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A B S T R A C T   

This paper describes the synthesis and characterization of complexes containing the relatively rigid bisphosphine 
oxide ligand cis-ethylenebis(diphenylphosphine oxide) with three lanthanide (Ln) triflate salts (Ln = La3+, Sm3+, 
Lu3+). The complexes were characterized in the solid state by IR and X-Ray crystallography and show bidentate 
binding of the ligand to each metal center. The complexes were also studied at various Ln-ligand stoichiometries 
in solutions of CDCl3 using 1H and 31P NMR. These studies revealed that for the complexes where Ln = La3+ and 
Sm3+ ligand exchange is fast on the 1H and 31P NMR time scales when there are less than four equivalents of 
ligand in solution but slows when more than four equivalents are present. For the solution studies of complexes 
with Lu3+, ligand exchange is fast on the 1H NMR but slow on the 31P NMR time scale for all Lu-ligand 
stoichiometries.   

1. Introduction 

Research into f-block elements has gained interest due to applica
tions in areas such as luminescent bioprobes [1], electronic spin qubits 
[2], and energy production [3]. Some specific examples of the diverse 
applications f-elements have found use in include pain treatment in 
metastatic bone cancer (153Sm) [4], removal of phosphorus from 
wastewater (La) [5], and photocatalysis (lutetium doped nanoparticles) 
[6,7]. Since many of these applications involve the complexation of a f- 
block metal with an organic ligand, research into the synthesis and 
characterization of new lanthanide-ligand complexes could lead to ad
vances in these spheres of research. 

The organic ligand investigated in this study is cis-ethylenebis 
(diphenylphosphine oxide) (dppeO2) shown in Scheme 1. Single crystal 
X-ray diffraction structures of this relatively rigid bisphosphine oxide 
ligand complexed with manganese [8] and tin [9–12] have been pub
lished, as well as with the f-element thorium [13]. In almost all of these 
structures this ligand binds to the metal in a bidentate manner in the 
solid state. Other groups have studied the ability of this ligand to 

separate lanthanide (Ln) and actinide (An) ions in solution [14–18], 
with a potential use of this chemistry for the recycling of f-elements 
[19,20] and for the treatment of spent nuclear fuel [21]. 

We add to the current body of knowledge on the coordination 
chemistry of cis-dppeO2 with this work, where this ligand was com
plexed with the three lanthanide triflate (OTf) salts La(OTf)3, Sm(OTf)3, 
and Lu(OTf)3. This study includes characterization of the resulting 
complexes in both the solid state (X-ray crystallography, IR, CHN) and in 
solution (NMR, MS). We chose to prepare complexes where Ln(III) = La, 
Sm and Lu since complexes containing those three lanthanide metals 
give NMR spectra that do not suffer from severe line broadening. Our 
goal at the outset of this work was to probe the effect of Ln3+ size on the 
geometry and stoichiometry of the resultant complexes. 

2. Materials and methods 

2.1. General considerations 

All chemicals (including deuterated solvents) were purchased from 
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Sigma-Aldrich or Strem Chemical and used without further purification. 
NMR spectral data (1H, 13C, 31P) were recorded on a JEOL ECZS 400 
NMR Spectrometer. For NMR spectra, chemical shifts are expressed as 
parts per million (δ) relative to SiMe4 (TMS, δ = 0) for 1H and 13C data, 
and H3PO4 (δ = 0) for 31P data. Both 13C and 31P NMR spectra were 
obtained as proton-decoupled data. IR spectra were acquired neat on a 
Jasco 4100 FTIR. Elemental (CHN) analyses were performed by Atlantic 
Microlab Inc., Norcross, GA; all CHN percentages calculated for 
lanthanide complexes assume three phosphine oxide ligands + Ln(OTf)3 
+ residual water/solvents as indicated. Low-resolution mass spectrom
etry data were acquired on an Advion Expression-L Compact Mass 
Spectrometer in ESI mode. 

2.2. X-ray diffraction data 

The structure of [La(dppeO2)2(OTf)3(H2O)2] was obtained using a 
Bruker Apex-II CCD (charge coupled device) based diffractometer 
equipped with an Oxford Cryostream low-temperature apparatus oper
ating at 173 K. The total number of images was based on results from the 
program COSMO [22] where redundancy was expected to be 4.0 and 
completeness of 100% out to 0.83 Å. Cell parameters were retrieved 
using APEX II software [23] and refined using SAINT on all observed 
reflections. Data reduction was performed using the SAINT software 
[24], which corrects for Lorentz polarization. Scaling and absorption 
corrections were applied using SADABS [25] multi-scan technique, 
supplied by George Sheldrick. Details regarding the modeling of disor
der and the removal of electron density using the BYPASS procedure 
[26] are included in the supplemental information file. 

The remaining structures presented here were obtained using a 
Rigaku XtaLAB Synergy, Dualflex, HyPix diffractometer. CRI Data were 
measured using w scans using Cu Ka radiation (micro-focus sealed X-ray 
tube, 50 kV, 1 mA). The total number of runs and images was based on 
the strategy calculation from the program CrysAlisPro [27]. Cell pa
rameters were retrieved and refined, and data reduction was performed 
using CrysAlisPro software [27], which corrects for Lorentz polariza
tion. Numerical absorption correction was based on Gaussian integra
tion over a multifaceted crystal model. Empirical absorption correction 
using spherical harmonics was implemented in SCALE3 ABSPACK 
scaling algorithm. 

2.3. Synthesis 

cis-dppeO2. This compound was prepared according to previously 
published procedures [13,28]. Here, we altered only the recrystalliza
tion step by adding a small amount of DMSO to decrease the amount of 
benzene required to purify the product. A detailed procedure, along with 
spectroscopic data, can be found in the Supplemental Information file. 

Ln(dppeO2)3(OTf)3 complexes, general procedure. cis-dppeO2 
(50 mg, 0.116 mmol) and the desired Ln(OTf)3 (Ln = La, Sm, Lu; 0.039 
mmol) were dissolved in acetonitrile (20 mL) in a 50 mL round bottom 
flask. The solution was stirred for 30 min at room temperature, and the 

volatiles were removed under reduced pressure. The resultant white 
solids were triturated with diethyl ether (3 × 3 mL) to give thick white 
oils for the La3+ and Sm3+ complexes, while the Lu3+ complex remained 
a white powder. The diethyl ether was removed via pipette and the 
remaining volatiles were removed under high vacuum to give the [Ln 
(dppeO2)3(OTf)3(Et2O)] complexes as white solids. 

[La(dppeO2)3(OTf)3]. This complex was isolated as an off-white 
powder (62 mg, 82% yield). FT-IR (cm−1): ν 1438 (C––C), 1155 
(P––O). 1H NMR (CD3CN, 400 MHz): δ 7.46 (bm, 12H), 7.32–6.79 (bm, 
8H); 1H NMR (CDCl3, 400 MHz): δ 7.50–7.46 (m, 10H), 7.34–7.31 (m, 
5H), 7.03 (b, 8H); 31P (CD3CN, 161 MHz): δ 26.49 (s); 31P (CDCl3, 161 
MHz): δ 26.03 (s); 13C NMR (CD3CN, 100 MHz): δ 129.3 (t, JCP = 5 Hz, 
Cortho), 131.5 (b, Cmeta), 133.5 (s, C––C), 142.1 (d, JCP = 85 Hz, Cipso); 13C 
NMR (CDCl3, 100 MHz): δ 129.2 (t, JCP = 6 Hz, Cortho), 131.5 (b, Cmeta), 
133.2 (s, C––C), 144.2 (d, JCP = 90 Hz, Cipso); ESI-LRMS (1%) m/z calcd 
for [La(C26H23O2P2)3(CF3O3S)2(CF3O2SOH)(CH3CN)]+: 1912.1, found 
1913.0; CHN analysis for La(1)3(OTf)3(Et2O) calculated (found): C 
52.48 (52.57), H 3.92 (3.94), N 0.00 (0.00). 

[Sm(dppeO2)3(OTf)3]. This complex was isolated as an off-white 
powder (67 mg, 88% yield). FT-IR (cm−1): ν 1439 (C––C), 1147 
(P––O); 1H NMR (CD3CN, 400 MHz): δ 7.75–7.41 (m, 4H), 7.21 (bm, 
8H), 7.11–7.07 (m, 8H); 1H NMR (CDCl3), 400 MHz): δ 7.05 (bm, 8H), 
7.31–7.35 (m, 12H), 8.27 (bm, 2H); 31P (CD3CN, 161 MHz): δ 27.68 (s); 
31P (CDCl3, 161 MHz): δ 26.90 (s); 13C NMR (CD3CN, 100 MHz): δ 129.3 
(t, JCP = 6 Hz, Cortho), 131.3 (t, 5 Hz, Cmeta), 133.6 (s, C––C), 143.8 (d, JCP 
= 91 Hz, Cipso), 120.8; 13C NMR (CDCl3, 100 MHz): δ 129.2 (t, JCP = 6 
Hz, Cortho), 131.1 (t, 5.6 Hz, Cmeta), 133.3 (s, C––C), 144.2 (d, JCP = 90 
Hz, Cipso); ESI-LRMS (1%) calcd for [Sm(C26H23O2P2)4(CF3O3S)(CF3O2

SOH)(H2O)(C2H6O)]2+: 1128.7, found 1128.8; CHN analysis for Sm 
(1)3(OTf)3(Et2O) calculated (found): C 52.17 (52.53), H 3.91 (3.86), N 
0.00 (0.00). 

[Lu(dppeO2)3(OTf)3]. This complex was isolated as an off-white 
powder (74 mg, 96% yield). FT-IR (cm−1): ν 1438 (C––C), 1147 
(P––O). 1H NMR (CD3CN, 400 MHz): δ 7.86 (t, JHP = 36 Hz, 1H), 
7.52–7.47 (m, 8H), 7.37–7.33 (m, 5H), 7.09–7.05 (m, 8H); 1H NMR 
(CDCl3, 400 MHz): δ 7.86 (t, JHP = 34.4, 1H), 7.50 (q, JHP = 8, 8H), 7.35 
(t, JHP = 8 Hz, 6H), 7.09–7.05 (m, 8H). 31P (CD3CN, 161 MHz): δ 28.29 
(s), 26.95 (s), 23.53 (s); 31P (CDCl3, 161 MHz): δ 36.69 (s), 32.31 (s), 
28.84 (s). 13C NMR (CDCl3, 100 MHz): δ 143.1 (d, JCP = 97 Hz, Cipso) 
133.5 (s, C––C), 131.2 (m, Cmeta), 129.7–129.1 (m, Cortho). 13C NMR 
(CD3CN, 100 MHz): δ 143.1 (d, JCP = 72.8 Hz, Cipso), 134.2 (s, C––C), 
131.2–131.1 (m, Cmeta), 129.7–129.6 (m, Cortho); ESI-LRMS (1%) m/z 
calcd for [Lu(C26H22O2P2)2(CF3O3S)2(CF3O2SOH)(CH3CN)]+: 1520.1, 
found 1520.1; CHN analysis for Lu(1)3(OTf)3(Et2O)2 calculated (found): 
C 52.00 (52.25), H 4.22 (3.77), N 0.00 (0.00). 

2.4. Solution speciation analysis by NMR titration 

A small shell vial was charged with dppeO2 (5 mg, 0.012 mmol) and 
dissolved in 750 μL CDCl3. This solution was transferred to an NMR tube 
and analyzed by 1H and 31P NMR spectroscopy. A stock solution of the 

Scheme 1. Synthesis of [Ln(dppeO2)3(OTf)3(Et2O)] complexes (Ln = La, Sm, Lu). In the complexes, the triflate groups are present as a mixture of inner sphere and 
outer sphere counteranions (rather than the pure outer sphere anions depicted here, vide infra) and a monoetherate is observed after purification. 
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Ln(OTf)3 in acetonitrile was prepared (0.180 M for Ln = La and Sm; 
0.079 M for Ln = Lu) and varying volumes of this solution were added to 
the NMR tube in order to prepare solutions with ligand–metal stoichi
ometries that ranged from 1:0 to 5:1. After each addition of Ln(OTf)3, 
the solution was shaken and allowed to equilibrate for approximately 
five minutes before analysis by 1H and 31P NMR. 

3. Results and discussion 

3.1. Synthesis and initial characterization of complexes 

The dppeO2 ligand was prepared following literature procedures 
[13,28]. The metal–ligand complexes were prepared by stirring dppeO2 
with the Ln(OTf)3 of choice (Ln = La, Sm, Lu) in a 1:3 ratio in aceto
nitrile (Scheme 1). This metal–ligand stoichiometry was chosen based 
on previous work from our group [13,29] and others [30–32] where 
ligands similar to dppeO2 formed complexes with lanthanide and acti
nide metals with stoichiometries ranging from two to four ligands per 
metal. The complexes were purified by trituration with diethyl ether to 
give off-white powders in reasonable yields. These powders were char
acterized by 1H, 13C and 31P NMR in both CDCl3 and CD3CN. The signals 
for the ligand were slightly broadened in the presence of each metal, 
although the expected splitting patterns were still interpretable. These 
spectra are shown in the Supplemental Information file, and the solution 
characterization of the complexes in described in more detail in a later 
section. 

Characterization of the solid complexes with CHN analysis revealed 
the presence of one molecule of diethyl ether solvate per [Ln 
(dppeO2)3(OTf)3] complex. The complexes were also dissolved in 
acetonitrile and analyzed using low resolution electrospray ionization 
mass spectrometry (LR ESI-MS). Peaks for varying ratios of Ln3+ to 
ligand were observed, often with the loss of one or two triflate anions to 
obtain a charged species. In some cases, the charged complexes also 
contained acetonitrile, water or ether solvent molecules. The mass 
spectra for each complex are shown in the Supplemental Information 
file. 

Characterization of the solid complexes using infrared (IR) spec
troscopy revealed a shift in the peak corresponding to the P––O stretch 
to lower wavenumbers relative to the dppeO2 ligand alone (Table 1). 
The Δν for the P––O stretch ranges from 17 to 25 cm−1 and is indicative 
of a weakening of the P––O bond upon coordination to the Ln3+ metal 
center. The stretch for the C––C bond is not changed in upon complex
ation to the Ln3+ metal. 

3.2. Analysis of the solid complexes with single crystal X-ray diffraction 

Single crystals of each complex were grown by dissolving the solid 
complex in methanol or methylene chloride in the presence of diethyl 
ether vapor at 4 ◦C. As described above, each complex was prepared 
with a 1:3 ratio between Ln(OTf)3 and ligand 1. In the case of the Sm3+

and Lu3+ crystals, this stoichiometry was retained in the single crystals 
that were analyzed. For the La3+ complex, however, crystals of com
plexes with different metal–ligand stoichiometries (1:2 and 1:4) were 
isolated and characterized. This result is an indication that the com
plexes are fluxional in solution, and that the structures discussed in this 
section represent snapshots of the dynamic nature of these lanthanide- 

ligand complexes. Information about the crystallographic data for 
each structure is given in Table 2, while Table 3 lists relevant bond 
lengths and angles. Abbreviated drawings of each complex are given in 
the figures below, while complete drawings showing the thermal ellip
soids and atom labeling scheme can be found in the Supplementary 
Information file. 

1. [La(dppeO2)4(OTf)3]. The first crystalline La3+-dppeO2 complex 
that was analyzed by X-Ray diffraction contained a La3+ metal center 
that is coordinated to four bidentate dppeO2 ligands, in spite of the 
preparation of this complex with a 1:3 metal–ligand ratio (Fig. 1, left). 
All three triflate anions are located in the outer sphere of the coordi
nation complex, and all three were disordered (along with one benzene 
ring of a ligand). Additional electron density corresponding to what, we 
propose, is a mixture of disordered acetone and methanol molecules 
were removed using the BYPASS command [26] as executed by Olex2 
[33,34]. Details describing the location of the removed electron density, 
as well as how the disordered benzene ring and triflate anions were 
modeled are given in the Supplementary Information file. 

Analysis of the geometry of this eight-coordinate La3+ complex with 
the program SHAPE [35,36] suggests that it resembles a distorted square 
antiprism. The four dppeO2 ligands occupy two square planes that are 
nearly perpendicular to one another (Fig. 1, right). To quantitate the 
planarity of each pair of ligands we defined two planes in the complex 
where each plane contained the metal atom (La1) along with the four 
oxygen atoms of the coplanar dppeO2 ligands (O1, O2, O1b, O2b and 
O1a, O2a, O1c, O2c). The root mean square (rms) deviation from an 
ideal plane for each pair of ligands was relatively small at 0.1628 and 
0.1066, respectively, as calculated using MPLA command in ShelXL, 
with an angle between these planes of 89.169 (0.051)◦. 

2. [La(dppeO2)2(OTf)3(H2O)2]. This La3+-ligand complex crystal
lized with two crystallographically unique complexes in the asymmetric 
unit, both with identical features (Fig. 2, left). The La3+ center is sur
rounded by two bidentate dppeO2 ligands, two triflate anions and two 
water molecules. The adventitious water molecules in this complex are 
likely from the solvents used in the crystallization experiments. The 
third triflate anion is held close to the inner coordination sphere of the 
metal through two hydrogen bonds with the La3+-bound aqua ligands. 
The metal is eight-coordinate with a geometry of the inner-coordination 
sphere that most closely resembles a square antiprism as determined 
using the program SHAPE [35,36]. The two bidentate dppeO2 ligands 
are again nearly coplanar with a slightly higher rms deviation of 0.2124 
and 0.2267 from ideality as was seen with the La(dppeO2)4(OTf)3 
structure (Fig. 2, right). The coordinating oxygen atoms of the two aqua 
and two triflate ligands are also nearly coplanar with rms deviations of 
0.2364 and 0.2386 from an ideal plane. The plane containing the triflate 
and aqua ligands is nearly perpendicular to that of the cis-dppeO2 li
gands with an angle between them of 85.240 (0.045) and 85.050 
(0.044)◦ for each complex. Within this plane, the triflate ligands are 
oriented trans to one another with O-La-O angles of 146.15(9) and 
146.97(9)◦, while the aqua ligands are cis to one another with O-La-O 
angles of 76.81(9) and 77.93(10)◦. 

3. [Sm(dppeO2)3(OTf)3(Et2O)]. Single crystals of the dppeO2 
ligand complexed with Sm3+ have three ligands bound to the metal 
center, all in a bidentate manner (Fig. 3). The inner-coordination sphere 
of the metal is completed with one triflate anion that is bound to the 
metal through one oxygen atom. The two remaining triflate anions are 
present in the outer coordination sphere of the complex, along with a 
single molecule of diethyl ether. The outer sphere triflate anions along 
with two benzene rings of the ligands were disordered. Further details 
regarding the modeling of this disorder are provided in the Supple
mentary Information file. The Sm3+ metal is coordinated by seven ox
ygen atoms in this structure, and the arrangement of these atoms 
resembles a distorted capped trigonal prism as determined using the 
program SHAPE [35,36]. None of the three bidentate dppeO2 ligands are 
coplanar, as seen with the 8-coordinate structures described above. 
Instead, the ligands occupy the six points of the trigonal prism with the 

Table 1 
Infrared absorption bands (cm−1) of dppeO2 and the [Ln(dppeO2)3(OTf)3] 
complexes.  

Compound ν(P––O) ν(C––C) 

dppeO2 1172 1437 
La(dppeO2)3(OTf)3 1155 1438 
Sm(dppeO2)3(OTf)3 1147 1439 
Lu(dppeO2)3(OTf)3 1147 1438  
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triflate anion occupying the capping position over the square faces. 
The Sm3+-bound triflate in this complex adopts two orientations 

(Fig. 4). The atom O1t is bonded to the metal and is located in a single 
position. The remainder of this triflate ligand is located over two ori
entations that are related by a ~60◦ rotation around the La-O1t bond. 
The relative occupancy of these two orientations was refined against a 
free variable and found to be 0.700(6):0.300(6). A possible reason for 
the presence of two orientations is that this triflate ligand is able to fill 

the space of two potential Sm3+ binding sites. While the second binding 
site is too small for another triflate ligand, it may have been able to be 
filled by a smaller solvent molecule (e.g. H2O), had one been available. 
We propose this based on the structure obtained for the Lu3+ complex 
(vide infra), which has a smaller ionic radius than Sm3+ but accommo
dates eight coordinated oxygen atoms (rather than the seven oxygen 
atoms bonded by this Sm3+ atom). 

4. [Lu(dppeO2)3(OTf)3(H2O)2]. The structure of the [Lu 

Table 2 
Crystal data and structure refinement information for the [Ln(dppeO2)n(OTf)3] complexes.  

Complex [La(dppeO2)4(OTf)3] [La(dppeO2)2(OTf)3(H2O)2] [Sm(dppeO2)3(OTf)3(Et2O)] [Lu(dppeO2)3(OTf)3(H2O)2] 

CCDC Number 2279913 2279915 2279919 2279921 
Empirical formula C107H88F9LaO17P8S3 C55H48F9LaO15P4S3 C85H75F9O16P6S3Sm C81H70F9LuO17P6S3 

Formula weight 2299.62 1478.90 1955.80 1943.34 
Temperature/K 100(2) 173(2) 100.20(10) 100.0(3) 
Crystal system triclinic monoclinic monoclinic monoclinic 
Space group P-1 P21/n P21/n P2/c 
a/Å 14.2659(3) 18.5759(16) 15.83452(15) 28.9857(18) 
b/Å 14.90161(16) 32.054(3) 30.0593(2) 15.0801(10) 
c/Å 26.6190(2) 20.8055(18) 19.02153(14) 22.1416(11) 
α/◦ 102.1643(9) 90 90 90 
β/◦ 90.2598(12) 101.3042(10) 101.7365(8) 108.813(6) 
γ/◦ 105.7130(14) 90 90 90 
Volume/Å3 5313.59(13) 12147.9(18) 8864.49(13) 9161.2(10) 
Z 2 8 4 4 
Reflections collected 85,781 232,425 92,509 68,941 
Independent 

reflections 
22,679 [Rint = 0.0635, Rsigma =

0.0520] 
30,010 [Rint = 0.0893, Rsigma =

0.0643] 
19,060 [Rint = 0.0771, Rsigma =

0.0497] 
18,606 [Rint = 0.1654, Rsigma =

0.1459] 
Final R indexes [I>=2σ 

(I)] 
R1 = 0.0595, wR2 = 0.1829 R1 = 0.0545, wR2 = 0.1311 R1 = 0.0910, wR2 = 0.2434 R1 = 0.1394, wR2 = 0.2811 

Final R indexes [all 
data] 

R1 = 0.0658, wR2 = 0.1953 R1 = 0.0889, wR2 = 0.1552 R1 = 0.0975, wR2 = 0.2516 R1 = 0.1851, wR2 = 0.3005  

Table 3 
Selected bond lengths (Å) and angles (◦) for the single crystal X-Ray diffraction structures of the Ln(dppeO2)n(OTf)3 complexes. For complexes with multiple bonds and 
angles of the same type, a range is given.   

[La(dppeO2)4(OTf)3] [La(dppeO2)2(OTf)3(H2O)2] [Sm(dppeO2)3(OTf)3(Et2O)] [Lu(dppeO2)3(OTf)3(H2O)2] 

P––O–Ln 2.409(3)–2.612(3) 2.435(3)–2.478(3) 2.304(5)–2.397(4) 2.461(7)–2.481(8) 
H2O–Ln —— 2.512(3)–2.560(3) —— 2.503(8) 
TfO–Ln —— 2.515(3)–2.562(3) 2.460(4) 2.582(7) 
(P)O–Ln–O(P)* 68.09 (9)–70.02 (9) 70.78(9)–71.94(9) 75.21(16)–76.9(2) 67.6(3)–71.6(2) 

*these P––O groups belong to the same dppeO2 ligand. 

Fig. 1. Left: An abbreviated drawing of the [La(dppeO2)4(OTf)3] complex using standard CPK colors (La = dark blue) with the thermal ellipsoids drawn at the 50% 
probability level. Right: A drawing of the same complex using a ball and stick model showing the atom labeling scheme for selected atoms. All hydrogen atoms, the 
pendant phenyl rings, and the triflate anions have been omitted for clarity. 
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(dppeO2)3(OTf)3] complex is overall eight-coordinate, with three 
bidentate dppeO2 molecules coordinated to the metal along with one 
inner sphere triflate ligand and one aqua ligand (Fig. 5, left). Of the four 
structures discussed here, this one has the lowest symmetry. The aqua 
ligand forms hydrogen bonds with a second-sphere water molecule and 
a partially occupied triflate anion that is not bonded to the metal (vide 
infra). When the geometry of the eight Lu3+-bound oxygen atoms were 
analyzed using the program SHAPE [35,36], the geometry of the com
plex most closely resembles a triangular dodecahedron. The arrange
ment of ligands around the Lu3+ metal resembles the 8-coordinate 

complexes isolated with La3+ as the metal, with two perpendicular 
planes of ligands. One of these planes is occupied by two dppeO2 ligands, 
while the other holds one ligand along with the triflate and water 
molecules. 

This structure contained a significant number of disordered atoms 
that stem from the partial occupancy of a triflate anion in the second 
coordination sphere (Fig. 5). A partially occupied triflate anion is held 
via a hydrogen bond to a second-sphere water molecule and is found in a 
hydrophobic pocket created by the benzene rings of the ligands. When 
this triflate anion is present in this pocket, the benzene rings shift 

Fig. 2. Left: An abbreviated drawing of the crystal structure of the [La(dppeO2)2(OTf)3(H2O)2] complex using standard CPK colors (La = dark blue) with the thermal 
ellipsoids set at the 50% probability level. Only one complex of the asymmetric unit is shown, and hydrogen atoms not engaged in a hydrogen bond have been 
omitted for clarity. Hydrogen bonding interactions are drawn with blue, dashed lines. Right: A drawing of the same complex using a ball-and-stick model showing the 
inner coordination sphere of the metal and the partial atom naming scheme. All hydrogen atoms (except for those on the aqua ligands), the pendant phenyl rings and 
the -CF3 groups of the triflate anions are not shown for clarity. 

Fig. 3. Left: An abbreviated drawing of the [Sm(dppeO2)3(OTf)3] complex with the thermal ellipsoids drawn at the 50% probability level using standard CPK colors 
(Sm = purple). Right: A drawing of the same complex using a ball-and-stick model showing the atom labeling scheme of one ligand. In both drawings the outer sphere 
triflates, pendant phenyl rings, solvent diethyl ether and all hydrogen atoms have been omitted for clarity. 
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slightly outward to accommodate the triflate, and this shifting re
verberates through almost all the atoms of one dppeO2 ligand. When the 
triflate anion is not present in the hydrophobic pocket it is found in the 
outer coordination sphere of the complex. In the absence of the triflate 
anion the benzene rings of the ligands shift toward one another in an 
attempt to fill the vacated space. Interestingly, the single water molecule 
found in the second coordination sphere is present 100% of the time and 
is held there through a hydrogen bond with the Lu3+ bound aqua ligand. 

When looking at these four structures we see that the coordination 
number of the complexes does not decrease across the series as the size 
of the Ln3+ ion decreases. Each of the crystalline complexes analyzed in 
this work has a coordination number of eight, with the exception of the 
Sm3+ complex at seven. It is noted above, however, that the Sm3+

complex has an open coordination site that is filled through a disordered 
triflate ligand. What does change about these complexes, however, is the 
composition of the ligands in the inner coordination sphere. Only the 
largest ion of the series, La3+, has been shown to be able to accommo
date four dppeO2 ligands. The complexes involving the smaller Sm3+

and Lu3+ ions only bond to three dppeO2 ligands and fill the remaining 
coordination sites with the smaller triflate and aqua ligands. 

3.3. Solution studies of complexes using 1H and 31P NMR 

With the solid-state crystallography data in hand, we turned our 
efforts to investigating the structure of these [Ln(dppeO2)n(OTf)3] 
complexes in solution. We were particularly interested to see how the 
identity of the Ln3+ metal affected the NMR spectra and if different 
complex stoichiometries could be observed in solution. To do this we 
carried out NMR titration experiments [37,38] for each Ln(OTf)3-ligand 
complex where we added incremental amounts of Ln(OTf)3 (dissolved in 
CD3CN) to a solution of dppeO2 in CDCl3. The reason for the mixed- 
solvent system is that, ironically, the Ln(OTf)3 is poorly soluble in 
CDCl3 while dppeO2 is poorly soluble in CD3CN. The Ln3+-ligand ratio 
was varied from 1:1 to 1:5 to move through the stoichiometric extremes 
of the coordination complexes. In a solution with a 1:1 Ln3+-ligand ratio 
we propose, based on the NMR spectra, that every ligand present in 
solution is coordinated to a metal. What we are not able to determine, 
however, is if every metal is bonded to a dppeO2 ligand. In contrast, 
when more than four equivalents of ligand are present we propose that 
there will be ligand in solution that is not bound in a bidentate manner 
to the inner coordination sphere of the metal. This hypothesis is based 
on the La(dppeO2)4(OTf)3 crystal structure described above where the 
La3+ metal is completely saturated with four equivalents of ligand. 

The results of the titration experiment with La(OTf)3 are shown in 
Fig. 6. In the 1H NMR spectrum of dppeO2 alone, the signal for the 
vinylic hydrogen atoms is overlapped with the residual CHCl3 solvent, 

Fig. 4. An abbreviated drawing of the [Sm(dppeO2)3(OTf)3(Et2O)] complex 
showing the two orientations of the metal-bound triflate ligand using a ball- 
and-stick model. 

Fig. 5. Left: Abbreviated structure of the major component of the [Lu(dppeO2)3(OTf)3(H2O)2] complex with the thermal ellipsoids drawn at the 50% probability 
level using standard CPK colors (Lu = light blue). The pendant phenyl rings, outer sphere water and triflate anions, and all hydrogen atoms other than those bonded 
to an oxygen atom have been omitted for clarity. Right: The same complex drawn using a ball-and-stick model with the atom labeling scheme for the aqua ligand, one 
oxygen atom of the inner sphere triflate and one dppeO2 ligand. 
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and the signal for the para-hydrogen atom of the aromatic rings can be 
identified by integration. The 31P NMR spectrum shows one sharp signal 
around 20 ppm for the two equivalent phosphorus atoms of the ligand. 
When the solution contains a 1:1 ratio of La3+ to dppeO2 the signals for 
the aromatic hydrogen atoms shift slightly upfield and, unfortunately, 
the resonance for the vinylic hydrogen atoms broadens and can no 
longer be identified with any certainty. Based on the results of the other 
titration experiments described here (vide infra) we suspect that due to 
these hydrogen atoms’ proximity to the chelating groups of the ligand 
this signal shifts downfield but remains obscured by the signal for CHCl3. 
The 31P NMR spectrum shows one sharp singlet that is shifted downfield 
4.5 ppm relative to the signal for dppeO2 alone. Both spectra contain one 
set of signals, indicating that Ln3+-ligand exchange is at a rate that is fast 
on both the 1H and 31P NMR time scales. 

As the equivalents of ligand are increased, the position of the signals 
for the aromatic hydrogen atoms in the 1H NMR spectra shift slowly 
downfield and broaden significantly. We suspect that the signal for the 
vinylic hydrogen atoms continues to resonate near the CHCl3 residual 
solvent signal (~7.8 ppm), but we are unable to assign this with any 
certainty. The signal in the 31P NMR also broadens as the amount of 
ligand is increased, until at 4.5 equivalents of dppeO2 one can observe 
two distinct resonances between 20 and 30 ppm. The signal broadness 
observed at the higher La3+-ligand ratios is likely due to a slower rate of 
exchange in the presence of excess ligand, which becomes slow on the 
31P NMR time scale but remains intermediate on the 1H NMR time scale. 

The question then remains – why does the rate of ligand exchange 
decrease as the amount of ligand in solution is increased? To answer this 
question, we look back to the X-Ray crystal structures of the La3+- 
dppeO2 complex described above where complexes with both a 1:2 and 
1:4 La3+-ligand ratio were observed. Our hypothesis here is that as more 
equivalents of ligand are added to the inner-coordination sphere of the 

metal, the complex becomes more sterically burdened and on–off ligand 
exchange becomes more difficult. Also based on those crystal structures 
we propose that a La3+ metal cannot accommodate more than four 
bidentate dppeO2 ligands in its inner coordination sphere. For the so
lutions in this titration experiment with more than four equivalents of 
ligand present, if truly “free” ligand were present in solution we would 
expect to see a sharp singlet at 21.1 ppm. These broad signals likely, 
then, correspond to La3+-ligand complexes with differing geometries 
and stoichiometries. The easiest explanation for the different binding 
modes of dppeO2 is that once the La3+ metal has become saturated with 
bidentate ligand, some ligands move to a monodentate mode of binding. 
Our group has published crystallographic evidence of this type of 
binding with Th(NO3)4 where a water molecule replaced one oxygen 
atom of a dppeO2 ligand in the inner coordination sphere of the complex 
[13]. The Th4+-bound water molecule was also engaged in a hydrogen 
bond with the displaced oxygen atom of the dppeO2 ligand, making the 
ligand’s binding mode pseudo-bidentate. We propose that a similar 
equilibrium exists in these solutions and that, in addition to on–off metal 
exchange, exchange between bidentate and pseudo-bidentate binding 
modes is possible. 

The results of the titration experiment with Sm(OTf)3 are similar in 
many ways to that with La(OTf)3. In the 1H NMR spectra the signals for 
the aromatic hydrogen atoms broaden in the presence of Sm3+, and shift 
in a similar way to that observed for La3+. While some of the line 
broadening observed in these spectra could be due to the paramagnetism 
of Sm3+, we believe that some of the broadening is due to metal–ligand 
exchange processes. The most significant difference with the Sm3+

complexes is that the resonance for the vinylic hydrogen atoms is 
observable for Sm3+-dppeO2 ratios up to three equivalents of ligand, at 
which point the signal broadens into the baseline. This signal is shifted 
downfield relative to that of the free ligand, with a Δδ of ~0.77 for the 

Fig. 6. 1H and 31P NMR spectra (1H = 400 MHz, CDCl3) of solutions containing varied ratios of La(OTf)3 to dppeO2. In the 1H NMR spectra, signals are marked as: 
dppeO2 vinylic hydrogen (blue circle), dppeO2 phenyl ring para hydrogen (red square), residual CHCl3 (green x). 
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1:1 complex (approximating a chemical shift of 7.25 for the vinylic 
hydrogen atoms of dppeO2 alone). For all Sm3+-dppeO2 ratios one set of 
signals are observed, indicating fast or intermediate exchange on the 1H 
NMR time scale. 

The 31P NMR spectra of the Sm3+ complexes are nearly identical to 
those obtained for the La3+ complexes (Fig. 7), with a series of downfield 
shifted, relatively sharp singlets for the 1:1 to 1:3 Sm3+-dppeO2 ratios. 
The signal of the phosphorus atoms in the 1:1 complex is shifted 
downfield 7.6 ppm relative to that of the free ligand, which is a slightly 
larger shift than when in the presence of La3+. For the solutions with 
more than four equivalents of ligand, two broad signals are observed 
which we again assign to different coordination environments of the 
ligand. 

Interestingly, the titration experiment with the Lu(OTf)3 complexes 
revealed different behavior in solution (Fig. 8). The aromatic signals in 
the 1H NMR spectra again broaden as the equivalents of ligand are 
increased, and the signal for the vinylic hydrogen atoms is only 
assignable for Lu3+-dppeO2 ratios of 1:2.5 to 1:4.5. The 31P NMR 
spectra, however, are much more informative. At a 1:1 Lu3+-dppeO2 
ratio, two signals are observed that are relatively sharp, overlap, and are 
shifted 8.5 ppm downfield from the resonance of dppeO2 alone. This 
signal merges into one singlet (29.5 ppm) for the solution with a 1:1.5 
Lu3+-ligand ratio, with a small new resonance appearing slightly upfield 
(28.7 ppm). This upfield signal grows at the expense of the original 
resonance as the equivalents of ligand are increased, until it is the only 
signal present in the spectrum when a 1:3 Lu3+-ligand ratio is present. 
We assign the signal at 29.5 ppm to a rapidly equilibrating mixture of 
complexes with 1:1 and 1:2 Lu3+-dppeO2 stoichiometries. We then 

assign the signal at 28.7 ppm to a ligand in a 1:3 Lu3+-dppeO2 complex 
and note that the presence of two signals in these spectra means that the 
ligands are undergoing exchange that is slow on the 31P NMR time scale. 
We also find it interesting that for this point alone in the titration only 
one species is detectable by 31P NMR. 

The signal we attribute to the 1:3 Lu3+-dppeO2 complex persists as 
the equivalents of ligand are increased but broadens slightly throughout 
the remainder of the titration. A new signal appears in the presence of 
3.5 equivalents of ligand, which could correspond to a small amount of a 
1:4 Lu3+-ligand complex. This signal also persists as the amount of 
ligand is increased and at four equivalents of ligand a third signal ap
pears with the same chemical shift as that of free dppeO2, albeit some
what broadened. 

We explain the slower exchange rate of the Lu3+-complexes observed 
here again with a steric argument. In this case the ionic radius of Lu3+ is 
smaller than both La3+ and Sm3+, which we propose makes ligand ex
change more difficult to achieve. Another explanation could be that 
Lu3+ is more charge dense than the other metals, implying that the 
ligand-Lu3+ bond is stronger in these complexes and, hence, more 
difficult to disrupt. 

To summarize the solution titration experiments, this data reinforces 
the concept that the [Ln(dppeO2)n(OTf)3] complexes investigated in this 
work are a composition of dynamic species that interchange rapidly in 
solution. A number of factors affect the rate of this exchange including 
the identity of the Ln3+ metal, coordination ability of the solvent, 
complex concentration, anion, and steric bulk of the ligand. This paper 
investigated only the identity of the Ln3+ metal, but future studies that 
look into the effect of changing some of the other factors listed will be 

Fig. 7. 1H and 31P NMR spectra (1H = 400 MHz, CDCl3) of solutions containing varied ratios of Sm(OTf)3 to dppeO2. In the 1H NMR spectra, signals are marked as: 
dppeO2 vinylic hydrogen (blue circle), dppeO2 phenyl ring para-hydrogen (red square), residual CHCl3 (green x). 
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forthcoming from our group. 

4. Conclusions and outlook 

This study investigated the binding properties of a relatively rigid, 
bisphosphine oxide ligand with three Ln(OTf)3 salts (Ln = La, Sm, Lu) in 
both solution and the solid state. X-Ray crystallographic analysis showed 
that the ligand participated in only bidentate binding to these Ln3+ ions 
in the solid state to give seven- and eight-coordinate complexes. In so
lutions of CDCl3 the Ln-ligand complexes give interpretable 1H and 31P 
NMR spectra, with some evidence that as the metal becomes sterically 
crowded with dppeO2 ligand the exchange rate of the ligand slows. 

Also learned from this study is some insight into the impact of the 
choice of Ln3+ metal on the NMR spectra of the resultant complexes. 
Based on this work it appears that complexes with La3+ will maintain the 
fine features of the signals, such a splitting patterns, but may give 
relatively small changes in the chemical shifts of the signals. For this 
system, complexes with Sm3+ showed some line broadening, but did 
have larger chemical shift changes relative to the signals for the free 
ligand. Lastly, one could consider studying complexation dynamics with 
Lu3+ since, in this work, these complexes had a slower exchange rate on 
the 31P NMR time scale which allowed for the observation of multiple 
species in solution. 

Future investigations into the solution dynamics of this system may 
include VT experiments and the exploration of a coordinating solvent (e. 
g. CH3OH) on the exchange rate of the complexes. Our group is also 
interested in studying the phosphine sulfide and phosphine selenide 
derivatives [39,40] of this ligand and their ability to form complexes 
with actinide metals. 
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Appendix A. Supplementary data 

The Electronic Supplementary Information file contains character
ization data (1H, 13C, 31P NMR, MS, IR, CHN) for all compounds 
described here. CCDC contains the supplementary crystallographic data 
for all structures reported here (2279913, 2279915, 2279919 and 
2279921). These data can be obtained free of charge via http://www. 
ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystal
lographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: 
(+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk. Also con
tained in this document are figures showing the major component of 
each X-Ray crystal structure with the thermal displacement ellipsoids, 
atom numbering scheme and details regarding the modeling of any 
disordered electron density. Supplementary data to this article can be 
found online at https://doi.org/10.1016/j.poly.2023.116659. 
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