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Abstract: Palladium(II) complexes of the general formula [Pd(173-C3H5)(L)](PF6), where L is 4,7-
diphenyl-1,10-phenanthroline (1), 2,9-dimethyl-1,10-phenanthroline (2), 2,9-dimethyl-4,7-diphenyl-
1,10-phenanthroline (3), 5-methyl-1,10-phenanthroline (4), 3,4,7,8-tetramethyl-1,10-phenanthroline (5),
and 2-(2'-pyridyl) quinoxaline (6), were synthesized and characterized using high-resolution ESI-
MS, NMR techniques and, in the case of (6), single-crystal X-ray diffraction methods. In addition,
their photophysical properties were investigated. Complexes (1)—(6) were emitted in the greenish-
blue region, with those containing methyl-substituted phenanthrolines having the higher quantum
yield (~14%) in the solid state.

Keywords: (173—a11y1)palladium(H); metal complexes; emission spectra; phenanthrolines

1. Introduction

In recent years, much research has focused on the synthesis of luminescent compounds,
owing to their application in various fields, such as lightemitting devices (OLEDs) [1-4],
image biomarkers [5-8], photodynamic therapy [9] and others [10-13].

Organometallic compounds have been studied extensively due to their advantages
over their organic ligands, primarily stemming from the metal center [14]. The higher the
spin-orbit coupling (SOC) constant of the transition metal, the greater the potential for
intersystem crossing, leading to enhanced exciton harvesting in the T1 triplet state and,
consequently, increased emission intensity [15]. Notably, compounds containing metal ions
from the second and third transition rows tend to exhibit greater emissivity due to the
higher overlap of their 4d or 5d orbitals with the orbitals of the ligand [16]. Among the well-
established efficient triplet emitters are complexes of platinum [17-21], ruthenium [22,23]
and iridium [23,24]. However, the recent literature reports studies involving palladium(II)
complexes with luminescent properties [14]. The current data are not particularly encour-
aging, as only a few Pd(II) complexes exhibit luminescence. This is attributed to both the
weak SOC effect and the presence of thermally accessible metal-centered (MC) d-d* states,
resulting in distortion of the excited state structure and efficient non-radiative decay [25,26].
Notably, orthometalated Pd(II) complexes have received significant attention, with sev-
eral demonstrating luminescent properties, where the presence of the metal enhances the
emission in comparison with that of the free ligand [27-30]. Consequently, the exploration
of the photophysical properties of Pd(II) complexes remains a relatively unexplored, yet
intriguing, field of research.

In addition to the transition metal, the nature of ligands plays an important role in the
photophysical properties of organometallic compounds. Complexes containing chelating
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ligands with carbon and nitrogen donor atoms have been extensively reported in the
relevant literature [14]. Specifically, complexes of 1,10-phenanthroline derivatives have
been reported to exhibit attractive luminescence features [31]. Recently, de Franca et al.
synthesized a complex of PA(II) with 1,10-phenanthroline, achieving a remarkable quantum
yield of over 50% [32]. Furthermore, a binuclear complex of Pd(II) with a bis-N,N’ chelating
bridging perylene diimide ditopic ligand, while displaying a low quantum yield, exhibited
a higher quantum yield than the free ligand [33].

Although allyl is a common anionic ligand in organometallic chemistry, mixed ligand
complexes with phenanthroline-lik e N,N” chelating ligands have rarely been reported
in the literature [34-38]. In general, complexes with the 73-allyl-Pd(IT) moiety have been
investigated for their applications in catalytic processes [39-41] and their cytotoxic activ-
ity [42-45]. However, only a few reports deal with the examination of such type complexes
regarding their photophysical feautures. Mayoral et al. reported that two compounds
of [Pd(173—allyl)] with 3-diketone derivatives exhibited luminescent properties [46]. More
recently, allyl palladium complexes bearing imidazo[1,5-a]pyridino-3-ylidene and dipyri-
doimidazolinylidene ligands have been synthesized and studied for their photophysical
properties. The results demonstrated that these organometallic compounds exhibit lumi-
nescent characteristics, with the ® value reaching up to 0.20 [47].

In this study, we synthesized and characterized six novel allyl palladium organometal-
lic complexes (1)—(5), containing substituted 1,10-phenanthrolines and (6) containing 2-(2’-
pyridyl)quinoxaline as N,N’ chelating ligands (Scheme 1). In addition, we investigated
their photophysical properties and examined how the nature of the chelating ligand affects
the fluorescence of the complexes.

bcp pax

Scheme 1. Structures and numbering of ligands used in this study. mphen = 5-methyl-
1,10-phenanthroline, tmphen = 3,4,7,8-tetramethyl-1,10-phenanthroline, ncp = 2,9-dimethyl-1,10-
phenanthroline, bphen = 4,7-diphenyl-1,10-phenanthroline, bcp = 2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline and pgx = 2-(2'-pyridyl)quinoxaline.

2. Experimental
2.1. Materials and Methods

All solvents and chemicals were analytical grade and were used without further purifi-
cation. Sodium tetrachloridopalladate(II) (99.9%) and 3-chloro-1-propene were purchased
from Alfa Aesar. 2-acetyl-pyridine (99.0%) was purchased from Merck Chemical Company.
The ligands 4,7-Diphenyl-1,10-phenanthroline (bphen), 2,9-Dimethyl-1,10-phenanthroline
(ncp), 2,9-Dimethyl-4,7-diphenyl-1,10-phenanthroline (bcp), 5-Methyl-1,10-phenanthroline
(mphen), and 3,4,7,8-Tetramethyl-1,10-phenanthroline (tmphen) were purchased from
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Sigma Aldrich. 2-(2'-pyridyl)quinoxaline (pgx) was synthesized according to the litera-
ture [48]. High-resolution electrospray ionization mass spectra (HR-ESI-MS) were obtained
on a Thermo Scientific, LTQ Orbitrap XL™ system. C, H, and N determinations were
performed on a Perkin-Elmer 2400 Series II analyzer. 'H NMR spectra were recorded
on Bruker Avance NEO and Avance II spectrometers operating at proton frequencies of
400.13 and 500.13 MHz, while 3C at frequency 125 MHz, and processed using Topspin
4.07 (Bruker Analytik GmbH). Two-dimensional COSY, TOCSY, and NOESY spectra were
recorded following standard Bruker procedures. NOESY spectra were recorded in mix-
ing times in the range from 600 to 800 ms. The UV-Vis spectra of the complexes were
recorded on Agilent Cary 60 UV-Vis Spectrophotometer with xenon source lamp, in so-
lution of CH,Cl; and in solid state. The fluorescence emission study was carried out
using a Jasco FP-8300 fluorometer equipped with a xenon lamp source. The luminescence
quantum yields of the solutions (C = 1 x 10~* M) were determined using the equation
Qs = Qu(A;/Ag)(Es/Er)(ns /1y )?, using [Ru(bpy)3]Cl, in air-equilibrated water solution
as a reference standard (Qy = 0.04). ‘A’ stands for the absorbance of the solution, ‘E’ for
the integrated fluorescence intensity of the emitted light, ‘n’ is the refractive index of the
solvents and subscripts ‘r” and ‘s’ correspond to the reference and the sample, respectively.
Using the equation Q =S, /Sy — Sy, the quantum yields of the solid state of the complexes
were calculated. S; denotes the integrated emission intensity of the sample and Sy, S; stand
for the excitation intensities of the standard and the sample, respectively.

2.2. Synthesis of the Complexes

Complexes (1)—(6) were synthesized in a similar manner. In a typical procedure,
0.20 mmol of the ligand was added to a stirred solution of CH,Cl, (10 mL) containing
0.05 mmol of the dimer [Pd(173—C3H5)C1]2 at room temperature, according to the litera-
ture [49] (Figures S1 and S2, in the Supplementary Materials). The reaction mixture was
stirred for 2 h, and a pale-yellow precipitate appeared. It was collected with centrifugation,
washed twice with 5 mL of CH,Cl,, and dissolved in 10 mL of acetone. An aqueous
solution (20 mL) containing 1 mmol of NH4PFs was added slowly, and the mixture was
kept at 4 °C overnight. A microcrystalline yellow precipitate was collected, washed with
5 mL of H,O, and dried under vacuum.

[Pd(113-C3H5)(bphen)]PF6 (1): Yield: 75%. Cy7H51FgN,PPd: calc.% C, 51.9; H, 3.39;
N, 4.48; found C, 51.6; H, 3.41; N, 4.49. HR-ESI-MS, positive (m/z): found 479.0743 calc.
479.0743 for [CoyHp NoPd]*. TH NMR: (500 MHz, 298 K, acetone-dg, 5 in ppm), Hy/9 9.57,
(d, 2H), Hz /5 8.18, (d, 2H), Hs /6 8.27, (s, 2H), H, 1,/ 7.76, (m, 10H), Hyyr /g7 4.78, (d, 2H),
Hb” 6.34, (m, 1H), Ha2”/c2” 3.90, (d, ZH).

[Pd(113-C3H5)(ncp)]PF6 (2): Yleld 820/0. C17F6H17N2PPdZ calc.% C, 4078, H, 342,
N, 5.59; found C, 40.82; H, 3.40; N, 5.57. HR-ESI-MS, positive (m/z): found 355.0425 calc.
355.0421 for [C17H17N,Pd]*. TH NMR: (500 MHz, 298 K, acetone-dg, 5 in ppm), Hy 7 8.76,
(d, 2H), Hz/g 8.04, (d, 2H), Hs ¢ 8.15, (d, 2H), Hcps 3.10, (s, 6H), Hyyv /g 4.90, (d, 2H),
Hb” 591, (m, 1H), Ha2”/c2” 380, (d, ZH)

[Pd(;3-C3Hs)(bep)IPFg (3): Yield: 87%. CpoHpsFgNoPPd: cale.% C, 53.35; H, 3.86;
N, 4.29; found C, 53.30; H, 3.89; N, 4.31. HR-ESI-MS, positive (1m/z): found 507.1065 calc.
507.1047 for [Co9Hy5N,Pd]*. TH NMR: (500 MHz, 298 K, acetone-dg, & in ppm), Hs /g 8.08,
(s, 2H), H5,6 8.08, (s, 2H), H, o /pp! /o 7-69, (m, 10H), Hyyrr /g7 4.99, (d, 2H), Hy,r 6.03, (m, 1H),
HaZ”/cZ” 3.87, (d, ZH), HCH3 3.24, (S, 6H)

[Pd(q3-C3H5)(mphen)]PF6 (4): Yleld 910/0. C16H15F6N2PPdZ calc.% C, 3949, H, 311,
N, 5.76; found C, 39.53; H, 3.09; N, 5.74. HR-ESI-MS, positive (m/z): found 341.0274 calc.
341.0265 for [C14H15N,Pd]*. 'H NMR: (500 MHz, 298 K, acetone-dg, & in ppm), Hs /8 8.14,
(m, 2H), H, 9.45, (d, 1H), Hy 9.09, (d, 1H), Hg 8.20, (t, 1H), H; 8.88, (d, 1H), Hg 9.36,
(d, 1H), Hal”/cl” 4.67, (d, 2H), Hb” 6.24, (1’1’1, 1H), Ha2”/c2” 370, (d, ZH), HCH3 2.94 (S, 3H)
13C NMR: (125 MHz, 298 K, acetone-ds, 8 in ppm) Cg/, 155.3/154.8, C11 /13 146.0/146.1,
Cy/4 140.1/138.1, Cs5 136.7, Cyip/14 131.6/131.2, C3/5 127.5/127.4, Cg 127.2, C(cp3) 18.8,
Cp, 121.2,C, /. 63.3/63.0.
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[Pd(113-C3H5)(tmphen)]PF6 (5) Yield: 79%. C19H21 F6N2PPdZ calc.% C, 4316, H, 400,
N, 5.30; found C, 43.10; H, 3.13; N, 5.76. HR-ESI-MS, positive (1 /z): found 383.0742 calc.
383.0734 for [C19H1N,Pd]*. TH NMR: (500 MHz, 298 K, acetone-dg, & in ppm), Hy/9 9.29,
(s,2H), Hs/6 8.47, (s, 2H), Hyy /7 4.63, (d, 2H), Hy,» 6.19, (m, 1H), Hor /o7 3.73, (d, 2H),
Hcps 2.91 (s, 6H), Heps 2.68 (s, 6H). 1°C NMR: (125 MHz, 298 K, acetone-dg, 6 in ppm),
Cy/9 156.1, C11,13 148.7, Cs,6 124.5, Ca/5 136.1, Cy/y 129.7, Ci /14 1453, C3/8) i3 17.5,
Cu/7ycns 15.3, G 120.7, C, /¢ 62.7.

[Pd(;3-C3Hs)(pqx)1PFs (6): Yield: 82%. CigHyq FsN3PPd: cale.% C, 40.66; H, 4.17;
N, 7.90; found C, 40.70; H, 4.16; N, 7.87. HR-ESI-MS, positive (1m/z): found. 354.0224 calc.
354.0217 for [C1sH14N3Pd]*. THNMR: (500 MHz, 298 K, acetone-dg, & in ppm), Hs 8.55,
(d, 1H), Hy 8.61(t, 1H), He/7 8.21, (m, 2H), H3 10.25, (s, 1H), H 9.30, (d,1H), H3/9.16,
(d, 1H), Hg 8.40, (d, 1H), Hg 8.06, (t, 1H), H,y/ /17 5.02, (d, 2H), Hy,» 6.30, (m, TH), Hpr /o
4.08, (d, 2H). Suitable bright-yellow crystals of (6), for X-ray analysis, were grown from an
aqueous acetone solution containing dissolved solids initially isolated from the reaction
mixture in the presence of NH4PFg in the fridge. However, crystals of (6a) were obtained
from the reaction mixture layered with diethyl ether and characterized with 'H and '3C
NMR. Pd(13-C3Hs)(pqx)] [Pd(173-C3Hs)Cl,] (6a): 'HNMR: (500 MHz, 298 K, methanol-dy,
§ in ppm), [Pd(173-C3Hs)(pqx)]*: Hs 8.43, (d, 1H), Hy 8.44(t, 1H), He /7 8.13, (m, 2H), H3
10.08, (s, 1H), Hy 8.94, (d, 1H), Hy 9.12, (d, 1H), Hg 8.39, (d, 1H), Hy 7.90, (t, TH), Hyqr /ey
4.87, (d, ZH), Hb” 6.18, (m, 1H), HaZ”/cZ” 3.93, (d, ZH). [Pd(ﬂ3-C3H5)C12]7: Hal”/cl” 4.05,
(d, 2H), Hy» 5.58, (m, 1H), Hpr /7 3.03, (d, 2H). 13C NMR: (125 MHz, 298 K, methanol-
dy, § in ppm) [Pd(73-C3Hs)(pqx)]*: Cp 151.7, C3 146.0, Cy 155.3, Cy 126.7, C, 130.1, Cy
142.3, Cy 156.0, Cg 146.0, C19 142.3, C5,5 131.6/131.1, C4 7 134.6/134.1, C, 120.5, C, /¢ 62.6.
[Pd(173-C3Hs5)Clp] 2 Cp, 112.8, C, / 65.9.

2.3. Crystal Structure Determinations

Suitable crystals were glued to a thin glass fiber with cyanoacrylate (super glue)
adhesive and placed on the goniometer head. Diffraction data were collected on a Bruker
D8 Quest Eco diffractometer, equipped with a Photon II detector and a TRIUMPH (curved
graphite) monochromator utilizing Mo Ka radiation (A = 0.71073 A) using the APEX 3
software package [50]. The collected frames were integrated with the Bruker SAINT
software using a wide-frame algorithm. Data were corrected for absorption effects using the
Multi-Scan method (SADABS) [51]. The structures were solved using the Bruker SHELXT
Software Package and refined by full-matrix least squares techniques on F 2 (SHELXL
2018/3) [52] via the ShelXle interface [53]. The non-H atoms were treated anisotropically,
whereas the organic H atoms were placed in calculated, ideal positions and refined as
riding on their respective carbon atoms. PLATON [54] was used for geometric calculations,
and X-Seed [55] for molecular graphics. Details on data collection and refinement are
presented in Table 1. Full details on the structures can be found in the CIF files in the ESI.
CCDC 2301621 and 2301622 contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif.

Table 1. Crystal data and structural refinement for compounds [Pd(173—C3H5)(pqx)]PF6 (6) and
[Pd(i7°-C3Hs)(pax)I[Pd(;7°-C3Hs)Cla ] (6a).

Compound (6) (6a)
Empirical formula C16H14F¢N3PPd C19H19CI,N3Pd,
Formula weight 499.67 573.12
Temperature (K) 296(2)
Wavelength (A) 0.71073
Crystal system Orthorhombic Monoclinic
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Table 1. Cont.
Compound (6) (6a)
Space group Pnma P2y /c
Srl‘)‘tccfg)‘ilg‘%“s;"(ﬂi 18.7765(10), 6.8527(3), 16.4449(10), 90, 90, 90 8892288 53'3104(12)' 9-8311(5), %0,
Volume (A%) 2115.96(19) 1973.92(15)
Z 4 4
Density (calcd.) (g/cm?) 1.569 1.928
Absorption coefficient (mm ') 1.008 2.100
F(000) 984 1120
Crystal size (mm?) 0.600 x 0.120 x 0.080 0.500 x 0.040 x 0.040
0 range for data collection (°) 2.477 to 24.996 2.780 to 24.991
Index ranges —22<h<22, -8<k<7 -19<1<19 —8<h<7 -34<k<34, -11<1<11
Reflections collected 34567 44871
Independent reflections 2031 [Rjnt = 0.0499] 3452 [Rjn¢ = 0.0801]
Completeness to 0 = 24.996° 99.8% 99.2%
Refinement method Full-matrix least-squares on F?
Data/restraints/parameters 2031/0/158 3452/180/291
Goodness-of-fit 1.185 1.239
Final R indices [I > 20(I)] Rops = 0.0405, wRp, = 0.1089 Rops = 0.0834, wRp,s = 0.1664

R indices [all data]

Ry = 0.0439, wRyy = 0.1110 Ry = 0.0947, wRyy = 0.1699

Largest diff. peak and hole (e-A—3)

0.452 and —1.135 1.703 and —1.761

Cl
Pd

/ N\

Cl

)

R=%11F, | — IFl 1 /Z1F |, wR = {Z[w(1Fo 12 — 1F 12)2]/Z[w(IFo I H]}1/2 and w = 1/[0
where p = (Fo? + 2Fc?)/3 where for 6: a = 0.0527, b = 3.6386; 6a: a = 0, b = 49.5689.

2(Fo?) + (aP)? + bP]

3. Results and Discussion
3.1. Synthesis and Characterization of Complexes (1)-(6)

Complexes (1)—(6) were formed from the reaction of the dimer [Pd(13-C3Hs)Cl], with
the chelating ligand N,IN’, in a non-coordinative solvent, such as CH,Cl, and subsequently
isolated as [PF¢]™ salts, according to Scheme 2 as follows:

CH2CI2 acetone

W /
N

PFs +2NH,CI

r.t., 2h NH4PF6

Scheme 2. Synthetic procedure for complexes (1)—(6).

The 'TH NMR spectra of complexes (1)—(6) in acetone exhibit, in addition to signals
corresponding to the aromatic protons, three signals attributed to the 7>-allyl protons.
These signals include a one-proton multiplet, ranging from 5.91 to 6.34 ppm, assigned
to Hb”, a two-proton doublet ranging from 4.67 to 5.02 ppm with a 3] coupling constant
of 6.5-7.5 Hz, assigned to Ha2"” /Hc2" syn to Hb” and another two-proton doublet, rang-
ing from 3.70 to 4.08 ppm with 3] = 13.5-14.5 Hz, assigned to Hal”/Hc1” anti to Hb"
(Figure 1).

The distinction between the doublets of Ha2””/Hc2"” and Hal” /Hcl” was made based
on the general principle that the %] value for trans-protons in a double bond C-C is lower
than that for the corresponding cis-protons [47]. Moreover, in the 600 ms NOESY spectrum
of (2), we observe a cross-peak, opposite to diagonal, between the ncp methyl groups and
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the signal assigned to Hal” /Hc1”. This indicates a proximity between these protons. Also,
all the NOE connectivities between the #3-allyl protons were observed (Figure 2).

*

anti
Ha2"/Hc2"

Hal"/Hel™ 13.4 Hz
6.7 Hz

J - | J o
2H “2H
5.0 45 4.0 3.5 3.0 2.5 2.0

9.‘EI 315 E‘.EI 7.‘5 7.‘EI 6.‘5 ﬁ‘.[l 5.‘5
f1 (ppm)
Figure 1. 'H NMR spectrum of complex (2) in acetone-dg. Inset shows the expansion of the spectrum
aliphatic area and the numbered structure of the 73-allyl anionic ligand. Peaks with asterisk denote

the solvent and the HOD.
ncpMe

Hal"/Hcl" Ha2"/Hec2"
Hb™
i I Il

I Hel™ . hepMe )
Hal"e "

r3.4

. Ha2" L
Hb™ > 5n  Hel"  Ha2" 0 >

— c& Hal"g Hc2" én h3.8

4.0

1 (ppm)

Hb" > :Ci"“ ° 4.8
- @ 2 'é'“ @ 0 [so
5.2
Hs.4
5.6

9.8

3 @ ¢ 4‘” 6.0

NOESY tm = 600 ms
T T T T T T

6.0 5.5 5.0 4.5 4.0 3.5
f2 (ppm)

Figure 2. The NOESY spectrum of (2) at mixing time 600 ms, in acetone-dg at 298 K showing the
NOE connectivities between the 73-allyl protons and between the methyl groups of ncp and the allyl
syn protons, Hcl” /Hal”.
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The chemical shifts of Hb” appear to be affected by the intrinsic basicity of the chelated
phenanthroline. In general, the methyl-substituted phenanthrolines are stronger bases
than the phenanthroline itself, which, however, is stronger base than its phenyl-substituted
derivatives. Thus, the deshielding effect on Hb” is more pronounced as the pKa of the
chelated phenanthroline decreases. For instance, 2,9-dimethyl-1,10-phenanthroline [56]
(pKa = 6.15 and & = 5.91 ppm); 5-methyl-1,10-phenanthroline [56] (pKa = 5.2 and
d = 6.24 ppm) > 1,10-phenanthroline [57] (pKa = 4.92 and $ = 6.30 ppm) > 4,7-diphenyl-
1,10-phenanthroline [58] (pKa = 4.55 and 6 = 6.34 ppm). With respect to the chelated ligand,
the protons at neighboring sites of the coordinated nitrogen atoms shifted downfield, as
expected, in the range of 0.26 to 0.47 ppm (Figures S3-S8, in the Supplementary Materials).
The 3C NMR spectra of the complexes (4), (5) and (6a) are presented in Figures S15-517
(in the Supplementary Materials).

In the HR-ESI-MS of complexes (1)—(6), only one cluster peak assignable to the positive
single-charged cation [P(:1(173—C3H5)(L)]’r was observed (59-514).

(3.2.) Crystal Structures of [Pd(y3-C3H5)(pqx)IPEs (6) and [Pd(173-C5Hs)(pgx)I[Pd(173-C3Hs)Cl,]
6a

Suitable crystals for X-ray diffraction studies of (6) were grown from an aqueous acetone
solution containing dissolved solids initially isolated from the reaction mixture in presence
of NH4PFg in the fridge, while crystals of (6a) were isolated by layering the reaction mixture
with diethyl ether. The same procedure to obtain crystals for complexes (1)—(5) was followed
without success. Selected bond lengths and angles for both compounds are presented in
Table 2.

Table 2. Selected bond distances (A) and angles (°) for [Pd(173—C3H5)(pqx)]PF6 (6) and [Pd(;3-
C3Hs)(pgx)][Pd(i°-C5Hs)Cla] (6a).

Compound (6)

Pd(1)-N(1) 2.144(4) Pd(1)-N(3) 2.090(5)
Pd(1)-C(1A) 2.150(6) Pd(1)-C(2A) 2.137(7)
Pd(1)-C(3A) 2.115(5)

N(1)-Pd(1)-C(1A) 111.71(18) N(1)-Pd(1)-N(3) 78.19(19)
N(1)-Pd(1)-C(2A) 142.7(2) N(1)-Pd(1)-C(3A) 179.63(19)
N(3)-Pd(1)-C(1A) 170.11(19) N(@3)-Pd(1)-C(3A) 102.2(2)
N(3)-Pd(1)-C(2A) 132.66(18) C(1A)-Pd(1)-C(3A) 67.93(13)
Compound (6a)

Pd(1)-N(1) 2.170(9) Pd(1)-N(3) 2.082(11)
Pd(1)-C(1A) 2.13(12) Pd(1)-C(2A) 2.18(8)
Pd(1)-C(3A) 2.17(12) Pd(2)-C(1B) 2.07(6)
Pd(2)-Cl(1) 2.369(4) Pd(2)-C(2B) 2.11(3)
Pd(2)-Cl(2) 2.381(4) Pd(2)-C(3B) 2.07(5)
N(1)-Pd(1)-C(1A) 167(3) N(1)-Pd(1)-N(3) 78.0(4)
N(1)-Pd(1)-C(2A) 141(2) N(1)-Pd(1)-C(3A) 117(3)
N(3)-Pd(1)-C(1A) 93(3) N(3)-Pd(1)-C(3A) 163(3)
N(3)-Pd(1)-C(2A) 134(2) C(1A)-Pd(1)-C(3A) 74(4)
CI(1)-Pd(2)-C1(2) 95.82(16) C(1B)-Pd(2)-CI(1) 96.5(15)
C(2B)-Pd(2)-Cl(1) 127.1(9) C(3B)-Pd(2)-CI(1) 169.1(10)
C(1B)-Pd(2)-Cl(2) 166.6(16) C(2B)-Pd(2)-Cl(2) 133.8(9)

C(3B)-Pd(2)-Cl(2) 95.1(10)

Compound (6) crystallizes in the orthorhombic space group Pnma with its asymmetric
unit containing halves of the cation [Pc1(173’—C3H5)(pqx)]’r and the anion PF¢~ lying on a
mirror plane. All the atoms of the cation, except for the central allyl carbon atom, are on that
mirror plane and its structure is presented in Figure 3. The palladium atom is formally five-
coordinated, since the allyl ligand utilizes all its carbon atoms for coordination, adopting a
n3-binding mode. Though, ignoring the coordination of C(2A), the coordination sphere of
Pd(1) can be considered as distorted square planar. The planarity of the coordination sphere
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is imposed by the above-mentioned mirror plane, but the cis coordination sphere angles
deviate significantly from 90°. This is due to the small bite angle of the pqx ligand and to
the even smaller C(1A)-Pd(1)-C(3A) allyl angle. The Pd-N and Pd-C bond distances agree
with literature values for similar complexes. (See, for example, Refs [59-61]).

Figure 3. A partially labeled thermal ellipsoid plot (50% probability level) of the cation in the crystal
structure of (6). Only one part of the disordered allyl group is shown for clarity.

There is a small difference between the Pd-N bond distances, reflecting the expected
difference based on the basicity of pyridine and quinoxaline nitrogen atoms. Although the
C(1A) and C(3A) atoms of the allyl group are on the mirror plane hosting the coordination
sphere, C(2A) is disordered in two positions, above and below the plane, as imposed by the
symmetry. The dihedral angle between the coordination sphere plane and the allyl plane
is 67.2°. The geometrical characteristics of the allyl group deviate slightly from the ideal
values, with the mean C-C distance and C-C-C angle being respectively 1.38 A and 119.4°
(ideal values: ca. 1.36 A and 120°, respectively). The small difference between the Pd-C(1A)
and Pd-C(3A) bond distances is related to the different trans influence of the N atoms of
the heterocyclic ligand.

Symmetry-related (—x+1, y—1/2, —z+1) complex cations interact with 7— stacking
interactions via the quinoxaline moiety, forming positively charged columns parallel to
the b-axis of the unit cell. The characteristics of the interaction are: centroid distance, 3.90;
least-square plane distance, 3.43; centroid offset, 1.86 A. The counter anions are located
between the columns interacting with non-conventional C-H --- F H-bonds. A packing
diagram is shown in Figure S18.

In absence of other counter anions (i.e., PF¢ ™) from the reaction system, compound
(6a) can be isolated. It crystallizes in the monoclinic space group P2;/c and consists of
ionic pairs [Pd(173—C3H5)(pqx)][Pd(173—C3H5)C12] interacting with each other in the lattice
via stacking interactions and non-conventional C-H --- Cl H-bonds. A view of the ionic
pair is shown in Figure 4. Despite the lowered accuracy of the bond lengths and angles in
the structure of (6a), due to the disordered allyl groups, the structural characteristics, and
the observations of the differences between the Pd-N and Pd—C bond lengths and angles
are very similar to (6) and will not be described in detail.
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Figure 4. A partially labeled thermal ellipsoid plot (50% probability level) of the ionic pair in the
crystal structure of (6a). Only the parts with the highest occupancy of the disordered allyl groups are
shown for clarity.

To our surprise, ionic pairs containing palladiumallyl complexes in both cations and
anions are scarce in the literature. Compound (6a) is the ninth member of this family[62]
(CSD codes: AQICOS, AQICUY, BEHMIK, HAJKAE, IZIXIB, OZUHUN, OZUJAV, QOH-
PUZ). The structural characteristics of the anion are consistent within the observed values.
(See for example, [63-65]).

In the lattice, the cations are arranged in a similar fashion as in (6), forming columns,
but the stacking interactions of symmetry related (—x+2, —y+1, —z+1) quinoxaline moieties
lead to the formation of stacked dimers. The characteristics of the interaction are centroid
distance, 3.77; least-square plane distance, 3.39; centroid offset, 1.65 A. The counter anions
are located between the columns interacting with non-conventional C-H --- C1 H-bonds. A
packing diagram is shown in Figure S19.

3.3. Photophysical Properties of Complexes (1)—(6)

The photophysical data of complexes (1)—(6) are summarized in Table 3. Solid state
absorption and emission spectra are presented in Figure 5, while the corresponding solution
spectra are presented in Figure 6.

Table 3. Photophysical data of complexes (1)-(6) in solid state and CH,Cl,-diluted solutions. Excita-
tion in solid state, Aexc = 400 nm and in CH,Cly, Aexc = 365 nm.

Complex Amax (Irjl X/)?f(lz iblso(iﬂnglc:m_l» Emission Aemy (NmM) QY (%)
Solid Solution Solid Solution Solid Solution

(1) bp 237, 309, 420 232(18), 292(20), 321sh, 360(2) 478, 565 433 3% 1.6%
(2) ncp 238, 311, 394sh 234(40), 279(35), 295sh, 355(1) 477,566 436 12.6% 1.2%
(3) bep 239, 311, 370sh 233(41), 294(42), 359(2.5) 478, 565 433, 533sh 6% 1%
(4) mp 232, 310, 358sh 233(34), 277(24), 297sh, 362(1) 478, 566 437 14% 1.15%
(5) tmp 236, 312, 352sh 236(37), 281(37), 304sh, 338(4.5) 476, 565 456sh, 486, 510sh 14% 2.8%
(6) pgx 305, 394 254(20), 364(16) 480, 565 437 1.9% 0.15%
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Figure 5. Solid state absorption (a) and emission (b) spectra of complexes (1)—(6).
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Figure 6. UV-Vis (a) and emission (b) spectra of complexes (1)-(6) in CH,Cl5.

The solid-state UV-Vis spectra of compounds (1)-(6) (Figure 5) exhibit very similar
bands below 350 nm, which are attributed to intraligand 7 — 7t* transitions. The low
energy absorption bands ranging from 352 to 420 nm probably arise from metal-to-ligand
charge transfer (MLCT) transitions involving the N,N’-chelated ligands and the 7%- allyl
group. Upon excitation of the complexes at 400 nm, a greenish-blue emission centered
at approximately 480 and 530 nm is observed for all the compounds. The quantum yield
(QY) varies from 3 to 14%, depending on the nature of the chelated ligand. The complexes
containing methyl-substituted phenanthrolines, (2), (4), and (5), exhibit significantly higher
QYs compared to those with phenyl substitutions, (1) and (3). However, in diluted solutions
of CH,Cly, lower QYs ranging from 1 to 2.8% were observed for all the complexes, (1)—(5).
These results suggested that in solid-state the higher QYs arise from packing interactions,
such as 7rt-stacking, which are mainly favored by the presence of small substituents, like the
methyl groups. In every case, the complexes exhibit higher QYs compared to that of the
phenanthroline itself [31]. In similar platinum complexes with substituted phenanthrolines,
the emission values solid state complexes are quite close to those of palladium, with
the exception of the complex with bathophenanthroline, where a maximum of 620 nm
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is observed. However, the quantum yields are very low, with some cases even falling
below 1% [66].

The UV/Vis spectra of (1)—(6) in CH,Cl, show similarities among complexes (1)—(5),
involving strong intraligand 7t — 7* transitions below 350 nm and a weak intensity band
(e =20—40 x 10* M~ 'cm™) at 348-362 nm, which is assigned to MLCT. In the case of
Pt complexes with substituted phenanthrolines, the absorption spectra in CH,Cl,, show
a spectral red-shift in comparison with the corresponding Pd ones, moving the Amax of
MLCT towards the visible region. Also, a similar phenomenon was observed in the emis-
sion spectra of Pt complex with bathophenanthroline (Aery = 600 nm) [66]. However, the
spectrum of (6) significantly differs from those of (1)—(5), showing two similar intense bands
(€254 =20 x 10* M Tem ™1, e364 = 16 x 10* M~1em 1) at 254 and 364 nm, probably reflecting
the lower rigidity of pqx compared to the phenanthroline ring.

The emission spectra of complexes (1)—(4) and (6) are similar, with Aem ranging from
433-437 nm and low QYs (0.15-1.6%). However, complex (5) exhibits an almost green
emission, having the highest QY (2.8%) among all the studied complexes.

4. Conclusions

The reaction between the dimer [Pd(173-C3H5)C1]2 and N,N’ aromatic diimines (L)
yielded mixed-ligand cationic complexes of the general formula [Pd(173-C3Hs)(L)]*. The
complexes were isolated as [PFg]™ salts and characterized using high-resolution ESI-MS,
NMR spectroscopic techniques and X-ray single-crystal diffraction methods. It was ob-
served that the chemical shift of the coordinated #3-allylHb” was affected by the intrinsic
basicity of the chelated phenanthroline, reflecting the trans influence of the chelated ligand
on the 773-coordinated allyl group. All the synthesized complexes emitted in the greenish-
blue region when exited at Aexc = 400 nm, with those containing methyl-substituted phenan-
throlines having the higher quantum yield (=14%) in the solid state.
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https:/ /www.mdpi.com/article/10.3390 /chemistry5040162 /s1: Figures S1 and S2: 'H and '3C
NMR spectra of the complex [Pd(;73-allyl)Cl], in CDCl; at 298 K. Figures S3-S8: 'H NMR spectra
of complexes (1)—(6). Figures S9-514: HR-ESI-MS of complexes (1)—(6). Figures S15-517: 13C NMR
spectra of complexes (4), (5) and (6a). Figure S18: A packing diagram of compound (6), down to the b
axis of the unit cell. Hydrogen atoms of the allyl group have been omitted for clarity. Figure 519: A
packing diagram of compound (6a), down to the a axis of the unit cell.
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