra were recorded in CDCl3 solution on a JEOL ECX 400,
approximately 20 mg of solid in 1 mL of the appropriate deuterated
solvent.

Thermogravimetric Analysis was carried out using a Perkin Elmer
TGA 8000 set with a balance purge of 60 ml/min and sample purge
of 40 ml/min nitrogen. The initial temperature was set to 50 °C and
held for 1 min, the temperature was raised to 1000 °C at a rate of
10 °C/min and then held for 1 min.

The evolved gases were collected from the TGA and transferred to
a Perkin Elmer Spectrum 2 FTIR fitted with a gas cell by a heated
(270 °C) transfer line using nitrogen as carrier gas at a flow of 80 ml/
min. The FTIR continuously collected data throughout the TGA
analysis with a resolution of 8 cm� 1 and 4 scans.

Infrared spectra were recorded with a resolution of �2 cm� 1 on a
Thermo Nicolet Avatar 370 FT-IR spectrometer operating in ATR
mode. The samples were compressed onto the optical window and
spectra recorded without further sample pre-treatment.

X-ray Crystallography: Suitable crystals of each compound were
selected, coated in protective perfluoroether oil, and mounted on a
MiTeGen holder. Diffraction data were collected on a Rigaku FRE+

diffractometer equipped with VHF Varimax confocal mirrors and an
AFC12 goniometer and HyPix 6000HE detector (Compounds (1) and
(2)) or a Rigaku 007HF equipped with Varimax confocal mirrors and
an AFC11 goniometer and HyPix 6000 detector (Compounds (3),
(4), and (5)). The crystals were kept at a steady T=100(2) K during
data collection. The structure was solved with the ShelXT[39]

structure solution program using the Intrinsic Phasing solution
method and by using Olex2[40] as the graphical interface. The model
was refined with version 2014/7 of ShelXL[39]) using Least Squares
minimisation. The total number of runs and images was based on
the strategy calculation from the program CrysAlisPro.[41] Low angle
reflections that were affected by the beamstop have been omitted
from the refinement. All non-hydrogen atoms were refined with
anisotropic thermal displacement parameters. Aromatic and ali-
phatic hydrogen atoms have been included at their geometrically
estimated positions. Hydrogen atoms bound to disordered water
molecules, and the hydroxyl hydrogen atoms of disordered ethanol
molecules, could not be located in the difference map, and would
not converge into a preferred orientation when included at
geometrically estimated positions. These hydrogen atoms have
been omitted from the final model, but included in the final
molecular formula. Model refinement was unremarkable, except in
the following instances. Further details may, in all cases, be found
in the cifs.

Figure 14. The 31P NMR spectrum of (5) in CDCl3.
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(2): Elongated thermal ellipsoids of the atoms of the aromatic ring
containing C73 indicated that the ring is disordered, and has been
modelled over two sites of complementary occupancies.

(3) and (4): The non-coordinated nitrate anion was found to be
disordered, and has been modelled over two sites, with 55% and
45% occupancy. In (3) only, a further peak close to O10 N has been
modelled as the oxygen atom of a 45% occupancy water molecule.
Elongated thermal ellipsoids of the atoms of the rings containing
C15, C21, and C27 indicated that these rings were disordered, and
they have each been modelled over two sites with complementary
occupancies. Large peaks of residual electron density indicated the
presence of disordered, partial occupancy chloroform molecule that
essentially create a one directional smear of electron density. No
attempt was made to resolve this disorder. A solvent mask has
been applied, and the presence of approximately 2.25 molecules of
CHCl3 (3) or CD2Cl2 (4) were calculated to occupy the void space.

(5) Only the 3 coordinated nitrate anions could be located, and the
poor resolution of the diffraction data did not allow for reliable
oxidation state determination of the Ce centre. There are some
cavities available for solvents (129 Å3 per asymmetric unit). No
solvent molecules could be identified, and a solvent mask was
applied (more details may be found in the solvent mask section of
the cif), giving a calculated electron count consistent with the
presence of one nitrate anion and 1.75 CH2Cl2 molecules per Ce
centre. The nitrate anion and CH2Cl2 molecules calculated by the
solvent mask have not been modelled but have been included in
the final molecular formula. Rint is somewhat high, which is most
likely because the l=odd reflections are very weak. Attempts to
solve this structure with c=11.1 Å were unsuccessful. Given that a
cerium (IV) salt was used to prepare this material, it has been
assumed for molecular formula

Deposition Number(s) 2263571-2263575 (for 5, 1, 2, 4 and 3)
contain(s) the supplementary crystallographic data for this paper.
These data are provided free of charge by the joint Cambridge
Crystallographic Data Centre and Fachinformationszentrum Karls-
ruhe Access Structures service.

Synthesis: Ce(NO3)4L
1 (1) An excess of ceric ammonium nitrate,

(NH4)2Ce(NO3)6 (0.92 g 1.68 mmol) was added to a solution of L
1

(0.27 g 0.45 mmol) in 4.5 ml dichloromethane and the mixture
stirred for 24 h to give a dark brown suspension. The suspension
was filtered to give a dark brown solution which was cooled to
� 30 °C. The dark brown crystals which formed were filtered,
washed with a small quantity of dichloromethane and dried at the
pump to give Ce(NO3)4L

1 (0.37 g 84% based on L1). Infrared/cm� 1

(ATR) 1516(s), 1507(s) (N� O), 1276(m), 1262 (s), 1247(s), 1229(s)
(N� O), 1100(s) (P=O).

Analysis: required (found) C47.66(47.01), H3.28(2.90), N5.70(5.46)

[Ce(NO3)2L
1
2][NO3] · EtOH (2) Ce(NO3)3 · 6H2O 0.22 g (0.5 mmol) was

dissolved in 2.5 ml warm ethanol and a solution of 0.62 g
(1.0 mmol) L1 in 7.5 ml warm ethanol was added to give a white
precipitate. The mixture digested on a steam bath for 30 minutes
after which it was cooled to room temperature, filtered, washed
with ethanol and dried to give 0.66 g (84%) colourless crystals.

Analysis: required (found) 60.54(60.17), H4.17(4.02), N2.71 (2.57)

[Ce(NO3)4L
3 · 2CHCl3 A solution of an excess of ceric ammonium

nitrate (0.43 g 0.78 mmol) in 2.5 ml water was stirred with a
solution of L3 (0.25 g 0.58 mmol) in chloroform (1.2 ml). The stirring
was continued for 30 minutes. The dark red lower layer was
separated and dried (MgSO4). Dark brown crystals of the title
complex formed on standing overnight and were filtered and dried
at the pump to give 0.24 g Infrared/cm� 1 (ATR) 1507(m)(N� O),
1271(m)(N� O), 1069(s)(P=O), 953(w)(N� O).

Analysis: required (found) C43.60(43.53), H3.38(3.42), N3.77(3.94)

Ce(NO3)4L
4
1.5 · [NO3] Solid ceric ammonium nitrate (46.4 mg

0.08 mmol) was added to a solution of L4 (24.6 mg 0.05 mmol) in
CD2Cl2 (0.5 ml) in a 5 mm o.d. nmr tube. After 14 d the solution was
decanted from undissolved solid. Slow evaporation of the solution
to a small volume led to the formation of a small quantity of orange
crystals. Infrared/cm� 1 (ATR) 1528(m), 1458(m)(N� O), 1282(m)(N� O),
1141(s), 1123(s)(P=O), 952(w)(N� O).

Analysis: required (found) C46.89(46.80), H3.95(4.21), N5.21(4.74)
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