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Abstract—1,2-Bis[(2,6-diisopropyl-4-diethylmalonophenyl)imino]acenaphthene (Dem-Bian) with zinc
chloride forms complex [(Dem-Bian)ZnCl,] (I). The reaction of complex I with n-BuLi proceeds with the

deprotonation of the malonate fragments and gives

1D coordination polymer [ZnCl,(Dem-

Bian)Li(DME),], (II). The reaction of [(Dem-Bian)CuCl] with n-BuLi affords 1D polymer [(Dem-
Bian)Li,(DME),],, (III). Compounds I-III are characterized by elemental analysis and IR spectroscopy.
Derivatives I and II are characterized by '"H NMR spectroscopy. The crystal structures of compounds II
and III are determined by X-ray diffraction (XRD). Their thermal stability is studied by thermogravimetric

analysis.
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INTRODUCTION

Diimine chelating ligands are presently used widely
in the chemistry of transition and nontransition met-
als, since they make it possible to change purposefully
the reactivity of the metal complexes due to the varia-
tion of substituents at the nitrogen atoms. The coordi-
nation compounds based on conformationally rigid
bis(arylimino)acenaphthene (Ar-Bian) are efficient
catalysts for reactions of organic synthesis [ 1—13], ole-
fin polymerization [ 14—24], and cyclic esters [25—29].
In spite of great interest in using ligands Ar-Bian in
coordination chemistry, only several examples are
known for 1D and 2D coordination polymers based on
bis(arylimino)acenaphthenes [30—34]. It is promising
to design coordination polymers including redox-
active fragments because of a possibility to prepare
materials capable of rearranging their properties (mag-
netic, spectral, electric, and others) due to changing
the redox states of the ligands composing the coordi-
nation polymer. This can find use in the development
of new catalysts, sorbents, and sensors, as well as
methods for the separation of mixtures of liquid
and gases [35—39]. It is expected that the further func-
tionalization of Ar-Bian would provide their ability to
form 2D and possibly 3D polymer frameworks owing
to binding functional groups with metal atoms due to
both the redox-active diimine fragment and redox-
inactive functional groups and would extend the series
of the presently known coordination polymers based

T Deceased.

on Ar-Bian. The introduction of various functional
groups into bis(arylimino)acenaphthenes makes it
possible to synthesize coordination polymers contain-
ing simultaneously metal atoms of different types, for
instance, of s and d elements. It is not excluded that a
similar combination would also affect specific features
of coordination polymers, in particular, for their inter-
molecular interaction of substrates (solvents, small
molecules, etc.) inside cavities according to the host—
guest type due to a combination of acid-base and
redox properties of the metallocenters.

We have recently synthesized Ar-Bian with the
malonate substituents in para-positions of the phenyl
rings: 1,2-bis[(2,6-diisopropyl-4-diethylmalonophe-
nyl)iminoJacenaphthene (Dem-Bian) and its copper
complex [(Dem-Bian)CuCl] [40]. Malonate ligands
can form six-membered chelate cycles with metal cat-
ions, which is promising from the viewpoint of assem-
bling complicated polynuclear structures and coordi-
nation polymers [41—43].

The purpose of this work is to synthesize coordina-
tion polymers with Dem-Bian as the bridging organic
ligand, 1,2-bis[(2,6-diisopropyl-4-diethylmalono-
phenyl)imino]acenaphthenezinc dichloride [(Dem-
Bian)ZnCl,] (I), and two 1D coordination polymers
of lithium containing redox-active acenaphthene-1,2-
diimine fragments and redox-inactive functional
malonate groups: [ZnCl,(Dem-Bian)Li(DME),],
(IT) and [(Dem-Bian)Li,(DME),],, (IIT).
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EXPERIMENTAL

Compounds II-III and [(Dem-Bian)CuCl] are
not resistant to air oxygen and moisture and, hence, all
procedures on their synthesis, isolation, and identifi-
cation were conducted in vacuo or under nitrogen
using the Schlenk technique or a glove box (Glovebox
M. Braun). The starting Dem-Bian and [(Dem-
Bian)CuCl] were synthesized using a known proce-
dure [40]. Toluene, dimethoxyethane (DME), and
tetrahydrofuran (THF) were dried and stored over
sodium diphenylketyl. Prior to use solvents were sam-
pled using condensation in vacuo. IR spectra were
recorded on an FSM-1201 spectrometer (suspensions
of the compounds were prepared in Nujol). 'H NMR
spectra were recorded on a Bruker Advance NEO
instrument (300 MHz). Deuterated benzene and deu-
terated THF (Aldrich) were dried over sodium diphe-
nylketyl and placed using condensation in vacuo into
NMR tubes containing samples of the studied com-
pounds. Elemental analysis was carried out on a Vario
EL Cube automated analyzer. Thermogravimetric
analysis (TG and DTG) was conducted on a MET-
TLER TOLEDO TGA/DSC 3+ instrument at 40—
500°C in a nitrogen flow with a flow rate of
50 mL/min and a heating rate of 5 K/min. The
weights of the studied samples were 16.758 and
6.950 mg for compounds II and III, respectively.

Synthesis of 1,2-bis[(2,6-diisopropyl-4-diethyl-
malonophenyl)imino ]Jacenaphthenezinc dichloride (I).
Salt ZnCl, (0.034 g, 0.25 mmol) was added to Dem-
Bian (0.2 g, 0.25 mmol) in toluene (5 mL). The mix-
ture was heated at 100°C for 24 h. Then toluene was
replaced by benzene (6 mL). The obtained yellow
solution was concentrated to a volume of 2 mL and
hold at 10°C for 24 h. The formed yellow crystals were
washed with benzene and dried in vacuo. The yield
was 0.17 g (74%). T,,, > 268 (decomp.).

'H NMR (300 MHz; C,D,; 300 K, 8, ppm): 7.57
(s,4H);7.16 (d, 2H); 6.86—6.74 (m, 4H); 4.78 (s, 2H);
4.09—-3.90 (m, 8H); 3.75 (sept, 4H); 1.43 (d, 12H);
0.93 (t, 12 H); 0.83 (d, 12 H). IR (v, cm™!): 1734 s,
1661 w, 1628 m, 1598 w, 1584 m, 1421 w, 1367 m,
1338 w, 1290 m, 1262 w, 1249 w, 1220 w, 1174 m,
1148 m, 1126 w, 1094 m, 1073 w, 1030 s, 951 w, 925 w,
886 w, 864 w, 835 m, 805 w, 782 m, 676 m, 614 m,
575w, 539w, 511 w, 471 w.

For C50H60N208C122n
Anal. calcd., % C, 63.00 H, 6.34 N, 2.94
Found, % C, 63.10 H, 6.39 N, 2.92

Synthesis of [ZnCl,(Dem-Bian)Li(DME),], (II).
Salt ZnCl, (0.038 g, 0.28 mmol) was added to Dem-
Bian (0.2 g, 0.25 mmol) in toluene (3—4 mL). The
mixture was heated at 100°C for 10 h. Unreacted
ZnCl, was separated by filtration. A solution of
n-BuLi (23% in hexane, 0.14 g, 0.5 mmol) was added
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to the resulting solution. The color of the reaction
mixture changed from yellow to dark brown with the
formation of a brown precipitate. Toluene was
replaced by a DME—THF (1 : 1) mixture (4 mL). The
obtained solution was stored at room temperature for
24 h. Dark brown crystals were decanted. The yield
was 0.13 g (54%).

'"HNMR (300 MHz; THF-dy; 300 K; 8, ppm): 8.19
(d, 2H); 7.55 (t, 2H); 7.28 (s, 4H); 6.77 (d, 2H); 4.04
(q, 8H); 3.39 (sept, 4H); 1.32 (d, 12H); 1.19 (t, 12H);
0.82 (d, 12H). IR (v, cm™'): 1656 s, 1598 s, 1519 s,
1426 m, 1395 m, 1341 m, 1316 s, 1288 m, 1255 m,
1225 w, 1182 m, 1084 s, 1027 m, 953 m, 944 m, 886 m,
864 s, 842 m, 820 m, 788 s, 739 m, 698 m, 603 w,
538 m, 488 m.

For C58H78C12Li2N201221’1
Anal. calcd., % C, 60.81
Found, % C, 60.73

H, 6.86
H, 6.79

N, 2.44
N, 2.42

Synthesis of [(Dem-Bian)Li,(DME),], (III). A
solution of n-BuLi (23% in hexane, 0.28 g, 1.0 mmol)
was added to a solution of [(Dem-Bian)CuCl], which
was prepared from Dem-Bian (0.41 g, 0.5 mmol) in
toluene (20 mL) and CuCl (0.05 g, 0.5 mmol). The
color of the reaction mixture changed from blue to
dark brown with the formation of a brown precipitate.
Toluene was replaced by DME, and the precipitate
was filtered off. The obtained solution was concen-
trated to a volume of 5 mL and stored at room tem-
perature for 24 h. The formed dark crystals were
decanted from the solution, washed with cold DME,
and dried in vacuo. The yield was 0.2 g (39%).

IR (v,cm™"):1662s, 1649 s, 1622's, 1592 s, 1536 w,
1513 s, 1425 m, 1341 w, 1314 s, 1284 w, 1246 m, 1193 m,
1184 m, 1165 m, 1133 m, 1095 s, 1079 s, 1049 m,
1035w, 1002 w, 988 w, 940 m, 922 w, 885 m, 855 s,
867 w, 853 m, 835 m, 824 m, 791 s, 782 s, 738 m,
697 w, 606 w, 574 w, 545 w, 522 m.

For CsoHgg 50N2015 50Lin

Anal. calcd., % C, 68.68
Found, % C, 68.53

H, 7.86
H, 7.59

N, 2.71
N, 2.62

XRD of compounds IT and III were carried out on
a Bruker D8 Quest diffractometer (® and ¢ scan
modes, MoK, radiation, A = 0.71073 A)at T=100(2) K
for compound II and on a Rigaku OD SuperNova dif-
fractometer (CukK, radiation, ® scan mode,
A =1.54184 A) at T=150(2) K for compound III. Dif-
fraction data were collected, initial indexing of reflec-
tions was performed, and unit cell parameters were
refined using the APEX3 [44] and CrysAliPro [45]
programs for compounds II and III, respectively.
Experimental sets of intensities were integrated using
the SAINT [46, 47] (for II) and CrysAliPro [45] (for
IIT) programs. The structures were solved by a direct
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COORDINATION POLYMERS OF LITHIUM 399

method using the “dual-space” algorithm in the
SHELXT program [48] and refined by full-matrix

least squares for F,fk, using the SHELXTL [49, 50] and
OLEX2 [51] software in the anisotropic approxima-
tion for non-hydrogen atoms. Hydrogen atoms were
placed in the geometrically calculated positions and
refined isotropically by the riding model. An absorp-
tion correction was applied using the SADABS [52]
(for II) and SCALE3 ABSPACK [53] (for III) pro-
grams. In the monomer of compound III, the DME
molecule, which is coordinated via the bidentate
mode on the Li(2) atom, is disordered over two posi-
tions. Uncoordinated solvate DME molecules were
additionally found in the crystal of compound III in a
ratio of 0.5 : 1 to the monomeric unit [(Dem-
Bian)Li,(DME),]. The crystallographic data and
XRD experimental parameters are given in Table 1.

The structures were deposited with Cambridge
Crystallographic Data Centre (CIF files CCDC nos.
2220227 (II) and 2220228 (III) and are available at
ccdc.cam.ac.uk/getstructures).

RESULTS AND DISCUSSION

The reaction of Dem-Bian with n-BuLi in toluene
affords a mixture of products, which were not identi-
fied. Probably, the reaction proceeds at both the
malonate groups and diimine Dem-Bian fragment.
The Dem-Bian adduct with zinc dichloride was syn-
thesized to block the latter. The reaction of Dem-Bian
with ZnCl, occurs in toluene at 100°C (Scheme 1).

._J,JLJL, e

l,L___,JLM L

M M

N N Cl

«  Tomeme AN
O N Q N

Ar Ar  (I)

‘ Ar= 2,6—iPr2—4—DEM—C6H2

Scheme 1.

The reaction product, compound [(Dem-
Bian)ZnCl,] (I), was isolated as yellow crystals from a
concentrated benzene solution upon its storage at
10°C for 24 h. Compound I was characterized by
NMR and IR spectroscopy. The IR spectrum exhibits
an intense absorption band at 1734 cm~! characteristic
of stretching vibrations of the C=0 bond in the diethyl
malonate substituent. The corresponding band in the
spectrum of free diimine is observed at 1742 cm~'. In
the '"H NMR spectrum of compound I (Fig. 1), the
protons of the isopropyl groups appear as doublets at
0.83 ppm (12H) and 1.43 ppm (12H) and a septet at
3.75 ppm (4H). The signals of the protons of the
diethyl malonate substituents are observed as a triplet
at 0.93 ppm (12H), a multiplet at 4.09—3.90 ppm
(8H), and a singlet at 4.78 ppm (2H). The protons of
the naphthalene moiety give a doublet at 7.16 ppm
(2H) and a multiplet at 6.86—6.74 ppm (4H). The sin-
glet at 7.57 ppm (4H) is assigned to the aromatic pro-
tons of the 2,6-i-Pr,-4-Dem-C¢H, substituents. The
signals in the '"H NMR spectrum of compound I are
somewhat shifted compared to those of free Dem-

7.5 6.5 5.5 4.5

3.5 2.5 L.5 0.5

Fig. 1. 'H NMR spectrum of compound I (300 MHz, C¢Dyg, 300 K).
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Table 1. Crystallographic data and experimental and structure refinement parameters for compounds II and III

Parameter

Value

II

111

Empirical formula
Fw

Crystal system
Space group
a, A

b, A

c, A

o, deg

B, deg

Y, deg

v, A3

Z

Pcale> g/ Cm3

u, mm~!

F(000)
Crystal size, mm
Measurement range over 0, deg

Indices of ranges

Number of measured reflections
Number of independent reflections (R;,;)
Number of reflections with 1> 26([/)
Absorption correction (max/min)
Data/restraints/parameters

GOOF

R, wRy, (I > 206(1))

R, wR, (for all reflections)

Residual electron density (max/min), e A3

CssH-sN,O,Cl,Li,Zn
1145.37
Orthorhombic
Pbcn
21.0450(12)
15.1104(9)
18.9466(12)
90
90
90
6025.0(6)

4
1.263

0.555
2424
0.71 % 0.46 x 0.39
2.59-27.55
—27<h<27,
—19<k<19,
—24<[<24
69342
6928 (0.0383)
5660
0.8017/0.6463
6928/0/357
1.081
0.0465, 0.1182
0.0601, 0.1272

1.318/—-0.337

CsoHgo.50N2012. 5012
1031.63
Monoclinic
P2,/c
12.5793(12)
16.5259(14)
27.553(3)
90
91.745(10)
90
5725.2(10)

4
1.197
0.665
2218
0.14 x 0.12 x 0.08
3.12—66.00
—14<h<12,
—19<k<19,
—32<7<32
22329
9979 (0.1350)
3085
1.00000/0.71111
9979/220/809
0.873
0.0829, 0.1746
0.2405, 0.2410

0.319/—-0.235
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Bian (doublets at 0.92 ppm (12H) and 1.26 ppm
(12H); septet at 3.20 ppm (4H), triplet at 1.08 ppm
(12H), multiplet at 4.1—3.84 ppm (8H), and singlet at
4.86 ppm (2H)).

The reaction of compound I with #-BulLi in tolu-
ene followed by the replacement of the solvent by a

O
1.Toluene 2' 7’3?, /O
I+ n-BuLi 2. DME/THF N Li

401

THF-DME mixture gives derivative [ZnCl,(Dem-
Bian)Li(DME),], (II), which was isolated as dark
brown crystals (Scheme 2). Product II was character-

ized by NMR spectroscopy, and its structure was
solved by XRD (Fig. 2).

Cl\ /Cl 0 \Oﬁ
Zn
N N
N\ 7/

Scheme 2.

Compound II is a linear coordination polymer in
which the Dem-Bian ligand is linked with ZnCl, by
the diimine fragment, and two malonate groups bind
two lithium cations. Polymer chains are formed due to
the bridging DME molecules coordinated by the lith-
ium cations. In the crystal, parallel rows of the poly-
mer chains form layers along the crystallographic
plane (010). Layers of two types with different direc-
tions of the polymer chains alternate along the b axis.
The angle between the chain directions in the adjacent
layers is 38.5°. The bond lengths in the diimine frag-
ment (C(1)—C(2) 1.519(4) A, N(1)—C(1), N(2)—C(2)
1.273(3) A) correspond to the ordinary C—C bond and
double N=C bonds, indicating the neutral form of the
ligands. The '"H NMR spectrum of compound II
(Fig. 3) exhibits signals from the protons of the isopro-
pyl groups as doublets at 6 0.82 ppm (12H) and 1.32
ppm (12H) and a septet at 3.39 ppm (4H). The signals
of the protons of the diethyl malonate substituents
appear as a triplet at 1.19 ppm (12H) and a quartet at
4.04 ppm (8H). The protons of the naphthalene moi-
ety give doublets at 6.77 ppm (2H) and 8.19 ppm (2H)
and a triplet at 7.55 ppm (2H). The singlet at 7.28 ppm
(4H) is attributed to the aromatic protons of the 2,6-i-
Pr,-4-Dem-C¢H, substituents. The spectrum also
contains the signals from DME (at 3.28 and
3.44 ppm).

The reaction of [(Dem-Bian)CuCl] with n-BuLi
(Scheme 3) is accompanied by a change in the color of
the reaction mixture from blue to dark brown with the
formation of a jelly-like brown precipitate. A portion
of the precipitate dissolved after toluene was replaced
by DME. The remained precipitate was separated by
filtration. The 1D coordination polymer [(Dem-
Bian)Li,(DME),], (III) was isolated as dark brown
crystals in a yield of 39% by crystallization from the
obtained solution. Product III was characterized by IR
spectroscopy and elemental analysis. The IR spec-

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 49

Table 2. Selected bond lengths and angles in compounds II
and IIT

d,A
Bond

IT* I+
M(1)—ClI(1) 2.1956(6)
M(1)—CI(2) 2.1956(6)
N(1)—C(1) 1.273(3) 1.261(6)
N(2)—C(2) 1.273(3) 1.291(6)
C(1)—-C(2) 1.519(4) 1.527(6)
M (1)—N(1) 2.117(2) 2.118(11)
M (1)—N(2) 2.117(2) 2.128(10)
Li(1)—0O(1) 1.891(4) 1.815(10)
Li(1)—0(2) 1.914(4) 1.856(10)
Li(1)—0(3) 2.197(4)
Li(1)—0(4) 2.072(4)
Li(2)—0(3) 1.911(11)
Li(2)—0(4) 1.920(10)
Li(2)—0(5) 2.481(14)
Li(2)—0O(6) 1.987(13)
Li(2)—0(7) 2.030(11)

o, deg
Angle

IT* I+
CI(1)Zn(1)CI1(2) 121.30(3)
N(HM(1)N(2) 80.05(9) 81.3(4)
O(HLi(1)O(2) 93.08(18) 94.6(5)
O(3)Li(2)04) 90.9(4)
O(3)Li(1)04) 77.09(14)
O(5)Li(2)O(6) 72.6(5)

* M = Zn (II), M = Li (III).

No.7 2023



402

trum of compound III has no bands of stretching
vibrations of the C=0 in the diethyl malonate substit-
uent, which is observed, for example, in [(Dem-
Bian)CuCl] (1731 ¢cm™!) [38]. The vibrations of the
C=N bonds in the IR spectrum of compound III are

+ n-BuLi

[(DEM-Dpp-Bian)CuCl]

1.Toluene
2. DME

(I11)

0 \L~_j\
\
0

=

BAZYAKINA et al.

presented by an intense band at 1649 cm~', which cor-
responds to the neutral state of the ligand. A low solu-
bility of product III in organic solvents did not allow
us to obtain an informative '"H NMR spectrum for this
compound.

Scheme 3.

The structure of compound III was determined by
XRD (Fig. 4). Complex III is a zigzag 1D coordina-
tion polymer. In the monomeric unit, the Dem-Bian
ligand is connected with two lithium ions Li(1) and
Li(2) by the oxygen atoms of the malonate groups. The
polymer chains are formed due to the additional coor-
dination of Dem-Bian by the diimine fragment on the
Li(1) atom of the adjacent polymer unit. The Li(1) ion
exists in the tetrahedral coordination environment.
The Li(2) lithium ion is linked with the second
malonate group of Dem-Bian and additionally with
three oxygen atoms of two terminal DME molecules.
Thus, no branches of the polymer chain via the Li(2)

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 49

atoms occur. The coordination number of the Li(2)
cation is five, and its coordination sphere has the con-
figuration of a distorted trigonal bipyramid. The bond
lengths in the diimine fragment (C(1)—C(2)
1.527(6) A, N(1)—C(1) 1.261(6) A, N(@2)—
C(2) 1.291(6) A) indicate the neutral form of the
ligand. The cavities of the crystal cell of compound III
contain free 1,2-dimethoxyethane, one molecule of
which falls onto two monomeric units.

The thermal stability of synthesized coordination
polymers II and III was studied by thermogravimetric
analysis (Figs. 5 and 6). Compound II is stable to
140°C. The coordination polymer decomposes above

No. 7 2023
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(@)

Fig. 2. Structure of compound II: (a) monomeric unit (hydrogen atoms are omitted, thermal ellipsoids for the key atoms are of
30% probability, and the Li(2) atoms of the adjacent monomeric unit are shown) and (b) fragment of the polymer chain.

this temperature because of the loss of coordinated
DME molecules. The mass loss is 16% (maximum rate
at 160°C), which corresponds to the removal of two
DME molecules. The next mass loss stages corre-
spond to the destruction of the [(Dem-BianZnCl,)]
fragment. For compound III, the solvate DME mole-
cule and the DME molecule bound to the lithium ion

e

via one oxygen atom (mass loss 12%) are removed at
the first stage (40—85°C). The last DME molecule is
detached at the next stage (150—210°C) with a mass
loss of 9%. The [(Dem-BianLi,(DME)] fragment
decomposes at 7> 210°C.

Thus, two new lithium coordination polymers
(metal-organic frameworks) with the 1,2-bis[(2,6-

L

8.5 7.5 6.5 5.5 4.5

3.5 2.5 L5 0.5
3, ppm

Fig. 3. 'H NMR spectrum of compound II (300 MHz, THF-dg, 300 K).
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N(2)

C2)

& . o0 R 06
N(1) Li(l) N(1) ﬁ)N(2)
(b)

Fig. 4. Structure of compound III: (a) monomeric unit (hydrogen atoms are omitted, thermal ellipsoids for the key atoms are of
30% probability, and the Li(1) atom on the N(1) and N(2) atoms of the diimine fragment of the Dem-Bian ligand at the center
from the adjacent monomeric unit is shown) and (b) fragment of the polymer unit.

TG, % DTG, %/min
110

4-0.1

100
—-0.2

90
—-0.3

80
—0.4
70 —0.5
60 0.6
50 —0.7
40 —0.8

100 200 300 400 500
T, °C

Fig. 5. TG and DTG curves for complex II.
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TG, %
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100
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405

DTG, %/min

—0.001

—0.002

—0.003

—0.004

—0.005

300

200

T,°C

600

Fig. 6. TG and DTG curves for complex III.

diisopropyl-4-diethylmalonophenyl)imino]acenaph-
thene ligand were synthesized and characterized.
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