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Abstract—The complex formation of the redox-active ligand bis(N,N'-2,6-diisopropylphenyl)-9,10-
phenanthrenediimine (PPPPDI) with alkaline metal (Li, K) and lanthanide (Sm, Dy) cations is studied.
The reduction of PPPPDI with an alkaline metal excess affords the dianionic form of the ligand (PPPPDA”"),
which crystallizes with the potassium cation as the coordination polymer [Kz(DippPDA) (Thf)5] (Thfis tet-
rahydrofuran). The reaction of equimolar amounts of the lithium salt with the dianionic form of the ligand
and neutral diimine affords the lithium complex with the radical-anion form (PPPPSI"~) crystallized as
[Li(P®PPPSI)(Thf),]. The samarium(I1I) complex [SmCp*(PPPPDA)(Thf)] (I) is formed by the reduction

of PPPPPDI with samarocene [Sme’;(Tth] (Cp* is pentamethylcyclopentadienide): both the samar-

fum(II) cation and Cp*~ anion are oxidized in the reaction. PPPPDI does not react with similar ytterbo-
cene. The dysprosium(I1I) complexes are synthesized by the ion exchange reactions between Dyl;(Thf); s

and potassium or lithium salt with the PPPPDA?~ dianion. Similar complexes [Dy(PPPPDA)I(Thf),]

I™f) and [Dy(DippPDA)l(Thf)(Et2O)] (IIEtZO) are formed in the reactions with the potassium salt

depending on the solvent used: a THF—hexane or a diethyl ether—n-hexane mixture, respectively. The
coordination of the dysprosium cation by the © system of the conjugated fragment of the NCCN ligand is

observed in II™ whereas in I1""° this coordination is absent. The reaction with Li,(PPPPDA) affords the
binary complex salt [Li(Thf);(Et,0)] [DyIz(DippPDA)(Thf)] (III, crystallization from a THF—Et,0 mix-

ture). The crystallization from THF gives the [Li(Thf),][Dyl,(PPPPDA)(Thf)] salt (III') containing the

same anion as III. The structures of all new complexes are studied by X-ray diffraction (XRD, CIF files
CCDC nos. 2260307—2260313).

Keywords: redox-active ligand, phenanthrenediimine, samarium(lIl), dysprosium(Ill), lanthanocene,
XRD, steric properties of ligand
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INTRODUCTION

Redox-active ligands evoke increased interest in
the modern coordination chemistry. These ligands
(also named “non-innocent”) can reversibly change
their charge, which makes it possible to extend possi-
bilities of redox transformations in complexes involv-
ing these ligands. Many structural types of redox-
active ligands are known [1]. Among them, three fam-
ilies of dioxolene and related ligands well-known due
to redox tautomerism in their complexes are distin-
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guished: in the neutral form (L°) these are o-quinones,
o-iminoquinones, and 1,2-phenylenediimines [2]. As
a part of a complex, they can accept up to two elec-
trons passing between the neutral, radical-anion, and
dianionic forms (Scheme 1a). For the ligands with the
substituents in the dioxolene C, cycle having similar
properties, the typical redox potentials of these transi-
tions (L°/L~" and L~/ L?") shift to a more reductive
range on going from quinones to diimines.
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Scheme 1. (a) Generalized structures of the studied ligands and their redox transitions and (b) the most studied
types of redox-active diimine ligands and the ligand studied in this work.

Redox transitions in the ligand can be used for the
electron transfer in catalytic reactions [3, 4] and the
activation or reversible binding of small molecules [5,
6]. A possibility of existing several stable states for
complexes with redox-active ligands can be used for
the fabrication of units of molecular electronics (for
instance, memory elements or switches) and spin
labels [7—10]. A combination of these ligands with
lanthanide cations (Ln) can result in complexes exhib-
iting a redox activity unusual for compounds of these
metals and demonstrating the magnetic or photophys-
ical properties associated with the redox state of the
ligand [11]. The lanthanide complexes with the o-qui-
none ligands are studied rather well [12—14], whereas
only single examples are known for the related o-imi-
noquinone [15—18] and o-phenylenediimine [19—21]
ligands. The redox properties were studied for a series
of the neodymium [16], as well as dysprosium and hol-
mium [18] complexes with the redox-active 4,6-di-
tert-butyl- N-(2,6-diisopropylphenyl)-o-iminoben-
zoquinone ligand in different charge states (PPPIQ,
Dipp[SQ* —, PiPPAP2-) | and a possibility of reducing ele-
mental chalcogens due to the dianionic form of the
ligand was shown. Higher reduction potentials are
needed to reduce substrates with a lower activity, for
instance, pnictogens and pnictogenide complexes [22,
23], and they can be achieved using diimine ligands.
The lanthanide complexes with related a-diimine
(1,4-diaza-1,3-diene (DAD), diiminoacenaphthene
(BIAN), and 2,2'-bipyridine/bipyrimidine ligands
(Scheme 1b) were studied very well. Different variants
of the synthesis were described for them, examples of
sterically induced redox transitions are known [24],
and a possibility of redox isomerism was shown [25—
27]. At the same time, the chemistry of lanthanide
complexes with 1,2-phenylenediimine ligands is
almost not developed. Only the synthesis and spectro-
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scopic characterization of the series of the Ln com-
plexes with unsubstituted 1,2-phenylenediamine were
described [19—21]. However, no data were obtained
on the molecular structures of these complexes, and
complexes with anionic forms of this ligand are
unknown. We have chosen the bis(/N-2,6-diisopropyl-
phenyl)-9,10-phenanthrenediimine ligand (PPPPDI)
with bulky substituents at the donor nitrogen atoms
favoring the formation of molecular complexes. This
ligand forms the radical-anion phenanthrenesemidii-
mine (PPPPSI*~) and dianionic phenanthrenediamide
(P*PPDA?") forms. Its reactivity for coordination to
transition metals and reduction by alkaline metals was
described in several works, as well as its reduction
properties [28]. The purpose of this work is to study of
the synthesis of the lanthanide complexes with this
ligand and their structural characterization. Samar-
ium and ytterbium were chosen from the lanthanide
series as possessing the accessible Ln**/Ln?* transi-
tions, and Dy was chosen for comparison with the
structures of the known complexes bearing the imino-
quinone ligand PPPAP?—

EXPERIMENTAL

All procedures on the synthesis, isolation, and
purification of the compounds were carried out in an
oxygen-free atmosphere (high-purity argon or vac-
uum) using the Schlenk technique in evacuated sealed
ampules in a glove box with an argon atmosphere. Sol-
vents for the reactions were dehydrated, degassed, and
distilled in an inert atmosphere over the Na—K alloy.

The initial lanthanocenes [LnCp? (Thf),] (Ln = Sm,
Yb; Cp* is pentamethylcyclopentadienide; Thf is tet-
rahydrofuran) [29], dysprosium iodide [Dyl;(Thf); 5]
[30], and PPPDI [31] were synthesized using known
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procedures. All other reagents were commercially
available. IR spectra were recorded on a FT-801 spec-
trometer (SIMEX) in KBr pellets prepared by pressing
in an inert atmosphere. Elemental analysis was carried
out on a Vario Micro Cube automated analyzer (Ele-
mentar) at the Analytical Laboratory of the Nikolaev
Institute of Inorganic Chemistry (Siberian Branch,
Russian Academy of Sciences). '"H NMR spectra were
recorded on a Bruker Avance 500 spectrometer at a
frequency of 500.13 MHz. Signals of the solvent (1.72
ppm for THF-dy) served as the internal standard. Sin-
gle crystals for X-ray diffraction (XRD) were selected
from the substance mass after the purification and
crystallization of the product and were grown in sealed
ampules containing the target substance and a minor
amount of the solvent stored at the cycled temperature
(20—45°C at an interval of 2 h).

Synthesis of [K,(PPPPDA)(Thf);]. Method 1. A

Schlenk vessel was loaded with PPPPDI (200 mg,
0.380 mmol) and an excess of potassium metall
(200 mg, 5.13 mmol). THF (10 mL) was condensed to
the mixture while cooling, and the resulting mixture
was stirred at room temperature for 24 h. In 30 min
after the beginning of stirring, the color of the solution
changed from red to dark blue with the further gradual
change to dark red. The obtained solution was sepa-
rated from unreacted potassium and evaporated to
dryness. Hexane (5 mL) was condensed to the dry res-
idue. The storage of this mixture at room temperature
resulted in the formation of red crystals of the product
along with a minor amount of the second phase (finely
crystalline yellow substance). The crystals of
[K,(PPPPDA)-(Thf),] suitable for XRD were taken
from the mixture.

Method 2. A Schlenk vessel was loaded with
DiPPDI (100 mg, 0.190 mmol) and KCg (51 mg,
0.38 mmol). THF (10 mL) was condensed to the mix-
ture while cooling, and the resulting mixture was
stirred at room temperature for 24 h. In 30 min after
the beginning of stirring, the color of the supernatant
changed from red to dark blue with the further gradual
change to dark red. The solution was separated from a
carbon precipitate by filtration and concentrated to
2 mL. Hexane (5 mL) was condensed in vacuo above
the solution. The mixture was stored at room tempera-
ture to give a finely crystalline red-brown product.
The solution was decanted, and the product was dried
in vacuo. The yield was 95 mg (61%).

For C50H66KN203
Anal. calcd, % C,73.1 H, 8.1 N, 3.4
Found, % C, 66.7 H, 7.2 N, 3.8

IR (v, cm™"): 3503 m, 3393 m, 2962 s, 2867 m,
1590 m, 1466 s, 1411 m, 1375 m, 1341 m, 1267 w,
1057 w, 884 w, 790 w, 752 m, 723 m. '"H NMR (THF-
dg; O, ppm): 0.73 d, 0.84 d, 0.97 d, 1.04 d (all 6H,
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CH(CH,),, 3/ = 6.8 Hz), 1.77 m (CH,, THF), 3.32
sept, 3.45 sept (all 2H, CH(CH;),, 3/ = 6.8 Hz),
3.62 m (CH,, THF), 6.18 t (1H, C(2)-H or C(3)-H of
phenanthrene, J = 7.3 Hz), 6.53 t (1H, C(3)-H or
C(2)-H of phenanthrene, J = 7.5 Hz), 6.73—6.83 m
(8H, m- and p-Dipp, C(5)-H and C(8)-H of phenan-
threne), 7.60 m (2H, C(6)-H and C(7)-H of phenan-
threne), 8.28 d (1H, C(1)-H or C(4)-H of phenan-
threne, J= 7.8 Hz), 8.36 d (1H, C(4)-H or C(1)-H of
phenanthrene, J = 7.8 Hz).

Synthesis of [Li(®?PPSI)(Thf),]. A Schlenk vessel

was loaded with PPPPDI (100 mg, 0.190 mmol) and an
excess of metallic lithium (10 mg, 1.43 mmol). THF
(10 mL) was condensed while cooling to the obtained
mixture, and the resulting mixture was stirred at room
temperature for 24 h. In 30 min after the beginning of
stirring, the color of the solution changed from red to
dark blue and further changed to dark red. Unreacted
lithium was separated by filtration, and PPPPDI
(100 mg, 0.190 mmol) was added to the solution on
stirring. In an hour, the color of the solution changed
to dark blue. The solvent was completely removed in
vacuo without heating, and hexane (3 mL) was added
to the oily residue. The formed precipitate of the prod-
uct was filtered off and dried. The yield was 109 mg
(85%). The crystals suitable for XRD were grown from
a THF—hexane (1 : 3) mixture.

For C46H58LiN202
Anal. calcd., % C, 815 H, 8.6 N, 4.1
Found, % C, 81.7 H, 8.9 N, 4.1

IR (v, cm™'): 3393 m, 3058 m, 2960 s, 2867 s,
1590 m, 1455 s, 1425 s, 1381 m, 1361 m, 1338 m,
1262 m, 1108 w, 1045 m, 933 w, 753 s, 721 m, 591 w.

Synthesis of [SmCp* (PPPPDA)(Thf)] (I). A Schlenk
vessel was loaded with [SmeZ(Thf)2] (200 mg,

0.350 mmol) and PPPPDI (186 mg, 0.350 mmol).
THF (10 mL) was condensed while cooling to the
obtained mixture, and the solution was stirred at room
temperature for 24 h. Then, the initial solvent was
completely removed in vacuo without heating, and
hexane was added to the solid residue. The formed
precipitate of the product was filtered off and washed
with hexane (3 X 5 mL). The yield of complex I was
254 mg (82%). The crystals suitable for XRD were
grown from a THF—hexane (1 : 3) mixture.

For complex C5,HgsN,OSm (I)
Anal. caled., % C,70.6
Found, % C,71.0

H,74
H, 8.0

N, 3.2
N, 2.8

IR (v, cm™): 3676 w, 3393 m, 2961 s, 2924 s,
2866's, 1589 m, 1465 s, 1377 m, 1340 m, 1253 w,
1117 w, 1043 w, 865 w, 790 w, 753 m, 723 m, 572 m.

No.1 2024



76 SINITSA et al.

Synthesis of [DyI(P*PPDA)(Thf)(solv)] (solv = Thf,

1™ solv = Et,0, I1"2°). A Schlenk vessel was loaded
with an excess of metallic potassium (33 mg,
0.84 mmol) and P*P*PDI (200 mg, 0.380 mmol), and
THF (10 mL) was condensed while cooling with liquid
nitrogen. In 12 h of stirring at room temperature, a
dark red solution of the salt was separated from unre-
acted potassium, and [Dyl;(Thf);5] (302 mg,
0.380 mmol) was added to this solution with stirring.
The reaction mixture was stirred for 24 h. The formed
precipitate of KI was separated by centrifugation, and
the solution was evaporated to dryness. Then hexane
(5 mL) was condensed into the reaction vessel, and the
formed precipitate of the product was filtered off and
dried. The yield was 273 mg (75%). Yellow crystals of

complexes 1™ and I suitable for XRD were
obtained by recrystallization from a THF—#n-hexane
(1 : 3) or a diethyl ether—n-hexane (1 : 3) mixture,
respectively.

For complex C4sHs3DyIN,O, (I1Thf)
Anal. caled., % C,57.5 H, 6.1
Found, % C, 57.7 H, 6.2

N, 29
N, 3.3

IR (v, cm™): 3392 m, 3060 w, 2962 s, 2866 s,
1589 m, 1464 s, 1424 s, 1371 s, 1340 s, 1254 s, 1115 w,
1018 m, 926 w, 863 m, 786 m, 753 s, 723 m, 655 w.

Synthesis of [Li(Thf);(Et,0)][Dyl,("*"PDA)(Thf)]
(IIT). An excess of metallic lithium (10 mg, 1.4 mmol)
and PPPPDI (200 mg, 0.380 mmol) were placed in a
Schlenk vessel, and THF (10 mL) was condensed
while cooling with liquid nitrogen. After 12 h of stir-
ring at room temperature, a dark red solution of the
salt was separated from unreacted lithium, and
[DylI;(Thf); 5] (302 mg, 0.380 mmol) was added while
stirring. The reaction mixture was stirred at 70°C for
24 h. A yellow-orange solution was concentrated in
vacuo to 1 mL, and a Lil precipitate was separated by
centrifugation. Diethyl ether (3 mL) was layered on
the THF solution. Orange-red crystals were formed
due to diffusion. The mother liquor was decanted, and
the product was dried in vacuo. The yield was 299 mg
(60%).

For complex CsgHg,Dyl,LiN,O5 (IIT)
Anal. caled., % C, 531 H, 6.4
Found, % C,53.0 H,6.2

N, 2.1
N, 2.0

IR (v, cm™Y): 3392 m, 3060 w, 2961 s, 2867 s,
1590 m, 1463 s, 1427 s, 1371 s, 1329 s, 1240 m, 1207 m,
1108 w, 1049 s, 887 m, 859 m, 791 m, 751 s, 722 m,
675 w.

The crystals of  complex [Li(Thf),]-
[Dyl,(PPPPDA)(Thf)] (IIT') suitable for XRD were
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prepared by recrystallization from a THF—#n-hexane
(1 : 3) mixture.

XRD of crystals of [Li(PPPPSI)(Thf),], I, II™

I1°°, 111, and III' were carried out at 150 K on a
Bruker D8 Venture diffractometer (0.5° ® and ¢ scan
modes, three-circle goniometer with fixed ¥,
PHOTON III SMOS detector, Mo-IuS 3.0 microfo-
cus source, focusing using Montel mirrors, A =
0.71073 A, MoK,) at the Center for Collective Use at
the Nikolaev Institute of Inorganic Chemistry (Sibe-
rian Branch, Russian Academy of Sciences). XRD for
[K,(PPPPDA)(Thf);] was conducted at 123K on a
Rigaku XtalLAB Synergy-R diffractometer (0.5° ®
scan mode, four-circle goniometer, HyPix-Arc 150
hybrid detector, rotating anode source, A = 1.54184 A,
CuK,). The primary data were processed using the
APEX 3 or CrysAlisPro 1.171.41.107a software. The
crystal structures were solved using the ShelXT pro-
gram [32] and refined using the ShelXL program [33]
with the Olex2 graphical interface [34]. Atomic shifts
for non-hydrogen atoms were refined in the harmonic
anisotropic approximation except for some atoms of
the disordered fragments. Hydrogen atoms were
arranged geometrically and refined by the riding
model. The bond lengths and angles in the studied
complexes are given in Table 1, and their crystallo-
graphic parameters are listed in Table 2.

The structures were deposited with the Cambridge
Crystallographic Data Centre (CIF files CCDC nos.
2260307—2260313; ccdc.cam.ac.uk/structures).

RESULTS AND DISCUSSION

Two different procedures were used for the synthe-
sis of the lanthanide complexes with 9,10- N-(2,6-diiso-
propylphenyl)-o-phenanthrenediimine (PPPPDI). In
the first procedure, the redox reactions occur between
neutral diimine and lanthanocenes [LnCp:(Thf)z]
(Ln=Sm, Yb), whereas the second procedure is based
on the exchange reactions between dysprosium triio-
dide Dyl;(Thf);5 and salt of the ligand with alkali
metal. A good reductive ability of lanthanocenes (due
to the oxidation of both lanthanide and ligand Cp*™)
is used in the first procedure. However, these initial
complexes are accessible only for several lanthanides,
and the second procedure does not impose these
restraints. Two stages are distinctly observed in the

reaction of [SmCp,(Thf),] and PPPPDI in THF
(Scheme 2): at first (within 1 h) the ligand is reduced
to the radical-anion form, upon which, the solution
turns violet and then becomes dark red within several
hours, which indicates the formation of the dianionic
form. The dark red crystals of complex
[SmCp*(PPPPDA)(Thf)] (I) were isolated from a
THF—hexane (1 : 3, vol/vol) mixture.
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Table 1. Characteristics bond lengths (A) and angles (°) in the studied complexes and comparison with literature data

o?;)r?;le Dippp D2 |[Li("PPPSI"7)(Th),] [[Ko(PPPPDA)(Thi)s]| 1 e | iU
C—N°© 1.27 | 1.33 1.39, 1.40 1.40, 1.41 |1.40,1.42 |1.41 1.42, 1.41/1.40,
1.42
C—C¢ 150 |1.46 1.42 1.39 1.40 1.41 1.40/1.39
M-N 2.04,2.01 2.78,2.86 (K(Thf)s); |2.28,2.32 |2.20,2.19 |2.18,2.19(2.22,2.24/2.22,
2.71, 2.86 (K(Dipp)) 2.24
Ln—I 3.05 3.03 3.01,2.99/3.03,
3.01
M—0d 2.02,2.09 2.75,2.76 243 2.38 (Thf) |2.37,2.39(2.42/2.42
2.40 (Et,0)
NMN 81.0 59.0 (K(Thf);) 69.7 76.0 78.0 72.4/71.6
59.9 (K(Dipp))

a Data from [38].

b Data for the complexes with cations [Li(Thf);(Et,0)] t [L1(Tht)4]
¢ Bonds in the NCCN fragment.

Oxygen atom of coordinated THF or diethyl ether.

lpp
o
‘

N Y,
DI i,
1pp Hp 2 A4
N\

Scheme 2. Synthesis of the complexes
with the P'PPPDAZ~ ligand in the redox reactions.
No visible changes are observed in the similar reac-

tion of [YbCp,(Thf),] with PPPPDI in THE. If the
reaction is slow because of blocking the coordination
sphere by the donor solvent, then the use of a nonpolar
medium could favor its acceleration. However, the
reaction does not occur even on prolonged heating the
reactants in toluene, and only crystals of the reagents
determined visually and from a comparison of the unit
cell parameters (XRD) were obtained by crystalliza-
tion from the solution. We assume two reasons for this
behavior. First, PPPPDI is rather bulky and, hence, the
interaction of the redox-active ligand with the metal-
locenter can be hindered on decreasing cationic radius
and in the presence of other bulky ligands (Cp*7).
Second, the reduction potential of the Yb*"/Yb?" pair
can be insufficient to reduce the ligand to the radical-
anion or dianionic state.

In order the check the last assumption, we studied
the electrochemical properties of the PPPPDI ligand
by cyclic voltammetry (Fig. 1), which revealed the
quasi-reversible one-electron reduction at E,, =
—1.85 V (vs. Ag"/Ag) followed by the irreversible
reduction at —2.5 V. Presumably, the first reduction
wave corresponds to the transition PPPPDI —
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DipppSI*~. Taking into account the redox potential

known for lanthanocenes (El/z(LnCpZ(Thf)+/O) =

—2.12 and —1.48 Vvs. Ag*/Ag for Sm and Yb, respec-
tively [35]), we can conclude that the one-electron
reduction due to the lanthanide cation is possible in
the case of samarium, whereas for ytterbium this pro-
cess is thermodynamically unfavorable. We failed to
isolate the complex with the one-electron reduction
product (radical-anion form of the PPPPSI"~ ligand).
This can be associated with the fact that this form is
reduced rather rapidly to the dianion. Interestingly, in
the reaction with samarocene, the second step of
reduction (PPPPSI*~ — PPPPDA2") occurs due to the
Cp*~ ligand, which is oxidized and dimerizes to form

Cp; No reduction due to the Cp*~ ligand occurs in
the reaction with ytterbocene. It is most likely, no suf-
ficiently stable complex with the neutral form of the
ligand (PPPPDI) is formed if the reduction step owing
to lanthanide is absent, and this form cannot contact
rather tightly with the Cp*~ ligand for the electron
transfer to occur.

To develop the chemistry of similar complexes with
other Ln exhibiting the oxidation state +2, which is
less prone to redox processes, alternative synthesis
methods are needed, for instance, the ion exchange
with lanthanide halides. Therefore, at first it was nec-
essary to prepare anionic forms of the ligand, for
example, as salts with alkaline metal cations. Potas-
sium was chosen as a cation due to its lower affinity to
form “ate” complexes in the reactions with lanthanide
halides. Two synthesis methods were approbated
(THF was used as the solvent): the reaction of diimine
Dipr P with an excess of metallic potassium or with a
stoichiometric amount of potassium-intercalated
graphite KC; (2 equivalents). In all cases, the color of
the solution changed from red to blue and finally to

Vol. 50
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LANTHANIDE (Sm, Dy) COMPLEXES WITH THE 9,10-PHENANTHRENEDIIMINE
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Fig. 1. Cyclic voltammogram of the PPPPD] ligand (THF,
V=0.2V/s,vs. Ag" /Ag, c=2 % 10~ 3mol/L Pt electrode,
Ar, 0.1 M Bu,;NBE,).

dark red within 3 h. The reaction product is not crys-
tallized when concentrating a THF solution but forms
a viscous oil. The finely crystalline product precipi-
tates upon the addition of hexane. Individual crystals
of the salt with the dianionic form of the
[K,(PPPPDA)(Thf);] ligand were also prepared by the
crystallization from a THF—hexane mixture. Elemen-
tal analysis of the polycrystalline sample shows lower
values for carbon and hydrogen and higher values for
nitrogen. This can be explained by a variable solvate
composition of the formed compound, because donor
THF molecules are easily leaving and the substance is
not resistant to oxidation. The partial loss of THF is
confirmed by the 'H NMR spectroscopy data: the
integral intensities of signals of the aromatic protons
and protons of the iso-propyl groups correspond to
each other, whereas the intensities of signals from
THF are lowered by ~2 times. Therefore, the potas-
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sium salt for subsequent syntheses was prepared in situ
and used without isolation. When attempting to syn-
thesize the radical-anion form of K(PPPPSI) by the
action of one more equivalent of diimine PPPPDI on
the in situ prepared dianionic salt, the primarily
formed dark blue solution (the color corresponds to
the radical anion) rapidly became dark brown. As
mentioned [36], the monoanionic forms of diimines,
including PPPPSI-, are unstable but can be stabilized
by coordination. The use of the lithium cation made it
possible to prepare radical anions stable in solution,
which were characterized by EPR. It is most likely that
the more ionic character of the K—N bond compared
to the more covalent Li—N bond and, as a conse-
quence, the formation of solvate separate ion pairs
results in the destabilization of the potassium salt. A
similar reaction of a metallic lithium excess with
DipppPPD] followed by the addition of one more equiva-
lent of diimine to the dilithium salt affords a stable
dark blue solution from which we succeeded to isolate
the pure crystalline phase of the complex with the
monoanionic form of the ligand, [Li(PPPPSI)(Thf),].

The salts with alkaline metal cations were used for
the synthesis of the dysprosium complexes. A potas-
sium iodide precipitate was formed as a result of the
reaction of potassium salt [K,(PPPPDA)(Thf),] pre-
pared in situ in THF with an equimolar amount of
Dyl;(Thf); 5 (Scheme 3). It was difficult to crystallize
the product after separating from the precipitate: no
crystals were formed by either the slow evaporation of
THEF, or the replacement of the solvent by toluene.
The formed compound was not soluble in hexane. The
necessary conditions were achieved for crystallization
froma THF—hexane (1 : 3, vol/vol) or a diethyl ether—
n-hexane (1 : 3, vol/vol) mixture, and molecular com-
plexes [DyI(PPPPDA)(Thf),] (117 and

[DyI(PPPPDA)(Thf)(Et,0)] (II"°), respectively,
were obtained under these conditions.

lpp
N JBE Soly = Th (1™
Dy—l _ Et,0
Dlpp \\\\L/(‘\\m' Solv = Etzo (II 2 )
Dlpp
‘ \N (Q)O B Dipp 1
! < |
Dipp LN N, /I
[Li(Thf);(Et,0)]* ‘ Dy~Thf (111)
\
N
Dipp

Scheme 3. Synthesis of the complexes by the ion exchange reactions.
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DipppD]

Li(PPPPSI)(Thf),

K,(PPPPDA)(Thf);

11

I

1500
1

1700 1600

Wavenumber, cm™

Fig. 2. Characteristic vibrations in the IR spectra of com-
pounds PPPPDI, [Li(PPPPSI)(Thf),], [K,(PPPPDA)-
(Thf)z], I, II, and I1I.

Interestingly, when the lithium salt prepared in situ
by the reduction of neutral diimine PPPPDI with an
excess of metallic lithium is used in the exchange reac-
tion, the formed complex somewhat differs from the
previous complex. The crystallization from a THF—
Et,O (1 : 3, vol/vol) mixture yielded the binary com-
plex salt [Li(Thf);(Et,0)][Dyl,(PPPPDA)(Thf)] (III).
This complex is formed due to a sufficiently high sol-
ubility of lithium iodide in THF. Therefore, iodide
ions, which enter the composition of the complex as
additional anionic ligands, are formed in the solution
in a sufficiently high concentration. The crystals of the
salt [Li(Thf),][DyL,(P"PPDA)(Thf)] (III') with the
close composition and containing the same anion as
III were prepared by crystallization from THEF.

The bands in a medium range (1700—1500 cm™)
corresponding to vibrations of the conjugated NCCN
system, which depend most strongly on the oxidation
state of the ligand, can be distinguished in the IR spec-
tra of PPPPDI, [Li(PPPPSI)(Thf),], [K,(PPPPDA)-
(Thf),], 1, II, and III (Fig. 2). The reduction of
DicppPDJ to PPPPSI?~ leads to the consecutive decrease
in the intensity and the disappearance of the short-
wavelength bands at 1620—1650 cm~', and the long-
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wavelength band at 1595 cm™! remains nearly
unchanged.

The structures of all synthesized complexes were
determined by XRD. In [K,(PPPPDA)(Thf),], all three
THF molecules are coordinated to one of the potas-
sium atoms (Fig. 3a). The second potassium atom is
coordinated by the & system of the diisopropylphenyl
ring of another molecule of the complex thus joining
the complexes into the 1D polymer chain (Fig. 3b). A
similar m-coordination was also found in the struc-
tures of the alkaline metal salts with the diazabutadi-
ene (DAD) ligand and afforded the tetranuclear com-
plexes [37].

As compared to the potassium salt, the lithium salt
with the radical-anion form of the [Li(PPPPSI)(Thf),]
ligand is the mononuclear complex (Fig. 4). The coor-
dination polyhedron of the compound can be
described as a distorted tetrahedron. The C—N and
C—C bond lengths in the metallocycles adopt inter-
mediate values between those characteristic of the
neutral and dianionic forms (Table 1), which confirms
the monoanionic form of the ligand.

In samarium complex I, the central atom is coordi-
nated by one m’-cyclopentadienyl ligand and one
phenanthrenediimine ligand (Fig. 5) and the coordi-
nation sphere is supplemented by the THF molecule
to the coordination number 6. The bond lengths of the
NCCN fragment of the metallocycle are close to those
in the structure of potassium salt [K,(PPPPDA)(Thf);]
and correspond to the dianionic form of the ligand
DipPPDA?- (Table 1). Since the Cp*~ ligand bears a
charge of —1, the samarium atom has the oxidation
state +3. The bulky ligand Cp*~ is situated in the posi-
tion opposite to the Sm—N bonds and, thus, the vector
Sm—Cp*(centroid) deviates slightly from the SmN,
plane (by 34°). This arrangement is determined by the
interaction with the bulky substituents PPPPDA?~: the
methyl groups of Cp* are arranged closely to the aro-
matic cycles of both Dipp groups, and a closer
arrangement of Cp* is impossible for steric reasons. As
a consequence, a less bulky THF ligand occupies the
remaining site in the coordination sphere, and the
Sm—O bond is directed to the side from the chelate
cycle (the angle with the SmN, plane is 78°).

In the structures of compounds II™ and I1°%°, the
coordination polyhedra are nearly the same and repre-
sent distorted trigonal bipyramids with the nitrogen
and iodine atoms in the equatorial positions and two
oxygen atoms in the axial positions (DyIO,N,, coordi-
nation number 5; Fig. 6). The diimine ligand exists in
the dianionic state, which follows from the composi-
tion of the complex and is confirmed by the character-
istic values of the C—N and C—C bonds in the chelate
cycle (Table 1). The structure of complex II™ con-
tains two independent molecules. The lengths of sim-
ilar coordination bonds are practically the same for
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(b)

Fig. 3. (a) Structure of the independent part in compound [KZ(D ippPDA)(Thf) 3] according to the XRD data and (b) the mutual
arrangement of three molecules of the complex in the crystal packing. Hydrogen atoms and methyl groups of the Dipp substitu-
ents are omitted, hydrocarbon fragments are shown in the simplified form, and w-coordination is shown by dash.

these two molecules, as well as for the complexes IT™"

and IT"°. Similarly to complex I, the bulky ligand (I~
) is arranged oppositely to the donor nitrogen atoms in
the position maximally remote from the Dipp substit-
uents of the diimine ligand. The angle of the Dy—I
bond with the DyN, plane is 12° and 13° for II"" and

0° for I1"°. The remaining two accessible coordina-
tion sites are occupied by neutral donor THF or Et,O
molecules, and the Dy—O bonds are almost perpen-
dicular to the DyN, plane (for all these bonds, the
angles with this plane lie in a range of 73°—86°).

Two crystalline phases were obtained for the
anionic complex [Dy(PPPPDA)IL,(Thf)]~: with the
[Li(Thf),]* (Fig. 7) and [Li(Thf);(Et,0)]" cations.
The structure with the first cation contains two crys-
tallographically independent cation—anion pairs. The
geometry of the anionic complexes is the same in both
structures, and the environment of the central atom is
DyI,ON, (coordination number 5). As compared to
complex II, the inclusion of one more large iodide
anion into the coordination sphere results in substan-
tial changes in the relative arrangement of the ligands.

Fig. 4. Structure of [Li(D‘ppPSI)(Thf)z] according to the
XRD data. Hydrogen atoms and methyl groups of the
Dipp substituents are omitted, and hydrocarbon fragments
are shown in the simplified form.

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY

Fig. 5. Structure of complex [SmCp*(PPPPDA)(Th)] (I).
Hydrogen atoms and methyl groups of the Dipp substitu-
ents are omitted, and hydrocarbon fragments are shown in
the simplified form.
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(b)

Fig. 6. Structures of complexes (a) [Dyl(®PPPDA)(Thf)(Et,0)] (II"°) and (b) [DyI(PPPPDA)(Thf),] (I1™™). Hydrogen
atoms and methyl groups of the Dipp substituents are omitted, hydrocarbon fragments are shown in the simplified form, and

nt-coordination is shown by dash.

Two iodide anions cannot be arranged so closely to the
diimine ligand as the Et,O molecules because of the
interaction with the bulky Dipp substituents. There-
fore, the Dy—I bonds deviate appreciably from the
perpendicular to the DyN, plane (by 62° and 68°).
Both iodine atoms are arranged almost tightly to one
of two Dipp substituents, and the remaining site near
the second substituent is occupied by one THF mole-
cule. Since the positions at the sides from the DyN,
plane are occupied by the iodine atoms, the Dy—O
bond is situated closely to this plane to form with it an
angle of 10°.

It seems interesting to elucidate differences in the
position of the metal atom relatively to the chelate
cycle in the series of the synthesized complexes. In all
structures, the NCCN fragment is nearly planar due to
conjugation. The deviation of these four atoms from
their root-mean-square plane does not exceed 0.03 A
for the potassium and lanthanide complexes and is
maximum in the [Li(PPPPSI)(Thf),] complex
(0.05 A). The small lithium cation is localized in the
plane of the NCCN fragment (with a distance of
0.05 A from the plane). In the potassium complex,
both cations are remote from this plane at a significant
distance (1.65 and 2.39 A) due to the bridging position
of the diimine ligand. In the lanthanide complexes,
the metal—nitrogen bond is by ~0.2 A longer than that
in the lithium complex (Table 1). As a consequence,
the LnNCCN metallocycle is bent along the line pass-
ing through the nitrogen atoms. The samarium atom
in complex I and dysprosium atoms in complexes I11
and IIT' deviate from the NCCN plane by 0.40—

0.47 A. The dysprosium atoms in complex 115 devi-
ate by a slightly higher value (0.74 A). This can be
explained, most likely, by a necessity of arrangement
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of the bulkier ether ligand (Et,0O) in the gap between
the bulky isopropyl groups to minimize the mutual
repulsion from them. The structure of compound II™f
exhibits the highest deviation of the lanthanide cation
from the NCCN plane (1.28 and 1.35 A) for two inde-
pendent molecules. Such a substantial deviation
results in the situation where the Dy** cation is located
near the C=C double bond of the metallocycle (dis-
tance to the bond center 2.66 and 2.64 A, respec-
tively), which assumes a possibility of the direct coor-
dination of the cation by the 1 system of the conju-
gated fragment. The possibility of T-coordination can
be assumed to appear in this complex because of the
accessible site in the coordination sphere, since the
THF molecule occupies a smaller volume than Et,O

(compared to IIEtZO). However, it cannot be excluded

that the reason is packing effects of the adjacent mol-
ecules in the crystal. Anyway, the observed deforma-
tion of the coordination cycle demonstrates its consid-
erable flexibility and a possibility of tuning its geome-
try to various combination of the ligands. A similar
structural flexibility has been mentioned previously
for the samarium(II) complexes with the N,N-donor
B-diketiminate ligands [39].

Thus, the structures of the alkaline metal com-
plexes with the 9,10-phenanthrenediimine ligand in
the radical-anion and dianionic states were deter-
mined for the first time. The lanthanide complexes
with this ligand were demonstrated to be prepared via
two routes: via the redox processes involving the neu-
tral form of the ligand and via the exchange reactions
with the dianionic form of the ligand. The samar-
ium(III) complex has successfully been synthesized
via the first route. However, it was shown that the
reduction potential of Yb*" was insufficient for this
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Li

Fig. 7. Structure of the binary complex salt [Li(Tht)4][Dylz(DippPDA)(Tht)] (III'). Hydrogen atoms and methyl groups of the
Dipp substituents are omitted, and hydrocarbon fragments are shown in the simplified form.

approach. The dysprosium complexes were synthe-
sized via the second route, and this method can poten-
tially be extended over all lanthanide(IIT) ions. The
structure of the complex synthesized via the ion
exchange reactions with Lnl; was shown to depend on
the applied alkaline metal salt. The use of lithium salt
results in an increased concentration of the iodide ion
and in the anionic complexes bearing two iodide
ligands. All lanthanide complexes were formed with
the dianionic form of the diimine ligand (PPPPDA2").
Since this form has a sufficiently high reduction
potential, the synthesized complexes can manifest the
reduction properties due to the oxidation of this form
to the radical anion PPPPSI'~, and samarium
complex I contains also the second ligand potentially
capable of being oxidized (Cp*~). The stabilization of
the radical-anion form as the lithium complex sug-
gests the stabilization of the lanthanide complexes
with this form of the ligand. The reduction properties
of the new complexes will be studied in the continua-
tion of this work.
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