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Abstract—The reaction of PdCl, with [2,6-diisopropylphenyl]iminoacenaphthenone (Dpp-mian) in
dichloromethane affords compound [Pd(Dpp-mian)Cl,],[Pd(Dpp-mian),Cl,] (I). Complex I contains two
structural units: [Pd(Dpp-mian)Cl,] in which Dpp-mian coordinates to Pd(II) via the bidentate-chelate
mode by the nitrogen and oxygen atoms and [ Pd(Dpp-mian),Cl,] where two Dpp-mian molecules are linked
with palladium only via the nitrogen atom. The reaction of PdCl, with [4-methoxyphenyl]iminoacenaphthe-
none (4-MeOPh-mian) in dichloromethane is accompanied by the rearrangement of the ligand structure fol-
lowed by the formation of the earlier described Pd(II) complex with 1,2-bis[4-methoxyphenyl]iminoace-
naphthene (4-MeOPh-bian): [Pd(4-MeOPh-bian)Cl,] (IT) (CIF file CCDC no. 2280529). Compound I is
synthesized for the first time and characterized by X-ray diffraction (XRD) (CIF file CCDC no. 2280528
(I)), phase XRD, elemental analysis, IR spectroscopy, and cyclic voltammetry.

Keywords: palladium, iminoacenaphthenones, XRD, complexes, synthesis, cyclic voltammetry
DOI: 10.1134/S1070328423601176

INTRODUCTION
Monoiminoacenaphthenones (mian) are referred

istry, magnetochemistry, etc. [5—11]. Monoiminoace-
naphthenones contain both carbonyl and imine func-

to the class of redox-active ligands. They are the prod-
uct of the partial condensation of acenaphthenequi-
none with one equivalent of aromatic amine [1—4] and
are intermediates in the synthesis of bis(iminoace-
naphthenes) (bian), which compose a well-known
class of redox-active ligands, whose complexes found
wide use in such areas as catalysis, bioinorganic chem-

bian

RN

tional groups conjugated with the naphthalene frame-
work, which results in the unique coordination [12]
and redox properties [1, 4].

The synthesis of monoiminoacenaphthenones
(mian) and bis(iminoacenaphthenes) (bian) is shown
in Scheme 1.

mian

N\ /O

O

IR-NH,

Scheme 1.

To this day, metal complexes with mian are studied
rather piecewise. For instance, according to the Cam-
bridge Structural Database, 17 structurally character-
ized complexes with d elements are known [12—20].
The studies of the properties of the transition metal

complexes with the ligands of this class were initiated
by Prof. T. Panda’s research group [13, 16, 21]. On the
one hand, a possibility of using the zinc complexes in
the guanylation of carbodiimides and isocyanates with
anilines was shown in this series of works. On the other

800



REACTIONS OF PALLADIUM(II) CHLORIDE

hand, complexes of platinum metals with mian are vir-
tually unknown. Only two ruthenium complexes
[Ru(Ph-mian)(Trpy)CI](C1O,) [22] and [Ru(Ph-
mian)(Tpm)CI](CIO,) [19] were described. The
Ru/bian and Ru/mian complexes were comparatively
studied in the oxidation of alcohols and epoxidation of
olefins. The reactivity of monoiminoacenaphthe-
nones toward palladium was not studied. Only one
Pd(II) complex with 2-((2,6-diisopropylphe-
nyl)imino)-1-methyl-1,2-dihydroacenaphthylen-1-ol
was mentioned. This complex is formed by the meth-
ylation of mono-(2,6-diisopropylphenyl)acenaphthe-
none (Dpp-mian) at the carbonyl carbon atom fol-
lowed by the coordination of o-hydroxyimine to
PdCl, [23].

In this work, the reactions of PdCl, with [2,6-diiso-
propylphenyl]iminoacenaphthenone and [4-me-
thoxyphenyl|iminoacenaphthenone were carried out.
As a result, new coordination compound [Pd(Dpp-
mian)Cl,],[|Pd(Dpp-mian),Cl,], which is the first
example of the coordination of monoiminoacenaph-
thenone (in the given case, Dpp-mian) to palladium,
was synthesized and structurally characterized, and
its redox properties were studied by cyclic voltamme-

try (CV).

EXPERIMENTAL

The initial compounds Dpp-mian and 4-MeOPh-
mian were synthesized using known procedures [1,
14]. Acenaphthenequinone (Sigma Aldrich, 99%) and
PdCl, (Krastsvetmet) were used as received. Solvents
were purified using standard procedures. IR spectra in
arange of 4000—400 cm~! were recorded on a Scimitar
FTS 2000 spectrometer for samples pressed in KBr
pellets. Elemental analysis to C, H, N, S was con-
ducted on a Euro EA 3000 instrument. Electrochemi-
cal measurements were carried out on an R-45Kh
potentiostat-galvanostat (Elins, Russia) at room tem-
perature in acetonitrile with 0.10 M Bu,NPF; as a sup-
porting electrolyte. The three-electrode cell used con-
sisted of an indicatory paste electrode, a silver chloride
reference electrode filled with a KCI solution, and an
auxiliary Pt electrode. The cell was described in detail
[24—26]. A mixture of a carbon powder, a 10% aque-
ous Nafion dispersion, and an electroactive substance
composed the paste. The component ratio based on
the dry mixture was 100 : 6 : 3—7 mg. The potential
sweep rate was 10 mV/s. Ferrocene with the potential
E,, =0.43 V (vs. Ag/AgCl) was used as an internal
standard.

Synthesis of [ Pd(Dpp-mian)Cl,],[ Pd(Dpp-mian),Cl, ]
(. A solution of [PdCIL(CH;CN),] (0.19 g,
0.75 mmol) in CH,Cl, (10 mL) was poured to a solu-
tion of Dpp-mian (0.34 g, 1.0 mmol) in dichlorometh-
ane (10 mL). The resulting solution was left at room
temperature for a day. As a result, a red-brown crystal-
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line product of complex I was formed. The yield of the
product was 0.48 g (93%). Tiecomp > 207°C.

The crystals suitable for XRD were prepared as fol-
lows: [PdCI,(CH;CN),] (0.05 g) was placed in one of
the knees of an H-shaped tube (4 mm in diameter),
the tube was filled with dichloromethane in such a way
that no air bubbles remained in the tube, and crystal-
line Dpp-mian (0.1 g) was added to the second knee.
The tube was tightly closed, and the substances were
slowly mixed at room temperature. Crystals of com-
plex I suitable for XRD were formed for 3 weeks in the
medium part of the reaction tube.

For C98H96N404C110Pd3
Anal. calcd., % C, 56.93
Found, % C,57.2

H, 4.68
H, 4.87

N, 2.71
N, 2.9

IR (KBr; v, cm™!): 3061 w, 2958 m, 2926 m,
2900 m, 2866 m, 1732s, 1662w, 1635, 1622 s, 1604 s,
1579 vs, 1489 m, 1465 m, 1435 m, 1419 m, 1384 m,
1363 m, 1328 w, 1300 m, 1274 m, 1265 m, 1219 m,
1178 w, 1151 w, 1120 m, 1099 w, 1072 w, 1056 w,
1045 w, 1029 m, 989 w, 956 w, 937 w, 916 m, 831 m,
800 m, 783 m, 773s,738s,715m, 675w, 634w, 592 w,
568 w, 536 m, 516 w, 489 w, 466 w, 418 w, 405 w.

Synthesis of [Pd(4-MeOPh-bian)Cl,] (II). The far
knee of an H-shaped tube was filled with PdCl,
(0.05g, 0.28 mmol), and the tube was completely
filled with acetonitrile. Then crystalline 4-MeOPh-
mian (0.16 g, 0.56 mmol) was added, and the tube was
sealed. Thus prepared sample was stored at room tem-
perature without stirring for a month. Red crystals of
complex II suitable for XRD were formed within this
time in the medium part of the H-shaped tube. The
yield of the product was 0.09 g (56%).

For C26H20N202PdC]2
Anal. caled., % C, 54.8
Found, % C,54.5

H, 3.54
H, 3.50

N, 4.9
N, 5.0

IR (KBr; v, cm™"): 3444 br, 3192 m, 3120 m,
3055w, 3018 w, 3003 w, 2960 w, 2945 w, 2897 w,
2833w, 1635 m, 1598 s, 1502 vs, 1463 m, 1436 m,
1423 m, 1298 m, 1278 m, 1251 vs, 1176 m, 1166 m,
1151 m, 1105 m, 1080 w, 1033 s, 960 w, 920 w, 829 s,
806w, 779, 761 w, 736 w, 723 w, 692 w, 651 w, 632 w,
559 w, 530 m, 493 w, 457 w, 428 w.

XRD of single crystals of compounds I (0.36 X
0.24 x 0.08 mm) and II (0.21 X 0.10 X 0.06 mm) was
carried out on a Bruker D8 Quest diffractometer
(MoK, radiation, ® scan mode, A = 0.71073 A)at T=
100.0(2) K. Experimental sets of intensities were mea-
sured and integrated, an absorption correction was
applied, and structure refinement was performed
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using the APEX3 [27], SADABS [28], and SHELX
[29] software.

Compound I (C,H,Cl,N,0O,Pd, 2C,,H,;Cl,N-
OPd, 2CH,Cl,) crystallizes in the space group Pl (a=
8.5740(5), b = 15.6553(9), ¢ = 17.4131(10) A, o =
73.323(2)°, B = 82.933(2)°, v = 87.795(2)°, V =
2222.02) A3, Z = 1, peac = 1.545 g/em’, p =
0.957 mm~'). Of 53731 measured reflections (0,,,, =
26.06°), 8783 independent reflections (R, = 0.0459)

were used for structure solution using the dual-space
algorithm [30] and subsequent refinement of

575 parameters by full-matrix least squares for thk, in
the anisotropic approximation for non-hydrogen
atoms. After the final refinement, wR, = 0.0599 and
S(F?) = 1.054 for all reflections (R, = 0.0301 for all
7358 reflections satisfying the condition F2? > 26(F?)).
The residual electron density maximum and mini-
mum were 0.50/—0.64 ¢/A3.

Compound II (C,sH,,Cl,N,O,Pd, C,H;N) crys-
tallizes in the space group P2,/n (a = 12.0587(4), b =
13.3433(5), ¢ = 15.9962(6) A, B = 106.2820(10)°, V' =
2470.61(15) A3, Z = 4, poe = 1.642 g/em’, p =
1.000 mm~"). Of 127767 measured reflections (0,,,, =
30.11°), 7258 independent reflections (R,,, = 0.0506)
were used for structure solution using the dual-space
algorithm [30] and subsequent refinement of 328

parameters by full-matrix least squares for F,fk, in the
anisotropic approximation for non-hydrogen atoms.
After the final refinement, wR, = 0.0759 and S(F?) =
1.051 for all reflections (R, = 0.0348 for all 6017 reflec-

tions satisfying the condition F2 > 26(F?)). The resid-
ual electron density maximum and minimum were
1.46/—0.73 ¢/A3.

All hydrogen atoms in compounds I and II were
placed in the geometrically calculated positions and
refined isotropically with the fixed thermal parameters
U(H);, = 1.2U(C)q (U(H),, = 1.5U(C),, for methyl
groups).

The structures of compounds I and II were depos-
ited with the Cambridge Crystallographic Data Centre
(CIF files CCDC nos. 2280528 (I) and 2280529 (II))
and are available at ccdc.cam.ac.uk/structures.

Phase XRD of compound I was carried out on a
Shimadzu XRD-7000 diffractometer (CukK,, radiation,
Ni filter, OneSight linear detector, 3—40 20 range,
increment 0.03° 26, acquisition number 1 s per point).
Samples for the study were prepared as follows: poly-
crystals were triturated in an agate mortar with hep-
tane, and the prepared suspension was deposited on
the polished side of a standard quartz cell. After hep-
tane evaporated, the sample represented a thin smooth
layer (thickness ~100 um).
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RESULTS AND DISCUSSION

The reaction of PdCl, with an acetonitrile excess fol-
lowed by the treatment of the formed precipitate
[Pd(CH;CN),Cl,] with a solution of Dpp-mian in
dichloromethane gives compound [Pd(Dpp-
mian)CL],[Pd(Dpp-mian),Cl,] (I) in a yield of 93%.
The reaction of PdCl, with 4-MeOPh-mian in acetoni-
trile is accompanied by the disproportionation of
4-MeOPh-mian to 4-MeOPh-bian and acenaphthene-
quinone, and the complex with bis(iminoacenaphthene)
[Pd(4-MeOPh-bian)Cl,] (IT) is formed (Scheme 2)
instead of the expected complex with iminoacenaphthe-
none, which was confirmed by XRD. Complex II was
synthesized earlier by the direct reaction of PdCl, with
4-MeOPh-bian in benzonitrile and crystallized as
II-1/2C,HsN [31]. A similar disproportionation of the
iminoacenaphthenone is known in the literature. In par-
ticular, the formation of the dimeric vanadium complex
with 3,5-(CF;),-bian, [{VOCI(3,5-(CF;),-Ph-bian)-
(H,0)}{VOCI;(3,5-(CF;),-Ph-bian)}], by the reaction
of [VO(CH;CN),(H,0)Cl,] with 3,5-(CF;),-Ph-mian
was reported [14]. In the framework of the present study,
compound II was obtained as crystals of II-C,H;N. The
synthesis of compounds I and II is shown in Scheme 2.

The purity of compound I was confirmed by ele-
mental and phase XRD analyses (Fig. 1). The purity of
complex II was confirmed by elemental analysis.

The IR spectrum of compound I exhibits intense
absorption bands at 1732 and 1622—1579 cm™!
assigned to vibrations of the C=0 and C=N bonds of
ligand Dpp-mian, respectively, and vibration bands of
the C—H bonds of the isopropyl substituents in a range
of 2958—2926 cm™'. The IR spectrum of complex II
contains intense absorption bands at 1635—1502 cm™!
attributed to vibrations of the C=N bond of ligand
4-MeOPh-bian and vibration bands of the C—H
bonds in a range of 2960—2833 cm™!.

The molecular structure of compound I was deter-
mined by XRD. According to the XRD data,
compound I crystallizes in the triclinic space group Pl
and represents a cocrystallizate of two neutral
palladium(IT) complexes [Pd(Dpp-mian)Cl,] and
[Pd(Dpp-mian),Cl,]. The independent part of the
crystalline cell of compound I contains one molecule
of complex [Pd(Dpp-mian),Cl,] localized in the par-
tial position on the inversion center and one
molecule of complex [Pd(Dpp-mian)Cl,] and one
solvate CH,Cl, molecule arranged in the common
position. Thus, compound I crystallizes as [Pd(Dpp-
mian)Cl,],[ Pd(Dpp-mian),Cl,]-2CH,Cl,. The mole-
cular structure of compound I is shown in Fig. 2, and
selected bond lengths and angles are given in Table 1.

No. 12 2023
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The palladium cations in compound I have a typi-
cal planar square environment. The Pd(1) atom in
[Pd(Dpp-mian)Cl,] is bound to the oxygen and nitro-
gen atoms of the Dpp-mian ligand and two chlorine
atoms. The Pd(1)-N(1) and Pd(1)—O(1) bond
lengths are 2.047(2) and 2.096(2) A, respectively, and
the C(1)=N(1), C(1)=0(1), and C(1)—C(1") dis-
tances are 1.293(3), 1.239(3), and 1.509(3) A, respec-
tively, indicating the neutral state of the bldentate—
coordinated Dpp-mian ligand. The coordination
environment of Pd(2) is formed by two chlorine atoms
and two nitrogen atoms of two Dpp-mian ligands. In
this case, Dpp-mian acts as a monodentate ligand.
The Pd(2) N(2) bond length is 2.054(2) A, and the
C(2)=N(2), C(2)=0(2), and C(2)—C(2") distances

are 1.286(3), 1.207(3), and 1.564(3) A, respectively,
also indicating that the Dpp-mian ligand exists in the
neutral form [13].

Monoiminoacenaphthenones, as well as related
bis(iminoacenaphthenes), are redox-active com-
pounds. A possibility of consequent reduction with the
formation of the radical-anionic and dianionic spe-
cies, respectively, was demonstrated for this type of
ligands [1, 14]. In addition, deeper reduction pro-
cesses due to the naphthalene system at potentials sig-
nificantly shifted to the cathodic region were observed
under the electrochemical conditions [1]. The redox
transformations of monoiminoacenaphthenones are
shown in Scheme 3.

Scheme 3.

The redox properties of compounds I and II were
studied by the CV method using the paste working
electrode because of their low solubility in usual
organic solvents. The corresponding cyclic voltammo-
grams are shown in Fig. 3, and the potentials are listed
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in Table 2. The CV curve of compound I is more com-
plicated due to a large set of cathodic and anodic
peaks. This is due to the presence of immediately three
monoiminoacenaphthenone ligands in compound 1.
According to the structural data, the compound con-
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Fig. 1. Powder XRD patterns of complex I: theoretical
(blue) and experimental (red) patterns.

tains two monodentate-bound and one bidentate-
bound Dpp-mian ligands each of which can be
reduced in the indicated potential range to form radi-
cal-anionic or dianionic species. A similar behavior is
confirmed by five peaks (1—5) in the cathodic region
from —0.22 to —1.78 V (vs. Ag/AgCl) corresponding to
a change in the oxidation state of the ligand. These
reduction processes can proceed with the elimination
of one or two chloride ligands in each of the [Pd(Dpp-
mian)Cl,], and [Pd(Dpp-mian),Cl,] fragments. This
assumption is based on the appearance of anodic peak
12 at 1.12 V characteristic of the oxidation of the free
chloride ion [32]. The literature data also indicate the
irreversible reduction of resembling complex
[Pd(Dpp-bian)Cl,] accompanied by the elimination
of the chloride ligands [33].

LUKOYANOV et al.

©a

Fig. 2. Molecular structure of compound I. Hydrogen
atoms and solvate CH,Cl, molecules are omitted.

The CV curves of compound II are characterized
by a smaller set of redox processes because of only one
iminoacenaphthene fragment in its composition. Two
main peaks at —0.96 and —1.52 V (peaks 3 and 4) most
probably corresponding to the consequent two-elec-
tron reduction of 4-MeOPh-bian can be distinguished
in the cathodic region. The reduction is most likely
accompanied by the elimination of the chloride
ligands, which is observed as the appearance of peak 8
at 1.14 V on the anodic branch as in the case of the CV
curve of compound I. The literature data indicate that
resembling in composition and structure complex
[Pd(Dpp-bian)Cl,] is reduced at —0.34 and —1.39 V
(vs. Ag/AgCl) [33]. The ligand-centered reduction at
—1.08 V (vs. Fc*/Fc) is reported for the [In(4-

Table 1. Selected bond lengths and bond angles in the crystal structure of compound I-2CH,Cl,

Bond d,A Angle deg
Pd(1)—N(1) 2.047(2) N(DHPd(1)O(1) 82.05(7)
Pd(1)—0(1) 2.096(2)

Pd(2)—-N(2) 2.054(2)
Pd(2)—N(3) 2.054(2)
Pd(1)—CI(1) 2.2466(7) N(1)Pd(1)CI(1) 94.73(6)
Pd(1)—CI(1") 2.2656(7) N(1)Pd(1)CI(1") 173.93(6)
Pd(2)—CI(2) 2.3093(6) N(2)Pd(2)CI(2) 89.96(6)
C(1)—N(1) 1.293(3)
C(2)—-N(2) 1.286(3)
C(1)—0(1) 1.239(3)
C(2)—0(2) 1.207(3)
C(1)—C(1") 1.509(3)
C(2)—C(2) 1.564(3)
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 49  No. 12 2023
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Fig. 3. CV curves of the paste electrode with compounds
(a) I and (b) II (second cycle) in acetonitrile with 0.10 M
BuyNPFg as a supporting electrolyte at a sweep rate of
10 mV/s (cathodic sweep direction).

MeOPh-bian),CL]Cl indium complex with the
4-MeOPh-bian ligand [34].

Thus, the reactions of PdCl, with iminoacenaph-
thenones were shown to proceed in different ways. In
the case of [2,6-diisopropylphenyl]iminoacenaphthe-
none, compound [Pd(Dpp-mian)Cl,],[Pd(Dpp-
mian),CL,] (I) containing two structural units with
different coordination modes of Dpp-mian to palla-
dium is formed. On the contrary, the reaction of PdCl,
with [4-methoxyphenyl]iminoacenaphthenone leads
to its disproportionation to 1,2-bis[4-methoxyphe-
nyl]iminoacenaphthene and acenaphthenequinone
with the further formation of complex [Pd(4-MeOPh-
bian)Cl,] (IT). Compound I is the first example of the
coordination of the mian type ligand to the palladium
ion. Both compounds were found to be prone to mul-
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Table 2. Potentials of the processes that occur at the elec-
trode involving compounds I and II

Compound I Compound II
process potential, V process potential, V
Anodic processes
6 —1.40 5 —1.48
7 —1.08 6 —0.75
8 —0.67 7 0.53
9 —0.36 8 1.14
10 0.47
11 0.69
12 1.12
Cathodic processes
13 0.80 1 0.73
14 0.43 2 —0.13
1 —0.22 3 —0.96
2 —0.73 4 —1.52
3 —1.03
4 —1.53
5 —1.78

tielectron reduction due to the presence of the redox-
active ligand.
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