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A new type of binuclear coordination compound of lutetium, {Lu2L 6 /i-( 7 ,7 '-dipy)} (where
L = dimethyl-N-trichloroacetylamidophosphate anion and 7 ,7 '-dipy = 4,4'-dipyridyl), has been
obtained. The IR spectroscopic data reveal that the ambidentate phosphoryl ligand is coordinated
to the metal center in a bidentate manner via the phosphoryl and carbonyl oxygen atoms. The
crystal and molecular structure of {LniLö-^-( 7 ,7 '-dipy)} has been determined by means of
X-ray diffraction (triclinic, space group P i with parameters: a = 9.259(2), b = 12.530(3), c =
16.548(3) A, a = 85.44(3)°, ß = 75.64(3)°, 7 = 70.56(3)°, Z = 1).
The structure is made up of centrosymmetric binuclear molecules, in which the neutral
heterocyclic ligand is coordinated to the metal centers in a bidentate bridging manner via its
nitrogen atoms. The coordination number of each Lu(III) atom is 7 [60(L~) + N((7 ,7 '-dipy)].
Phosphoryl and carbonyl groups of the L~ ligands are disposed in syn-position and are
included in the six-membered chelate metallocycles. The coordination polyhedron of lutetium
can be described as distorted mono-capped octahedron.

Introduction
The close structural resemblance of carbacylamidophosphates with /3-diketones (P,N-analogues of
/3-diketones) attracts attention to these compounds
as a class of interesting and unusual complexing agents. The presence of the phosphoryl group
leads to a high affinity of the carbacylamidophos
phate anion towards lanthanide and actinide ions
[1 ,2 ].

The coordination number of lanthanide(III) ions
in complexes with carbacylamidophosphates, as
with /3-diketonates, usually is 7 - 8 and more [3].
Thus, LnL3 complexes may coordinate additionally
one or more neutral or anionic ligands to form vari
ous mixed-ligand complexes LnL3 -(L'), LnL3 -(L')2
etc. where L' is an O- and N- mono- or bidentate
ligand [4].
This allows the preparation of bi- and polynuclear species (LnL3 )n (L')m, in which tris-chelate
lanthanide fragments [LnL3 ] are interconnected by

multidonor exodentate bridges L". Such complex
entities may be constituted of the same or of dif
ferent lanthanide centers that behave towards the
carbacylamidophosphate system almost in a uni
form way, but may possess different structures of
partially filled f-electron shell. We consider these
systems for magnetic or luminescent devices, and
it was important to elaborate synthetic approaches
for mono- and mixed-metal polynuclear lanthanide
complexes, and to study their properties and struc
tures.
For the preparation of the species we used the
bitopic 7 , 7 '-dipyridyl ligand, which may form biand polynuclear complexes and is able to maintain
an electronic interaction between two metal atoms.
The complexes of 3d metals in which 7 , 7 '-dipyridyl
binds two metal ions into a polymeric net (metalorganic network) [5] are widely described in liter
ature and were discussed as promising systems for
sorption of gases, heterogeneous catalysts, chemical
sensors, and magnetic materials.
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Table 1. Main vibrational frequencies in the IR spectra of the dimethyl-N-trichloro-acetylamidophosphate compounds
and their assignments, cm-1 .
Compound —
Ph4 Sb{L}a Na{ErL4}a

—

Assignment
z/(N-H)

H(L)

Na{L}a

3068

—

PluP{L}

_

-

-

Ho{L }3
•2HMPA3
-

{ L u 2U

h

-

(7,7’-dipy)}
_

3000
3050
3050 - 3020
2948 - 2807
2958 - 2865 2956 - 2852 2960 - 2850 2950 - 2840 2955 - 2860
2956 - 2850
£/ a s + s ( C - H ) L
1734
1624
1650
1615
1640, 1630, 1615
z/(C=0)
1645
1602
1450
1460
1457
1460
1455
1465
1462
6 (CH3)
1370
1355
1350, 1325
1325
1368, 1345, 1300
1330
1379
i/,( C - N ) A m i d —
2
1140
1160
1180
1/(P=0)
1268
1200
1230
1153
1190
1190
p (s (C H 3)L
1188
1190
1190
1185
1190
1067
1070
1060
1060
Z V a s(C -O )
1063
1065
1060
^ a s(P -O )
1040
1045
1040
1045
1029
1040
1040
1000
^ a s(P -N )
1000
1000
995
965
995
1010
885
902
900
970
990
885
892
<5(CCN) + <5(OCN)

l/a s+ s(C -H )a r

+

-

-

^ s (P -O )

<5(CH), j/(C-C)
<UNPO)
< S a s(P O C )

KC-C1)
6 (PNC)

M OPO)

836
782
730
675
505
440

825
787
722
688

551
462

815
780
720
680
530
480

820
770
740
680
535
505

820
780
730
670
555
500

835
782
730
675
555
495

822
793
732
676
557
502

a Assignments are in accordance with [11, 12].

The information about the structure of lanthanide
complexes of this type is limited. Assembly of binuclear species of the type [L3 Ln-(7 ,7 '-dipy)-LnL3 ],
that are the simplest prototypes for polynuclear lan
thanide complexes, assumes hepta-coordination of
the central atom. This coordination number presum
ably is characteristic for lanthanide ions of smaller
radius ( cf. Lu+3, r = 0.80 A), while the largest ions
(cf. La+3, r = 1.04 Ahave a tendency for eight- and
nine-coordination.
Herein we describe the synthesis and results of IR
and X-ray studies of a new binuclear lutetium(III)
complex with dimethyl-N-trichloroacetylamidophosphate (L~) and 7 ,7 '-dipyridyl
dipy)}.
Experimental
Preparation o f the lutetium complex

LuCl3-6H20 , Lu(N 0 3-3(6H20 and 7 ,7 '-dipy were
commercial products of reagent grade used without fur
ther purification.
The preparation of dimethyl-N-trichloroacetylamidophosphate H(L) and its sodium salt Na{L} were described
previously [6 -7 ],

The synthesis of the lutetium complex was carried out
according to
2Lu(X)3-6H20 + 6 Na{L} + 7 ,7 '-dipy + 12 HC(OEt)3
— {Lu2L 6 /i-( 7 ,7 '-dipy)} + 6 N aX | + 12 H C (0)0Et
+ 24 EtOH, where X = C P or N 0 3~ .
To the boiling solution of 1 mmol of lutetium(III) ni
trate (chloride) in 10 ml of dry 2 -propanol, 1 ml (6 mmol)
of HC(OEt)3 was added. Then the solution of 0.8773 g
(3 mmol) of Na{L} in 10 ml of dry 2-propanol and the
solution of 0.0781 g (0.5 mmol) of 7 ,7 -dipy in 5 ml of
acetone were added. The precipitate of N aN 0 3 (NaCl)
was filtered off. The solution was evaporated in vacuum
to the volume of about 2 ml, and then was allowed to
stand in a vacuum-desiccator over CaCl2 for 2 d, which
produced a colorless crystalline material. The yield was
0,85 g (~80% ). The complex is stable on air, soluble
in the polar organic solvents and practically insoluble in
non-polar aprotic solvents and in water.
The composition of the complex {LuL3-(7 ,7 '-dipy)o.5}
was confirmed on the basis of the complexometric titration method with xylenol orange as indicator
and C, H, N analysis. Analysis for {Lu2L 6 V/-(7 ,7 '-dipy)} C 34H44Cli8NgP6 0 24Lu 2 (2122.63 g m o P 1): calcd:
C 19.24, H 2.09, N 5.28, Lu 16.49; found C 19.38, H 2.18,
N 5.12, Lu 16.41.
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Table 2. Crystal data for {Lu2L6 -^-(7 ,7 '-dipy)}.
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions

Volume
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
9 Range for data coll.
Index ranges

C 34H44CI18N 8P6O 24LU2
2122.63 g(mol_1
293(2)K
0.71073 Ä
triclinic
Pi
a = 9.259(2) Ä,
a = 85.44(3)°,
b = 12.530(3) A,
ß 75.64(3)°,
c — 16.548(3) A,
7 = 70.56(3)°
1753.8(6) A3
1
2.010 g(cm -3
3.696 mm -1

1034
0.2 x 0.35 x 0.4 mm
3.38 to 28.69°
- 1 2 < h < 10 , -1 6 < k < 16,
-2 2 < / < 21
Reflections collected
24809
Independent reflections
7871 [R(int) = 0.0436]
Refinement method
F.-matrix least-squares on F 2
7 3 4 0 /6 / 442
Data/restraints/params
Goodness-of-fit on F 2
1.139
Final R indices [I>2a(F)] R \ =0.0538, wR2 = 0.1346
R indices (all data)
R 1 = 0.0562, wR2 = 0.1350
Largest diff. peak
1.864
and hole
-1.708 e A -3
Measurements
IR-spectra were recorded using an UR-10 spectrometer
(Carl Zeiss, Jena) in the region 4000 to 400 cm-1 (KBr
pellets). The characteristic IR absorptions of the lutetium
complex, the non-coordinated ligand and some related
coordination compounds are given in Table 1.
Single crystals of the lutetium complex were obtained
by recrystallization of the compound from 2-propanol.
For the X-ray diffraction study a prismatic crystal
of the dimensions 0.2 x 0.3 x 0.3 mm was used.
Crystallographic measurements were made at 293°C K
using a KM4CCD (Mo-radiation, graphite monochro
mator, u j/th e ta - scanning), area detector diffractometer
(Siemens). Empirical absorption correction using the
SADABS program was applied. Table 2 lists the cell pa
rameters and details of the data acquisition and structure
refinement. The structure was solved by direct meth
ods and subsequent Fourier difference techniques and
refined by full-matrix least-squares techniques in the
anisotropic approximation using the programs SHELXS86 and SHELXL-93 [8, 9]. The chlorine atoms of one
CCI3 group were found to be disordered over two posi-
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Table 3. Selected bond lengths (A) and angles (°) for
{Lu2L6 /x-(7 ,7 '-dipy)}.
1.617(7)
L u(l)-0(9)
2 .210(6 P(3)-N(3)
1.303(9)
L u(l)-0(5)
2.222(5 N (l)-C (l)
1.314(13)
L u(l)-0(1)
2.228(5 N(2)-C(5)
1.297(10)
L u(l)-0(6)
2.257(6 N(3)-C(9)
1.348(10)
L u(l)-0(2)
2.260(6 N(4)-C(13)
L u(l)-0(10)
1.540(10)
2.265(6 C(l)-C(2)
Lu(l)-N(4)
1.547(12)
2.435(6 C(5)-C(6)
1.560(10)
P d )-O (l)
1.509(6 C(9)-C(10)
P (l)-N (l)
1.48(2)
1.621(7 C(15)-C(15)#1
1.237(10)
P(2)-0(5)
1.492(6 0(2)-C (l)
P(2)-N(2)
1.247(11)
1.602(9 0(6)-C(5)
P(3)-0(9)
1.258(9)
1.502(6 0(10)-C(9)
0(9)-L u(l)-0(5) 157.8(2 C(13)-N(4)-Lu(l) 121.0(5)
0 (9 )-L u (l)-0 (l) 106.3(2 0(2)-C (l)-N (l) 130.9(7)
0 (5 )-L u (l)-0 (l) 86.7(2 0(2)-C(l)-C(2) 114.7(6)
0(9)-L u(l)-0(6) 104.4(3 0 (l)-L u (l)-0 ( 10) 149.8(2)
0(5)-L u(l)-0(6) 79.1(2 0(6)-Lu(l)-0(10) 75.4(3)
0 (l)-L u (l)-0 (6 ) 129.8(2 0(2)-L u(l)-0(l 0)134.5(2)
0(9)-L u(l)-0(2) 79.4(3 0(9)-Lu(l)-N(4) 82.7(2)
0(5)-L u(l)-0(2) 122 .0(2 0(5)-Lu(l)-N(4) 83.6(2)
0 (l)-L u (l)-0 (2 ) 74.7(2 0(1)-Lu(l)-N(4) 74.7(2)
0(6)-L u(l)-0(2) 73.1(3 0(6)-Lu(l)-N(4) 148.4(2)
0(9)-Lu(l)-0(10) 77.6(2 0(2)-Lu(l)-N(4) 138.2(2)
0(5)-Lu(l)-0(10) 82.3(2 0(10)-Lu(l)-N(4) 76.2(2)
0(8)-P(2)-N(2) 108.1(5 0 (l)-P (l)-0 (4 ) 110.5(3)
0(7)-P(2)-N(2) 102.9(5 0 (l)-P (l)-0 (3 ) 112.6(3)
0(9)-P(3)-0(l 1) 111.8(5 0(4)-P(l)-0(3) 102.4(3)
0(5)-P(2)-N(2) 119.4(4 0(1)-P(1)-N(1) 116.4(3)
0(9)-P(3)-N(3) 116.5(3 0(4)-P(l)-N (l) 108.6(4)
P(l)-0(1)-L u(l) 135.6(3 0(3)-P(l)-N (l) 105.1(3)
P(2)-0(5)-Lu(l) 131.1(3 0(5)-P(2)-0(8) 105.4(4)
P(3)-0(9)-Lu(l) 134.1(3 0(5)-P(2)-0(7) 113.2(5)
C (l)-0(2)-L u(l) 140.0(5 0(8)-P(2)-0(7) 107.4(5)
C(5)-0(6)-Lu(l) 135.4(6 0(6)-C(5)-N(2) 130.6(8)
C(9)-0(10)-Lu(l) 135.7(5 0(6)-C(5)-C(6) 115.1(8)
C (ll)-0(11)-P(3) 125.5(10') 0(10)-C(9)-N(3) 130.6(7)
C(12)-0(12)-P(3) 117.7(7 0(10)-C(9)-C(10) 112.3(6)
C (l)-N (l)-P (l)
120.2(6 N(l)-C(l)-C(2) 114.3(6)
C(5)-N(2)-P(2) 122.3(6 N(2)-C(5)-C(6) 114.2(7)
C(9)-N(3)-P(3) 122.9(6 N(3)-C(9)-C(10) 117.0(6)
Symmetry transformations used to generate equivalent
atoms: #x -x + 1, - y + 2 , -z + 1.
tions, and refinement of the isotropic U values suggests
partial occupancies of corresponding sites at 0.5. The re
finement of the disorder model proceeded satisfactorily,
and therefore it was possible to refine the disordered chlo
rine atoms anisotropically. The hydrogen atoms were in
cluded in the refinement as fixed contributions with their
isotropic U values set invariant at 0.08 A2. Refinements
were terminated with all non-hydrogen parameter shifts
< 0.20 <7 ; the weighting schemes were w_1 = cj2(F2) +
(a?)2 + bP, where 3P = (2FC2 + F02) and a and b are
constants adjusted by the program. Convergence was ob-
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Fig. 1. Molecular structure of the {LU2L 6 jU-(7 ,7 '-dipy)}. Hydrogen atoms of CH 3 groups and chlorine atoms of CCI 3
groups are omitted for clarity. The complex is represented with thermal ellipsoids at the 50% level.
tained at the R-values given in Table 2. The principal
interatomic distances and angles are listed in Table 3.
Full crystallographic data have been deposited at the
Cambridge Crystallographic Data Centre [10].

Results and Discussion
The characteristic feature of carbacylamidophosphates, that bears close resemblance with /5-di
ketones, is the amide-imidol tautomerism (forms
1 - 3). According to [7], form 1 is the dominating
tautomer.
FL ,N-

v n v
o
o -„- R„"

XT

Y

o'

11 0
0

" - x

O -R '

XT

R

O -R '

° - R'

XT

O -R 1

o -V *
O -R '

" f o - R"

0

Kat+

V

4

Thus, in the IR spectrum of H(L) the broad ab
sorption at 3068 cm-1 is assigned to z/(NH). Spectra
of the complexes do not exhibit bands in this region
which is prove for the deprotonation of the ligands
and the absence of R-OH solvent molecules and
water.
The deprotonation of H(L) gives rise to ^-con
jugation in the chelate 0=C -N -P=0 (forms 4 - 6). As

a result, an elongation of the C = 0 and P=0 bonds
takes place accompanied with shortening of the CN and P-N bonds. Accordingly, the frequency of the
characteristic vibration of the carbonyl group in the
spectrum of the ligand lies at 1734 cm-1 , while for
the Lu(III) complex it is detected at 1602 cm-1 (Ta
ble 1). Spectra of Ph4 P{L} and PtuSbjL} show
that the carbonyl groups herein are non-coordinated (1645 and 1650 cm-1 , respectively, forms
4 - 5), while the positions of ^(C=0) for the lan
thanide compounds Na{ErL4 }, Ho{L3}(2HMPA
and (Lu 2 L6 ^-( 7 ,7 '-dipy)} unambiguously indicate
coordination to the central atom (form 6) [11, 12].
^(C=0) in the spectrum of {LU2 L6 ^-(7 ,7 '-dipy)},
as compared with those of other lanthanide com
plexes, has the lowest value. This is the consequence
of the largest polarizing effect of the small Lu+3
cation on the ligand.
A low-frequency shift of the u (P = 0) bands in the
spectra of the complexes is comparable to that of
z/(C=0). This indicates that the phosphoryl groups
of the dimethyl-N-trichloroacetylamidophosphate
anions are also coordinated to lutetium.
The high-frequency shift of the bands z/(C-N)
and z/(P-N) compared to those of the ligand has
a maximum value in the spectrum of the complex
{Lu2L6yu-(7 ,7 '-dipy)}.
Other absorption bands, corresponding to vibra
tions with participation of atoms not included in the
chelate cycles, appear at standard positions.
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Scheme

D escription o f the structure

The structure of {LU2 L6 ^-(7 ,7 '-dipy)} is given
in Fig. 1. The lattice consists of centrosymmetric molecular species {LU2 L6 ^-(7 ,7 '-dipy)},and
there are no short contacts between neighboring
molecules in the crystal. The of 7 ,7 '-dipyridyl
molecule is coordinated to lutetium(III) via its ni
trogen atoms and realizes a bridge function be
tween two LuL 3 entities. It has a planar struc
ture with the biggest deviation from the mean
plane not exceeding 0.016 A. In free 7 ,7 '-dipy
there is a dihedral angle between the planes of
the two heterocycles of 37.2° [13, 14]). The LuN distance of 2.435(6) A is somewhat less than in
{Lu[(CH3)3CC(0)CHC(0)C(CH3)3]3 • 3-picoline}
I (2.47(5)) [15],
The lutetium atoms adopt seven-fold coordina
tion and are bound to six oxygen atoms of the phosphoryl ligands and to one nitrogen atom of 7 ,7 '-dipyridyl. The coordination polyhedron of lutetium is
shown in Fig. 2.
Homoleptic seven-fold coordination can exist in
at least three point groups: Dsh, C3v and C2V- For
distorted polyhedra (using respective values of the
angles <5'i, S'2, and 6 \ between planes at the tops of
the polyhedra [16], see Scheme) we may describe
the symmetry of the environment of the central ion
as follows:
The values of the angles between the planes
which characterize the polyhedron of Lu(III) are
equal 6\ = 26.3°, S'2= 27.0°, S'3= 8.9°. In the ideal
mono-capped octahedron <5'i = 24.2°, S'2 = 24.2°,
S'3 = 24.2° (C3v), and in the ideal mono-capped
trigonal prism <$'1 = 4 1 .5 °, S'2 = 0.0°, S'3 = 0.0°
(C2v) [16]. Thus, the coordination polyhedron of
the lutetium atoms in (Lu 2 L6 ju-(7 ,7 '-dipy)} can be
interpreted as a distorted mono-capped octahedron.

Fig. 2. The structure of the coordination polyhedron of
the lutetium atoms in {Lu2L 6 /i-7 ,7 '-dipy)}. Arcs L 1, L2
and L3 designate the phosphoryl ligands.

The largest value (157.8°) has the angle 0(5)L u(l)-0(9), therefore the polyhedron was chosen
with atoms 0 (5 ) and 0 (9 ) from L1 and L3 in the
axial positions of the distorted octahedron (Fig. 2).
The equatorial plane is occupied by the two carbonyl
oxygen atoms 0 (6 ) and 0(10) (from L2 and L3),
the phosphoryl oxygen atom 0 (1 ) and the nitrogen
atom of the dipyridyl molecule. The carbonyl oxy
gen 0 (2 ) of the ligand L 1 is situated in the capping
position.
The organic ligands are bidentate via the oxy
gen atoms of phosphoryl and carbonyl groups
with formation of six-membered chelate metallocycles. This agrees well with the results of the
IR-spectroscopic study. Each chelate cycle is al
most planar: the maximum deviation from the mean
plane does not exceed 0.06 A. This coordination
mode is a characteristic feature of phosphazo ana
logues of /?-diketones, and was observed earlier for
Ln{L}3-2HMPA and Na{LnL 4 } complexes [11].
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Table 4. Geometry of the (O)CNP(O) fragments and distances from the carbonyl and phosphoryl oxygen atoms to the
metal ions (A).
Compound
H(L)
Na{L}
Tl( 18-crown-6){L}
Na{ErL4}
{Lu2L6-^-(7 ,7 '-dipy)}

d(CO)

d(CN)

1.202(2)
1.225(4)
1.234(7)
1.262(3)
1.246(3)

1.347(2)
1.306(4)
1.268(7)
1.28(4)
1.278(2)

— Bond —
d(PN)
d(PO)
1.676(1)
1.621(3)
1.591(5)
1.603(2)
1.613(9)

1.459(2)
1.466(2)
1.457(4)
1.46(1)
1.476(1)

Literature
d(CO-M)
—

2.273(3)
3.012(6)
2.40(2)
2.360(5)

d(PO-M)
_

2.499(3)
2.678(4)
2.302(1)
2.430(2)

[7]
[7,11]
[12]
[11]
This paper

The mean values of the angles Lu-O-P and Lu-O-C
vary within the limits 131.1(3) - 135.6(3)° and
135.4(6) - 140.0(6)°, respectively (Table 3). The
bond lengths Lu-0=P and Lu-0=C lie within
2.210(6) - 2.228(5) Ä and 2.257(6) - 2.265(6) Ä,
respectively, which indicates the higher affinity of
the phosphoryl group to lanthanide ions.
The mean distances C =0 and P = 0 in the com
plex compared with the free ligand are increased on
the average by 0.044 and 0.017 A, respectively [7].
The changes of the bond lengths in the chelate ring
indicate the presence of 7r-conjugation in the coor
dinated anion.
The increase of bond orders P-N and N-C in the
chelate frame result in their shortening as contrasted
with those of the free ligand (Z\(P-N) = 0.063 Ä,
zA(N-C) = 0.069 A) (Table 4). A similar situation

was observed earlier for Na{ErL4 }, and our values
conform well with the literature data [ 1 1 ].
The phosphorus atoms have a slightly distorted
tetrahedral configuration: the largest values are
found for the angle OPN which is involved in the
chelate metallo cycle (116.4 - 119.4°). The sums of
the angles between bonds at carbonyl carbon atoms
in all three ligands are 360° (sp2 -hybridization).
Thus, we may conclude that coordination com
pounds of lutetium(III) with carbacylamidophosphate ligands can exist in the form of binuclear
molecules with 7 ,7 '-dipy in a bridge function. This
result suggests that hetero-binuclear molecular co
ordination compounds of lanthanides with carbacylamidophosphates, which are of interest for po
tential optical and magnetic properties, can also be
obtained.
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