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The structural differences between the aerobic reaction products of Rh2(AcO)4

(1; AcO� = CH3COO�) with thiols and thiolates in non-aqueous media are

probed by X-ray absorption spectroscopy. For this study, ethanethiol, dihydro-

lipoic acid (DHLA; a dithiol) and their sodium thiolate salts were used.

Coordination of simple thiols to the axial positions of Rh2(AcO)4 with Rh—SH

bonds of 2.5–2.6 Å keeps the RhII—RhII bond intact (2.41 � 0.02 Å) but leads

to a colour change from emerald green to burgundy. Time-dependent density

functional theory (TD-DFT) calculations were performed to explain the

observed shifts in the electronic (UV–vis) absorption spectra. The corre-

sponding sodium thiolates, however, break up the Rh2(AcO)4 framework in the

presence of O2 to form an oligomeric chain of triply S-bridged Rh(III) ions, each

with six Rh—S (2.36 � 0.02 Å) bonds. The RhIII
� � �RhIII distance, 3.18 � 0.02 Å,

in the chain is similar to that previously found for the aerobic reaction product

from aqueous solutions of Rh2(AcO)4 and glutathione (H3A), {Na2[Rh2
III-

(HA)4]�7H2O}n, in which each Rh(III) ion is surrounded by about four Rh—S

(2.33 � 0.02 Å) and about two Rh—O (2.08 � 0.02 Å). The reaction products

obtained in this study can be used to predict how dirhodium(II) tetracarboxyl-

ates would react with cysteine-rich proteins and peptides, such as metallo-

thioneins.

1. Introduction

Dirhodium(II) tetracarboxylates [Rh2(RCOO)4] are

compounds with specific applications in biological and

chemical systems due to the stability of their Rh2
4+ core,

resulting from the single Rh—Rh bond supported by four

carboxylate bridges in a ‘lantern’ structure. Their anti-tumor

activity was initially reported by the Bear group (Erck et al.,

1974; Bear et al., 1975). They also function as catalysts, espe-

cially with chiral ligands R that promote enantioselectivity

and chemoselectivity in carbene insertion reactions into C—H

bonds, such as cyclopropanation and C—H functionalization

(Hansen & Davies, 2008), or insertion into polar X—H (X = S,

N, O, etc.) bonds (Miller & Moody, 1995; Garcı́a et al.,

1996; Zhang et al., 2003). Reactions involving this family

of compounds generally start with the formation of an

adduct by a nucleophilic ligand L (Lewis base) coordinating

in a monodentate manner to the axial positions,

[Rh2(RCOO)4L1–2] (see 1 in Fig. 1) (Chifotides & Dunbar,

2005). For example, [Rh2
4+]-carbenoids are expected to form

in the initial step of the above catalytic insertion reactions

(Garcı́a et al., 1996; Zhang et al., 2003). While the axial ligands

are labile and easily exchanged, the bridging carboxylate

groups are kinetically inert (Bear et al., 1979), and their

substitution is proposed to occur stepwise. After an initial

axial coordination of, for example, (N/O)-donor ligands with

chelating (e.g. bipyridine) and/or bridging ability (e.g.
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guanine), the probable next step is formation of axial–equa-

torial (ax–eq) and finally eq–eq bonds (Yoshimura et al., 2003;

Chifotides et al., 2004; Dunbar et al., 1994; Deubel & Chifo-

tides, 2007). It has been suggested that the biological activity

of dirhodium(II) carboxylates requires easily accessible axial

positions (Aguirre et al., 2007).

Dirhodium(II) tetracarboxylates form adducts with nearly

all common donor atoms, including sulfur (Chifotides &

Dunbar, 2005). While the thiol (—SH) functional group is

important both from biological and chemical points of view,

structural information for reaction products of thiols and

thiolates with dirhodium(II) carboxylates is limited. Such

information would be useful, for example, in elucidating

reactions of this family of anti-tumour active compounds with

thiol-containing biomolecules, and have prompted several

studies (Erck et al., 1976; Howard et al., 1976, 1977; Pneuma-

tikakis & Psaroulis, 1980; Jakimowicz et al., 2000; Sorasaenee

et al., 2002, 2003; Wong & Stillman, 2016; Wong et al., 2017;

Jalilehvand et al., 2017; Enriquez Garcia & Jalilehvand, 2018).

The only reported crystal structures for such compounds

are those of Rh2(AcO)4 (1, AcO� = CH3COO�) with axially

coordinated benzylthiol or thiophenol groups (Christoph &

Tolbert, 1980; Felthouse, 1982). Using combined data from

different techniques such as electrospray ionization mass

spectrometry (ESI-MS) and extended X-ray absorption fine-

structure (EXAFS) spectroscopy, we recently reported that

the aerobic reactions of Rh2(AcO)4 with cysteine (H2Cys) and

glutathione (GSH; denoted H3A in its triprotonated form) in

aqueous media at physiological pH result in the formation

of oligomeric products {Na2[RhIII
2(S,N-Cys)4]�5H2O}m and

{Na2[RhIII
2(S-HA)4]�7H2O}n (i.e. RhIII–GSH; 2 in Fig. 1), with

two and three thiolate groups, respectively, bridging between

the two Rh(III) ions (Jalilehvand et al., 2017; Enriquez Garcia

& Jalilehvand, 2018). Also, at early stages of the reaction

between Rh2(AcO)4 and penicillamine (3,30-dimethylcysteine)

at the pH of mixing (�3.0), we detected ESI-MS peaks

corresponding to [RhII
2(AcO)4(HPen)]�, [RhII

2(AcO)4-

(Pen)]2- and [RhIII
2(AcO)4(HPen)2]2- ions, and also made

similar observations for the reaction with N-acetylcysteine

(H2NAC). Therefore, we proposed that two deprotonated

thiol groups are needed to oxidize the Rh(II) ions to Rh(III)

(Jalilehvand et al., 2017).

Wong et al. in another recent study, based on ESI-MS and

density functional theory (DFT) calculations, suggested that,

when Rh2(AcO)4 reacts with excess glutathione in aqueous

solution under anaerobic conditions, deprotonated gluta-

thione (GS�) binds to the axial positions of Rh2(AcO)4 to

form [RhII
2(AcO)4(GS)(H2O)]� and [RhII

2(AcO)4(GS)2]2�

complexes (Wong et al., 2017). They also proposed that

Rh2(AcO)4 releases all carboxylate ligands when reacting with

the �-domain of human metallothionein (�-MT) 1a under

anaerobic conditions. According to the authors the metallated

RhII
2-�-MT retains the Rh—Rh bond ‘with each Rh replacing

four of the cysteine thiol protons’, creating a square pyramidal

coordination geometry around each Rh(II) ion in the

dirhodium core (Wong & Stillman, 2016). However, Sora-

saenee et al. showed that the anaerobic reaction of [RhII
2-

(AcO)2(bpy)2(CH3CN)2](BF4)2 (3) (bpy = 2,20-bipyridine)

with excess of the monodentate ligand sodium benzylthiolate,

NaC6H5S, led to formation of a dirhodium(II) complex

[RhII(�-S-C6H5S)(�1-S-C6H5S)(bpy)]2�CH3OH (4), with two

bridging thiolates and another two thiolates opposite the Rh—
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Figure 1
Structures of [RhII

2(AcO)4] (1), {Na2[RhIII
2(S-HA)4].7H2O}n (i.e. RhIII–GSH) (2), [RhII

2(AcO)2(bpy)2(CH3CN)2]2+ (3), [RhII(�-S-C6H5S)(�1-S-
C6H5S)(bpy)]2 (4), [RhIII(�2-C6H7NS)(�1-C6H7NS)2(phen)] (5), [RhIII(�-S,N-C6H6NS)(�1-S-C6H6NS)(bpy)]2

2+ (6a) and [RhIII(S,N-C6H6NS)2(bpy)]+

(6b); see text, and Enriquez Garcia & Jalilehvand (2018), Sorasaenee et al. (2002, 2003).



Rh bond (see Fig. 1). The authors described this reaction as

‘an important first step in understanding the metabolism of

dirhodium anticancer compounds with thiol-containing

peptides and proteins’ (Sorasaenee et al., 2003).

Sorasaenee et al. also reported that the aerobic reaction

of a similar complex [RhII
2(AcO)2(phen)2(CH3CN)2](PF6)2

(phen = 1,10-phenanthroline) with excess 2-aminothiophenol

(C6H7NS, a ligand with chelating ability) resulted in a mono-

nuclear complex, [RhIII(�2-C6H7NS)(�1-C6H7NS)2(phen)] (5),

while the aerobic reaction of complex 3 with four-fold C6H7NS

yielded both mono- and bi-nuclear Rh(III) complexes,

[RhIII(�-S,N-C6H6NS)(�1-S-C6H6NS)(bpy)]2
2+ (6a) and

[RhIII(S,N-C6H6NS)2(bpy)]+ (6b), co-crystallized in the same

unit cell (Sorasaenee et al., 2002). The presence of the (N—N)

ligands bpy and phen have probably promoted the formation

of the monomeric Rh(III) species 5 and 6b (Jalilehvand et al.,

2017). No crystal structure has been reported for reaction

product(s) of dirhodium(II) tetracarboxylate with thiolates.

Our goal in the current study was to gain better under-

standing of the structural changes that occur around

the rhodium ions when dirhodium(II) tetracarboxylates

[Rh2(RCOO)4] react with thiols and thiolates under aerobic

conditions. For this purpose, we used X-ray absorption spec-

troscopy to investigate reactions of Rh2(AcO)4 with two thiol-

containing ligands ethanethiol (C2H5SH) and dihydrolipoic

acid (DHLA) and also with their sodium thiolate salts. We

chose the dithiol molecule DHLA (Fig. 2) to explore whether

a molecule that can form an S,S-chelate with metal ions

(Ioannou & Tsivgoulis, 2014) would facilitate the breakdown

of the Rh2(AcO)4 structure under aerobic conditions. We have

previously compared such an effect for cysteine, which

behaves as an (S,N)- or (S,N,O)-donor ligand in its reaction

product with Rh2(AcO)4, with N-acetylcysteine that prefers to

bind as a monodentate thiolate ligand rather than forming a

S,O-chelate (Jalilehvand et al., 2017). In the current study, we

also performed time-dependent density functional theory

(TD-DFT) calculations to explain the observed shifts in the

UV–vis absorption spectra of Rh2(AcO)4 when dissolved in

ethanethiol.

2. Experimental section

Sodium hydroxide, ethanethiol (EtSH), sodium ethanethiolate

(NaEtS), (�)-�-lipoic acid (LA) were used without further

purification. Dirhodium(II) tetraacetate was used as supplied

by Pressure Company Co. Extra dry oxygen (99.6%) was

supplied by Praxair. Dihydrolipoic acid (DHLA) and its

sodium dithiolate salt Na3(DTLA) were prepared according

to literature procedures (Spuches et al., 2005; Kubicki et al.,

1995). Methanol (MeOH) was dried by refluxing twice over

magnesium turnings under argon atmosphere, whereas dry

tetrahydrofuran (THF) was obtained by refluxing over

sodium/benzophenone and distilling immediately before use.

Ethanol (EtOH) was degassed by passing argon through a

boiled solution until cooled down to room temperature.

Rhodium analysis was performed by the Canadian Micro-

analytical Services Ltd.

2.1. Sample preparation

2.1.1. Synthesis of Na3(DTLA). Sodium metal (24.0 mmol)

was added to a transparent solution of DHLA (4.80 mmol) in

dry THF (20.0 ml) under argon atmosphere. The mixture was

refluxed (70�C) under a stream of argon for 24 h. A white

precipitate was formed, which was filtered under inert atmo-

sphere and washed with THF (Kubicki et al., 1995). The solid

was stored in a glove box to avoid decomposition.

2.1.2. Solutions of Rh2(AcO)4 in ethanethiol, Rh2(AcO)4-
(EtSH)2 (7). Dissolution of Rh2(AcO)4 (0.125 mmol) in 2.50 ml

ethanethiol (33.8 mmol, d = 0.839 g ml�1) resulted in a clear

burgundy solution after 30 min stirring under a stream of

argon gas to prevent thiol (—SH) oxidation to disulfide (—S—

S—); this solution was used for the EXAFS data collection

(C1 = 50 mM). For UV–vis measurement, a dilute solution

(C1 = 5.0 mM) was prepared by dissolving Rh2(AcO)4

(0.0025 mmol) in 0.50 ml neat ethanethiol. Another UV–vis

spectrum was collected for a 1.0 mM solution of Rh2(AcO)4

(0.050 mmol) dissolved in 50.0 mM ethanethiol in chloroform

(total volume = 50.00 ml). The solutions were kept under

aerobic conditions prior to, or during, the physical measure-

ments.

2.1.3. [Rh2(AcO)4(DHLA)]n solid (8). To a DHLA solution

(0.904 mmol) in 5.0 ml EtOH, a suspension of Rh2(AcO)4

(0.226 mmol) in 15.0 ml EtOH was added dropwise, resulting

in a blue–green solution. The reaction was carried out under a

stream of argon in O2-free solvent to avoid oxidation of thiol

groups. After 24 h of stirring at room temperature a violet

precipitate formed that was filtered in air, washed with EtOH

and dried in a desiccator under vacuum. The solid was inso-

luble in common solvents. Calcd. for [Rh2(AcO)4(DHLA)]n

(Rh2C16H28O10S2)n: C, 29.55; H, 4.34. Found: C, 29.81; H, 4.34;

N, 0.02.

2.1.4. Aerobic reaction of Rh2(AcO)4 with sodium ethane-
thiolate (NaEtS) and Na3(DTLA), the sodium dithiolate salt
of DHLA (9 and 10). A solution of the sodium thiolate salt

(2.26 mmol) in 10.0 ml of dry MeOH was added dropwise to a

completely dissolved solution of Rh2(AcO)4 (0.226 mmol) in

180.0 ml dry MeOH under a stream of argon. Dry MeOH was

used to avoid protonation of the sodium salts. The solution

immediately turned dark orange–red and a precipitate was

observed after 2 h. After stirring for 24 h, dry O2 was vigor-

ously bubbled through the reaction mixture for 15 min, and

stirring continued under O2 atmosphere for another 24 h. The

reaction mixture was concentrated to 5 ml and the precipitate

filtered off and then re-suspended in a 10.0 ml water–

methanol (1:1) mixture to wash away any sodium acetate
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Figure 2
Dihydrolipoic acid (DHLA).



residue. The suspension was filtered to collect the orange

precipitate, which was washed with distilled water and

methanol and then dried under vacuum. The solid product was

diamagnetic and insoluble in water and most organic solvents.

Found for the Rh(III) ethanethiolate product (9): C, 24.02; H,

4.93; S, 23.80; Rh, 31.49. Elemental analysis calculations were

carried out for several combinations of Rh(III), CH3CH2S�,

Na+ and CH3COO�, and the composition closest to the

experimental data was [Na3Rh7(C2H5S)17(CH3COO)7-

(H2O)4]n (Na3Rh7C48H114O18S17)n: C, 24.92; H, 4.97; S, 23.56;

Rh, 31.13. Compound 10 is also an oligomer (or polymer) with

similar structure as 9 (see below).

2.2. Methods

Magnetic susceptibility measurements on the solid samples

were performed using a Johnson Matthey magnetic suscept-

ibility balance.

2.2.1. Electronic spectroscopy. A Cary 300 UV–vis double-

beam spectrophotometer was used to measure the UV–vis

spectra of Rh2(AcO)4 in water (C1 = 1.0 mM), in neat

ethanethiol (C1 = 5.0 mM), or in 50.0 mM ethanethiol in

chloroform (C1 = 1.0 mM), using the corresponding solvents as

blank, with 1 mm path length quartz cells as sample holder,

and 1.0 nm energy resolution.

2.2.2. Vibrational spectroscopy. The IR spectrum of a KBr

disc of the [Rh2(AcO)4(DHLA)]n solid (7) was measured

using a Thermo Nicolet NEXUS 470 FT-IR ESP spectrometer

(4 cm�1 resolution). The IR spectrum of pure DHLA was

obtained by placing a drop of DHLA (oil) between two BaF2

disks (window cut-off 870 cm�1).

2.2.3. X-ray absorption spectroscopy: data collection. Rh

K-edge X-ray absorption spectra were measured at room

temperature at BL7-3 (500 mA) at the Stanford Synchrotron

Radiation Lightsource (SSRL) operating under 3 GeV.

Higher-order harmonics were rejected by detuning a Si(220)

(� = 0�) double-crystal monochromator to 50% of maximum

intensity (I0) at the end of the Rh K-edge scan range. The ion

chambers (I0, I1 and I2) were filled with nitrogen (N2) and the

Lytle detector with argon (Ar). The X-ray energy was

internally calibrated by assigning the first inflection point in

the absorption spectrum of a Rh foil (placed between the I1

and I2 ion chambers) to 23219.80 eV. The monochromator

energy step in the X-ray absorption near-edge structure

(XANES) region was 0.3 eV. The solution of

[Rh2(AcO)4(EtSH)2] (7) was held inside a 2 mm pinhole

sample holder with Kapton windows, collecting the data at

120 K to suppress the strong odour of EtSH (boiling point =

308 K; freezing point = 125 K). The solid samples 1, 8, 9 and 10

were mixed with boron nitride (sample: BN = 70:30 w/w),

finely ground and pressed in a 1 mm Al frame with Mylar tape

as window material. Five to seven scans were collected for

each sample in transmission mode (except for 1, which was

measured in fluorescence mode). All individual scans were

compared prior to averaging to ensure that no radiation

damage occurred during measurement.

2.2.4. X-ray absorption spectroscopy: data analysis.
EXAFS oscillations were extracted using the WinXAS3.1

program (Ressler, 1998), by removing a first-order polynomial

background in the pre-edge region, followed by edge step

normalization. The threshold energy (E0), defined as the first

inflection point in the absorption edge, varied over a narrow

range: 23226.0 eV (for 1), 23225.8 eV (7), 23225.6 eV (8),

23225.4 (9), 23225.3 (10). The E0 value was used for converting

the energy unit to photoelectron wavevector, k (Å�1), where

k = [(8�2me /h2)(E � E0)]1/2. The EXAFS oscillation was then

extracted by removing the atomic background absorption

above the edge, using a seven-segment cubic spline.

For modelling theoretical EXAFS oscillations, �(k), the

FEFF7.0 program (Zabinsky et al., 1995; Ankudinov & Rehr,

1997) was used to obtain ab initio calculated amplitude feff(k)i,

phase shift �ij(k), and mean free path 	(k) functions [equation

(1)] for coordination models obtained from the crystal

structures of [Rh2(AcO)4(H2O)2] (Cotton et al., 1971),

{Rh2(AcO)4[(PhCH2)2S]2} (Cambridge Structural Database

(CSD) code: DEHBIB) (Clark et al., 1985) and ��-[Rh{Ir-

(aet)3}2]Br3 (CSD: AQUVOX; Haet = 2-aminoethanethiol)

(Mahboob et al., 2004), as well as the optimized geometry for

[Rh4(EtS)15]3� (see the supporting information),

�ðkÞ ¼
X

i

NiS
2
0 ðkÞ

kR2
i

feffðkÞ
�� ��

i
exp �2k2
2

i

� �

� exp �2Ri =	ðkÞ
� �

sin 2kRi þ �ijðkÞ
� �

: ð1Þ

The input file for the FEFF program was created by the

ATOMS program (Ravel, 2001), using the atomic coordinates

of the above crystal structures. For the ��-[Rh{Ir(aet)3}2]Br3

structure the terminal Ir atoms were replaced by Rh in the

ATOMS input file, because of their similar ionic radii, Rh(III)

0.665 Å and Ir(III) 0.68 Å (Shannon, 1976).

The least-squares curve-fitting of the k3-weighted model

function �(k) to the experimental unfiltered EXAFS oscilla-

tion was performed over the k-range 2.8–18 Å�1. For each

backscattering path around the central Rh atom, the distance

(R), the Debye–Waller factor parameter (
2) and in some

cases the coordination number (N) were refined, while �E0

was refined as a common value for all scattering paths in the

model. The amplitude reduction factor (S 2
0 ) was refined to 0.92

for 1 and fixed at this value for all other fittings. The accuracy

of bond distances, 
2 and refined N values is within �0.02 Å,

�0.001 Å2 and �10–15%, respectively.

2.2.5. XANES calculations. The Rh K-edge XANES simu-

lations were performed by means of the FEFF8.10 program

(Ankudinov et al., 1998), using the atomic coordinates of

the DFT optimized geometries of [Rh2(AcO)4(EtSH)2] and

[Rh4(SEt)15]3� and muffin-tin potentials with 15% overlap.

The best results were obtained when the Hedin–Lundqvist

exchange-correlation potential was used for the excited state.

The input files for both XANES calculations are presented in

the supporting information.

2.2.6. Computational calculations. The electronic structure

calculations were performed using the Gaussian09 package

(Frisch et al., 2016). Initial atomic coordinates were imported
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from the crystal structure of [Rh2(AcO)4(H2O)2] (Cotton et

al., 1971), and were used as the starting point for the geometry

optimizations. The Becke–Half-and-Half–LYP density func-

tional was employed with the 6-31G(d) basis set for all non-

metal atoms and the LANL2DZ pseudopotential for the Rh

atoms. All calculated vibrational frequencies for the optimized

geometries were positive. The optimized geometry of

[Rh2(AcO)4(H2O)2] in its ground state was compared with the

reported crystal structure (Cotton et al., 1971) to test the

combination of functional and basis sets. All Rh—Rh and

Rh—Oeq distances in the optimized geometry were within

�0.02 Å of those in the crystal structure.

TD-DFT calculations were performed for the optimized

geometries of [Rh2(AcO)4(H2O)2], [Rh2(AcO)4(H2S)2] and

[Rh2(AcO)4(EtSH)2] placed inside a solvent cavity, consid-

ering the first 100 lowest vertical excitations. The solvent

effects were described by means of the Polarizable Continuum

Model (PCM) (Frisch et al., 2016), using water for all three

systems, and also chloroform for [Rh2(AcO)4(EtSH)2].

The optimization and TD-DFT calculations were

repeated using the same functional, but this time with the

6-311++G(2d,p) basis set, including the LANL2TZ(f) pseu-

dopotential for Rh, to study whether this more comprehensive

and flexible combination of basis sets would significantly affect

the results. Both models resulted in similar optimization

parameters and transition energies, and identity of the exci-

tations, with comparable TD-DFT-reported state composi-

tions in terms of fractional contributions to the excitations.

These results suggest that the original combination of basis

sets describes the system adequately.

3. Results and discussion

3.1. Electronic absorption spectroscopy

The UV–vis spectrum of the emerald green aqueous solu-

tion of Rh2(AcO)4 (1) showed the characteristic broad band of

[Rh2(AcO)4(H2O)2] with 	max = 584 nm (Boyar & Robinson,

1983), which previously has been attributed to a �*(Rh2
4+)!


*(Rh2
4+) transition (band I); see Fig. 3 (Wilson & Taube,

1975; Norman et al., 1979; Norman & Kolari, 1978). Schematic

molecular orbital (MO) diagrams for the dirhodium(II) core,

with calculated energy levels of Rh2(AcO)4 and [Rh2(AcO)4-

(H2O)2] are shown in Figs. S1a, S1b and S2a, respectively, of

the supporting information. The �*(Rh2
4+) ! 
*(Rh2

4+)

transition is sensitive to the nature of the donor atom in

the axially coordinated ligands (L) in the [Rh2(AcO)4L2]

complexes, shifting to shorter wavelength in the following

order: O < S < Nsp3 < Nsp2 < S = O (Kitchens & Bear, 1969).

Burgundy solutions with 	max = 555 nm (blue shift �29 nm)

are obtained when dissolving Rh2(AcO)4 in neat ethanethiol

(C1 = 5.0 mM), or in 50.0 mM ethanethiol in chloroform (C1 =

1.0 mM); see Fig. 3.

This blue shift for band I is smaller than those observed

for the bis(thioether) adducts of Rh2(AcO)4 with methionine

(	max = 537 nm) (Chen & Kostic, 1988; Jakimowicz et al.,

2000), diethylsulfide (541 nm) (Kitchens & Bear, 1969) and

dibenzylsulfide (546 nm) (Clark et al., 1985). The largest shift

reported is for the S-coordinated dimethylsulfoxide (DMSO)

adduct (	max = 497 nm) (Kitchens & Bear, 1969; Johnson et al.,

1963). Dubicki & Martin proposed based on a self-consistent

charge and configuration molecular orbital (SCCC-MO)

calculation that such blue shifts relative to [Rh2(AcO)4-

(H2O)2] are probably caused by an increasing axial interaction

between the ligands, i.e. the soft S atom of the axial thioether/

thiol groups and the 
*(Rh2
4+) orbital of the soft Rh(II) ions,

which has a high 4dz2 contribution and is directed toward the

ligands L along the linear L—Rh—Rh—L axis. The stronger

the ligand field of the axial ligand L, the higher the energy of

the antibonding 
*(Rh2
4+) orbital (Dubicki & Martin, 1970).

The observed colour change should therefore be due to the

influence of the axial ethanethiol ligands on the �*(Rh2
4+)!


*(Rh2
4+) transition in its Rh2(AcO)4 adduct (also see Section

3.2) (Felthouse, 1982; Dubicki & Martin, 1970). The retention

of the Rh—Rh bond in the ethanethiol adduct of Rh2(AcO)4

is further confirmed by EXAFS spectroscopy (see below).

Because of the high solvent absorption in neat ethanethiol

below �300 nm, we also measured the UV–vis spectrum of

Rh2(AcO)4 dissolved in 50.0 mM ethanethiol in chloroform

(C1 = 1.0 mM), which enabled us to observe an intense band

at 295 nm. A similar absorption has been observed at 308 nm

in the UV–vis spectra of the bis(thioether) adducts of 1:

[Rh2(AcO)4{S(CH2Ph)2}2] (Clark et al., 1985) and [Rh2-

(AcO)4{methionine}2] (Chen & Kostic, 1988; Enriquez Garcia

et al., 2018).

3.2. Computational studies

To interpret the observed UV–vis absorption bands, DFT

calculations were performed followed by TD-DFT calcula-

tions. As a starting point for the optimizations, the molecular

structure of the aqua complex was adapted from the crystal
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Figure 3
UV–vis spectra of Rh2(AcO)4 (1) dissolved in water (C1 = 1.0 mM), in
neat ethanethiol (EtSH, C1 = 5.0 mM; cut-off at �300 nm due to high
solvent absorption), or in 50.0 mM EtSH in chloroform (CHCl3, C1 =
1.0 mM; cut-off at�230 nm). �"= absorption difference between sample
and solvent (blank).



structure of [Rh2(AcO)4(H2O)2] (Cotton et al., 1971); see

Section 2.2.6. Then the aqua oxygen atoms were replaced with

sulfur to obtain [Rh2(AcO)4(H2S)2] in order to investigate the

effect of the axial donor atom. This was followed by replacing

one hydrogen atom of each H2S ligand with an ethyl group to

obtain [Rh2(AcO)4(EtSH)2]. The calculated energy diagrams

of the MOs for [Rh2(AcO)4L2] (L = H2O, H2S and EtSH) are

shown in Fig. 4 and the corresponding graphic representations

of each molecular orbital are displayed in Figs. S2a–S2c.

The energies of the calculated MOs for [Rh2(AcO)4(H2O)2]

are in agreement with those calculated by Wong et al., using

the CAM-B3LYP functional (Wong et al., 2017). Fig. 4 shows

that by changing H2O to H2S as the axial ligand the energy of

the 
(Rh2
4+) MO increases. Note that this orbital has some

contribution from the 
*(Rh—X) orbital, originating from the

axially coordinated donor atom X (i.e. O or S), beside the

Rh—Rh 
 interaction (Sowa et al., 1983). Therefore, the

increase in 
 bonding interaction between the soft sulfur and

Rh(II) atoms will also increase the 
*(Rh—S) contribution

and destabilizes the 
(Rh2
4+) MO orbital in [Rh2(AcO)4-

(H2S)2]. Replacing one hydrogen atom in H2S with an ethyl

group in [Rh2(AcO)4(EtSH)2] increases the 
*(Rh—S)

contribution and raises the energy of the 
(Rh2
4+) orbital

further.

The TD-DFT calculations were performed for [Rh2-

(AcO)4(EtSH)2] in a cavity surrounded by a continuum

corresponding to either water or chloroform, to simulate the

effect of the experimental conditions (see Section 2.2.6). The

resulting calculated transition energies for [Rh2(AcO)4-

(EtSH)2] were very similar (see Fig. S3) and only the results

for water will be discussed hereafter.

The TD-DFT calculations show two excitations with weak

oscillator strength ( f ’ 0.003–0.004) at 514 nm for

[Rh2(AcO)4(EtSH)2] corresponding to the �*(Rh2
4+) !


*(Rh2
4+) transition (with �76% contribution) originating

from the two �*(Rh2
4+) orbitals (see Fig. S4). This transition is

blue-shifted 27 nm compared with the aqua complex (541 nm).

The extent of this blue shift is in agreement with the 29 nm

blue shift of band I observed experimentally for the solutions

of 1 dissolved in water and ethanethiol (see Fig. 3). This blue

shift was previously described as due to destabilization of the


*(Rh2
4+) MO when the ligand field of the axial ligand

increased, moving the �*(Rh2
4+) ! 
*(Rh2

4+) transition

toward higher energies (Dubicki & Martin, 1970). However,

our DFT calculations show the 
*(Rh2
4+) MO energy to be

slightly lower in the ethanethiol adduct than in the aqua

complex (Fig. 4), suggesting that this �*(Rh2
4+)! 
*(Rh2

4+)

transition, although predominant, is not the only contributing

factor to the blue shift of band I. In the

UV region, our computational results

for [Rh2(AcO)4(EtSH)2] show two

vertical excitations with high oscillator

strength ( f 	 0.3) in the 280–290 nm

region (Fig. S4). The MO transition that

contributes significantly to both excita-

tions is 
(Rh2
4+)! 
*(Rh2

4+), depicted

in Fig. 4. Similar calculations for the

aqua complex [Rh2(AcO)4(H2O)2]

imply a high contribution (70%) of the

same transition to the band at 239 nm

(Fig. S2a and Table S1). The UV band

shift to longer wavelengths for the thiol-

coordinated adduct [Rh2(AcO)4-

(EtSH)2] relative to that of the aqua

complex corresponds to the destabili-

zation of the 
(Rh2) orbital. The

increase in its energy level leads to a

decrease in the energy of the


(Rh2
4+) ! 
*(Rh2

4+) excitation and

absorption at longer wavelengths.

A second transition with significant

contribution to the oscillator strength

(38%) is from one of the �(Rh2
4+)

orbitals to the 
*(Rh2
4+), as shown in

Figs. 4 and S4.

Thus, our TD-DFT calculations for

[Rh2(AcO)4(EtSH)2] show that the

electronic transitions �(Rh2
4+) !


*(Rh2
4+) and 
(Rh2

4+) ! 
*(Rh2
4+)

closely match the experimentally

observed band at 295 nm (see Fig. 3).
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Figure 4
Density functional theory (DFT) calculated energies of the molecular orbitals (MOs) of
[Rh2(AcO)4(H2O)2], [Rh2(AcO)4(H2S)2] and [Rh2(AcO)4(EtSH)2], and graphic representations
of the MOs involved in the �(Rh2

4+)! 
*(Rh2
4+) and 
(Rh2

4+)! 
*(Rh2
4+) transitions, which are

the main contributors to the 295 nm band observed in the UV–vis spectrum of a 1.0 mM solution of
[Rh2(AcO)4(EtSH)2] in 50 mM EtSH in chloroform (see Fig. 3).



Note that for the aqua complex [Rh2(AcO)4(H2O)2] the


(Rh2
4+)! 
*(Rh2

4+) transition occurs at 247 nm (see Fig. 3)

(Norman & Kolari, 1978).

3.3. Rh K-edge X-ray absorption spectroscopy

Fig. 5 compares the k3-weighted Rh K-edge EXAFS spectra

and the corresponding Fourier transforms (FTs) of solid

Rh2(AcO)4 (1) and its solution in ethanethiol, [Rh2-

(AcO)4(EtSH)2] (7), [Rh2(AcO)4(DHLA)]n solid (8), as well

as the reaction products of Rh2(AcO)4 with excess amount of

the sodium thiolate salts NaEtS (9) and Na3(DTLA) (10).

The Fourier transforms of the EXAFS spectra obtained for

a solution of Rh2(AcO)4 in ethanethiol (7), and for the

[Rh2(AcO)4(DHLA)]n solid (8) show a distinct peak for the

Rh—Rh bond in a similar position as the corresponding FT

peak for Rh2(AcO)4 in Fig. 5. For the aerobic reaction

products of Rh2(AcO)4 with large excess (mole ratio 1:10) of

sodium ethanethiolate (9), or the sodium dithiolate salt of

DHLA (10), the EXAFS oscillations and the corresponding

FTs differ considerably from those of Rh2(AcO)4 as shown in

Fig. 5. The EXAFS spectra of products 9 and 10 almost

superimpose (Fig. S5). For comparison with the RhIII–GSH

product (2), see Section 3.3.3.

Changes in the XANES spectra of these compounds

are also informative. Fig. 6 (top) displays similar features

for solid Rh2(AcO)4 (1) and its solution in ethanethiol

[Rh2(AcO)4(EtSH)2] (7). However, the XANES spectrum of

the reaction product of Rh2(AcO)4 with excess amount of

sodium ethanethiolate (9) differs from its solution in ethane-

thiol (7). Thus, a drastic change in the electronic environment

around the Rh ions occurs when Rh2(AcO)4 reacts with

sodium ethanethiolate under aerobic conditions.

To some extent the first inflection point (E0) of the

absorption edges is also affected: for the Rh(II) compounds 1

and 7, the E0 values are 23226.0 and 23225.8, respectively,

while for the Rh(III) compound 9 the first inflection point

occurs at slightly lower energy (23225.4 eV). For a higher

oxidation state, higher energy is generally expected to excite a

core electron. However, in this case, the Rh(III) ions in 9 are

surrounded by six electron-rich thiolate groups, which provide

electron density to the Rh(III) ions. The calculated Mulliken

charge of +0.79 for the Rh(III) ions in Rh2S3 (Tan & Harris,

1998), with a similar Rh surrounding as in 9 (Section 3.3.3), is

consistent with the lower energy required for exciting core

electrons of Rh(III) ions in 9.

3.3.1. Ethanethiol solution of Rh2(AcO)4. The Rh K-edge

EXAFS spectrum of the ethanethiol solution of Rh2(AcO)4

fits well to a model consisting of four Rh—O (2.03 � 0.02 Å),

one Rh—Rh (2.41 � 0.02 Å) and one Rh—S (2.52 � 0.02 Å)

distances around each Rh ion; see the spectrum of 7 in Fig. 5

and Table 1. These bond lengths are comparable with the
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Figure 5
(Left) The k3-weighted Rh K-edge EXAFS spectra, and (right) the
corresponding Fourier transforms of: Rh2(AcO)4 solid (1) and its solution
in ethanethiol, [Rh2(AcO)4(EtSH)2] (7), [Rh2(AcO)4(DHLA)]n solid (8),
reaction products of Rh2(AcO)4 with excess of the sodium thiolates
NaEtS (9) and Na3(DTLA) (10), and concentrated solution of RhIII–GSH
product (2) with three bridging thiolato groups between the Rh(III) ions
(Enriquez Garcia & Jalilehvand, 2018); see below. The curve fitting results
are presented in Table 1.

Figure 6
Normalized Rh K-edge XANES spectra of: Rh2(AcO)4 solid (1) and its
solution in ethanethiol, [Rh2(AcO)4(EtSH)2] (7), reaction product of 1
with excess sodium ethanethiolate (NaEtS) (9), and solution of RhIII–
GSH reaction product (2) with three bridging thiolato groups between
the Rh(III) ions (Enriquez Garcia & Jalilehvand, 2018). The electronic
environment around the Rh ions in 9 clearly differs from 7, but is rather
similar to 2.



Rh—Rh bond lengths 2.4020 (3) Å and 2.4024 (7) Å, and

corresponding Rh—Saxial distances 2.551 (2) Å and

2.548 (1) Å in the crystal structures of [Rh2(AcO)4-

(HSCH2Ph)2] and [Rh2(AcO)4(HSPh)2], respectively (Chris-

toph & Tolbert, 1980; Felthouse, 1982). This result is consistent

with a dominating [Rh2(AcO)4(EtSH)2] (7) complex in the

ethanethiol solution, with EtSH molecules occupying the axial

sites of the Rh2(AcO)4 core (Fig. 7).

The elongation of the Rh—Rh bond distance from 2.38 �

0.02 Å in solid Rh2(AcO)4 (1) to 2.41 � 0.02 Å in

[Rh2(AcO)4(EtSH)2] (7) can be attributed to the trans influ-

ence of the axially coordinated ethanethiol ligands, and the

destabilization of the 
(Rh2
4+) orbital energy (see Fig. 4, and

Section 3.2). For a series of [Rh2(AcO)4L2] complexes [L =

pyridine, NH(Et)2, CO, PF3, P(OPh)3, P(Ph)3, P(OCH3)3], it

has been shown that axial ligands L, both with strong 
-

donating (basicity) or with strong �-accepting ability, can

weaken and lengthen the Rh—Rh bond. For example, the

elongation of the Rh—Rh distance to 2.430 (3) Å in the

[Rh2(AcO)4(PF3)2] complex has been explained as a result of

the strong �-acceptance ability of PF3 to the empty PF 
*-

orbital, despite its weak 
-donation

(due to the electronegative F atoms)

(Christoph & Koh, 1979; Orpen &

Connelly, 1990). So ethanethiol, which is

a fairly weak 
-donor but a good �-

acceptor (to a 
*-orbital) (Kraatz et al.,

1993), should have a similar effect on

the Rh—Rh bond. Christoph & Koh

proposed that �-back donation of elec-

trons to the �-acceptor ligands in

[Rh2(AcO)4L2] complexes would occur

from filled high-energy MO orbitals

with � rather than �* symmetry (since

removing electron density from �*

orbitals would strengthen the Rh—Rh

bond) (Christoph & Koh, 1979).

3.3.2. Reaction of Rh2(AcO)4 with
dihydrolipoic acid. We have previously

shown that the reaction of Rh2(AcO)4

with cysteine at mole ratio of 1:4 leads

to formation of a {Rh2(HCys)2(Cys)2

�4H2O}n precipitate at the pH of mixing (pH = 3.2), and to

oligomeric {Na2[Rh2(Cys)4]�5H2O}n species at pH = 7.4 in

which the cysteinate ligands act as (S,N)- or (S,N,O)-chelates

forming dithiolate bridges between two Rh(III) ions (Jali-

lehvand et al., 2017). Dihydrolipoic acid (DHLA) could act as

a dithiol ligand and form an (S,S)-chelate upon deprotonation.

Therefore, we investigated the reaction of Rh2(AcO)4 with

DHLA in ethanol as solvent, since DHLA is insoluble

in water. The product was a violet precipitate,

[Rh2(AcO)4(DHLA)]n (8), which was not soluble in common

solvents (e.g. water, alcohols, acetonitrile, etc.). Least-squares

curve-fitting of its Rh K-edge EXAFS spectrum showed a

similar Rh—Rh distance (2.41 � 0.02 Å) to that in

[Rh2(AcO)4(EtSH)2] (7); see Table 1. Also, a Rh—S scattering

path could be fitted at 2.61 � 0.02 Å, which is slightly longer

than that of 7 (2.52 � 0.02 Å). Fig. 8 displays the separate

contributions from different scattering paths used in the

EXAFS model fitting of the [Rh2(AcO)4(DHLA)]n solid (8).

In the FT-IR spectrum of the solid 8, the S—H stretching

vibration of DHLA appears at 2530 cm�1, shifted to lower

frequencies relative to that of pure DHLA at 2561 cm�1
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Table 1
Structural parameters derived from least-squares curve-fitting of simulated EXAFS oscillations for
models of the local Rh-ion environment to the experimental EXAFS spectra of 1, 2, 7–10 shown
in Fig. 5.

The amplitude reduction factor (S 2
0 ) was refined to 0.92 for 1 and fixed at this value for all other fittings;

f = fixed value; estimated errors: R � 0.02 Å; 
2
� 0.001 Å2; N � 10–15%.

Rh—O Rh—S Rh—Rh / Rh� � �Rh

Sample N R (Å) 
2 (Å2) N R (Å) 
2 (Å2) N R (Å) 
2 (Å2)

1† 4f 2.03 0.0029 1f 2.38 0.0012
7‡ 4f 2.03 0.0022 1f 2.52 0.0050 1f 2.41 0.0015
8§ 4f 2.03 0.0023 1f 2.61 0.0082 1f 2.41 0.0014
9} 6.2 2.37 0.0041 1.5 3.18 0.0046
10†† 6.3 2.37 0.0044 1.5 3.17 0.0053
2‡‡ 2.5 2.08 0.0034 4.1 2.33 0.0050 0.85 3.11 0.0046

† Additional refined paths: 4Rh� � �C (R = 2.88 Å, 
2 = 0.0034 Å2), 4Rh� � �Oeq
0 (R = 3.09 Å, 
2 =

0.0057 Å2). ‡ Additional refined paths: 4Rh� � �C (R = 2.96 Å, 
2 = 0.0031 Å2), 4Rh� � �Oeq
0 (R = 3.09 Å, 
2 =

0.0023 Å2). § Additional refined paths: 4Rh� � �C (R = 2.88 Å, 
2 = 0.0030 Å2), 4Rh� � �Oeq
0 (R = 3.08 Å, 
2 =

0.0061 Å2). } Additional refined path {using FEFF files from the optimized geometry of [Rh4(EtS)15]3�}: 6.2Rh—S—
Rh—S (nleg = 4; along the linear S—Rh—S entities) (R = 4.73 Å, 
2 = 0.0087 Å2), correlating its coordination number
to Rh—S. †† Additional refined path: 6.3Rh—S—Rh—S (nleg = 4) (R = 4.72 Å, 
2 = 0.0097 Å2), correlating its
coordination number to Rh—S. ‡‡ Concentrated solution of RhIII–GSH reaction product with three bridging thiolato
groups between the Rh(III) ions (Enriquez Garcia & Jalilehvand, 2018).

Figure 7
Proposed structures for [Rh2

II(AcO)4(EtSH)2] (7), [Rh2
II(AcO)4(DHLA)]n (8), and the reaction product (9) of Rh2(AcO)4 with excess NaEtS under

aerobic conditions.



(Fig. S6; literature values 2547–2557 cm�1) (Nikolić et al.,

2014; Zhang et al., 2013), suggesting that the S—H bond

becomes weaker upon coordination of DHLA to the axial

positions of Rh2(AcO)4. Also the S—H stretching frequency

for benzylthiol coordinated in [Rh2(AcO)4(HSCH2Ph)2]

(2550 cm�1) shows a similar shift relative to that of pure

benzylthiol (2565 cm�1) (Christoph & Tolbert, 1980; Raja-

lingam et al., 2010). It is unlikely that the DHLA carboxyl

group is involved in any bonding interaction in this compound,

e.g. replacing an acetate group in the Rh2(AcO)4 cage of 8,

since its 1:1 Rh2(AcO)4:DHLA composition from elemental

analysis confirms that the number of AcO� ligands remains

unchanged. Moreover, the C O stretching vibrational

frequency of the COOH group in 8 (1708 cm�1) is very similar

to that in pure DHLA (1707 cm�1), and the �asym(AcO�)

vibrational band shifts slightly to a higher frequency

(1587 cm�1), relative to that of Rh2(AcO)4 [1579 cm�1;

reported at 1586 cm�1 at 80 K (Clark & Hempleman, 1988)];

see Figs. S6 and S7a.

The above results show that DHLA in [Rh2(AcO)4-

(DHLA)]n (8) behaves like ethanethiol in [Rh2(AcO)4-

(EtSH)2] (7). Each thiol group of DHLA coordinates via its S

atom to the axial position of a Rh2(AcO)4 unit, thus forming a

bridge rather than an (S,S)-chelate; i.e. it does not behave like

the (S,N)-donor ligand cysteine, which replaces the acetate

groups. The proposed oligomeric structure in Fig. 7 (middle) is

deduced from the 1:1 ratio of Rh2(AcO)4:DHLA in 8, which is

insoluble in all common solvents.

3.3.3. Reactions of Rh2(AcO)4 with sodium ethanethiolate
(NaEtS) and Na3(DTLA), the sodium dithiolate salt of DHLA.

Ethanethiol and DHLA are both weak acids in water (pKa =

10.6 and 10.7, respectively) (Bhattacharyya & Rohrer, 2012;

Fuchs, 1997); however, since their reactions with Rh2(AcO)4

were not carried out in aqueous media, formation of their

conjugate bases was not promoted. Therefore, we reacted

their sodium thiolate salts NaEtS and Na3(DTLA) with

Rh2(AcO)4 in mole ratio 10:1 under aerobic conditions, which

produced the precipitates 9 and 10, respectively. These

products were found to be diamagnetic based on magnetic

susceptibility measurements and insoluble in common

solvents, and therefore considered to be oligomeric (or

polymeric) in nature. The empirical formula [Na3Rh7-

(CH3CH2S)17(CH3COO)70.4H2O]n is closest to the elemental

analysis of 9 (see Section 2.1.4). The presence of bridging

acetate groups in compound 9 was confirmed by assigning a

band at 1541 cm�1 in its IR spectrum to COO� stretching (see

Fig. S7c).

The EXAFS oscillations and the corresponding FTs for 9

and 10 were quite different from those of the thiol (EtSH

and DHLA) reaction products [Rh2(AcO)4(EtSH)2] (7) and

[Rh2(AcO)4(DHLA)]n (8); see Fig. 5. The XANES spectra of

7 and 9 also display a drastic change in the electronic envir-

onment around the Rh ions in these compounds (see Fig. 6).

Analyses of the EXAFS data using the FEFF files from the

optimized geometry for [Rh4(EtS)15]3�, which allowed fitting

the FT feature at (R � �) ’ 4 Å, revealed six Rh—S and

about two RhIII
� � �RhIII interactions with mean distances of

2.37 � 0.02 Å and 3.18� 0.02 Å, respectively, around each Rh

ion in 9 and 10 (see Table 1); the separate contributions from

each scattering path to the EXAFS spectrum of the solid 10

are shown in Fig. 9. These distances are close to the average

Rh—S and Rh� � �Rh distances, Rh—Save = 2.365 Å and

RhIII
� � �RhIII = 3.208 Å, in the crystal structure of rhodiu-

m(III) sulfide (Rh2S3), which comprises of distorted [ReS6]

octahedra and [SRh4] tetrahedra (Parthé et al., 1967;

Tan & Harris, 1998). Also, in the [Cp*Rh(�-SPh)3Rh(�-

SPh)3RhCp*]Cl crystal (CSD code: RUYROT), the average

distances around the central Rh(III) ion surrounded by six

bridging thiolate S atoms are Rh—Save = 2.371 Å and

RhIII
� � �RhIII = 3.218 Å (Boudreau et al., 2010). Oxidation

of the Rh(II) ions in Rh2(AcO)4 (1) to Rh(III) ions in the

rhodium-thiolate products 9 and 10 probably occurs in a

similar way as the reaction between 1 and glutathione, cysteine

and its derivatives, where O2 is reduced to peroxides (O2
2�)

(Jalilehvand et al., 2017; Enriquez Garcia & Jalilehvand, 2018).
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Figure 8
(a) Least-squares curve fitting of the k3-weighted Rh K-edge EXAFS
spectrum of the [Rh2(AcO)4(DHLA)]n solid (8) with separate contribu-
tions from the Rh—O, Rh—Rh, Rh—S, Rh� � �C and Rh� � �Oeq

0 scattering
paths; (b) the corresponding Fourier transforms.

Figure 9
(a) Least-squares model curve fitting to the k3-weighted Rh K-edge
EXAFS spectrum of solid 10, i.e. the reaction product of Rh2(AcO)4 with
excess Na3(DTLA); the contributions from the Rh—S, Rh� � �Rh and
Rh—S—Rh—S (nleg = 4; along the linear S—Rh—S entities) scattering
paths are shown separately; (b) the corresponding Fourier transforms.



The EXAFS spectrum of 9 was also fitted, using the FEFF

files from the ��-[Rh{Ir(aet)3}2]Br3 structure, to simulated

EXAFS oscillations that also included an Rh—O scattering

path because of the presence of acetate groups shown by its

FT-IR spectrum (Models II–IV in Table S2). Assuming

an RhS5O coordination (Model II) resulted in reasonable

distances and 
2 values; however, the fitting residual increased

relative to that of RhS6 coordination (Model I); see Fig. S8.

Refinement of coordination numbers for all scattering paths

(Rh—O, Rh—S and Rh� � �Rh) led to rejection of the Rh—O

path. Fig. 7 (right) displays our proposed structure for

compound 9, while coordination of CH3COO� to Rh(III) ions

cannot be ruled out.

The XANES features of the oligomeric RhIII–GSH product,

{Na2[RhIII
2(HA)4]�7H2O}n (2), resemble those of the reaction

product of 1 with excess sodium ethanethiolate (NaEtS) (9);

see Fig. 6. The FT of the k3-weighted EXAFS spectrum of 2

shows a small peak at �2.8 Å (not corrected for phase shift),

as also for compounds 9 and 10; see Fig. 5 (right). Thus, the

model compounds 9 and 10 support our previously proposed

structure for the RhIII–GSH product (2), in which three

glutathione thiolato groups bridge two Rh(III) ions in each

dimeric unit, with the Rh� � �Rh distance refined to 3.11 �

0.02 Å (see Table 1) (Enriquez Garcia & Jalilehvand, 2018).

The main difference is that each Rh(III) ion is surrounded by

four thiolates and two O atoms (from —COO� or H2O) in 2,

but six thiolates in 9 and 10.

3.4. XANES simulation

Fig. 10 shows experimental XANES spectra for

[Rh2(AcO)4(EtSH)2] (7, left) and for the reaction product

of Rh2(AcO)4 with excess NaEtS (9, right), compared with

XANES spectra simulated for DFT optimized geometries

of [Rh2(AcO)4(EtSH)2] and [Rh4(EtS)15]3�, respectively, by

means of the FEFF8.10 program (Ankudinov et al., 1998). The

absorption features in the experimental XANES spectra are

well reproduced in the simulated XANES spectra, indicating

that [Rh4(EtS)15]3�, which is similar to the proposed structure

in Fig. 7 (right), is a good structural model for 9. However,

both simulated spectra show an energy shift of about +20 eV

relative to the K-edge absorption edge. Attempts to reduce

the shift using the so-called correction card were unsuccessful.

Similar energy shifts of simulated versus experimental

XANES spectra have been previously reported (Bosman &

Thieme, 2009), and explained based on the inaccuracy in the

potentials and the photoelectron self-energy (Rehr & Albers,

2000; Gilbert et al., 2003).

4. Conclusions

The current study shows that monothiol or dithiol ligands with

—SH as their only functional group coordinate to the axial

positions of Rh2(AcO)4, keeping the Rh2
4+ cage intact (RhII—

RhII = 2.41 � 0.02 Å). The energy levels of the 
(Rh2
4+) and

�(Rh2
4+) orbitals increase, while 
*(Rh2

4+) decreases relative

to the corresponding orbitals of the aqua complex

[Rh2(AcO)4(H2O)2], shifting the corresponding absorption

bands due to 
(Rh2
4+), �(Rh2

4+)! 
*(Rh2
4+) and �*(Rh2

4+)

! 
*(Rh2
4+) transitions in the UV and visible regions.

In contrast, ligands with thiolate as their only coordination

site facilitate the oxidation of Rh2(AcO)4 under aerobic

conditions and break up its cage structure, forming stable

oligomeric Rh(III) d 6 low-spin species with three bridging

thiolate groups between the Rh(III) ions, each with a RhS6

coordination environment (RhIII
� � �RhIII

’ 3.18 � 0.02 Å).

Even though the current study was carried out in non-

aqueous media, the present results may serve as general

schemes for ‘aerobic’ reactions of dirhodium(II) tetra-

carboxylates with thiol and thiolate ligands. These structural

models are consistent with our proposed structure for the

aerobic reaction product of Rh2(AcO)4 with glutathione

at physiological pH, {Na2[RhIII
2(HA)4]�7H2O}n, with three

bridging thiolates between the Rh(III) ions in dimeric units

research papers
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Figure 10
Normalized Rh K-edge XANES spectra of [Rh2(AcO)4(EtSH)2] (7, left), and the reaction product of Rh2(AcO)4 with excess NaEtS (9, right), compared
with the simulated spectra for [Rh2(AcO)4(EtSH)2] and [Rh4(EtS)15]3� which were shifted down by �0.05 absorption units for clarity.



(Enriquez Garcia & Jalilehvand, 2018). The present results are

also applicable for interactions of dirhodium(II) carboxylates

with metallothioneins (MTs), the thiol-rich proteins. We

propose that under aerobic and physiological conditions the

reaction product of Rh2(AcO)4 with �-MT has a similar

structure as the RhIII–GSH compound (2 in Fig. 1), or a

dimeric unit of the model compound 9 (Fig. 7, right), with

three �-MT cysteinyl thiolates bridging between the two

Rh(III) ions.
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