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Podands, which are open�chain analogs of crown
ethers, have similar complexing properties simulta�
neously affected by different terminal substituents [1].
Like crown ethers, podands are widely employed as
extractants for separation of dissimilar metals [1, 2]. In
contrast to crown ethers, the terminal fragments of
podands can be regulated purposefully. For instance,
introduction of a phosphoryl group into a podand
molecule allows smooth variation of its electron�
donating and conformational properties by altering
the electronic nature of substituents at the phosphorus
atom (e.g., to change its extractive properties [3–6]).

Recently, the phosphoryl�containing podand
2�diphenylphosphoryl�1�diphenylphosphorylmethoxy�
4�ethylbenzene (L) has been found to be an efficient
extractant as well as an impregnating agent for the
preparation of solid sorbents designed to extract and
concentrate some chemical (in particular, rare�earth)
elements [7].

 

It has been demonstrated that the system water–
1,1,7�trihydrododecafluoroheptan�1�ol with L as an
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extractant extracts the yttrium subgroup metals much
better than the cerium ones, all other factors being the
same. The partition coefficients of the rare�earth met�
als of both subgroups increase monotonically with the
atomic number of the element. In addition, substan�
tial enhancement of the extractive properties can be
achieved by increasing the concentration of HNO3 (at
cHNO3 < 1 mol/L, extraction does not occur at all). For
a mixture of rare�earth metal nitrates, it has been
found that ytterbium is extracted best, while the parti�
tion coefficient of neodymium is among the lowest
ones [7].

In this work, we discuss the structures of phospho�
ryl�containing podand L, its adduct with water and
HNO3 (a possible intermediate in the extraction of
rare�earth metals), and neodymium and ytterbium
complexes with L, whose single crystals were obtained
under conditions very similar to those used in extrac�
tion.

EXPERIMENTAL

Podand L was prepared by alkylating 1�diphe�
nylphosphoryl�3�ethylbenzene with diphenylphos�
phorylmethyl tosylate as described in [8].

Single crystals of L suitable for X�ray diffraction
analysis were obtained by recrystallization from ben�
zene–CH2Cl2 (1 : 1) followed by slow evaporation at
room temperature.
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Crystallographic parameters and the data collection and refinement statistics for structures L, I, and II

Parameter
Value

L I II

Empirical formula C33H30O3P2 C45H45NO7P2 C72H67N4O18P4Nd

M 536.51 773.75 1544.42

Temperature, K 173(2) 120(2) 120(2)

Crystal system Monoclinic Triclinic Triclinic

Space group P21/c P1 P

Unit cell parameters: 

a, Å 16.974(6) 9.997(3) 13.177(5)

b, Å 11.579(4) 10.163(3) 17.439(6)

c, Å 15.849(5) 22.123(7) 18.450(6)

α, deg 90 77.774(5) 101.680(5)

β, deg 114.774(5) 83.422(6) 107.160(5)

γ, deg 90 64.845(5) 98.824(6)

V, Å3 2828.2(16) 1987.6(11) 3863(2)

Z 4 1 2

ρcalcd, mg/m3 1.260 1.292 1.328

μ, mm–1 0.186 0.162 0.822

F(000) 1128 865 1582

Crystal dimensions, mm 0.18 × 0.14 × 0.12 0.14 × 0.12 × 0.10 0.14 × 0.12 × 0.10

θ Scan range, deg 2.26–27.00 2.25–25.00 2.12–25.00

Ranges of h, k, and l indices –21 ≤ h ≤ 21, –14 ≤ k ≤ 14, 
–15 ≤ l ≤ 20

–11 ≤ h ≤ 11, –12 ≤ k ≤ 12, 
–26 ≤ l ≤ 26

–15 ≤ h ≤ 15, –20 ≤ k ≤ 20,
–21 ≤ l ≤ 21

Number of measured reflections 21798 13914 31106

Number of independent reflections (Rint) 6108 (0.0702) 12691 (0.0395) 13480 (0.1111)

Number of parameters refined 344 716 752

GOOF 1.110 1.151 0.986

R (I > 2σ(I))a R1 = 0.0587, wR2 = 0.1199 R1 = 0.1302, wR2 = 0.3043 R1 = 0.0805, wR2 = 0.1781

R (for all reflections)a R1 = 0.1163, wR2 = 0.1402 R1 = 0.1312, wR2 = 0.3049 R1 = 0.1752, wR2 = 0.2234

Δρmax/Δρmin , e Å–3 0.537/–0.422 1.205/–0.837 1.117/–1.121

a R1 =  wR2 = 

1

;F F F−∑ ∑o c o { }
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IR (frustrated total internal reflection (FTIR), ν,
cm–1): 3054 w, 2959 m, 2924 m, 2854 m, 1741 m,
1595 m, 1493 sh, 1480 m, 1436 s, 1421 w, 1401 m,
1379 w, 1290 w, 1262 w, 1244 m, 1222 m, 1193 m,
1180 sh, 1172 s, 1161 sh, 1120 s, 1103 m, 1072 s,
1028 m, 996 m, 921 w, 877 m, 836 m, 798 w, 744 m,
734 s, 717 m, 699 s, 690 s, 673 sh, 618 w, 581 m, 565 m.

Single crystals of the adduct L ⋅ H2O ⋅ HNO3 ⋅
2C6H6 (I) were obtained by addition of several drops of
aqueous HNO3 to a solution of L in benzene–CH2Cl2
(1 : 1) followed by slow evaporation of the solvents in a
refrigerator at 5°С for 72 h. The single crystals of
adduct I are very unstable, rapidly decomposing in the
absence of a solvent.

IR (FTIR, ν, cm–1): 3057 w, 3032 w, 2963 w,
2928 w, 2878 w, 2856 w, 1599 w, 1477 sbr, 1437 s,
1420 w, 1408 w, 1327 w, 1297 m, 1286 sh, 1248 m,
1212 w, 1188 w, 1145 sbr, 1122 m, 1105 m, 1080 w,
1071 w, 1032 m, 998 m, 899 w, 886 w, 868 m, 829 sh,
817 m, 811 m, 763 sh, 746 m, 733 s, 709 m, 688 s,
679 sh, 575 m.

Single crystals of the complex L2Nd[(η2�
O2NO)2](NO3) ⋅ HNO3 ⋅ 2C6H6 (II) were obtained by
standard extraction of neodymium nitrate from aque�
ous 3 M HNO3 (cNd = 2 g/L) with a 0.05 M solution of
podand L in CHCl3 [7]. The solvent was removed and
the resulting oil was dissolved with heating in ben�
zene–CH2Cl2 (5 : 1, 5 mL). The solution was diluted
with hexane (10 mL) and cooled to 5°С. The fine crys�
talline product that formed was separated from the
mother liquor by decanting, dissolved in hot benzene
(5 mL), and kept at 5°С for 24 h. The resulting crystals
as colorless large prisms were separated by decanting,
washed with hexane, and dried in an argon flow.

IR (FTIR, ν, cm–1): 3057 w, 3034 w, 2963 w,
2930 w, 2893 w, 2873 sh, 1599 m, 1591 m, 1583 m,
1477 sbr, 1437 s, 1421 w, 1407 w, 1328 m, 1288 sh,
1280 s, 1245 m, 1212 w, 1180 w, 1136 sbr, 1122 m,
1102 sh, 1096 m, 1071 m, 1027 m, 998 m, 923 w,
898 w, 885 w, 868 m, 828 m, 819 m, 810 sh, 763 w,
753 sh, 746 m, 733 m, 723 s, 709 m, 693 sh, 688 s,
678 sh, 666 sh, 576 s.
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Fig. 1. Structure of L.
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Fig. 2. Fragment of the molecular packing of L in the crystal.
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Fig. 3. Structure of adduct I.
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IR spectra were recorded on a Nexus�Nicolet
FTIR spectrophotometer in the 550–4000 cm–1 range
by using frustrated total internal reflection from a sin�
gle crystal of a test compound.

X�ray diffraction study was carried out according to
a standard procedure on a Bruker SMART Apex II
automated diffractometer equipped with a CCD
detector (MoК

α
 radiation, graphite monochromator,

ω scan mode). The structures of podand L, adduct I,
and complex II were calculated with the SHELXTL
PLUS program package (PC version) and refined with
the SHELXTL�97 program [9, 10]. Crystallographic
parameters and the data collection and refinement
statistics are summarized in table. The comprehensive
tables of the atomic coordinates, bond lengths, and
bond angles in structures L, I, and II have been depos�
ited with the Cambridge Crystallographic Data Centre
(nos. 907137–907139; deposit@ccdc.cam.ac.uk or
http://www.ccdc.cam.ac.uk/data_request/cif).

RESULTS AND DISCUSSION

We found that dissolution of podand L in benzene–
CH2Cl2 followed by slow evaporation of the solvent in
air gives colorless single crystals. According to X�ray
diffraction data, two phosphoryl groups Ph2P=O

(P(1)–C, 1.800(3) and 1.807(3) Å; P(1)–O,
1.4829(19); P(2)–C, 1.793(4) and 1.806(3) Å;
P(2)⎯O, 1.470(2) Å) in structure L are linked by the
asymmetric organic fragment –CH2OPh(Et)–(P(1)–
C(13) 1.800(3) Å; P(2)–C(22), 1.806(3) Å; O(2)–
C(20), 1.381(3) Å; O(2)–C(21), 1.421(3) Å) (Fig. 1).
The O atoms of the phosphoryl groups are formally
oriented in the opposite directions; the angle between
the plane P(1)O(1)P(2) and the line P(2)–O(3) is
21.7°. The geometry of L is due to the mutual repul�
sion of the closely spaced substituents P=O; in addi�
tion, intramolecular π⋅⋅⋅π�contacts between the nearly
parallel (16.5°) phenyl substituents C(7)⎯C(12)
and C(28)–C(33) of the phosphoryl groups
(3.797⎯4.023 Å) and intermolecular interactions in
the crystal unit cell also affect this geometry (Fig. 2):
π⋅⋅⋅π PhC(1)–C(6)⋅⋅⋅PhC(1A)–C(6A) 3.987–4.002 Å; CH⋅⋅⋅π
C(18)/C(19)⋅⋅⋅PhC(1)–C(6) 3.631–3.924 Å;
C(25)⋅⋅⋅PhC(1)–C(6) 3.804–4.007 Å.

The conformation of L in adduct I substantially
differs from that of individual L because of a hydro�
gen�bonded solvate water molecule that enters
the structure upon the recrystallization of L from ben�
zene–CH2Cl2 in the presence of aqueous HNO3
(X�ray diffraction data, Fig. 3).
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Fig. 4. Fragment of the molecular packing of adduct I.
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In structure I, the phosphoryl groups undergo par�
tial rotation because of the formation short hydrogen
bonds between the H atoms of the solvate water mole�
cule and the O atoms of two P=O groups (O⋅⋅⋅O
2.474(9)–2.527(9) Å). This results in a virtually copla�
nar arrangement of the O and P atoms (the angle
between the plane P(1)O(1)P(2) and the line
P(2)⎯O(3) is 3.7°). The π⋅⋅⋅π�contacts between the
phenyl substituents C(7)–C(12) and C(28)–C(33) of
the phosphoryl groups are retained (3.561–3.851 Å),
with nearly the same angle between them (16.9°).
In contrast to individual L, the crystal unit cell of
adduct I (Fig. 4) is much more porous because of the
presence of two solvate benzene molecules and a nitric
acid molecule. The latter is also linked by a strong
hydrogen bond to the water molecule (O⋅⋅⋅O, 2.508
and 2.561 Å). Despite the changed conformation, the
geometry of adduct I changes only slightly (P=O

1.491(7)–1.518(7) Å, P–CPh 1.788(10)–1.796(12) Å,
O–C 1.346(14)–1.432(12) Å).

It is not improbable that adduct I is a possible key
intermediate in the extraction of rare�earth metal
nitrates. In [7], it has been demonstrated that the
extraction process itself largely depends on the con�
centration of HNO3 in the aqueous phase.

After the extraction of neodymium nitrate from
aqueous 3 M HNO3 (cNd = 2 g/L) with a 0.05 M solu�
tion of podand L in CHCl3 [7], the solvents were com�
pletely removed and the resulting oil was dissolved in
benzene–CH2Cl2 (5 : 1), diluted with hexane, and
cooled. The fine crystalline precipitate that formed
was recrystallized to give single crystals of a Nd(II)
complex. Earlier, a similar procedure has been used to
obtain single crystals of an ytterbium complex with L
(III) [7].
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Fig. 5. Structure of complex II (the phenyl substituents at the phosphoryl groups are omitted).
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According to X�ray diffraction data, the central
metal atom in the isostructural complexes of Nd(II)
(Fig. 5) and Yb [7] is coordinated to eight O atoms.
Four of them belong to two trans�arranged η2�nitrate
anions (Yb–O, 2.395(4)–2.438(4) Å; Nd–O,
2.516(7)–2.564(7) Å), while the other four come from
the phosphoryl groups of two ligands L (Yb–O,
2.225(4)–2.245(4) Å; Nd–O, 2.344(6)–2.376(6) Å).
The outer�sphere nitrate anion is linked by a short
hydrogen bond to the H atom of solvate nitric acid
(O⋅⋅⋅O, 2.476(5) Å; H–O, 1.62 Å in II; О⋅⋅⋅О,
2.457(8) Å; H–O, 1.60 Å in III). The longer bonds
between the metal atom and the O atoms of both the
coordinated anions and ligand L in the neodymium
complex compared to the ytterbium one is due to the
smaller size of the Nd atom. The geometry of ligand L
is virtually unaffected by its coordination to the metal
atom in complexes II and III. The phosphoryl frag�
ments are coplanar. The angles between the plane
P(1)O(7)P(2) and the line P(2)–O(9) are 6° and 8.1°

and those between the plane P(3)O(10)P(4) and the
line P(4)–O(12) are 2.3° and 3.3° in complexes II and
III, respectively. The P=O bond lengths are 1.487(5)–
1.501(5) Å in II and 1.492(7)–1.512(6) Å in III
(P⎯CPh 1.783(17)–1.809(9) Å, O–C 1.386(10)–
1.456(13) Å).

In the coordinated ligands, two phenyl substituents
are virtually parallel to each other and show a π⋅⋅⋅π�
contact (3.582–4.009 Å). One solvate benzene mole�
cule is parallel to one of the phenyl rings of the phos�
phoryl group (Ph⋅⋅⋅Ph 3.667–3.960 Å) (Fig. 6).

The nonequivalence of the phosphoryl groups in
podand L, which was revealed by X�ray diffraction, is
manifested as two bands at 1193 and 1172 cm–1 (P=O
stretches) in the IR spectra (FTIR, 4000–550 cm–1) of
the single crystals. The former band can be assigned to
the group P(1)O(1) bound to three aromatic substitu�
ents, while the latter band, to the group P(2)O(3) [11].
The band ν(Р=О) is very sensitive to the environment
of the phosphoryl group. Upon the complexation giv�
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dinated podand L.
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ing rise to the Р=О → М3+ bonds, these bands shift to
the lower frequencies and coalesce into a more intense
band at 1145 (for II) and 1136 cm–1 (for III). Equal�
ization of the P=O bond lengths in the complexes
seems to be a possible reason for this.

Because the general geometry of ligand L is virtu�
ally unaffected by the complexation, the bands in the
IR spectra that relate to all the other groups of atoms
retain their positions. The variable portion of the IR
spectra is shown in Fig. 7.

Since the adduct with HNO3 is unstable in air, we
failed to record its IR spectrum and carried out a
model experiment. An extract of the adduct L · HNO3
in chloroform was applied to a diamond crystal of a
FTIR attachment. After evaporation of the solvent, an
IR spectrum was immediately recorded. Two more
spectra were recorded in 15�min intervals. These spec�
tra in the range of the P=O stretching vibrations
(Fig. 8) show a wide band with two subpeaks at 1190
and 1170 cm–1 resulting from superposition of two
individual bands ν(Р=О) of the starting podand. A
new band at 1138 cm–1 was assigned to ν(Р=О) of the
adduct. The considerable shift to the lower frequen�

cies, which is larger than the corresponding shifts for
complexes II and III, is due to strong hydrogen bonds
between water molecules and the podand (see X�ray
diffraction data). As a result, the P=O bond length in
the adduct is 1.50–1.52 Å against 1.49–1.50 Å in II
and 1.49–1.51 Å in III. It can be seen in Fig. 8 that the
intensity of this band gradually decreases with time
and so does the intensity of the band at 3400–
3500 cm–1 (O–H stretches of water). The dynamic
changes in the IR spectra suggest that the adduct L ·
HNO3 is unstable in air, losing the water molecule as a
result of the hydrogen bond cleavage.

The formation of an intermediate which, on the
one hand, contains strongly lengthened P=O bonds
and, on the other hand, is unstable in air is a good pre�
requisite for further participation of podand L in com�
plexation with rare�earth metals during extractive pro�
cesses.

To sum up, we obtained and structurally character�
ized the compounds that seem to play a key role in the
extraction of rare�earth metal salts with the phospho�
ryl�containing podand 2�diphenylphosphoryl�1�
diphenylphosphorylmethoxy�4�ethylbenzene (L).
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Fig. 7. IR spectra of podand L and its neodymium and ytterbium complexes (the range of the P–O stretching vibrations).



RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 39  No. 4  2013

STRUCTURES OF THE COMPOUNDS PREPARATIVELY ISOLATED 341

ACKNOWLEDGMENTS

This work was supported by the Division of Chemistry
and Materials Sciences of the Russian Academy of Sci�
ences (Program “New Approaches to Improved Corro�
sion and Radiation Resistance of Materials and to Radi�
oenvironmental Safety”) and the Russian Foundation
for Basic Research (project no. 11�03�00589).

REFERENCES

1. Kron, T.E. and Tsvetkov, E.N., Usp. Khim., 1990,
vol. 59, no. 3, p. 485.

2. Demin, S.V., Zhilov, V.I., Tsivadze, A.Yu., et al., Russ.
J. Inorg. Chem., 2009, vol. 54, no. 3, p. 385.

3. Tsvetkov, E.N., Syundyukova, V.Kh., and Baulin, V.E.,
Zh. Obshch. Khim., 1987, vol. 57, no. 11, p. 2456.

4. Govorkova, L.V., Raevskii, O.A., Solov’ev, V.P., et al.,
Izv. Akad. Nauk SSSR, Ser. Khim., 1991, no. 3, p. 575.

5. Varnek, A.A., Elshof, T., Glebov, J.E., et al., J. Mol.
Sruct., 1992, vol. 271, p. 311.

6. Turanov, A.N., Karandashev, V.K., Baulin, V.E., and
Tsvetkov, E.N., Radiokhimiya, 1995, no. 2, p. 140.

7. Demin, S.V., Zhilov, V.I., Nefedov, S.E., et al., Russ. J.
Inorg. Chem., 2012, vol. 57, no. 6, p. 897.

8. Turanov, A.N., Karandashev, V.K., Baulin, V.E., et al.,
Solv. Extr. Ion Exch., 2009, vol. 27, no. 4, p. 551.

9. SMART (Control) and SAINT (Integration) Software.
Version 5.0, Madison (WI, USA): Bruker AXS Inc., 1997.

10. Sheldrik, G.M., SADABS. Program for Scaling and Cor�
rection of Area Detector Data, Göttingen (Germany):
Univ. of Göttingen, 1997.

11. Bellami, L., Bellamy, L.J., The Infrared Spectra of Com�
plex Molecules, New York: Wiley, 1958.

1140 10401240

Reflectance, arb. units

Wavenumber, cm–1

1

2
3

3000 28003400

Reflectance, arb. units

Wavenumber, cm–1

1

2

3

3200

(a)

(b)

Fig. 8. IR spectra of the extracted adduct L · HNO3 upon the removal of chloroform in the (a) 3000–3500 and (b) 1000–
1300 cm–1 ranges: (1) initial extract, (2) after 15 min, and (3) after 30 min.


