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Abstract: Three-way catalysts (TWCs) are widely used in vehicles to convert the exhaust emissions
from internal combustion engines into less toxic pollutants. After around 8-10 years of use, the declin-
ing catalytic activity of TWCs causes them to need replacing, leading to the generation of substantial
amounts of spent TWC material containing precious metals, including palladium. It has previously
been reported that [N"Buy][Pd,Ig] is obtained in high yield and purity from model TWC material us-
ing a simple, inexpensive and mild reaction based on tetrabutylammonium iodide in the presence of
iodine. In this contribution, it is shown that, through a simple ligand exchange reaction, this dimeric
recovery complex can be converted into Pdl,(dppf) (dppf = 1,1’-bis(diphenylphosphino)ferrocene),
which is a direct analogue of a commonly used catalyst, PdCly(dppf). [N"Buy]o[Pd,Ig] displayed high
catalytic activity in the oxidative functionalisation of benzo[h]quinoline to 10-alkoxybenzo[]quinoline
and 8-methylquinoline to 8-(methoxymethyl)quinoline in the presence of an oxidant, PhI(OAc),. Near-
Ef;eggt?sr quantitative conversions to the desired product were obtained using a catalyst recovered from waste
under milder conditions (50 °C, 1-2 mol% Pd loading) and shorter reaction times (2 h) than those
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typically used in the literature. The [N"Buy]>[Pd,Is] catalyst could also be recovered and re-used
multiple times after the reaction, providing additional sustainability benefits. Both [N"Buy],[Pd;I¢]
and PdI,(dppf) were also found to be active in Buchwald-Hartwig amination reactions, and their
performance was optimised through a Design of Experiments (DoE) study. The optimised conditions
for this waste-derived palladium catalyst (1-2 mol% Pd loading, 3—-6 mol% of dppf) in a bioderived
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Formation. Catalysts 2024, 14, 295. solvent, cyclopentyl methyl ether (CPME), offer a more sustainable approach to C-N bond formation
https:/ /doi.org/10.3390/ than comparable amination protocols.
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e P Palladium-mediated reactions are among the most frequently employed transforma-

® tions in synthetic chemistry and are used widely for C-C, C-N and C-O bond formation [1-6].
However, the extremely low natural abundance of palladium in the Earth’s crust, its limited
Copyright: © 2024 by the authors,  distribution and geopolitical factors threaten future supply [7]. This has led to a substantial
Licensee MDPI, Basel, Switzerland.  Palladium deficit due to the high demand and limited supply [8]. The route of this metal
This article is an open access article  {TOM Ore to its application in numerous fields features many acknowledged environmental
distributed under the terms and ~ Iepercussions on water and air quality, biodiversity, and population displacement [9-11].
conditions of the Creative Commons ~ Furthermore, the low palladium content in unrefined ore (<10 g/tonne) requires energy-
Attribution (CC BY) license (https://  intensive treatments (3880 kg CO,e per kg of Pd [9]) in the pyrometallurgical extraction

creativecommons.org/licenses /by / process [12], which involves smelting in blast and electric furnaces at high temperatures
4.0/).

Catalysts 2024, 14, 295. https:/ /doi.org/10.3390/ catal14050295 https:/ /www.mdpi.com/journal/catalysts


https://doi.org/10.3390/catal14050295
https://doi.org/10.3390/catal14050295
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0001-8649-2146
https://orcid.org/0009-0001-1780-0907
https://orcid.org/0000-0001-6175-1607
https://orcid.org/0000-0002-4161-7256
https://orcid.org/0000-0002-3476-0636
https://orcid.org/0000-0002-5192-3038
https://doi.org/10.3390/catal14050295
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal14050295?type=check_update&version=1

Catalysts 2024, 14, 295

20f17

(>2000 °C) [13] and the use of hazardous chemicals. As a less energy-intensive and more se-
lective alternative, hydrometallurgical processes typically involve acid (aqua regia or HNO3)
or alkaline (cyanide) leaching, followed by separation phases exploiting solid-to-liquid or
solvent extraction processes [14]. However, the well-established processes use toxic and/or
hazardous reagents, producing toxic gaseous emissions (i.e., NOy, Cl, and NOCI for aqua
regia and HCN for cyanide leaching) and producing significant amounts of contaminated
wastewater [14].

The exceptional performance of palladium as an oxidation catalyst has made it a
critical component in automotive three-way catalytic converters (TWCs) [15]; however,
the relatively short lifetime (around 10 years or 100,000 miles) of TWCs has resulted in
the accumulation of palladium-rich waste, with up to 4 g of Pd in each catalytic converter,
along with smaller amounts of Pt and Rh [16]. The concentrations of palladium in TWCs
(2000 g/tonne) are far higher than those found in natural ore (10 g/tonne), indicating the
huge potential of these waste streams as more sustainable sources of palladium. Attempts
to transform this scrap into a valuable but underutilised source of potentially recoverable
raw materials is often termed “urban mining’ [17]. Unfortunately, current recovery methods
rely on the environmentally harmful processes described above for ore treatment [18].
As a result, research has focused on developing milder, more environmentally friendly
palladium recovery methods. Serpe, Deplano and colleagues reported the first selective and
acid-free recovery method of palladium from a model spent catalytic converter, achieving
90-99% palladium recovery. This method employed a combined dithiooxamide-iodide
lixiviant, Mepdazdt-2I, (Mepdazdt = N,N’-dimethylperhydrodiazepine-2,3-dithione), in
an organic solvent under mild conditions to form [Pd(Me,dazdt);][I5], as the recovery
product [19]. While this approach to palladium is highly effective, it yields a molecular
recovery product that cannot viably be used to prepare new TWCs. In addition, longer times
are needed to achieve palladium dissolution than is required by the conventional acidic
and alkaline leaching mixtures, and the use of Lawesson’s reagent to make Me,dazdt leads
to poor atom economy, which has led to the use of commercially available dithiooxamides
as a less effective but viable alternative [20].

The solution to this was to valorise the recovery complexes in other important ap-
plications, such as catalysts for organic synthesis. Our previous work demonstrated that
the [Pd(Meydazdt),][I3]; recovery product could successfully mediate the regioselective
C-H bond functionalisation of benzo[l]quinoline and 8-methylquinoline (Figure 1) [21],
competing favourably with the results reported by Sanford and co-workers using Pd(OAc),
sourced from conventional mining [22].

H2
[Pd]
HO ROH
PhI(OAc),
benzo[h]quinoline 10-alkoxybenzo[h]quinoline

Figure 1. Oxidative C-H functionalization of benzo[l]quinoline in the presence of different alcohols,
a sacrificial oxidant and a palladium complex.

Commercial (pre)catalysts for palladium-catalysed reactions are typically produced
using damaging mining practices that employ dangerous leaching additives and/or require
high energy pyrometallurgical treatments to extract the very low palladium content from
the mined ore. Further transformations, often involving hazardous and costly agents, are
also needed to refine and produce marketable materials before transport around the world
to its end use. All of these steps require significant energy and use dangerous and envi-
ronmentally harmful chemical treatments. In contrast, the generation of [N"Buy]»[Pd;14]
(1) requires far fewer steps (deconstruction and milling of the locally sourced TWC mate-
rial followed by treatment with the selective, low-cost and safer polyiodide salt), which
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require much less energy and are based on a feedstock that can contain up to 200 times
more palladium than in mined ore. A recent cost analysis for catalysts based on recov-
ered gold [23] illustrated that even unoptimized, small-scale production of the catalyst
leads to a significantly lower cost than commercial catalysts derived from environmentally
damaging mining.

In this contribution, we present the use of the dimer [N"Buy]>[PdyIs] (1) as an even
more effective and sustainable catalyst for oxidative functionalisation reactions, such as
those shown in Figure 1. Compound 1 is obtained selectively from mixed-metal model
TWC material in over 70% yield using a low-energy route based on the reaction with
iodine in the presence of organic iodides (such as [N"Buy]l), as shown in Figure 2 [24].
Selective precipitation of 1 from the organic solvent (typically acetone or MIBK) allows
separation from the other metals present in TWCs. The inexpensive reagents and low-
energy conditions are a substantial improvement over the use of Meydazdt-2I,; however,
the process of returning the Pd content of 1 to its metallic form is still energy-intensive and
thus costly. Therefore, a more effective way of valorising this recovery product is to use it
directly (or with simple modification) in catalysis [16,25,26]. This is a strategy that led to the
first direct application in homogeneous catalysis of gold recovery products sourced from
e-waste [23]. Using simple ligand exchange reactions, Pdl,(dppf) (2), the iodide analogue
of the well-known catalyst, PdCl,(dppf), was synthesised from compound 1 to provide a
phosphine-supported derivative. The results obtained for oxidative C-H functionalisation
and Buchwald-Hartwig amination reactions using 1 and 2 are compared both in terms of
catalytic activity and sustainability.

96% based IN"Bugll
on Pd content I RT 24h
acetone
o Ph,
AT 2at N PSS
Pd /Pd\ —>t /Pd\ Fe
VAN acetone
| | | | P
‘ T Br, &
spent TWC 2[N"Buy]
1 2
manufacture
and use heat | chemical
or reduction

Pd metal recovery

Figure 2. Palladium recovery process from TWCs to form 1 and the ligand exchange reaction used to
prepare 2.

2. Results and Discussion
2.1. Synthesis of Palladium Complexes

Complex 1 is the main product obtained from the selective Pd leaching and recovery
process carried out on model samples of spent TWC using tetrabutylammonium iodide
in the presence of iodine in an acetone solution [24] (Figure 2). The iodine/iodide system
offers a ‘greener” approach to Pd recovery compared to traditional pyrometallurgical or
hydrometallurgical processes due to its versatility, mild conditions, minimal environmental
impact, use of inexpensive reagents and easily recyclable solvents. These attributes also
allow it to be employed in low-income regions where there is currently no local recycling
infrastructure for TWCs. Since the use of [N"Buy]I/I; to recover Pd from model TWC
material is already well established [24], compound 1 was obtained directly by leaching
palladium metal on a small scale using the same reagents. The black crystalline product
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(86% yield) was usually obtained by Et,O diffusion into the acetone leachate over a period
of 3 days. A more rapid crystallisation process was also used to obtain a less crystalline
but analytically identical product through the addition of ethanol and concentration of
the solvent volume until precipitation had been achieved. Compound 1 obtained from
both approaches leads to characteristic features in the UV-vis spectrum at 2960-2869 cm ™!,
1457 and 1379 cm ™!, with the latter two absorptions attributed to the tetrabutylammonium
units. The presence of the dimeric palladium complex [Pd,Is]>~ was indicated by an
absorption at 340 nm. The overall formulation was confirmed by an abundant molecular
ion in the electrospray (negative ion) mass spectrum at m/z 487 (ESI, Section 51.2) and
good agreement of the elemental analysis with calculated values.

Palladium phosphine complexes are the most widely used ligand-supported
(pre)catalysts [4-6,16,27], with PdCly(dppf) being used in many settings, including for
Buchwald-Hartwig amination reactions [28]. Thus, the recovery complex [N"Buy]>[Pd;l¢]
(1) was treated with dppf in acetone to produce the iodide analogue, Pdl,(dppf) (2), in 97%
yield. A singlet was observed in the 3 P{'H} NMR spectrum at 24.3 ppm, while the presence
of the dppf ligands was clearly observed in the 'H NMR spectrum through ferrocenyl
resonances at 4.14 and 4.35 ppm. In addition, typical aromatic features were observed
in the solid-state FTIR spectrum (1092 and 1480 cm 1) and the overall composition was
confirmed by mass spectrometry (ESI, Section 51.3) and elemental analysis. Crystals suit-
able for single-crystal X-ray diffraction measurements were obtained through the slow
diffusion of ethanol into a chloroform solution of PdI,(dppf) (Figure 3). This revealed a
distorted square planar arrangement at the Pd(II) centre due to the steric requirement of
the bulky dppf ligand. The bond lengths and angles are similar to those reported for the
same complex in a lower-quality structure in 2001 [29]. Further discussion and crystal data
are provided in the ESI (Section 52).

Figure 3. Molecular structure of 2. Selected bond lengths (A) and angles (°): Pd(1)-1(1) 2.6495(5),
Pd(1)-1(2) 2.6454(6), Pd(1)-P(1) 2.3281(13), Pd(1)-P(2) 2.3245(15), P(2)-Pd(1)-I(1) 83.83(3), P(1)-Pd(1)-
1(2) 88.60(4), P(1)-Pd(1)-P(2) 99.77(5).

2.2. Oxidative C-H Functionalisation

Palladium(II) compounds are known to catalyse a variety of oxidative C-H functional-
isation processes, particularly the conversion of benzo[/]quinoline to 10-alkoxybenzol[#]
quinoline [2,3,21,22]. The catalytic potential of recovery product 1 and its derivative 2
was assessed for this class of transformation using the conversion of benzo[/]quinoline to
10-methoxybenzo[h]quinoline as a benchmark reaction (Figure 1). The term ‘conversion’
will be used here rather than yield, as the amount of desired product formed was deter-
mined using 'H NMR spectroscopy, rather than as an isolated yield of each product. NMR
spectroscopy has been shown [21] to allow sufficient accuracy (2-5% error) to determine
the impact of changes in the reaction conditions on the formation of the product. Isolated
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yields have been reported previously and show only a small decrease compared to the
conversion determined spectroscopically [21]. The conditions reported in the literature
for this transformation were used (1.1 mol% catalyst loading, 2 equivalents PhI(OAc),,
100 °C, 22 h). Under these conditions, complexes 1 and 2 provided near-quantitative
conversions to the desired product, as determined by 'H NMR spectroscopy (97 and 96%,
respectively), of 10-methoxybenzo[/]quinoline, competing favourably with the 96% yield
reported in the literature (and confirmed here) using Pd(OAc),, sourced from conventional
mining (ESI, Section S4). These results also matched those we previously reported for
[Pd(Meydazdt),][Is]> [21]. The proposed mechanism [22,30] for these reactions involves a
Pd(II)-Pd(IV) manifold, though Pd(IIl) intermediates have also been postulated [31].

Heating methanol at 100 °C in a sealed vessel for 22 h leads to both safety and
sustainability concerns and so attempts were made to perform the reaction under milder
conditions. Following the initial screening reactions, the product conversion over time
was investigated for the methoxylation of benzo[h]quinoline at different temperatures,
first using the literature catalyst Pd(OAc); at a loading of 1.1 mol% (Figure 4). At high
temperatures (100 °C), no induction period was observed, with the fastest rate of reaction
occurring at the start of the reaction. However, heating flammable solvents above their
boiling point in a confined space generates potential danger related to pressure build-up.
At the lower temperature of 50 °C, the Pd(OAc);, reaction proceeds more slowly but then
achieves 86% conversion to 10-methoxybenzo[h]quinoline after 5 h before reaching 95%
after 22 h, a conversion reached in only 2 h at 100 °C (ESI, Table S4-1). Perhaps due to
a tendency to use established protocols involving longer reaction times, it appears that
previous investigations did not reveal that high yields were already formed after much
shorter reaction times.

100
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Figure 4. Formation of 10-methoxybenzo[l]quinoline from benzo[/]quinoline over time using
1.1 mol% Pd(OAc); in the presence of PhI(OAc); in MeOH at 100 °C (blue line) and 50 °C (orange
line). Conversion was determined from an average of three independent experiments by comparing
the integration of H-2 and H-10 resonances in benzo[/]quinoline with the diagnostic methoxy
resonance in the 10-methoxybenzo[l:]quinoline product.

The appearance of a black residue at the bottom of the vials used in the reaction
at 100 °C after 22 h was noted, and this material was analysed using transmission elec-
tron microscopy (TEM). This ‘palladium black” was revealed to also contain palladium
nanoparticles (Figure 5A) with an average diameter of 2.6 nm and a relatively broad size
distribution of £1.1 nm. Though palladium nanoparticles (PdNPs) are well known to
catalyse many Pd(0)-mediated reactions, such as Suzuki-Miyaura couplings [32], they have
also been observed in C-H functionalisation reactions [33,34]. The formation of the PANPs
was investigated in separate control experiments (ESI, Section S3.2.1), in which Pd(OAc);
was heated for 22 h at 100 °C in a methanol solution with or without PhI(OAc); to yield pal-
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ladium nanoparticles with an average diameter of 1.2 nm (£0.3 nm) and 1.5 nm (0.5 nm),
respectively (Figure 5B,C). The presence of the sacrificial oxidant does not appear to prevent
the reduction of Pd(OAc),. These results suggest that the Pd(OAc), catalyst undergoes (at
least partial) in situ reduction in the alcohol solution to produce PANPs under the reaction
conditions for C-H functionalisation.

Figure 5. TEM images of Pd nanoparticles obtained (A) after methoxylation of benzo[h]quinoline
using Pd(OAc); as a catalyst, (B) after Pd(OAc), was heated with the sacrificial oxidant PhI(OAc),
in methanol and (C) after heating Pd(OAc); in methanol. All reactions were conducted at 100 °C
for 22 h.

Further investigation was carried out to investigate whether the formation of pal-
ladium nanoparticles aided or hindered the methoxylation of benzo[/]quinoline. Palla-
dium acetate was heated in methanol in air for 2 h at 100 °C followed by the addition of
benzo[/]quinoline and PhI(OAc), to the solution. The reaction mixture was stirred and
heated at 100 °C for another 22 h. A 67% conversion to 10-methoxybenzo[h]quinoline
was obtained after 22 h of reaction, which is substantially lower than the 95% obtained
without the initial heating step in methanol. One suggestion is that a fraction of Pd(OAc),
survives the reduction to Pd nanoparticles and is then able to catalyse the C-H functionali-
sation reaction. Alternatively, as proposed by Fairlamb and co-workers [33,34], the PANPs
formed could be acting as a ‘reservoir” of active Pd that performs the transformation but the
larger PANPs formed are inactive. The palladium black that can be observed by the naked
eye consists of much larger, micrometre-sized particles, which are themselves unlikely to
be catalytically active. Taken together, these results suggest that the use of Pd(OAc); at
high temperatures in an alcohol solvent, as reported in the literature [22], actually con-
tributes to the deactivation of the catalyst and that the good conversions obtained after
22 h were actually due to the residual catalytic species that managed to operate under the
conditions employed.

Following this investigation of the literature catalyst, PdA(OAc);, the catalytic activity
of [N"Buy]>[Pd;I¢] (1) was explored in the functionalisation of benzo[/]quinoline using the
conditions that had provided the highest conversions (c.f. Figure 4) over shorter reaction
times (1-2 mol% [Pd] loading, 100 °C, 2 h). Near-quantitative conversions to the desired
product were recorded for the selective alkoxybenzo[h]quinoline for two alcohols, ROH
(R = Me, CH,CFj3), using 1 mol% Pd loading. However, a two-fold increase in catalyst
loading was required to provide better conversion to 10-ethoxybenzo[h]quinoline (81%) and
10-isopropoxybenzo[h]quinoline (75%) (Figure 6 and ESI, Table S4-2). The lower activity
with ethanol and isopropanol could be due to the differing speciation of the active catalyst
species in solvents of different polarity.

Similarly to the reactions catalysed by Pd(OAc);, a black residue was observed at the
bottom of the reaction vials after 2 h of the reaction using [N"Buy]>[Pd;I¢] (1) at 100 °C for
all substrates except for the trifluoroethanol reaction mixture. The black precipitate was
centrifuged, washed with methanol and dried under a vacuum. TEM images (Figure 7)
revealed the formation of small palladium nanoparticles (PANPs). Average diameters of
2.0 nm (methanol), 1.8 nm (ethanol) and 2.3 nm (mixture of isopropanol/acetic acid) were
recorded, confirming that the formation of PANPs was not exclusive to the use of Pd(OAc)s,.
The lack of formation of nanoparticles in the trifluoroethanol reaction mixture could be
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due to the electron-withdrawing CF3 unit stabilising the palladium(II) complex effectively,
hindering the formation of PANPs at high temperatures.

H2
R = CHj
[Pd] CH,CHs
H®  Rrow OR  CH(CHa),
Phi(OAc), CH,CF
benzo[h]quinoline 10-alkoxybenzo[h]quinoline
3100 I I
©
S 80 g
3 I
o
o 60 1
S -
? 40
: |
§ 20
< |
0
1 mol% 2 mol%

Catalyst loading

mMeOH ®EtOH m®'PrOH = CF,CH,OH

Figure 6. Results for the formation of alkoxybenzo[h]quinoline using 1 as a catalyst in the alco-
hols shown at 100 °C. The conversion to 10-alkoxybenzo[k]quinoline was determined by 'H NMR
spectroscopy using the average of three independent experiments by comparing the integration of
H-2 and H-10 resonances in benzo[/]quinoline with the diagnostic resonances of methoxy, ethoxy,
isopropoxy and trifluoroethoxy groups in the products. 10-isopropoxybenzo[h]quinoline is formed
from a mixture of isopropanol and acetic acid, according to the original literature protocol [22].

20 nm
|

Figure 7. TEM images of Pd nanoparticles formed after heating benzo[l]quinoline and PhI(OAc),
with 1 at 100 °C for 2 h in the presence of (A) MeOH, (B) EtOH, and (C) IPrOH (and acetic acid).

The same transformations were repeated with [N"Buy]o[Pdylg] (1) as the catalyst
at 50 °C while modifying the reaction conditions (loading and reaction times) to attain
satisfactory conversions within an acceptable reaction time (Figure 8 and ESI Table 54-3).
Significantly, in all cases at this lower temperature, there was no visual evidence for the
formation of PANPs. At 1 mol% [Pd] catalyst loading, low to moderate conversions (as
determined by 'H NMR spectroscopy) were observed (Figure 8A), which improved over
longer reaction times for reactions with MeOH and CF;CH,OH. Doubling the catalyst
loading to 2 mol% [Pd] led to essentially quantitative conversions to the desired product in
2 h for all products, except for 10-isopropoxybenzo[h]quinoline, which showed a steady
increase in the conversion to 82% after 24 h (Figure 8B). A 3 mol% loading of 1 and a
reaction time of 4 h were found to be necessary to achieve a high conversion (92%) to the
isopropoxy-functionalised product (ESI Table S4-3). The standard operating conditions
were thus defined as being 2 mol% [Pd] catalyst loading at 50 °C for 2 h. An isolated yield
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of 97% of 10-methoxybenzo[h]quinoline was obtained using these conditions, reflecting the
ease of isolation of these products through flash column chromatography.

H2
R=CH,
[Pdl CH,CH;
H'®  RroH CH(CHa),
PhI(OAc), CH,CF3
benzo[h]quinoline 10-alkoxybenzo[h]quinoline
1 mol% catalyst loading
A 100
¥ 20 -
g =
g 40 . z -
8 20
o
0
2 4 6 24
Time (h)
B MeOH MEtOH mPrOH/AcOH CFsCH.OH
2 mol% catalyst loading
B 100 : = - -
X 80 _ 1
S = I
S 60
44
9 40
5
. 20
0
2 4 6 24

Time (h)

B MeOH M EtOH iPrOH/AcOH CF3;CH,0OH

Figure 8. Alkoxy functionalisation of benzo[h]quinoline in different alcohol solvents at 50 °C employing
1 as a catalyst at (A) 1 mol% and (B) 2 mol% [Pd] loading. The conversion to 10-alkoxybenzo[h]quinoline
was determined by "H NMR spectroscopy using the average of three independent experiments by com-
paring the integration of H-2 and H-10 resonances in benzo[k]quinoline with the diagnostic resonances
of methoxy, ethoxy, isopropoxy and trifluoroethoxy groups in the products.

The same conditions were then employed to investigate the use of PdI,(dppf) (2) as
a catalyst for the same reaction. Using 1 mol% loading (Figure 9A), 98% conversion to
10-methoxybenzo[h]quinoline was obtained after only 2 h. Increasing the catalyst loading to
2 mol% (Figure 9B) improved the conversions of the more challenging reactions to produce
10-trifluoroxybenzo[h]quinoline (94%) and 10-isopropoxybenzo[h]quinoline (95%) after 4 h
and 24 h, respectively (see also ESI Table S4-4).

Encouraged by the successful result for the alkoxylation of benzo[h]quinoline, the
synthesis of 8-(methoxymethyl)quinoline from 8-methylquinoline was briefly investigated.
The data obtained suggest that compound 1 appears to deliver superior catalytic perfor-
mance compared to the other catalysts under investigation (ESI, Table 54-6). An isolated
yield of 94% of 8-(methoxymethyl)quinoline was obtained using 1 mol% of 1 in methanol
at 50 °C for 2 h following a flash column (ESI, Section S3.2.2).
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R = CH,
CH,CH,
CH(CH3),
CH,CF,
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Figure 9. Alkoxy functionalisation of benzo[h]quinoline in different alcohol solvents at 50 °C em-
ploying PdI,(dppf) (2) as a catalyst at (A) 1 mol% and (B) 2 mol% [Pd] loading. The conversion to
10-alkoxybenzo[h]quinoline was determined by 'H NMR spectroscopy using the average of three inde-
pendent experiments by comparing the integration of H-2 and H-10 resonances in benzo[k]quinoline

with the diagnostic resonances of methoxy, ethoxy, isopropoxy and trifluoroethoxy groups in
the products.

While the use of a recovery product obtained under mild conditions from waste as the
catalyst enhances the ‘green’ credentials of the approach, recycling of the catalyst would
further enhance the sustainability of the process. This was investigated briefly in the
reaction to form 10-ethoxybenzo[l]quinoline, shown in Table 1. Conditions were optimised
to produce 10-ethoxybenzo[h]quinoline over a shorter reaction time (2 h). This required
an increase in the reaction temperature to 75 °C and the use of 2 mol% catalyst loading. A
near-quantitative conversion to the desired product was obtained in the first run, with a
palladium black precipitate forming within the first 30 min of the reaction. This precipitate
was isolated, washed and converted back to [N"Buy][Pdyls] (1) in 75% yield using the same
procedure for its synthesis from Pd powder using [N"Buy]I/I,. The recovered compound
1 was used for the second run, which led to the same quantitative conversion to the 10-
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ethoxybenzo[h]quinoline product. Following the reaction, after treatment with [N"Buy]I/1I,,
compound 1 was recovered for a second time with 72% yield. This approach is being
investigated further to assess the breadth of its application in different catalytic reactions.

Table 1. Use and re-use of [N"Buy]>[PdyIg] (1) in the synthesis of 10-ethoxybenzo[/]quinoline. The
second run was scaled down so that a loading of 2 mol% of recovered 1 was maintained. Conversion
to the product was determined by 'H NMR spectroscopy by comparing the integration of H-2 and
H-10 resonances in benzo[h]quinoline with the diagnostic ethoxy resonances in the product and also
with an internal standard, 1,3,5-trimethoxybenzene. The recovery (isolated) yield was calculated with
respect to the amount of 1 in the reaction mixture.

IN"Bug]l, I
IN"Buglo[Pdsle] [Pd°] black
1 acetone, r.t., 24h
l filtration | washing
[IN"Buglo[Pdale] (1) (2 mol%)
2 eq. Phl(OAc), Insoluble
0
EtOH, 75°C, 2 h [Pd” black]
Run Conversion to organic product (%) Recovery yield of 1 (%)
1 97 75
2 98 72

2.3. Amination Reactions

The palladium-catalysed Buchwald-Hartwig amination reaction is an essential tool in
organic synthesis and in the pharmaceutical industry in particular [4,35-39]. Pioneering
work by Hartwig demonstrated that a range of amination reactions could be catalysed
by PdCly(dppf) in the presence of additional dppf in an inert environment [28]. The
similarities between PdCl,(dppf) and the PdI,(dppf) (2) generated from the [N"Buy]>[PdyI4]
(1) recovery product provided encouragement to explore the possibility of substituting
current catalysts with more sustainable alternatives derived from waste. In addition, our
aim was also to enhance the sustainability still further by exploring ‘greener’ solvents and
more straightforward conditions that do not require the exclusion of oxygen and moisture.
In order to explore these aspects, complexes 1 and 2 were applied to the benchmark cross-
coupling reaction of p-bromobiphenyl and p-toluidine in a range of solvent systems in
air (Table 2), following literature protocols (5 mol% Pd loading, 15 mol% dppf ancillary
ligand and sodium tert-butoxide as a base for 3 h at 100 °C). The methyl resonances in
p-toluidine (2.24 ppm) and the product (2.33 pm) were employed as characteristic 'H NMR
spectroscopic features to monitor the reaction through integration of the respective signals.

The experimental protocol in the original report [28] described heating at 100 °C
in tetrahydrofuran for 3 h using 5 mol% Pd loading and 15 mol% dppf as an ancillary
ligand. The runs using these conditions were performed in a high-pressure vial due to the
significantly lower boiling point of the THF solvent (66 °C). Compounds 1 and 2 showed
lower catalytic activity compared to the PdCly(dppf) in this initial set of experiments
(Table 2). However, heating THF above its boiling point poses a safety risk due to increased
pressure. Thus, solvents with higher boiling points were explored, such as toluene (b.p.
111 °C) and cyclopentyl methyl ether (CPME, b.p. 106 °C). Conducting the reaction in these
solvents led to improved conversions (Table 2) for reactions catalysed by 1 and 2 as well as
high conversions for the commercial palladium catalyst, PACl,(dppf). This was the first
indication that PdI,(dppf) (2), obtained from a palladium recovery pathway, was able to
deliver comparable catalytic performance to the literature catalyst.
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Table 2. Solvent screening for the benchmark reaction of p-bromobiphenyl and p-toluidine in the pres-
ence of 5 mol% Pd loading and 15 mol% dppf at 100 °C for 3 h using different catalysts. The conversion
to the desired product was determined by 'H NMR spectroscopy by comparing the integration of diag-
nostic methyl resonances in p-toluidine and the product, taking into account the excess of p-toluidine
used. Values are the average of three independent experiments. CPME = cyclopentyl methyl ether.

H
Br HoN 5 mol % [Pd] N
4 .
NaO'Bu
Ph 3 h, 100 °C Ph
Solvent Conversion (%) with Conversion (%) with Conversion (%) with
PdCl,(dppf) [N"Buygl2[Pd>I6] (1) PdI,(dppf) (2)

THF M0+1 55+1 81+1
CPME 98 +1 92 +2 90 +1
Toluene 98 +1 801 96 + 2

In addition to its favourable properties, including low toxicity, high boiling point, low
melting point, hydrophobicity and chemical stability, cyclopentyl methyl ether (CPME) can
also be bio-derived from furfural [40]. It is known to broadly mimic the chemical properties
of both THF and toluene, but with a lower environmental and health score [41]. On the
basis of this improved sustainability and the high conversions it delivered for 1 and 2, this
solvent was chosen to be taken forward as a solvent for the remainder of this work. It was
also determined that carrying out the reaction in air did not affect the conversion to the
desired product when compared to an anhydrous CPME solution.

Ancillary ligands, such as electron-rich and bulky dppf ligands, are often required in
amination reactions to increase the rate of the reaction, prevent the formation of palladium
halide dimers after oxidative addition [27,28], and suppress 3-hydride elimination by
preventing an open coordination site [36]. Without additional equivalents of the dppf
ligand, no product formation was observed under the conditions described above. Since
PdL(dppf) (2) is readily obtained from [N"Buy]o[Pd,Is] (1) and dppf, the in situ generation
of 2 was also investigated, as discussed below.

The catalytic performance of 1 and 2 towards the aryl iodide analogue, p-iodobipheny],
was explored in CPME. In contrast to the aryl bromides, the catalytic activities of all catalysts
appeared to be adversely affected by the switch to aryl iodide substrates, providing a lower
conversion to the desired product (Table 3). This result agreed with the previously reported
literature [35,37] suggesting that aryl iodides are less effective substrates than their aryl
bromide counterparts in amination reactions. This has been suggested to be connected
to the poisoning of the catalyst through the accumulation of iodide salts in the reaction
medium [38].

Table 3. Reaction of p-iodobiphenyl and p-toluidine in the presence of 15 mol% dppf at 100 °C for
3 h using different catalysts at 2 and 5 mol% palladium loadings. The conversion to the desired
product was determined by ' H NMR spectroscopy by comparing the integration of diagnostic methyl
resonances in p-toluidine and the product, taking into account the excess of p-toluidine used. Values
are the average of three independent experiments.

Pd loading Conversion (%) with Conversion (%) with Conversion (%) with
(mol%) PdCl,(dppf) [N"Buyl>[Pd,I6] (1) PdI,(dppf) (2)
5 71+3 59+1 65+3
2 80£1 72+1 57 +2

While encouraging, these results suggest that a lower catalyst loading than 5 mol%
could actually be beneficial and that the reaction conditions still had room for improvement.
Accordingly, we sought to optimise the conversion to the desired product for the bench-
mark reaction with catalyst 2 through an investigation of key variables using a ‘Design
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of Experiments’ (DoE) strategy, guided by JMP Statistical Discovery software. Definitive
screening designs considered three factors at three levels, the minimum, centre and maxi-
mum, with a total of 20 test runs (ESI, Table S3-1). The results obtained (ESI, Table S5-1)
were used to build a model to predict the outcome of the reaction and possible variable
combinations of catalyst loading, dppf loading and reaction time. The results of this study
(ESI, Table S3-2) indicate that the individual effect of time is the most significant parameter,
followed by two-factor interactions of catalyst loading with time and dppf loading, in
that order. Only slightly below this were the effects of catalyst loading and dppf amount.
Figure 10A shows the relationships between the experimental and predicted conversions
to the desired product. This graph helps to illustrate the error and the performance of the
model. The data points should be split evenly by the 45-degree line to test the model’s
fit. The quality fit of the model equation was expressed by the coefficient regression (R?)
as 0.97, which is close to unity, signifying a good fit of experimental data to the model,
providing confidence that it can predict the product yield.
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Figure 10. (A) Predicted and actual conversion to the desired product for the DoE model and
(B) predicted optimal conditions (1 mol% 2, 3 mol% dppf, 120 min) for the benchmark reaction
between p-bromobiphenyl and p-toluidine at 100 °C in CPME solution, as extracted from definitive
screening design variable profiles.

The DoE analysis shown in Figure 10B indicates that the optimal predicted reaction
yield for the reaction in CPME solution at 100 °C will be provided by 1 mol% PdI,(dppf)
(2) loading and 3 mol% dppf in 120 min. This confirmed that, while a 1:3 ratio of [Pd] to
[dppf] was optimal, the palladium loading could be lowered significantly from the 5 mol%
PdCl,(dppf) typically used in the literature.

Kinetic experiments were conducted to investigate the conversion to the desired
product over time and to better understand the behaviour of 2 as a catalyst in the model
reaction (Figure 11 and ESI Table S5-2). This graph shows that no significant induction
period was observed, with the fastest rate of reaction occurring at the start of the experiment.
Extending the reaction time from 120 to 180 min led to only a slight increase in conversion
to the product.

After establishing a set of catalytic conditions optimised for the reaction between
p-toluidine and p-bromobiphenyl (1 mol% [Pd] loading, 3 mol% dppf at 100 °C for 3 h
in CPME), the substrate scope was briefly explored with various aryl bromides (Table 4),
keeping the toluidine constant. Both pre-formed PdI,(dppf) (2) and 2 formed in situ from
[N"Bug]z[PdyI6] (1) and dppf were explored. For the in situ reactions, all reagents were
combined and heating commenced without any catalyst pre-formation period. Overall, it
was clear that the optimised catalytic conditions for the reaction between p-bromobiphenyl
and p-toluidine (1 mol% [Pd]) proved insufficient to provide good conversions for all
the substrates investigated in the subsequent substrate scope study. However, moving
to 2 mol% [Pd] led to improved conversions to the desired product across the substrates
explored both for pre-formed PdL,(dppf) (2) and when 2 was generated in situ.
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Figure 11. Reaction profile for the reaction between p-bromobiphenyl and p-toluidine at 100 °C in
CPME in the presence of 1 mol% PdI,(dppf) (2) and 3 mol% dppf. The conversion to the desired
amination product was determined by "H NMR spectroscopy by comparing the integration of
diagnostic methyl resonances in the product with an internal standard, 1,3,5-trimethoxybenzene.
Values are the average of three independent experiments.

Table 4. Conversion to the products shown for various aromatic amines and aryl bromides after the
reaction at 100 °C in CPME for 3 h in the presence of different [Pd] loadings of [N"Buy]>[PdyIs] (1) or
PdI,(dppf) (2) and the stated amount of dppf. When using 1, sufficient dppf was used to generate
2 in situ with the stated [Pd]:[dppf] ratio. The conversions to the desired products are an average
of three independent experiments and were determined by 'H NMR spectroscopy using relative
integrations and 1,3,5-trimethoxybenzene as an internal standard (see ESI Section 53.3.7).

Conversion to the Product Shown (%)

Catalyst 2 Catalyst 1 Catalyst 2 Catalyst 1 Catalyst 2
1 mol% [Pd] 1 mol% [Pd] 2 mol% [Pd] 2 mol% [Pd] 2 mol% [Pd]
3 mol% [dppf] 3 mol% [dppf] 6 mol% [dppf] 6 mol% [dppf] 15 mol% [dppf]

H
/O/N\Q\ 85+ 2 83+ 1 99 +1 99 + 1 99 +1
Ph
N
/©/ \©\ 0 0 45 +2 60 + 1 98 +2
MeO

H
N
/©/ \©\ 1943 26 +2 80+ 1 9 + 2 85+ 2
Me

H
N
17 +2 35+3 17 +2 2144 45+ 1
N
O CL 62+ 4 59 +1 81+ 2 97 £1 87 £ 1
O,N

H
/©/N\©/ 15+1 - 99 +1 86 +3 91 +1
Ph
H
/@Nj@ 9+2 - 82 +2 82+2 95 +2
Ph
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This higher loading helped to improve the conversion for more sterically hindered
substrates, such as ortho-toluidine. However, para-bromobenzaldehyde proved a challeng-
ing substrate across all conditions employed, though a slightly improved conversion was
obtained upon increasing the [Pd]:[dppf] ratio to 1:7.5 from 1:3. This change in conditions
also benefitted the reaction with para-bromoanisole, resulting in a conversion to the desired
product of 98%.

3. Materials and Methods

Synthesis and catalytic testing details are provided in the Supplementary Materials
along with spectroscopic, crystallographic and analytical characterisation data. Tables are
also included for the catalytic data presented in the plots in the main text.

4. Conclusions

Palladium catalysis continues to play a central role in metal-mediated transforma-
tions in synthetic chemistry, yet its widespread use is currently dependent on palladium
sourced from mining, with all its attendant environmental and geopolitical issues. The low
abundance of the metal and its limited geographical distribution encourages the greater
recovery and re-use of the palladium-containing waste in our society, principally in the
form of three-way catalysts (TWCs). This contribution draws on an effective and mild
route to recover palladium in the form of the dimer [N"Buy]>[PdyI¢] (1) using inexpensive
compounds, [N"Buy]l, I, and acetone.

In this work, compound 1 has been shown to be an effective oxidative C-H function-
alisation catalyst, providing near-quantitative conversions to the desired product in the
alkoxylation of benzo[l]quinoline and 8-methylquinoline, in most cases under significantly
milder conditions, lower loading and shorter reaction times (50 °C, 1-2 mol% Pd loading,
2 h) than those reported in the literature [22]. The sustainability of the reaction was further
enhanced by the demonstration that the palladium black formed after the reaction could be
converted to [N"Buy]p[Pdyls] (1) using [N"Buy]I/I, and re-used as a catalyst multiple times.
The higher temperature typically used in previous reports (100 °C) was found to lead to
the formation of Pd nanoparticles with both Pd(OAc), (the literature catalyst) and 1, which
had a negative impact on the catalyst performance. The addition of dppf to compound
1 led to the formation of PdI,(dppf) (2) in high yield, allowing it to be used as a more
sustainable alternative catalyst to the PdCl,(dppf) often used in Buchwald-Hartwig amina-
tion reactions. Optimisation of the conditions allowed a lower catalyst loading (1-2 mol%
depending on the substrate) to be employed in a greener, bioderived solvent, cyclopentyl
methyl ether (CPME). Catalyst 2 could also be generated in situ through the addition of
dppf to [N"Buy][Pdyls] (1), leading to similar conversions to the desired product.

In addition to sustainability improvements (milder conditions, greener solvents), this
contribution illustrates the potential to replace palladium catalysts derived from mining
with alternatives that can be obtained from waste under mild conditions. The use of 1
and 2 for two important palladium-catalysed transformations (C-H functionalisation and
amination) bodes well for the same approach to be applied to other key Pd-mediated
reactions, thus improving the sustainability of palladium catalysis.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal14050295/s1. Figure S1-1. Solid-state infrared spectrum
of [N"Buy]p[PdyI¢] (1); Figure S1-2. Mass spectrum of [N"Buy],[Pdylg] (1); Figure S1-3. UV-Vis
spectrum of [N"Buy]>[Pd;I¢] (1) in MeCN; Figure S1-4; Solid-state infrared spectrum for PdI,(dppf)
(2); Figure S1-5. 'H NMR spectrum of PdI,(dppf) (2) in CDCly; Figure S1-6. 3'P{'H} NMR spec-
trum of PdI,(dppf) (2) in CDCls; Figure S1-7. Mass spectrum of PdI,(dppf) (2); Figure S2-1. The
crystal structure of 2 (50% probability ellipsoids); Figure S3-1. Reaction setup for catalytic reac-
tions; Figure 53-2. 'H NMR spectrum in CDCl3 of the reaction mixture after the formation of
10-methoxybenzo[h]quinoline from benzo[/]quinoline showing the calculation of conversion using
integration of the proton environments in the starting material and the product; Figure S3-3. 'H
NMR spectrum in CDClj3 of isolated 10-methoxybenzo[h]quinoline; Figure S3-4. 'H NMR spec-
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trum in CDClj of isolated 8-(methoxymethyl)quinoline; Figure S3-5. HPLC calibration curve of
product against 1,3,5-trimethoxybenzene internal standard; Figure S3-6. HPLC calibration curve of p-
bromobiphenyl against 1,3,5-trimethoxybenzene internal standard; Table S3-1. Definitive screening de-
sign parameters used in the Design of Experiments (DoE) model for the reaction of p-bromobiphenyl
and p-toluidine at 100 °C in CPME solution; Table S3-2. Terms included in the definitive screening
design model and their corresponding LogWorth values with larger values indicate a larger influence
on the model. Terms with a LogWorth < 2 are not statistically significant and are not included;
Table S4-1. Reaction profile for the conversion of benzo[k]quinoline to 10-methoxybenzo[h]quinoline
with Pd(OAc); (1.1 mol%) in the presence of 2 equivalents of PhI(OAc), in MeOH at 50 °C and
100 °C; Table S4-2. Transformation of benzo[h]quinoline to 10-alkoxybenzo[h]quinoline catalysed
by 1 in different solvents at 100 °C using 2 equivalents of PhI(OAc),; Table 54-3. Transformation
of benzo[h]quinoline to 10-alkoxybenzo[/]quinoline catalysed by 1 (1-3 mol%) in different solvents
at 50 °C using 2 equivalents of PhI(OAc);; Table S4-4. Transformation of benzo[h]quinoline to
10-alkoxybenzo[kh]quinoline catalysed by Pdl,(dppf) 2 (1 or 2 mol%) in different solvents at 50
or 75 °C using 2 equivalents of PhI(OAc),; Table S4-5. Transformation of 8-methylquinoline to
8-(methoxymethyl)quinoline using 1 or 2 as catalysts (1 or 2 mol% [Pd]) in different solvents at
50 °C using 2 equivalents of PhI(OAc),; Table S5-1. Reaction conditions for the amination of p-
bromobiphenyl with p-toluidine in CPME in the presence of ‘BuOK at 100 °C used to generate
data for DoE analysis; Table S5-2. Reaction profile for the amination of p-bromobiphenyl with p-
toluidine against time. Conversion to the desired product was determined by 'H NMR spectroscopy.
References [22,24,28,29,42-49] are cited in the Supplementary Materials.
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