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ABSTRACT

The synthesis and characterisation of a trimeric aminoquinoline-triazine hybrid ligand and the corresponding half-sandwich
trimetallic platinum-group metal complexes are described. The incorporation of the 1,3,5-triazine structure allowed for the formation
of a symmetrical trimeric ligand, from which corresponding iridium(III), rhodium(III) and ruthenium(II) trinuclear complexes were
synthesised. The synthesis of the ligand was achieved via a nucleophilic aromatic substitution reaction of the 4-aminoquinoline precursor
with 2,4,6-trichloro-1,3,5-triazine. The complexation reactions of the monodentate trimeric ligand with the appropriate precursor dimers
[IrCp*(u-CI)Cl], (Cp* = pentamethylcyclopentadienyl), [RhCp*(u-Cl)Cl], and [Ru(p-cymene) (u-Cl)Cl], afforded three new half-sandwich
trimetallic complexes. The complexes are moisture and air-stable, however are insoluble in most organic and aqueous solvents except
for highly polar solvents such as DMSO. To corroborate and clarify the proposed structures of the synthesised compounds, an array of

spectroscopic and analytical techniques, including solid-state NMR experiments, were utilised.
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INTRODUCTION

The diverse applications of transition metals to fields such as
catalysis and biology demonstrates the benefit and need for the facile
development of effective organometallic complexes. Transition metal
complexes are greatly versatile with the tuning of structural or chemical
properties achieved by simple ligand modifications and their abilities
for metal-ion exchange.!? The diverse geometries, stereochemistry
and molecular complexities generated by metal-based complexes are
not usually possible for purely organic molecules.>* Additionally, the
electronic properties of d-block metal complexes can be tailored for
ideal chemical reactivities and physical properties.>® Moreover, metal
complexes have been documented to exhibit improved reversible
redox behaviour and increased stability compared to organic systems.”

The development of multinuclear complexes has flourished due to
their enhanced reactivities relative to their mononuclear counterparts
across many industries.® Polynuclear complexes are structurally
bulkier, they bear multiple active sites and exhibit improved stability
compared to mononuclear complexes.®!! Furthermore, polynuclear
complexes have exceptional redox and optical properties favourable
for photo-induced catalytic applications.!-*

The triazine molecule is a planar, six-membered, benzene-like
ring which is composed of three nitrogen and three carbon atoms.!®
These heterocycles are strongly electron-withdrawing owing to the
three contained nitrogen atoms and substitution of a leaving group
attached to the triazine ring generally occurs easily without the
aid of a catalyst.!® There are three regioisomers of triazine namely;
1,2,3-triazine, 1,2,4-triaine and 1,3,5-triazine.)” The three-fold
symmetrical nature of the 1,3,5-triazine isomer, otherwise known
as s-triazine, makes it a useful and versatile scaffold for synthetic
chemistry, due to the lack of regiochemical concerns as well as
its increased stability.’® 2,4,6-Trichloro-1,3,5-triazine, commonly
known as cyanuric chloride, is a derivative of 1,3,5-triazine and is
often utilised for organic synthetic applications which are selective,
mild in conditions, inexpensive and non-toxic.!” The chlorine atoms
attached to the triazine core of cyanuric chloride have different
reactivities which is useful for the sequential introduction of various
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substituents in combinatorial synthesis. However, the displacement
of the third chlorine atom often presents as a challenge without the
exploitation of microwave heating to assist in improving the reaction
yields and kinetics of these notoriously sluggish reactions.?*?> While
s-triazine is a versatile entity within synthetic chemistry, it also holds
great potential for material chemistry owing to their coordination,
hydrogen bonding and nt-interaction capabilities.??* The synthesis of a
number of organic di- and tri-substituted triazines that lack transition
metal incorporation have been previously reported.?>3! Additionally,
polynuclear triazine-based complexes have been frequently studied
within the supramolecular chemistry fields.>>

Multiple detailed studies have investigated the internal rotation of
substituents attached to triazine ring systems. As a result, rotational
isomers are formed and cause rotamer exchange effects on the solution-
state NMR spectra.’*3¢ Consequently, IR and solid-state NMR studies
are among the most popular techniques used for the characterisation
of tri-substituted triazine compounds.>**”* The versatility of triazines
is exemplified by their array of chemical applications within the
agricultural, electrochemical, crystal engineering and biochemical
fields.!®193° Moreover, the triazine scaffold is contained in numerous
biologically active molecules which possess anti-convulsive,'® anti-
inflammatory,"**! anti-tubercular,”? anti-bacterial,®** anti-viral*>
and anticancer**” properties.

Quinoline is a well-established and versatile scaffold in medicinal
chemistry, forming a key part of a notable group of heterocyclic
compounds with impressive pharmacological activity.*** The
aminoquinoline motifis notably presentin the well-known antimalarial
drug chloroquine.*® The research groups of Manohar et al. and Melato
et al. have reported on the synthesis of hybrid organic triazine-based
compounds that incorporate aminoquinoline groups.?*-** This study
focused on synthesising and characterising a trimeric aminoquinoline-
triazine hybrid ligand, along with its corresponding tri-homonuclear
complexes of iridium(III), rhodium(III), and ruthenium(II).

EXPERIMENTAL
General methods and chemicals

All reagents and solvents were commercially sourced (Sigma-
Aldrich, Merck and Kimix) and used without further purification.

ISSN 1996-840X Online / South African Chemical Institute / http://saci.co.za/journal
©The Author(s) Published under a Creative Commons Attribution 4.0 International Licence (CC BY 4.0)
https://doi.org/10.17159/0379-4350/2025/v79a16


mailto:gregory.smith@uct.ac.za
https://orcid.org/0000-0002-2892-5481

RESEARCH ARTICLE

Zinman, Smith

153

S. Afr. J. Chem., 2025, 79, 152-160
https://journals.co.za/content/journal/chem/

Iridium(III)  trichloride trihydrate, rhodium(III) trichloride
trihydrate and ruthenium(II) trichloride trihydrate were purchased
from Heraeus SA. The [Ru(p-cymene)(pu-Cl)Cl],, [IrCp*(u-Cl)
Cll], (3), and [RhCp*(u-Cl)Cl], dimeric precursors, and the ligand
precursor N’-(7-chloroquinolin-4-yl)propane-1,3-diamine (1) were
prepared following literature methods.”>*” All solvents used were
reagent grade. The solvents specifically used in the purification
and extraction steps were dried over molecular sieves. All aqueous
solutions (NaOH, NaCl, NaHCO;) were prepared using deionised
water. Synthetic procedures were carried out under nitrogen
atmosphere using standard Schlenk line techniques unless otherwise
stated. Reactions were monitored by thin-layer chromatography
(TLC) using aluminium-backed precoated silica gel 60 F254 or
neutral alumina oxide 60 F254 plates and viewed under ultraviolet
(UV) light at 254 nm. Microwave-assisted reactions were carried out
in a single-mode CEM Discover SP Microwave Synthesizer. Incident
power and temperature were controlled by computer using the CEM
Synergy™ software.

Spectroscopic and analytical techniques

Nuclear magnetic resonance (NMR) spectra were obtained on a
Bruker XR600 MHz spectrometer ("H at 599.95 MHz and '*C{'H} at
151.0 MHz), a Bruker XR400 spectrometer ('H at 399.95 MHz and
BBC{'H} at 100.58 MHz) or a Varian Mercury 300 (‘H at 300.08 MHz)
spectrometer. Chemical shifts are recorded in ppm () and J-coupling
values reported in Hz with tetramethylsilane (TMS) used as the
internal standard. The signals are designated as follows: s, singlet; d,
doublet; dd, doublet of doublets; dt, doublet of triplets; t, triplet; m,
multiplet; br.s, broad singlet.

Solid-state NMR experiments were recorded at 298K on a
500 MHz Bruker AVANCE III HD operating at 11.7 T. Using 2.5 mm
diameter zirconia rotors (Bruker, Karlsruhe, Germany), the spectra
were obtained at a spinning rate of 20 kHz on a broad band triple
resonance Trigamma probe operating in the 'H/C/'N mode.
The data was acquired using a standard cross polarisation magic-
angle spinning solid-state *C spectra (*C CP(MAS)) sequence
using a 4.0 ps proton 90° pulse, 2.0 ms contact pulse, a broadband
decoupling sequence (SPINAL64) and a repetition delay of 3 s to
accumulate 18000 scans. 'H spectra were acquired using a standard
one-pulse sequence. Glycine was used to achieve the Hartman-Hahn
matching conditions and as an external standard for the calibration
of the chemical shift.

Infrared (IR) spectroscopy was conducted using a Perkin-Elmer
Spectrum 100 FT-IR spectrometer fitted with an Attenuated Total
Reflectance (ATR) unit and with bond vibrations measured in
reciprocal centimetres (cm). Melting points were measured using
a Biichi Melting Point Apparatus B-540 and are uncorrected. Purity
was determined using an analytical Agilent HPLC 1260 equipped
with an Agilent infinity diode array detector (DAD) 1260 UV-
Vis detector, with an absorption wavelength range of 210-640 nm.
The compounds were eluted using a mixture of solvent A (10 mM
NH,0Ac/H,0) and solvent B (10 mM NH,OAc/MeOH) at a flow
rate of 0.9 mL min!. The gradient elution conditions were as follows:
10% solvent B from 0 — 1 min, 10 — 95% solvent B from 1 - 3 min,
95% solvent B from 3 - 5 min. High resolution (HR) electrospray
ionisation mass spectrometry (ESI-MS) was performed on a Waters
Synapt G2 mass spectrometer equipped with an ESI probe and with
data recorded using the positive mode.

Synthesis of N2,N%N¢-tris(3-((7-chloroquinolin-4-yl)amino)
propyl)-1,3,5-triazine-2,4,6-triamine (2)

In a 10 mL microwave capped vial NaOH (1 equiv.) was added to a
solution of cyanuric chloride (0.238 g, 1.29 mmol) in 3.00 mL dry DMF,
followed by the addition of 3 equiv. of precursor 1 (0.915 g, 3.88 mmol)
whilst stirring at ambient temperature. The vial was microwave-

irradiated at 150 °C (measured by the internal infrared sensor) at 6
bar pressure for 20 min within the microwave cavity. The reaction
mixture was cooled to room temperature followed by precipitation
by the drop-wise addition of saturated aqueous NaHCOj; solution
(10.0 mL). The product was isolated by vacuum filtration and washed
with cold water and dried in vacuo. Compound 2 was isolated as a light
green solid. Yield: 0.397 g (39%). 'H NMR (300 MHz, DMSO-d,): §
(ppm) = 8.39 (3H, d, ] = 5.4 Hz, Hy), 8.25 (3H, d, ] = 9.0 Hz, H,),
8.14 3H, s, H,), 7.78 (3H, d, ] = 1.9 Hz, Hy), 7.45 (3H, dd, ] = 9.0, 1.9
Hz, Hy),7.33 (3H, t, ] = 5.2 Hz, H), 6.47 (3H, d, ] = 5.4 Hz, H,), 3.29
(6H, m, Hy), 3.21 (6H, m, H,,), 1.80 (6H, p, J = 6.9 Hz, H,). *C{'H}
NMR (101 MHz, DMSO-d,): 8 (ppm) = 161.29 (C-0), 151.98 (C-b),
150.08 (C-i), 149.11 (C-c), 133.24 (C-e), 127.53 (C-d), 124.13 (C-f),
124.10 (C-g), 117.52 (C-h), 98.70 (C-a), 38.90 (C-k), 35.14 (C-m),
27.79 (C-1). 3C NMR (CP-MAS, 500 MHz): § (ppm) = 162.69 (C-0),
149.19 (C-b), 147.46 (C-ei), 133.39 (C-c,d), 124.69 (C-f,g), 115.94
(C-h), 96.82 (C-a), 40.56 (C-k), 36.97 (C-m), 27.57 (C-1). IR (ATR):
(Viar/em™) 3300 (sec. N-H), 1654 (C=N)yiasine> 1561 (C=N)gyinoline-
Melting point: 245.3-246.5 °C. MS (ESI, m/z): 271.2 (35%, [M + Cl
- 2H]?), calculated 271.9; 390.0 (5%, [M - 2H]?*), calculated 390.1.
MS (HR-ESI, m/z): 446.9036 (75%, [M + MeCN + 2Cl]*), calculated
447.0630; 604.8542 (20%, [M - C,H(N,CI]), calculated 604.5940;
780.8481 (15%, [M — H]"), calculated 781.2030.

Synthesis of trinuclear aminoquinoline-triazine hybrid com-
plexes (3-5)

Ir(1ll) aminoquinoline-triazine complex (3)

A solution of ligand 2 (0.112 g, 0.143 mmol) and metal precursor
[IrCp*(u-CDCl], (3) (0.171 g, 0.214 mmol) was prepared in
anhydrous acetonitrile (20.0 mL). The reaction mixture was stirred at
room temperature for 16 h. A bright yellow precipitate formed, which
was then filtered and washed with acetonitrile. The Ir(III) complex
(3) was isolated as a solvate, 3¢(CH;CN),, with x indicating the
stoichiometric ratio of acetonitrile to the complex, as observed from
the NMR data. Complex 3 was obtained as a bright yellow solid. Yield:
0.234 g (77%). "H NMR (300 MHz, DMSO-d,): 8 (ppm) = 8.41 (3H,
d, J=5.6 Hz, H,), 8.29 (3H, d, ] = 9.0 Hz, Hg), 8.14 (3H, s, H,), 7.79
(3H, s, Hy), 7.55 (3H, t, ] = 4.3 Hz, Hj), 7.49 (3H, dd, ] = 9.0, 2.0 Hz,
Hy), 6.52 (3H, d, J = 5.6 Hz, H,), 3.36-3.26 (6H, m, Hy), 3.21 (6H, q,
J = 6.6 Hz, H,,), 1.87-1.74 (6H, m, Hy), 1.62 (45H, s, H,). *C NMR
(CP-MAS, 500 MHz) & (ppm) = 161.80 (C,), 157.78 (C,), 150.43 (C),
147.04 (C,), 133.77 (C,), 128.24 (Cy), 123.42 (Cy), 121.49 (C), 116.02
(Cw), 99.91 (C,), 86.08 (C,), 41.55 (Cy), 37.58 (C,y), 28.08 (C), 9.48
(Cy). IR (ATR): (v /cm™) 3324 (sec. NH), 1676 (C=N)jsine> 1564
(C=N)uinoline. Melting point: 249.9-250.6 °C. MS (HR-ESI, m/z):
626.1290 (30%, [M + CH,CN + 3Na*]*), calculated 625.6087.

Rh(lll) aminoquinoline-triazine complex (4)

Ligand 2 (0.0880 g, 0.113 mmol) was dissolved in dry methanol
(10.0 mL). To this solution, [RhCp*(u-Cl)Cl], (0.105 g, 0.170 mmol)
was added, and the mixture was stirred for 16 h at room temperature.
Once completed, the reaction vessel was placed in an ice bath,
promoting formation of a precipitate which was filtered under
vacuum and washed with cold methanol. The resulting solid was
dried under reduced pressure. Complex 4 was obtained as an orange
powder. Yield: 0.0923 g (47%). 'H NMR (300 MHz, DMSO-dy): §
(ppm) =8.39 (3H,d, ] = 5.1 Hz, H,), 8.25 (3H, d, ] = 9.0 Hz, H,), 8.12
(3H, s, H,), 7.78 (3H, s, Hy), 7.46 (3H, d, ] = 8.7 Hz, Hy), 7.33 (3H, s,
H), 6.48 (3H, d, ] = 5.3 Hz, H,), 3.27 (6H, m, Hy), 3.20 (6H, m, H,,),
1.80 (6H, m, H)), 1.62 (45H, s, H,). °C NMR (CP-MAS, 500 MHz)
S (ppm) = 161.64 (C,), 158.18 (C,), 150.66 (C;), 147.01 (C,), 133.44
(Co), 127.39 (Cy), 124.02 (Cp), 121.33 (Cy), 11657 (Cy), 100.22 (C,),
94.46 (C,), 41.74 (C), 37.59 (C,,), 28.41 (C), 9.68 (C,). IR (ATR):
(Vpar/cm') 3312 (sec. NH), 1654 (C=N)yipsine 1578 (C=N)guinoline:
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Melting point: > 266.5 °C dec. without melting. MS (HR-ESI, m/z):
536.0757 (50%, [M + CH;CN + 3Na*]3*), calculated 536.2987.

Ru(ll) aminoquinoline-triazine complex (5)

Ligand 2 (0.0955 g, 0.122 mmol) was dissolved in acetonitrile
(30.0 mL). To this solution, a slight excess of [Ru(p-cymene)(u-Cl)
Cl], (0.119 g, 0.194 mmol) was added, and the mixture was allowed to
stir for 16 h at room temperature. The solvent was removed by rotary
evaporation, the remaining solid was re-dissolved in dichloromethane
(DCM) and brown insoluble residues were removed by filtration.
Thereafter, the filtrate was concentrated under reduced pressure and
layered with diethyl ether. The resulting precipitates were collected by
vacuum filtration and washed with diethyl ether (5.00 mL). Complex 5
was obtained as a dark orange powder. Yield: 0.0507 g (24%). '"H NMR
(300 MHz, CD,0D): § (ppm) = 8.39 (6H, m, H, ), 7.86 (3H, s, H,),
7.68 (3H, d, ] = 8.9 Hz, Hy), 6.85 (3H, d, ] = 6.9 Hz, H,), 5.71 (2H, d,
J=59Hz,H,),5.57 (2H, d, ] = 5.8 Hz, H,), 5.49 (2H, d, ] = 6.0 Hz, H,),
5.43 (2H, d, J = 5.9 Hz, H,), 5.29 (2H, d, ] = 6.0 Hz, H,), 5.23 (2H, d,
J=5.8Hz,H,), 3.61 (6H,t,]=6.9 Hz, Hy), 3.39 (6H, t,J=6.7 Hz, H,,),
2.78 (3H, m, Hq), 2.20 (6H, s, H,), 2.19 (3H, s, H,), 2.06-1.93 (6H, m,
H)), 1.26 (18H, m, H,). “*C{!H} NMR (151 MHz, CD,OD): § (ppm) =
164.34, 157.56, 144.13, 140.92, 140.38, 128.69, 125.90, 120.56, 117.08,
99.72, 98.51, 94.75, 79.76, 78.59, 78.55, 77.65, 77.44, 42.21, 36.34,
32.74, 28.99, 27.56, 22.45, 18.79. IR (ATR): (v,,,/cm™) 3274 (sec.
NH), 1666 (C=N),yizyine> 1588 (C=N)ginaiine: Melting point: > 193 °C
dec. with onset of melting. MS (HR-ESI, m/z): 590.9619 (50%, [M +
MeOH + 3Na*]**), calculated 591.1687.

RESULTS AND DISCUSSION

The synthesis of the trimeric 4-amino-7-chloroquinoline-1,3,5-
triazine ligand (2) required two synthetic steps, as outlined
in Scheme 1. The first step involved the synthesis of N!-(7-
chloroquinolin-4-yl)propane-1,3-diamine (1) via a nucleophilic
aromatic substitution (SyAr), from 4,7-dichloroquinoline and
excess 1,3-diaminopropane following a method published in the
literature.” The obtained spectroscopic and analytical data for the

cl HN">""NH,
0]
() — ®
Z ~
cl N cl N

c/ N
cl NN
A

4-amino-7-chloroquinoline derivative (1) is comparable to that
reported in the literature (Figure 1).57:%

The second step involved utilizing microwave irradiation for the
reaction of precursor 1 with cyanuric chloride via a SyAr reaction
following the methodology of Melato et al. ! which produced a homo-
trisubstituted triazine derivative (2). The microwave-assisted reaction
proceeded quickly, resulting in a pale-green solid in moderate yield
of 39%.

The synthesis of the trinuclear iridium(III), rhodium(III) and
ruthenium(II) 4-amino-7-chloroquinoline-triazine complexes (3-5)
were all achieved via a simple entropically driven bridge-splitting
metal complexation reaction (Scheme 1). The synthesis of the three
varying metal complexes followed mild conditions which have been
published in literature.>° The Ir(III), Rh(III) and Ru(II) trinuclear
metal complexes were isolated as bright yellow, orange and pale-
orange powders, respectively, in low to good yields of 22-91%.

Analysis of the 'H NMR spectrum (Figure 1) of the
7-chloroquinoline precursor (1) revealed five aromatic signals
resonating between 8.38 ppm and 6.46 ppm, which were assigned to
the protons of the quinoline core. Additionally, three aliphatic signals
resonating at 1.73 ppm, 2.69 ppm and 3.32 ppm, were assigned to the
protons of the propyl chain appended to the secondary amine on the
4-position of the quinoline scaffold.

Upon comparison of the 'H NMR spectrum of precursor 1
(Figure 1a) to that of the corresponding trimeric 7-chloroquinoline-
1,3,5-triazine ligand (2) (Figure 1b) a significant downfield shift is
observed of the aliphatic signal assigned to the propylene proton
(H,) closest to the secondary nitrogen adjoining the triazine
motif to the quinoline core, from 2.69 ppm to 3.21 ppm. Notably,
the spectrum of ligand 2 shows a new resonance at approximately
8.20 ppm and the disappearance of the signal at around 3.20 ppm.
This change is attributed to the conversion of the primary amine in
precursor compound 1 to a secondary amine in ligand 2, following
the incorporation of the triazine core. The *C NMR spectrum of
the 7-chloroquinoline-1,3,5-triazine ligand (2) substantiates its
successful synthesis by the appearance of the signal at 161.29 ppm
assigned to the quaternary carbon of the triazine core (Figure S1).

N/l
¢ XX
HN NN NH
(ii) o
_— g |
HN N cl
X
L.
cl N
2

Q@ 4:M=Rh,L%
SN cl

Scheme 1: Synthesis of the 4-aminoquinoline precursor (1), the trimeric 4-aminoquinoline-1,3,5-triazine ligand (2) and the homo-trinuclear Ir(IIT), Rh(III) and
Ru(II) 4-aminoquinoline-1,3,5-triazine complexes (3-5). Reagents and conditions: (i) 1,3-diaminopropane, 120-130 °C, 6-8 h; (ii) cyanuric chloride, NaOH, DMF,
MW, 6 bar, 150 °C, 20 min, (iii) [IrCp*(u-Cl)Cl],, [RhCp*(u-Cl)Cl], or [Ru(p-cymene)(u-Cl)Cl],, MeCN or MeOH, r.t., 16 h.



RESEARCH ARTICLE

Zinman, Smith

155

S. Afr. J. Chem., 2025, 79, 152-160
https://journals.co.za/content/journal/chem/

(@ —
JHNTNH,
1 n
p (P TN
b g f a € l Zb
I T
() By
NN 3
| Lo m K ®
NN,
in £ o g 1 o
a” :
bg o a | K™ E ]
f [N
IR e i
a AN, ,-lx.fl‘x =, J Vi N p—| - P
(c) NIN
| /)Q m k
N f'_dh/\/\Nlj o q
4
a” |h { g
G
, Dy :
bg f 3 ir—Cl km | '
" j
S VSN " 2 o A Bl
G.TS .:0 7:5 7'9 6?5 6?0 S:S 5:0 4fs ljo 3?5 3?0 zfs 2jo lfS
f1 (ppen)

Figure 1: Stacked 'H NMR spectra of (a) aminoquinoline precursor 1, (b) ligand 2, and (c) Ir(III) complex, 3¢(CH;CN),, 3 in DMSO-d,.

The 'H NMR and infrared spectra, of complexes 3-5 are similar,
therefore, the spectrum of the Ir(III) complex 3 serves as a
representative spectrum for all three trinuclear metal complexes.
'"H NMR and IR spectra of trinuclear Rh(III) and Ru(II) metal
complexes (4, 5) are displayed in the Supplementary Information
(Figures S2-S8). The Ir(III) complex, 3¢(CH;CN),, where x represents
the number of acetonitrile molecules per complex unit, was identified
based on the 'H NMR spectrum (Figure 1c), which shows the
presence of CH;CN as part of the solvate. For clarity and conciseness,
the Ir(III) acetonitrile solvate, 3¢(CH;CN),, will hereafter be
referred to simply as the Ir(III) complex throughout the article. The
examination of the "H NMR spectra of the trinuclear iridium(III)
and rhodium(III) 7-chloroquinoline-1,3,5-triazine complexes (3, 4)
revealed an additional singlet at 1.63 ppm integrating for 45 protons,
corresponding to the methyl protons on the Cp* ligands and confirm
the complexation of the respective metals to each quinoline motif
(Figures 1 and S2).

The '"H NMR spectrum of Ru(II) complex 5 in DMSO-d, (Figure
S3c) reveals three additional signals compared to the ligand (Figure
S3b). These signals, at 5.80 ppm (12 protons), 2.08 ppm (9 protons),
and 1.18 ppm (18 protons), correspond to the protons of the p-cymene
ligands. While these signals confirm the presence of Ru(Il) in the
complex, the absence of significant shifts raises questions about the
extent of complexation. Further, the lack of expected downfield shifts
in the aromatic protons of the quinoline group suggests potential
competition from DMSO for coordination with the metal centre,
which might lead to ligand dissociation.

The proposed monodentate coordination of the metals to the
quinoline-based ligand contributes to the complex’s instability,
making it easier for the coordinating solvent DMSO to substitute the
ligand. This behaviour contrasts with bidentate coordination, which
tends to provide greater stability and is less susceptible to solvent
exchange, as noted in the literature.5*® Previous studies report

comparable behaviour in related complexes, including poor solubility
and solvent-mediated dissociation.®”-”!

The transition to a non-coordinating solvent, such as MeOH-d,,
provides clearer evidence of metal coordination (Figure S4),
confirming that DMSO’s coordinating nature impacts the stability
of complexes 3-5. This finding underscores the solvent’s role in
influencing metal-ligand interactions, as documented in previous
studies. The Ru(II) complex 5, unlike the insoluble Ir(IIT) and Rh(III)
analogues, dissolves in non-coordinating solvents like methanol,
allowing comprehensive NMR analysis. Notable downfield shifts
are observed for all 15 quinoline protons, confirming that metal
coordination occurs at the nitrogen atoms of all three quinoline
moieties. Additional evidence is provided by the p-cymene ligand
signals with a multiplet at 2.78 ppm (3 protons, H), singlets at
2.20 ppm and 2.19 ppm (6 and 3 protons, respectively, H,), and a
multiplet at 1.26 ppm (18 protons, H,).

The aromatic signals of the p-cymene ring, appearing between
5.23 ppm and 5.71 ppm, show six doublets, each integrating for
two protons. This pattern indicates that the three p-cymene ligands
are in different chemical environments, suggesting the presence of
conformers. Changes in H, signals from one to two singlets and in H,,
signals from a doublet to a multiplet upon complex formation further
support the existence of conformational isomers. This behaviour is
consistent with literature on tri-substituted triazine compounds,
where rotational isomerism often results in multiple peaks for a
given proton or set of protons.>3772 Additionally, the flexibility of
the propyl chain linkers contributes to various conformational and
rotational possibilities around the central triazine structure.

In addition to the 'H NMR data, solution-state *C NMR
experiments confirmed the integrity of the Ru(II) complex (5). The
Ru(II) trinuclear complex, 5, was the only analogue of the series which
was soluble in a non-coordinating solvent (i.e. methanol), allowing
for facile analysis by solution-state 'H and *C NMR spectroscopy.
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The *C NMR spectrum (Figure S5) shows an additional ten signals,
accounting for the incorporation of the p-cymene moieties attached
to the Ru(II) metal centres.

Difficulty obtaining conclusive solution-state NMR spectra for
the trinuclear complexes (3, 4) was due to their poor solubility in
all solvents except the extremely polar solvent, dimethylsulfoxide
(DMSO). Moreover, the complexes (3, 4) exhibited instability in this
coordinating solvent, DMSO, which further limited our options. As
a result, solid-state 'H NMR and "*C cross polarisation magic angle
spinning (CP-MAS) NMR experiments were utilised to substantiate
successful synthesis of the Ir(IIT) and Rh(III) trinuclear complexes
(3, 4). Solid-state NMR techniques, while offering valuable insights
into complex characterisation, present significant challenges due to
factors like dipolar coupling and chemical shift anisotropy.”* These
difficulties often result in broad and overlapping signals, making
detailed interpretation more complex. Despite these challenges,
solid-state '"H NMR can provide general observations about
specific spectral regions, while 3*C NMR is particularly effective in
revealing subtle electronic environment changes, thereby aiding in
the understanding of complex formation and metal influence.”+7
Numerous mono-, di- and tri-substituted triazine compounds’
structures have been investigated by solid-state CP-MAS *C NMR
due to the inherent existence of rotational and conformational isomers
about the substituted triazine ring.3436727677 Figure S6 and Figure 2
show the "TH NMR and CP-MAS *C NMR spectra, respectively, of the
aminoquinoline-triazine ligand (2) and corresponding complexes,
3 and 4. These spectroscopic results support the successful metal
complexation of the aminoquinoline-triazine ligand to each relevant
metal centre (Ir(III) or Rh(III)). The 'H and *C NMR spectra of
ligand 2 (Figures S6a and 2a, respectively) yielded broad Gaussian
resonances indicative of a disordered and amorphous material thus,
offering little detailed structural information. On the other hand,
the crystalline metal complexes, 3 and 4, display sharp resonances
typical of ordered materials (Figures 2 and S6). Generally, the more
crystalline a substance, the sharper the peaks observed in solid-
state NMR spectra. This stark differences in the spectra reflects the
disparity in chemical composition between the purely organic ligand

J\/\J\/\M /\/\/ \JW\VWJ I

and the metallic complexes, as metallic complexes are typically more
crystalline due to reduced structural disorder, as discussed in research
on the characterisation of various materials, including metal halide
perovskites and zeolites.”®® The largest peaks observed in th Ir(III)
complex and Rh(III) complex 'H NMR spectra (Figures S6b and c)
are attributed to the methyl groups on the pentadienyl ring systems,
which is consistent with the high number of protons contributing to
this signal. Additionally, aromatic protons are identifiable within the
range of ca. 10 - 6 ppm, with further indications of methylenes in the
ca. 5 - 3 ppm range and methyls in the ca. 2 - 0.8 ppm range.

While the 'H NMR spectra offer limited insight, the *C
NMR spectra (Figure 2) provide more definitive evidence for
characterisation. In particular, the pentadienyl signals (C, and C,) at
9.48 ppm and 86.1 ppm for the Ir(III) complex (3) and at 9.68 ppm
and 94.5 ppm for the Rh(III) complex (4) support the incorporation
of the respective metal centres. Additionally, the shifts in these
signals reflect the influence of the different metals used in complex
formation, with the signal labelled ‘p’ showing significantly deshield
in the Rh(IIT) complex compared to the Ir(III).

Notably, the downfield shift of the carbon signal C, in the complexes
(3, 4), compared to the ligand (2) suggest metal coordination to the
quinoline nitrogen, with this carbon being most affected electronically
due to its proximity to the site of the metal centre. The carbon signal
peaks at 162.7 ppm for ligand 2, 161.8 ppm for Ir(IIT) complex 3 and
161.6 ppm for Rh(III) complex 4 confirm the presence of the triazine
structures in all three compounds. The obtained solid-state CP-MAS
13C NMR spectra for the ligand (2) and corresponding complexes 3
and 4, are highly comparable to those published in the literature for
tri-substituted triazine based compounds.3*3%8!

Figure S7 shows the overlapping IR spectra of the starting material,
cyanuric chloride, as well as the precursor 1, the trimeric ligand 2
and the iridium(III) metal complex 3. The IR spectrum of the ligand
(2) shows a diagnostic absorption band at 1654 cm!, corresponding
to the imine (C=N) bond of the triazine core, which is not present
in the spectrum of precursor 1, indicating that the desired trimeric
compound (2) had been formed. Additionally, the spectrum of
cyanuric chloride shows a strong v(C=N) absorption band resonating
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Figure 2: Representative solid-state CP-MAS *C NMR spectra of (a) 4-aminoquinoline-triazine ligand 2, (b) Ir(III) trinuclear 4-aminoquinoline-triazine complex

3, and (c) Rh(III) 4-aminoquinoline-triazine trinuclear complex 4.
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at a comparably lower wavenumber, of 1472 cm’l, than in the
spectrum of ligand 2. This shift of the imine (C=N) absorption band
to a higher wavenumber is indicative of the successful hybridisation
of the 4-aminoquinoline derivative and the triazine scaffold to form
the trimeric ligand 2.

A comparison of the IR spectra of the trimeric ligand (2) and the
respective trinuclear Ir(III) aminoquinoline-triazine metal complex
(3) reveals a shift in the absorption band attributed to the imine
(C=N) bond of the quinoline scaffold from ca. 1562 cm! to ca. 1589
cm’l, respectively. The shift in vibrational frequencies corroborates
the successful coordination of the Ir(III) metal centre to the quinoline
nitrogen atom. Metal complexation results in the accumulation of a
positive charge on the quinoline nitrogen causing a decrease in the
aromaticity of the quinoline core while the bond order of the C=N
bond increases which contributes to the shift of the imine band
to a higher wavenumber. The IR data seen in Figure S7 and S8 are
comparable with those reported in the literature for structurally
similar aminoquinoline-1,3,5-triazine complexes.?:

The trimeric aminoquinoline-triazine ligand (2) was analysed
by LC-MS, as well as high resolution ESI-MS, both operated in
the negative-ion mode (Figure S9). The mass spectrum of ligand 2
shows a large degree of fragmentation of the parent ion. The spectral
data was likely affected by either the decomposition of compound
2 upon ionisation or the low solubility of the compound (2) in the
volatile solvents (i.e. MeOH or MeCN) utilized for this technique.
The mass spectral data yielded a peak at m/z 271.2 corresponding
to the calculated mass of 271.9 for the ([M+Cl-2H]*) ion fragment.
Additionally, a peak is observed at 1m/z 780.8481 corresponding to the
calculated mass of 781.2030 which represents the molecular ion ([M-
HJ). High resolution ESI-MS was also used to validate the structural
integrity of the tri-homonuclear half-sandwich Ir(III), Rh(III) and
Ru(II) complexes (3-5). Similarly, these complexes displayed very
poor solubility in the volatile solvents used for this technique. Probable
decomposition of the trinuclear complexes (3-5) upon ionisation
presumably also affected the resulting mass spectral data, causing
noticeable fragmentation. The mass spectra of both complexes 3 and 4
(Figures S10 and S11) show peaks corresponding to the molecular ion
with the solvent molecule, CH;CN, and three sodium ions included,
[M + CH;CN + 3Na*]**. The corresponding m/z values for complexes
3 and 4 are 626.1290 and 536.0757, respectively, which correspond
to the calculated values of 625.6087 and 536.2987, respectively. The
mass spectrum of Ru(II) complex 5 (Figure S12) shows a peak with a
m/z value of 590.9619, corroborating the calculated mass of 591.1687,
which represents the ion fragment of the molecule plus a MeOH
solvent molecule and three sodium cations, [M + MeOH + 3Na*]3*,

While this study primarily reports the synthesis and
characterisation of trimeric aminoquinoline-triazine ligands and
their tri-homonuclear complexes, the complexes however show
poor stability in DMSO and insolubility in aqueous media, limiting
their biological applicability. Future work focuses on structural
modifications to improve solubility in both organic and aqueous
solvents, enabling more effective analysis and advancing their
potential as chemotherapeutic agents.

CONCLUSION

A new 4-aminoquinoline-1,3,5-triazine ligand (2) and a series of three
corresponding trinuclear platinum group organometallic complexes
(3-5) were successfully synthesised. Microwave irradiation was used to
ensure complete functionalisation of the triazine core during synthesis
of the trimeric ligand, which was followed by a simple entropically
driven bridge-splitting reaction to yield the homo-trinuclear
complexes. The synthesised compounds were fully characterised using
an array of spectroscopic and analytical techniques. All compounds
were analysed by infrared spectroscopy to confirm the presence of
specific functional groups, while precursor compound 1, ligand 2

and Ru(II) complex 5 were fully characterised using solution-state
NMR (‘H, BC{'H}) spectroscopy. Solid-state NMR techniques (CP-
MAS C and 'H) were used for the characterisation of complexes 3
and 4, due to their solubility problems. The solid-state NMR spectra
show the crystalline and ordered nature of the Ir(III), and Rh(III)
complexes (3, 4) compared to the amorphous nature of the organic
ligand (2), demonstrating a useful characterisation technique for
larger multinuclear complexes. The spectroscopic and analytical data
obtained attested to the integrity of the proposed structures of the
synthesised precursor (1), ligand (2) and complexes (3-5).

This study demonstrated a facile microwave-assisted synthetic
procedure for the preparation of a new trimeric ligand and homo-
trinuclear organometallic complexes bearing various platinum-
group metals. Furthermore, the outlined procedure contributes
to the promising yet unexploited research field of multinuclear
organometallic complex synthesis.

SUPPLEMENTARY INFORMATION

Supplementary information for this article is provided in the online
supplement.
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