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Rhodium remains a high value platinum group metal that has key
applications in electronics, catalysts, and batteries. To provide a
useful tool for Rh isolation, a novel tridentate ligand utilizing soft
N and S donors was designed to specifically extract Rh. The syn-
thesis, complexation kinetics, and liquid—liquid extraction studies
were performed to explore the overall process and recovery of Rh
from chloride media.

Platinum group metals (PGMs) occur in mixed ores with
rhodium present in low concentrations (0.4-10 ppb) in the
earth’s crust."”> Rhodium is the most extensively used metal in
catalytic applications (e.g., oxidation of ammonia to nitric
acid, automobile catalytic converters) and is resistant to aerial
oxidation and insoluble in all acids, including aqua regia.'"*
In an alternative source, rhodium is also produced in
sufficient quantities (0.47 kg t™" initial heavy metal) during
the fission process of ***U in nuclear reactors.”” Classical
methods for rhodium purification are time consuming and
inefficient due repetition of precipitation and dissolution steps
in chloride media."*®” Current commercial processing
involves dissolution of relative high rhodium content ores in a
potassium bisulfate melt before further treatment to ensure
adequate purity." Low abundance, high demand, and extensive
processing make rhodium the most expensive PGM.

After initial separation, PGMs dissolution typically occurs
in a chloride media by hydrochloric acid to generate water
soluble metal chloride complexes."® Depending on the oxi-
dation states, group 9 and 10 metals can exist as 4 coordinate
square planar or 6 coordinate octahedral complexes complicat-
ing the exact species and charge in aqueous solution.
Rhodium(m) is typically observed in the octahedral geometry
and can accommodate up to six ligands in the primary coordi-
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nation sphere to yield six different complexes starting from
Rh(OH,)s”". In chloride media, these complexes vary in confor-
mations and overall charge from cationic (+3) to anionic (-3)
based on increasing [C17].® At relative low [CI ], cationic species
([Rh(OH,)sCIJ**, [Rh(OH,),Cl,]") are observed that transition
through the neutral Rh(OH,);Cl; complex eventually to anionic
complexes [Rh(OH,),Cls_,]" >, (n =0, 1, 2) at >1 M [CI"].>*° The
complex nature of rhodium speciation in chloride media, pre-
sents a unique challenge in rhodium extractions, where mul-
tiple species can be observed at a single [C17].%%*°

Two general strategies, ion pairing and coordination com-
plexation, have been utilized to extract Rh(m) from chloride
media.'" Ton pairing mechanisms have been studied primarily
with the tertiary and quaternary amines.''® Comparison of
three tertiary amines for coordination (Alamine 304-1, Alamine
308, Alamine 336) and a quaternary ammonium salt for ion
pairing (Aliquat 336) showed better extraction through ion
pairing with Aliquat 336 (~80%)."> Mixed mechanism extrac-
tions, initial ion pairing followed by coordination, have been
proposed with N-n-octylaniline’ and sulfoxides during long
extraction equilibrium times.”*®

To address the slow kinetics of Rh(ur) and complex chloride
speciation, several studies have focused on improving these
limitations by the addition of reducing agent (SnCl,) to access
the substitution labile Rh(1) oxidation state.>'"*™'” Extraction
strategies with tributylphosphate'® (coordination complexa-
tion) and Kelex 100*° (ion pairing) continue to be effective in
the presence of SnCl,. However, the addition of reducing agent
may have unforeseen redox implications on the complex
matrix of nuclear waste. An alternative strategy utilizes soft
donor ligands to more effectively complex Rh(um) without a
reducing agent.”' Herein, a soft donor (S, N) tridentate ligand
was designed to generate a single neutral (RhLCl;) species
from chloride media. The solvent extraction and complexation
kinetics of the ligand system were also evaluated.

The ligand 3 was prepared by alkylation (Sx2) of 2,6-bis(bromo-
methyl)pyridine, 1, with 1-hexanethiol, 2, in excellent yields
after purification (86%) (Scheme S1t). ESI-MS characterization
of 3 confirmed the parent ion [M + H]" (340.2). "H NMR ana-
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Scheme 1 Synthesis of mer-[RhCl3(3)] (4).

lysis exhibited symmetric multiplets for the hexyl groups. Most
notably, the py-CH,-S protons appear as a singlet (3.79 ppm)
and the S-CH,-CH, protons as a triplet (2.46 ppm). °C NMR
also confirmed a symmetric molecule with the largest shifts
adjacent to the thioether.

The formation of mer{RhCl;(3)], 4, was observed in near
quantitative yields (95%) by reacting the ligand 3 with a slight
excess of RhCl;-xH,O (Scheme 1). ESI-MS (neg. mode) con-
firmed single ligand incorporation into the complex with an
[M]™ ion (548.0 m/z). In positive mode, the sodium adduct of
the parent ion (572.0 m/z [M + Na]") was detected as the primary
peak, but CI” dissociation ions were also observed in the spec-
trum corresponding to loss of one (511.9 m/z), two (440.1 m/z),
or three Cl~ (476.0 m/z). "H NMR of the complexed ligand
exhibited a general downfield shift compared to the free ligand.
Closest to the rhodium center, the py-CH,-S exhibited splitting
from a singlet in the free ligand to a multiplet (4.87-4.60 ppm)
that resembles an AB,. The S-CH,-CH, also displayed increased
splitting from a triplet in the free ligand (2.46 ppm) to a multi-
plet (3.54-3.06 ppm). *C NMR indicated a symmetric molecule
with the expected peaks. Single crystals of 4, grown by slow
evaporation of an ethanol solution, were analyzed by X-ray dif-
fraction and determined to pack in the P2,2,2; space group
with one molecule in the asymmetric unit cell (Fig. 1).1 The

Fig. 1 X-ray structure of 4 is displayed with 30% ellipsoid probability.
Hydrogen atoms were omitted and only one disordered hexyl chain
(C(8)-C(13)) were shown to improve clarity. Selected bond angles (°):
N(1)-Rh(1)-S(1) 85.68(7), N(1)-Rh(1)-S(2) 86.01(7), S(1)-Rh(1)-S(2)
171.63(3), and distances (A): Rh(1)-N(1) 2.011(2), Rh(1)-S(1) 2.3283(7),
Rh(1)-S(2) 2.3176(7), Rh(1)-Cl 2.3439(7)-2.3568(7).
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rhodium center exists as a distorted octahedra with ligand 3
and the three chlorides occupying meridional conformations.
The five membered coordination rings in 4 exhibited a con-
stricted bite angle (85-86°) between S-Rh-N, which may
account for the non-linear S-Rh-S bond angle (171.63°) and
shortened Rh-S bonds (2.3176(7)-2.3283(7) A) compared to
monodentate Rh-S bonds (2.3625(6)-2.4068(6) A).>>">*

Metal ligand binding kinetics were studied in ethanol with
3 and RhCl;-xH,O to evaluate the complexation process by UV
spectroscopy, which indicated two distinct processes occur-
ring. The faster process represents approximately 80% of the
absorbance change; the rest of the reaction is 100 fold slower
(Fig. S1t). However, we will limit our discussion to the faster
process, which is pseudo-first order with a t;,, = 3.02 min at
60 °C with the ligand in 100 fold excess. Evaluation of the con-
centration dependence shows that the reaction is quite
complex but the data were reasonably modelled with a concen-
tration dependent (first order in ligand, second order overall)
and a concentration independent process. Further analysis of
the ligand concentration dependence yielded an apparent
second order rate constant of 0.22 + 0.03 M™' s™' and an
additional first order, ligand independent, contribution of 8.6 +
2.8 x10~* 57" at 60 °C (Fig. 2). The temperature dependences of
the data are presented through Eyring plots (Fig. S21) and
yielded activation parameters that were drastically different
(AH* =189 + 20 and 56 + 14 kJ mol™*; AS* =309 + 39 and —134 +
93 J mol ™" K, second and first order reactions respectively).

Solvent extraction studies with RhCl;-xH,O in the aqueous
phase and 3 in 1-pentanol as the organic phase were con-
ducted at room temperature. An inversion rotator (55 rpm) was
found critical to optimize contact between the two phases
during the extraction. Two time points, 24 h and 7 d, were
examined to determine rhodium extraction with 3 at room
temperature. The 24 h point was conducted to compare with
previous rhodium extraction studies,"*** while 7 d accommo-
dated the very slow kinetics of Rh(u). At each time point, the
[Rh](aq) was analyzed by ICP-OES to determine the distribution
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Fig. 2 Apparent rate constants for the formation of 4.
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Fig. 3 D values for the extraction of rhodium from aqueous solutions
with 3 after 7 d at room temperature or 70 °C.

ratio (D) between the phases. At 24 h, the concentration of 3
(0.5 mM-0.1 M) had minimal effect on the D values (0.21 +
0.02 to 0.25 + 0.02) observed across the range (Table S17).

At 7 d, similar results were observed with a modest increase
in D values (0.26 + 0.03 to 0.36 + 0.03) (Table S17). Based on
the temperature dependent kinetic data, an extraction study
based on ligand concentration (0.005-0.05 M) was conducted
at 70 °C to assess the impact of temperature on the distribution
ratio at 7 d (Fig. 3). At the higher temperature, a clear trend of
increased D values with respect to ligand concentration was
observed (Table S2t). At 0.005 M, the D value at 70 °C increased
from 0.26 + 0.03 (25 °C) to 0.76 + 0.04. At higher ligand concen-
trations, the D values increased to 2.21 + 0.16 indicating a sig-
nificant improvement of the elevated temperature extractions. D
values observed at 70 °C were consistent with values reported in
literature without reducing agents."?

In summary, a novel soft donor (N, S) tridentate ligand was
prepared and found to effectively coordinate RhCl; to form a
well-defined neutral complex, mer{RhCI;(3)] (4). Kinetics
studies revealed a multifaceted complexation mechanism with
a clear temperature dependence on the rate of formation. The
influence of temperature was observed in the solvent extraction
studies, where D values obtained at 70 °C where significantly
higher than room temperature values. Overall, the data
suggests the feasibility of this strategy for rhodium complexa-
tion in chloride media without the presence of ancillary redu-
cing agents.
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Notes and references

1 Crystal data for 4, C;oH33CI;NRhS,, M, = 548.84 ¢ mol™", orthorhombic, space
group P2,2,2,, a = 8.2408(13) A, b = 12.5927(19) A, ¢ = 23.083(4), a = 90°, § = 90°,
¥y =90°, V=2395.4(6) A=, T=173(2) K, Z = 4, y(MoK«) = 0.71073 A, 28 087 reflec-
tions measured, 5486 independent reflections (Ri,, = 0.0320). The final R(F)
values were 0.0245 (I > 26()). The final wR(F) values were 0.0567 (I > 26(I)). The
final R(F) values were 0.0268 (all data). The final wR(F*) values were 0.0578 (all
data). The goodness of fit on F> was 1.029. All experimental details are listed in
Table $3, and all bond lengths (A) and angels (°) are listed in Table 4.+ CCDC
deposition number: 1441290.
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