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From recovered metal waste to high-performance
palladium catalysts†
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The catalytic activity of a series of neutral and cationic, homo- and heteroleptic, mono- and bimetallic palla-

dium(II) compounds based on dithiocarbamate and dithiooxamide S,S-donor ligands is described. High activity

was observed in the regio- and chemo-selective C–H functionalization of benzo[h]quinoline to 10-alkoxy-

benzo[h]quinoline and 8-methylquinoline to 8-(methoxymethyl)quinoline in the presence of the oxidant

PhI(OAc)2. The best performance was found for [Pd(Me2dazdt)2]I6 (Me2dazdt = N,N’-dimethyl-perhydrodiaze-

pine-2,3-dithione), [PdI2(Me2dazdt)] and [Pd(Cy2DTO)2]I8 (Cy2DTO = N,N’-dicyclohexyl-dithiooxamide) which

are all obtained directly as products of sustainable Pd-metal leaching processes used to recover palladium

from scrap metal. These compounds provided almost quantitative yields under milder conditions (50 °C,

1–3 mol% Pd loading) and much shorter reaction times (1–3 h) than reported previously. These results illus-

trate how the complexes obtained from the selective and sustainable recovery of Pd from automotive hetero-

geneous Three Way Catalysts (TWC) can be employed directly in homogeneous catalysis, avoiding further

metal recovery steps and valorising the metal complex itself in a ‘circular economy’ model.

Introduction

Palladium is a noble metal with particular chemical and physi-
cal properties which have led to its extensive application in
several fields. In particular, it is among the most widely used
metals for catalysis. It is recognized as an excellent hetero-
geneous catalyst for many reactions (cross-coupling1 and
hydrogenation2 reactions, hydrogen evolution,3 hydrocarbon
oxidation4 etc.) and its complexes behave as versatile homo-
geneous catalysts for C–C bond formation5 and C–H bond acti-
vation,6 to name only a few examples. It is also used in elec-
tronic components, such as multilayer ceramic capacitors and
integrated circuits. Yet palladium is a rare element, found in

low abundance in only a few places on earth. Its extensive use,
particularly in automotive catalytic converters which represent
around 80% of the total palladium demand (82% in 2015),7 is
leading to rapid depletion of the natural resources of the
metal. Together with its Platinum Group Metal (PGM) homo-
logues, various assessments8 have categorized Pd as a globally
‘critical’§ element. For this reason, its high cost and inter-
national regulations and directives on waste management,
there is much research activity that seeks to find suitable sub-
stitutes for PGMs in applications or, alternatively, to recover
and recycle these materials from end-of-life goods. In this
context, spent automotive Three Way Catalysts (TWC) are
incredibly valuable secondary sources of PGMs, containing a
significant amount of palladium, platinum and rhodium.
These metals provide the active species for the catalytic conver-
sion of car exhaust into less harmful products.¶ The installa-
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working group as those elements which combine a high economic importance
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¶Pd, Pt and Rh are used in automotive TWC for the conversion of polluting
exhaust into non-polluting emissions. In particular, Pd and Pt act as oxidation cat-
alysts for hydrocarbons and CO conversion to CO2 (and H2O), while Rh acts as
reduction catalyst for the conversion of NOx to N2. The average amount of PGM in
TWC for gasoline engines is up to 5 g per ceramic monolith with a tuneable
Pd : Pt : Rh molar ratio (depending on the producer and year of production). The
2 : 4 : 1 molar ratio in 1997, was changed to 28 : 1 : 1 in 2000 with the introduction
of the so-called ‘Pd-only technology’, increasing the Pd content dramatically.
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tion of catalytic converters to vehicles in order to control emis-
sions has been mandatory in the EU since the 1990s with the
production of passenger cars reaching 16.5 million vehicles in
2016.9 Although the environmental, strategic and economic
benefits are well recognized, PGM recovery still represents a
very small proportion of the yearly production of these metals
(Pd 28%, Pt 22% and Rh 26% of worldwide metal supply in
2015)7 and this is usually done by non-selective, often energy-
intensive, and environmentally-unattractive methods such as
plasma or submerged arch furnace technologies, pyrometallur-
gical chlorination or dissolution with strong oxidising acids.10

As an alternative to these polluting and/or harmful methods,
the leaching properties of new, sustainable lixiviants, such as
dihalogen mixtures with sulfur-donor chelating ligands, are
now being applied to the recovery of noble metals.11 In particu-
lar, selective, almost quantitative, one-pot palladium dis-
solution/extraction was achieved from model spent TWC using
the Me2dazdt·2I2 (Me2dazdt = N,N-dimethyl-perhydrodiaze-
pine-2,3-dithione) molecular adduct. This provided the
complex [Pd(Me2dazdt)2]I6 as the main product (in more than
95% yield) under very mild conditions (methylethylketone
solution, 80 °C, atmospheric pressure).12 Normally the pro-
ducts obtained are then treated to recover Pd metal (Scheme 1
summarizes the patented palladium recovery process), though
we have recently reported their use as a precursor for hetero-
geneous, nanostructured Pd(0)/TiO2 photocatalysts for H2

production.13

As an alternative, with a view to achieving a ‘circular
economy’, the complexes obtained can be directly valorised.

Indeed recently, it was found that Pd(II) complexes with biden-
tate sulfur ligands are able to catalyse important C–H oxidative
functionalization transformations.14 In particular, NHC-
derived dithiocarboxylate ligands have been shown to be active
catalysts for the regio- and chemo-selective C–H functionali-
zation of benzo[h]quinoline at the 10-position (Scheme 2,
Reaction A)14 as well as the [Pd(OAc)2] catalyst previously
reported for this purpose by Sanford.15a Transformations such
as Reactions A and B are important in the pharmaceuticals
sector and represent an interesting benchmark for testing the
catalytic activity of new Pd(II) complexes due to the directing
effect of the N-atom and the mild conditions required for the
cyclopalladation that is invoked in the proposed reaction
mechanism.15 Moreover, the reactions can be easily followed
by 1H NMR spectroscopy, allowing for simple estimation of
yield.

In this context, the work described here makes use of
several palladium dithiooxamide complexes (Scheme 4)
obtained through sustainable Pd(0) leaching, directly as selec-
tive, homogeneous catalysts for oxidative C–H bond activation.
In order to provide comparisons with other established dithio
ligands, the catalytic activity of Pd(II) dithiocarbamate
complexes (Scheme 3) were explored in order to highlight the
importance of various factors on the effectiveness of the
catalytic reaction. Thus, a range of ligands was investigated in
both neutral and cationic, homo- and heteroleptic, mono- and
bimetallic complexes. The results obtained are compared to
those previously reported in the literature using different cata-
lysts, in terms of both activity and sustainability of the catalytic
process.

Results and discussion

Based on the catalytic activity we previously reported for
dithiocarboxylate complexes,14 a series of dithiocarbamate
(1, 2, 3 and 4) and dithiooxamide (5, 6 and 7, obtained from Pd(0)
leaching) palladium compounds were chosen as promising
complexes to be tested as catalysts for selective C–H bond
functionalization. These compounds were selected in order to

Scheme 1 Patented Pd recovery process from spent TWCs.12b *Pd
(0.5–2.8%)-CeO2-ZrO2/Al2O3; ageing protocol: 1050 °C/200 h to simu-
late the thermal deactivation of TWC. (i) Methylethylketone (MEK),
reflux, 168 h, quantitative yield; (ii) separation and washing through a
glass microfibre thimble (0.8 μm particle retention) in a Soxhlet
apparatus.

Scheme 2 Oxidative C–H functionalisation reactions investigated in
this work.
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compare their catalytic potential against previously reported
catalysts as a function of the electronic distribution in the
ligand, the charge on the complex and the mono- or binuclear
structure.

Synthesis and characterization of Pd(II) dithiocarbamate
catalysts

Complexes 1 and 2 were prepared by treating a methanolic
solution of sodium diethyldithiocarbamate with the Pd(II) pre-
cursors, cis-[PdCl2(PPh3)2] and K2[PdCl4] to afford 1 and 2,
respectively, in high yields (1, 91%; 2, 88%), as summarized in
Scheme 3a and detailed in the ESI.† The new bimetallic com-
pounds 3 and 4 were obtained (in 79% and 84% yield, respect-
ively) in an analogous manner to literature procedures,16 by
adding cis-[PdCl2(PPh3)2] to 0.5 equivalents of KS2CNC4H8NCS2K
or KS2CN(Bz)CH2CH2N(Bz)CS2K, respectively, in the presence of
KPF6 (Scheme 3).

These complexes were characterized using multinuclear
NMR and IR spectroscopy, mass spectrometry and elemental
analysis. Crystals suitable for single crystal X-ray diffraction
measurements were obtained for complexes 3 and 4. Fig. 1
and 2 show the molecular structure for the two compounds,
respectively. Further discussion and crystal data are provided
in the ESI.†

Transformation of Pd metal to Pd(II) dithiooxamide products

Complex 5 is the main product (95–99% yield) obtained from
the selective Pd leaching and recovery process from model
samples of spent TWC using the Me2dazdt·2I2 mole-
cular adduct in organic solution (see Scheme 1). Me2dazdt is
a safe, easily-handled and non-toxic (in cells) ligand. The
Me2dazdt·2I2 system is able to selectively dissolve Pd, while
being inert towards the ceramic support and the Pt and Rh
content in catalytic converters. This approach allows the
almost quantitative recovery under mild conditions (MEK,
reflux, 168 h) of the palladium metal contained in a complex
system such as a spent TWC, as has been described pre-
viously.12 In order to expedite the present work, 5 was effec-
tively obtained by treating palladium metal (in powder form)
with a solution of 2 eq. Me2dazdt·2I2 in acetone (or MEK,
EtOAc, MeCN) at room temperature for a shorter time (10 mg
of Pd powder dissolves in 2 h). The effectiveness of the leach-
ing is ascribed firstly to the soft chelating character of the
ligand, which is able to stabilize the d8 Pd(II) ion in a square-
planar geometry. Secondly, the efficacy of the process also
relies on the coexistence of complexing and oxidizing func-
tions in the Me2dazdt·2I2 molecular adduct, which contains
both donor (ligand) and acceptor (I2) components. The ability
of iodide to act as ligand leads to the isolation of complex 6 in
small amounts (yields of up to 5% under the reported experi-
mental conditions), as a by-product of the leaching reaction.12

While Me2dazdt·2I2 is very effective, it was also sought to
explore the use of acyclic secondary dithiooxamides as alterna-
tive, cheaper and even greener (in terms of metrics) substitutes
to cyclic ligand structures. Acyclic dithiooxamides are very easily
prepared and functionalized in good yields from the reaction of
the appropriate primary amine with the dithiooxamide (also
known as rubeanic acid) in a 2 : 1 molar ratio in alcoholic solu-
tion.17 Moreover, they can act as neutral or anionic (through
N–H deprotonation) ligands and are sensitive to pH. In this
work, the N,N′-dicyclohexyl-dithiooxamide (Cy2DTO) was

Scheme 3 Synthesis of catalysts with dithiocarbamate ligands.

Fig. 1 Molecular structure of 3 with counteranions omitted. Selected
bond lengths (Å) and angles (°): Pd(1)–P(2) 2.2888(9), Pd(1)–P(1)
2.3146(9), Pd(1)–S(1) 2.3388(8), Pd(1)–S(3) 2.3479(9), S(1)–C(2) 1.727(4),
C(2)–N(4) 1.326(4), C(2)–S(3) 1.714(4), S(1)–Pd(1)–S(3) 75.36(3), S(3)–
C(2)–S(1) 112.76(19).

Fig. 2 Molecular structure of 4 with counteranions omitted. Selected
bond lengths (Å) and angles (°): Pd(1)–P(2) 2.2811(15), Pd(1)–S(1)
2.3190(15), Pd(1)–P(1) 2.3297(15), Pd(1)–S(3) 2.3720(16), Pd(2)–P(4)
2.2915(17), Pd(2)–S(9) 2.3180(15), Pd(2)–P(3) 2.3298(16), Pd(2)–S(10)
2.3735(17), S(1)–C(2) 1.715(7), C(2)–N(4) 1.323(8), C(2)–S(3) 1.718(6),
N(7)–C(8) 1.316(9), C(8)–S(9) 1.722(7), C(8)–S(10) 1.727(7), S(1)–Pd(1)–
S(3) 75.28(5), S(9)–Pd(2)–S(10) 75.05(5), S(1)–C(2)–S(3) 113.2(4), S(9)–
C(8)–S(10) 111.9(4).
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prepared and used in the presence of I2, as a leaching mixture,∥
providing complex 7 in a 70% yield (Scheme 4) in relatively
short reaction times and under mild conditions (see ESI†). It
was also found that compounds 1 (via trans-PdI2(PPh3)2) and 2
were also accessible using 6 as a precursor.

All the complexes obtained were fully characterized by multi-
nuclear NMR and IR spectroscopy, mass spectrometry and
elemental analysis. This confirmed the nature of the complex
[7]I8 and its polyiodide counteranions for use in catalytic
testing. However, dark brown crystals of the I5

− salt, [7]I10 were
obtained from acetonitrile solution by slow diffusion of Et2O
into the leaching solution. These proved suitable for single
crystal X-ray analysis and the molecular structure of the com-
pound is shown in Fig. 3. Further discussion and crystal data
are provided in the ESI.†

Catalytic activity

In pioneering work by Sanford, it was shown that a range of
oxidative C–H functionalization reactions are catalysed by

palladium(II) compounds.15a In particular, the conversion of
benzo[h]quinoline to 10-alkoxybenzo[h]quinoline can be
obtained using palladium acetate as the pre-catalyst and
PhI(OAc)2 as the sacrificial oxidant. The reaction proceeds in
the appropriate alcoholic solvent (ROH), providing both the
medium and the reagent, and is carried out in high-pressure
vials at 100 °C (Scheme 2, Reaction A) over reaction times of
typically 22–24 h. Other substrates, such as 8-methylquinoline
(Scheme 2, Reaction B), were also selectively functionalized
under similar conditions. Table 1 summarizes the conditions
used by Sanford and yields for the different substrates and
functional groups selected as the benchmark for this paper.

In these chelate-directed reactions, it has been suggested
that the Pd(II) catalyst undergoes oxidative addition where
cyclopalladation occurs, and Pd(II) is oxidized to Pd(IV), fol-
lowed by a reductive elimination, according to the proposed
mechanism.15a More recently, bimetallic Pd(III) complexes have
also been proposed in such palladium-catalysed carbon–
heteroatom bond forming reactions.15b

We have previously demonstrated14 the propensity of sulfur-
based ligands to support this type of catalysis with Pd(II)
complexes bearing NHC-derived dithiocarboxylate ligands
achieving comparable yields (86–96%) for Reaction A under
the same experimental conditions. Varying the substituents on
the NHC to achieve a greater steric profile led to improved
yields.14 Using these results as a proof of principle for the use
of sulfur chelates in these reactions, Pd(II) dithiocarbamate
and dithiooxamide compounds were selected as potential
catalysts for these reactions.

Pd(II) dithiocarbamates as catalysts. In order to identify can-
didates and conditions for catalytic activity, complexes 1, 2, 3
and 4 were applied to the methoxylation of benzo[h]quinoline
(Scheme 2, Reaction A), employing the conditions used pre-
viously (100 °C, 1 mol% Pd(II) loading, PhI(OAc)2 oxidant,
22 h). Under these conditions, all the tested complexes pro-
vided high yields (75–87%) of 10-methoxybenzo[h]quinoline
with no indication of any byproducts. Surprisingly, it was
found that very good yields (87%, 69%, 87% and 84% for 1, 2,
3 and 4, respectively) could be obtained after just 2 h of
reaction, keeping all other parameters unchanged. In addition
to the reduced energy usage, shorter reaction times render the
reaction more time-efficient for application in organic syn-
thesis. These very encouraging results prompted us to optimize
the experimental conditions in order to find the most sustain-

Fig. 3 Molecular structure of [7]I10 with counteranions omitted.
Selected bond lengths (Å) and angles (°): Pd–S(11) 2.2892(11), Pd–S(21)
2.2841(12), S(11)–C(11) 1.690(4), S(21)–C(21)1.682(4), C(21)–C(11)
1.511(6), C(21)–N(21) 1.312(6), C(11)–N(11) 1.303(5), S(21)–Pd–S(11)
88.05(4), S(21)–C(21)–N(21) 120.8(3), S(11)–C(11)–N(11) 121.3(3).

Scheme 4 Synthesis of Pd(II) dithiooxamides and their use as precur-
sors to other complexes. Solvent = acetone, acetonitrile or ethyl acetate.

Table 1 Literature conditions15a and yields for selective C–H bond acti-
vation with different substrates (Reactions A and B shown in Scheme 2)
using Pd(OAc)2 as catalyst and PhI(OAc)2 oxidant at 100 °C

Reaction R Solvent
[Pd]
(mol%)

Time
(h)

Yield
(%)

A Me MeOH 1.2 22 95
Et EtOH 5.1 24 80
Pri PriOH/AcOH 3.3 27 72
CH2CF3 CF3CH2OH 1.3 21 71

B Me MeOH 1.9 18 80

∥ It is well known that S-donors are capable of interacting with I2 to form donor–
acceptor adducts in solution, as occurs in the cases reported here.11 These
adducts can also be stable in the solid state, as observed for Me2dazdt,

18 or
undergo further transformations in solution.19
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able experimental set-up able to ensure efficiency at the lowest
environmental impact. The first modification was to determine
the effect of decreasing the temperature on the catalytic
activity. The heating of flammable methanol (b.p. 65 °C) as the
solvent/reagent at 100 °C under sealed vial conditions leads to
substantial safety implications, especially on larger scales.
Thus, Reaction A was performed with 1 (1 mol%) at 50 °C
(instead of 100 °C) in standard thin-walled vials for 22 h,
leading to very high yields (96%) of the product. It was then
found that even after only 2 h, high yields could be obtained,
albeit at higher Pd loadings. In addition to improved safety,
the reduction of temperature and shortening of reaction time
are all factors which enhance the ‘green’ credentials of the
reaction substantially. These results led to the adoption of
50 °C and 2 h as standard operating conditions for the practi-
cal application of this transformation. This was followed by an
investigation of the optimal Pd(II) loading required by the
different catalyst systems (Fig. 4 and Table S1 in the ESI†). The
results obtained showed that an effectively quantitative yield
(97–99%) could be achieved using 1, 3, and 4 as catalysts at
50 °C in 2 h at a Pd(II) loading of 3 mol%.

The bimetallic nature of complexes 3 and 4 did not seem to
affect their catalytic performances when compared with 1.
This suggests that they simply act as two independent catalyti-
cally active palladium centres, rather than showing any
cooperativity, as was initially anticipated.

These SOCDTC (Standard Operating Conditions for DiThio-
Carbamate-based catalysts) were then applied to further C–H
functionalization reactions by the catalysts discussed above.

In contrast to the performance of the other complexes, the
catalytic activity of the homoleptic compound 2 appeared to be
affected by operating at 50 °C, providing lower yields under the
range of conditions investigated. This result can be explained
in terms of the greater resistance to substitution of the anionic
S,S-chelating dithiocarbamate ligands compared to the more
readily displaced monodentate PPh3 ligands in the hetero-

leptic compounds, such as 1.** This is in agreement with the
proposed reaction mechanism, which suggests the loss of a
labile ligand from the Pd(II) coordination sphere during the
catalytic reaction. Accordingly, the homoleptic compound
requires higher temperatures to overcome the activation
energy barrier associated with the opening (and likely loss) of
the S,S-chelate to allow the reaction to proceed.

Compounds 1–4 were then tested as catalysts under the
SOCDTC conditions for Reaction A, modified to afford products
with other alkoxy groups (ROH = EtOH, PriOH, CF3CH2OH).
This was then extended briefly to another substrate, 8-methyl-
quinoline (Reaction B). Table 2 summarises the results
obtained for these two reactions (Table S2 in the ESI†). These
data suggest the same or better catalytic performance in
Reaction A by the Pd(II) dithiocarbamate complexes 1, 3 and 4
compared to that previously reported15a for Pd(OAc)2 for the
selective alkoxy functionalization of benzo[h]quinoline.
Complex 2 appears to be more effective when more sterically
demanding reagents are employed. Overall, this new protocol
involves milder, safer (low pressure) conditions and requires
shorter reaction times.

Palladium dithiooxamide catalysts. One of the most widely
discussed concerns regarding industrial synthetic processes is
the use of catalyst systems containing significant amounts of
expensive and rare metals, such as palladium. This has led to
extensive research efforts to uncover cheaper, more abundant

Fig. 4 Bar graphs showing results for Reaction A using dithiocarbamate
complexes 1–4 as catalysts. R = Me, solvent = MeOH, oxidant = PhI
(OAc)2, T = 50 °C, t = 2 h. Yields determined by 1H NMR spectroscopy
are an average of three independent experiments. Full data are provided
in Table S1 in the ESI.†

Table 2 Summary of optimum catalytic activity results for Reactions A
and B by dithiocarbamate catalysts 1–4. Oxidant = PhI(OAc)2, 3 mol%,
T = 50 °C. Yields determined by 1H NMR spectroscopy are an average of
three independent experiments (standard deviations reported in
Table S2 in the ESI)

Reaction R Catalyst Time (h) Yield (%)

A Me 1 2 99
2 2 64
3 2 97
4 2 99

Et 1 2 89
2 2 83
3 2 64
4 2 65

Pri 1 8 90
2 24 99
3 4 97
4 8 91

CH2CF3 1 4 92
2 4 99
3 2 99
4 2 95

B Me 1 2 66
2 6 40
3 2 78
4 2 46

**Similar deductions were made in previous work on dithiocarboxylate catalysts
by comparing the catalytic performances of [PdX(PPh3)2](PF6)2 and [PdX(dppf)]
(PF6)2 (where X = S2C·IMes, and dppf = 1,1′-bis(diphenylphosphino)ferrocene). It
was found that no significant yield was observed using the latter for Reaction A,
an observation that was ascribed to the lack of lability of the dppf chelate.14
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substitutes for palladium (and other PGMs) in catalysis.
However, PGMs remain peerless for many of these catalytic
transformations, and so their recovery and reuse adheres to a
‘circular economy’ model, which makes use of substantial sec-
ondary sources of palladium without endangering the limited
natural reserves. In the study described here, the palladium is
used directly in its recovered form of a metal complex and
applied to homogeneous catalysis, avoiding all the further
steps (reduction, conversion to salts, ligand substitution)
needed for catalyst preparation. In this context, complexes 5–7,
obtained from the leaching of Pd(0) under mild conditions,
were prepared as described, easily isolated as pure products in
the solid state and tested as selective C–H bond activation cata-
lysts without undergoing any further treatment. As described
for the dithiocarbamate-based catalysts, the catalytic perform-
ance of compound 5 was compared to the benchmark catalyst,
Pd(OAc)2 for Reaction A (R = Me) under literature conditions
(100 °C, 1 mol%). This led to similar yields (87%) in only
2 hours. The catalytic performance of 5 was then optimised by
applying a matrix of experimental conditions in order to
define the SOCDTO (Standard Operating Conditions for
DiThioOxamide catalysts). The results obtained by tuning the
Pd(II) loading and reaction times at 50 °C for 5 for the different
alkoxy functionalizations, are summarised in Fig. 5 and
Table S3 (ESI†).

An almost quantitative yield was recorded for the selective
production of 10-alkoxybenzo[h]quinoline (R = Me and Et) in
very short times (1–2 h) at 50 °C and 2 mol% Pd(II) loading
(Fig. 5). For other variations (R = Pri and CH2CF3), longer
times were needed to attain a good yield of the product
(Table S3†). Nevertheless, the yields of 72% and 71% obtained
in the literature for R = Pri (t = 27 h, 3.3 mol%) and CH2CF3
(t = 21 h, 1.3 mol%), respectively, at 100 °C are readily achieved
by complex 5 in 1 h and 2 h, respectively, at 50 °C and 2 mol%
Pd(II) loading. All the reactions tested with 5 as catalyst showed
very good performance compared to the protocols employed
previously, which require higher energy (and more dangerous)
conditions and the application of this energy for more than 10
times longer. Encouraged by these results, other Pd(II) catalysts
based on less expensive acyclic dithiooxamide ([7]I8) or neutral
species (6) were tested under the same conditions in Reaction
A (R = Me). Both complexes (2 mol% loading) showed excellent
activity, giving (NMR quantified) yields of 98% (for 6) and
92% (for [7]I8) at 50 °C after 2 h.

The transformation of benzo[h]quinoline to form 10-acetoxy-
benzo[h]quinoline is reported to proceed in 86% yield on
reaction with 1.9 mol% Pd(OAc)2 over 12 hours in aceto-
nitrile.15a A 2 mol% loading of dithiooxamide complex 5
achieves the same yield in 9 hours at 75 °C, indicating the
scope of this catalyst (Fig. S9 in ESI†). The applicability of the
dithiooxamide catalysts to other substrates was illustrated by
the quantitative yield of 8-(methoxymethyl)quinoline from
8-methylquinoline by 5 or 6 (2 mol%, 50 °C) in only 3 hours
(Tables S3 and S4 in the ESI†).

Diagnostic resonances in the 1H NMR spectra for the H-2
(9.30 ppm) and H-10 protons (9.01 ppm) of benzo[h]quinoline

and the corresponding resonances for the alkoxy substituents
of the products allowed simple calculation of yields from the
spectra. The same was found for 8-methylquinoline (Reaction B),
where the methyl (2.82 ppm) and methylene (5.19 ppm)
protons in the starting material and the product, respectively,
allowed the yield to be determined. No other products were
observed for either Reaction A or B. This approach also
allowed the reactions to be carried out on a modest scale
(50 mg substrate). An internal standard (1,3,5-trimethoxy-
benzene) was used to assess the error inherent in the 1H NMR
spectroscopic method as well as the measurement of the inte-

Fig. 5 Reaction A catalysed by dithiooxamide complex 5. SOCDTO:
oxidant = PhI(OAc)2, T = 50 °C, t = 2 h. Yields determined by 1H NMR
spectroscopy are an average of three independent experiments (further
data in Table S3 in ESI†).
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grals of equimolar amounts of the pure benzo[h]quinoline and
pure 10-methoxybenzo[h]quinoline. This revealed an error of
only 1–2%, providing confidence in the method. However, it is
important to ascertain that the product can be isolated in simi-
larly high yields to those determined by the NMR method. This
was achieved using a simple flash column on silica gel (ESI†).
In all cases, this revealed isolated yields which were close (1–4%
lower) than those determined from the 1H NMR spectrum.

Conclusions

This contribution combines many fundamental concepts of
green chemistry, namely the use of catalytic processes in
organic synthesis and the recovery and re-use of valuable
materials using safe reagents and mild conditions. This
approach adheres to a ‘circular economy’ model, which seeks
the best means to valorise the output of a recovery process. We
have shown that the Pd(II) complexes obtained from the recov-
ery of palladium from secondary sources by dithiooxamide/
iodine under very mild conditions from secondary sources are
very active catalysts for selective C–H bond functionalization
reactions. For the first time, using two example substrates,
benzo[h]quinoline and 8-methylquinoline, it was demon-
strated that dithiocarbamate and dithiooxamide complexes
exhibit high activity in regioselective Pd(II)-catalysed C–H
functionalisation transformations. Two of these catalysts,
[Pd(Me2dazdt)2]I6 (5) and [PdI2(Me2dazdt)] (6) are the products
obtained from the recovery of palladium from spent auto-
motive three-way catalysts (TWCs). Of all the Pd(II) complexes
explored, these catalysts proved the most effective, achieving
quantitative yields under milder and safer conditions (50 °C)
and over shorter (1–3 h) reaction times than those reported
previously.15a The cheaper and more easily functionalised
[Pd(Cy2DTO)2]In (7) complex was also highly active and rep-
resents a very appealing alternative to 5 and 6 in terms of
designing the most sustainable recovery and reuse process
possible. This new approach to catalytic reactions, based on
the use of secondary raw materials as a source of key metals
for catalysis (without the need for reduction), allows the finan-
cial and environmental costs of catalyst production to be cut,
through the direct use of the Pd(II) complex in recovered form
as homogeneous catalyst. This increases the industrial value of
the metal recovery process and helps address the widely-held
concerns regarding the use of scarce and costly materials like
PGMs for catalysis.
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