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A B S T R A C T   

The redox behaviour of bidentate (BID) ligands containing either two O donor atoms (O,O’-BID ligand), a N and 
an O donor atom (N,O-BID ligand) or two N donor atoms (N,N’-BID ligand), and their rhodium complexes, are 
presented. The experimental reduction potential of the L,L’-BID ligands (L,L’ = N and O) and the experimental 
oxidation potential of [Rh(L,L’-BID)(CO)(PPh3)] complexes relate linearly. Though, complexes with an aromatic 
substituent group on the L,L’-BID ligand deviate slightly from the trend, due to the resonance effect through the 
extended π-system of the latter complexes. The experimental reduction potential of the L,L’-BID ligands relate 
linearly to the computational chemistry calculated energies of their lowest unoccupied molecular orbitals 
(LUMOs), whereas the experimental oxidation potential of the [Rh(L,L’-BID)(CO)(PPh3)] complexes related 
linearly to the computational chemistry calculated energies of their highest occupied molecular orbitals 
(HOMOs). In the latter relationship it is found that the data points cluster in four groups depending on both the 
donor atoms (N and O) and the substituent groups (amount of CF3 groups) on the coordinating L,L’-BID ligand.   

Introduction 

Bidentate (BID) ligands and their coordination compounds with d- 
block metals have application in many fields, such as catalysis [1], metal 
extraction [2], energy capture (DSSC) [3,4], energy storage (batteries) 
[5] and biological [6] and medial [7–9] applications. The activity of 
metal-BID compounds in different applications is often related to their 
redox activity and depends on the nature of both the metal and the li
gands attached to it. The activity of the ligands is determined by the 
properties of their donor atoms and the substituent groups. The influ
ence of different substituent groups on the redox activity of a series of 
β-diketones [10,11] and their metal complexes [12–14], as well as some 
imino-β-diketones [15] and their ruthenium complexes [16], are known. 
The β-diketonato ligand is a bidentate (BID) ligand that binds through 
two O donor atoms (O,O’-BID ligand) to the metal. Imino-β-diketones 
are similar to β-diketones, though the donor atoms are N and O, referred 
to as an N,O-BID ligand. 

In this study the influence of different donor atoms on the redox 
activity of the BID-ligand and their rhodium complexes are presented. 
To this end we thus present an electrochemical study and computational 
chemistry on the N,O-BID and N,N’-BID ligands and their rhodium 

complexes, shown in Scheme 1. The computational chemistry study is 
extended to include a large range of O,O’-BID [10,11] and N,O-BID [15] 
ligands and rhodium-O,O’-BID complexes [17–20], to find relationships 
between the experimental redox potentials and computational chemis
try calculated energies of the molecules. 

Experimental 

General 

Liquid-state 1H NMR spectra were recorded at 25.0 ◦C on a 300 MHz 
Bruker Avance DPX spectrometer using deuterated chloroform as sol
vent. The chemical shifts (δ) are reported in parts per million (ppm) and 
the spectra were referenced relative to Me4Si internal standard at 0 ppm. 
Coupling constants (J) are reported in Hz. Fourier transform infrared 
(FTIR) measurements (solid samples) were determined with a Bruker 
Tensor 27 FTIR infrared spectrophotometer fitted with a Pike MIRacle 
single bounce and a diamond ATR, running OPUS software (Version 
1.1). Reagents were obtained from Sigma-Aldrich. Solid reagents 
employed in preparations were used directly without further purifica
tion. Solvents were distilled prior to use. Di-µ-chloro- 
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tetracarbonyldirhodium(I) was obtained from Sigma-Aldrich. 

Synthesis of ligands 

The synthesis of the ligands was done as published in literature [21] 
for (2) and related ligands [22–26] with slight differences. 

[CH3COCHC(NH2)CH3] (1) 
Acetylacetone (5 g, 5.2 ml) was placed in a round bottom flask. 

Ammonia (6.9763 g, 7 ml) was added to the acetylacetone whilst stir
ring. A white solid formed. After 30 min the white solid disappeared and 
a yellow solution was obtained. The flask was left in a fume hood 
overnight. A yellow precipitate was obtained. The precipitate was 
filtered and dried on filter paper. Yield = 98%. Colour: yellow. M.p. 
31 ◦C. UV: λmax 291 nm, εmax 12.93 mol-1dm3cm− 1 (CH3CN). 1H NMR: 
9.723 ppm (s, N-H); 5.045 ppm (s, C-H); 2.045 ppm (s, CH3-CN); 1.922 
ppm (s, CH3-CO). 

[CH3COCHC(HNPh)CH3] (2) 
Acetylacetone (5 g, 5.2 ml) was placed in a round bottom flask fitted 

with a condenser for refluxing. Aniline (6.9763 g, 7 ml) and concen
trated hydrochloric acid (5 g, 4.3 ml) was added to the flask whilst 
stirring and the mixture was brought to reflux for 5 hrs. Diethyl ether 
was added to the mixture and then placed in the fridge (-5◦ C). The 
yellow crystalline precipitate was filtered and washed with cold diethyl 
ether and recrystallized. Yield = 90%. Colour: light yellow. M.p. 48 ◦C. 
UV: λmax 324 nm, εmax 40.03 mol-1dm3cm− 1 (CH3CN). 1H NMR: 12.492 
ppm (s, N-H); 7.388 ppm – 7.117 ppm (m, C6H5-N); 5.208 ppm (s, C-H); 
2.122 ppm (s, CH3-CN); 2.014 ppm (s, CH3-CO). 

[CH3CNHPhCHCNPhCH3] (3) 
Acetylacetone (9.75 g, 10 ml) was placed in a round bottom flask 

within an ice bath. Aniline (18.36 g, 18 ml) was added to the acetyla
cetone whilst stirring. Hydrochloric acid (9.7857 g, 8.3 ml) was added 
dropwise over 5 mins to the mixture and the mixture was left to stir for 5 
hrs at low temperature. The mixture was then left stirring overnight. The 
precipitate was filtered and washed with petroleum ether, then dis
solved in a mixture of dichloromethane (8 ml), water (50 ml) and trie
thylamine (20 ml). The solution was extracted with diethyl ether, 
evaporated under reduced pressure and the solid was recrystallized from 
ethanol. Yield = 87%. Colour: yellow. 1H NMR: 12.720 ppm (a, N-H); 
7.340 ppm – 6.972 ppm (m, 2 × C6H5-N); 4.906 ppm (s, C-H); 2.031 (s, 2 
× CH3-CN). 

Synthesis of rhodium-dicarbonyl complexes 

The synthesis and characterization of [Rh(CH3COCHCNHCH3) 
(CO)2] (4) and [Rh(CH3COCHCNPhCH3)(CO)2] (5) was done as 
described in literature for (4) [21] and (5) [27] and related complexes 
[28 29 30]. [Rh(CH3CN(Ph)CHCNPhCH3)(CO)2] was synthesized simi
larly (6). The ligand (0.51 mmol) was dissolved in 3 ml methanol and 
added slowly, while stirring, to a solution of di-µ-chloro-tetracarbo
nyldirhodium(I) (0.10 g, 0.26 mmol) in 7 ml methanol. The mixture was 
left to stir for 50 min. The product was then extracted from the reaction 
mixture with n-hexane. The volume of the extracted product was 
reduced by slow evaporation room temperature till product precipita
tion. The precipitant was filtered and recrystallized. 

[Rh(CH3COCHCNHCH3)(CO)2] (4) 
Yield = 65%. νCO: 2044.1 cm− 1; 1971.0 cm− 1. 1H NMR: 5.364 ppm −

5.293 ppm (d, C-H, J4 = 2.311 Hz); 2.175 ppm – 2.172 ppm (d, CH3-CN, 
J4 = 0.74 Hz); 2.106 ppm (CH3-CO). 

[Rh(CH3COCHCN(Ph)CH3)(CO)2] (5) 
Yield = 71%. νCO: 2059.0 cm− 1; 1997.7 cm− 1. 1H NMR: 7.388 ppm – 

7.061 ppm (m, C6H5-N); 5.298 ppm (s, C-H); 2.195 ppm (s, CH3-CN); 
2.141 ppm (s, CH3-CO). 

[Rh(CH3COCN(Ph)CN(Ph)CH3)(CO)2] (6) 
Yield = 73%. νCO: 2055.6 cm− 1; 2046.7 cm− 1 1992.1 cm− 1; 1977.8 

cm− 1. 1H NMR: 7.372 ppm – 7.166 ppm (m, 2 × C6H5-N); 5.101 ppm (s, 
C-H); 1.871 ppm (s, 2 × CH3-CN). 

Synthesis of rhodium-carbonyl-phosphine complexes 

The synthesis and characterization of [Rh(CH3COCHCNHCH3)(CO) 
(PPh3)] (7) and [Rh(CH3COCHCNPhCH3)(CO)(PPh3)] (8) was done as 
described in literature [27]. Triphenylphosphine (0.46 mmol) dissolved 
in 5 ml n-hexane, was added slowly to a solution of the 0.4 mmol 
rhodium-dicarbonyl complex dissolved in 5 ml n-hexane whilst stirring. 
The solution was left at room temperature till no more bubbles were 
evolved and product precipitation. The precipitant was filtered and 
recrystallized. 

[Rh(CH3COCHCNHCH3)(CO)(PPh3)] (7) 
Yield = 81%. νCO: 1952.7 cm− 1. 1H NMR: Isomer 1: 7.7153 ppm – 

7.352 ppm (m, C6H5-P); 5.101 ppm – 5.093 ppm (d, C-H, J4 = 0.93 Hz); 
2.152 ppm – 2.149 ppm (d, CH3-CN, J4 = 2.43 Hz); 1.676 ppm (s, CH3- 
CO). Isomer 2: 7.715 ppm – 7.352 ppm (m, 3 × C6H5-P); 5.064 ppm (s, C- 
H); 2.062 ppm (s, CH3-CN); 1.934 ppm (s, CH3-CO). 

[Rh(CH3COCHCNPhCH3)(CO)(PPh3)] (8) 
Yield = 69%. νCO: 1966.6 cm− 1. 1H NMR: 7.389 ppm – 7.061 ppm 

(m, C6H5-N; 3 × C6H5-P); 5.298 ppm (s, C-H); 2.142 ppm (s, CH3-CN); 
1.785 ppm (s, CH3-CO). 

Electrochemistry 

Cyclic voltammetric (CV) measurements were done on a BAS100B 
Electrochemical Analyzer linked to a personal computer, utilizing the 
BAS100W Version 2.3 software. A three electrode cell setup was 
employed with a glassy carbon working electrode (surface area 7.07 ×
10–6 m2), a Pt auxiliary electrode and a Ag/Ag+ (0.01 mol dm− 3 AgNO3 
in acetonitrile) [31] reference electrode mounted on a Luggin capillary 
[32]. The solvent employed was anhydrous acetonitrile and the sup
porting electrolyte was tetra-n-butylammonium hexafluorophosphate 
([N(Bu4)][PF6]) (0.1 mol dm− 3). A purified Ar gas blanket was 
employed and all measurements were taken at 25 ◦C. The concentration 
of the different samples was 0.001 mol dm− 3. Scan rates were varied 
between 0.05 V s− 1 and 5.12 V s− 1. Repetitions with the same 

Scheme 1. Structure of ligands and complexes of this study, including complex 
numbers. Ph = C6H5 (phenyl). 
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experimental conditions showed all reduction potentials were repro
ducible within 0.01 V. The working electrode was polished on a Bühler 
polishing mat, first with 1 micron and then with ¼ micron diamond 
paste (in a figure-of-eight motion), rinsed with EtOH, H2O and CH3CN, 
and dried before each experiment. Ferrocene was used as an internal 
standard and cited potentials were referenced against the Fc/Fc+ couple, 
as suggested by IUPAC [33]. Epa = anodic peak potential and ipa =

anodic peak current, Epc = cathodic peak potential and ipc = cathodic 
peak current. 

DFT methods 

Density functional theory (DFT) calculations were performed on the 
molecules using the B3LYP functional which is composed of the Becke 
88 exchange functional [34] in combination with the LYP correlation 
functional [35], as implemented in the Gaussian 16 package [36]. The 
triple-ζ basis set 6-311G(d,p) was used for lighter atoms (C, H, N, F, O) 
and the LANL2DZ basis set that corresponds to the Los Alamos ECP plus 
DZ [37–39], for both the core and valence electrons of Rh. Optimizations 
were performed in gas phase and in CH3CN as solvent. The implicit 
solvent Polarizable Continuum Model (PCM) [40] that uses the integral 
equation formalism variant (IEFPCM) [41] was used for solvent calcu
lations in Gaussian. The input coordinates for the compounds were 
constructed using Chemcraft [42]. 

The population of isomers at T = 298.15 K is calculated, using the 
Boltzmann equation (E = electronic energy (Eel) or zero-point-corrected 
electronic energy (ZEE) or free energy (G)): 

ln
nj

ni
= −

(Ej − Ei)

kT  

where ni is the number of molecules with energy Ei, and the Boltzmann’s 
constant, k = 1.38066 × 1023 JK− 1. 

Results and discussion 

Synthesis 

The synthesis of the ligands was followed as published in literature 
[22,23]. The synthesis of the ligand (1), (CH3COCH2CNHCH3), was the 
first reaction performed. Addition of the ammonium hydroxide solution 
to the (CH3COCH2COCH3), Hacac, ligand yielded a white solid, which 
after a few minutes dissolved to form a yellow solution. Leaving the 
mixture in a fume-hood overnight allowed for the product (1) to crys
tallize out. This procedure eliminated the use of organic solvents to 
extract the ligand from the water solution. In this reaction between the 
ammonium hydroxide and the (CH3COCH2COCH3), one of the O atoms 
on the ligand gets replaced by the NH group, with the remaining H 
atoms being consumed by the O atom to form water as by-product. The 
use of an acid in the reaction facilitates the formation of the water by- 
product. The general reaction sequence is seen in Scheme 2. 

Synthesis of the (CH3COCH2CNPhCH3), (2), was similar to that of 
(1), using NH2Ph instead of NH4OH. It was attempted to synthesize the 
ligand both by simple addition with low heat as well as through 
refluxing. The yield between the two methods (~90% for both methods) 
showed very little difference. The recrystallization of ligand (2) was 
slow enough to yield large crystals that had a slight off-white colour. The 
synthesis of ligand (3), (CH3CNPhCH2CNPhCH3), was easy since the 
synthetic method for the synthesis of ligand (2) was merely left to react 
at a low temperature with double the amount of acid. The recrystalli
zation of the precipitate from a slight brown coloured solution, yielded a 
yellow crystalline powder of high purity, as did all the synthesized li
gands. The high purity was found to be evident in the NMR spectra. 
These spectra can be seen in Fig. 1. 

Scheme 2. Reaction pathway describing the synthesis of the desired N group 
containing ligands (1) - (3) from the (CH3COCH2COCH3) starting material. 

Fig. 1. Superimposed 1H NMR spectra of all indicated ligands. X-axis show shift in ppm and y-axis relative intensity.  
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For ligands (1) and (2) two possible enol and one keto isomer forms 
are possible. For ligand (3) only an “enol” and a keto isomer are possible, 
see Scheme 3. Since the ligands of interest in this study contain N atoms, 
the second possible enol form, with the H atom on the N atom, will be 
referred to as an amine isomer. Only a single isomeric form was observed 
on the NMR for (1) - (3), as illustrated in Fig. 1. This isomeric form is 
identified as the amine isomer, since the amine proton is observed 
downfield from the hydroxy proton on the NMR, see Fig. 1 and discus
sion below. This experimental observation also agrees with DFT calcu
lations discussed in the DFT results section. 

The NMR spectra of the ligands display no overlapping of the 1H 
resonance peaks. The chemical shifts and the protons are summarized in 
Table 1 for (1) – (3). NMR shifts for (CH3COCH2COCH3), Hacac, is added 

for comparative purposes. The addition of an N atom to the ligand 
structure causes a slight difference (Δσ = greater than 0.1 ppm) in the 
values of the methyl group chemical shifts of the two methyl groups. The 
N atom is less electronegative than the O atom (χN = 3.04, χO = 3.44). 
Therefore, there is less electron density withdrawn from the general 
structure towards the N atom. Thus, there is a shielding effect displayed. 
From Table 1 it can be seen that the effect of the more electron donating 
property of the substituted N atoms, relative to O, causes an upfield shift 
of the 1H signals for the methine protons for the (CH3COCH2CNPhCH3) 
(2), (CH3COCH2CNHCH3) (1), and (CH3CNPhCH2CNPhCH3) (3), li
gands, and a downfield shift for the methyl protons relative to 
(CH3COCH2COCH3), Hacac. 

The Rh-dicarbonyl complexes (4) – (6) and the rhodium-carbonyl- 

Scheme 3. Isomers possible for (1) - (3).  

Table 1 
Chemical shifts (σ in ppm) of the 1H NMR signals for the indicated ligands in CDCl3 solvent.   

Amine 
(N-H) 

Methine 
(C-H) 

Methyls 
(CH3) 

Phenyl range Enol 
(O-H) 

(CH3COHCHCOCH3) – 5.438 (s) 1.980 (s) – 15.403 (s) 
(CH3COCHCNH2CH3) (1) 9.723 (s) 5.045 (s) 2.045 (s); 1.922 (s) – – 
(CH3COCHCNHPhCH3) (2) 12.492 (s) 5.208 (s) 2.122 (s); 2.014 (s) 7.388–7.114 (m) – 
(CH3CNHPhCHCNPhCH3) (3) 12.720 (s) 4.906 (s) 2.032 (s) 7.340–6.972 (m) –  

Scheme 4. Synthesis of rhodium complexes. Ph = C6H5 (phenyl).  

Table 2 
B3LYP calculated relative electronic energies (E)el, zero-point-corrected electronic energies (ZEE) and free energies (G), and the respective calculated population (Pop 
in %, using the Boltzmann equation) for the various possible isomers of the Hacac and (1) – (3), (7) and (8).    

ΔZEE (eV) Pop (%) ΔEel (eV) Pop (%) ΔZEE (eV) Pop (%) ΔEel (eV) Pop (%) ΔG (eV) Pop (%)   

Solvent (CH3CN) phase Gas phase 
(1) amine 0.00 100.00  0.00  100.00  0.00  100.00  0.00  100.00  0.00  99.92  

enol 0.31 0.00  0.39  0.00  0.31  0.00  0.30  0.00  0.31  0.00  
keto 0.54 0.00  0.54  0.00  0.54  0.00  0.55  0.00  0.18  0.08 

(2) amine 0.00 99.95  0.00  100.00  0.00  99.95  0.00  99.97  0.00  99.81  
enol 0.20 0.05  0.27  0.00  0.20  0.05  0.21  0.03  0.26  0.00  
keto 0.44 0.00  0.43  0.00  0.44  0.00  0.49  0.00  0.16  0.18 

(3) amine 0.00 100.00  0.00  100.00  0.00  100.00  0.00  100.00  0.00  99.99  
keto 0.32 0.00  0.30  0.00  0.32  0.00  0.35  0.00  0.24  0.01 

Hacac enol 0.00 99.98  0.00  99.91  0.00  99.98  0.00  99.99  0.00  99.95  
keto 0.22 0.02  0.18  0.09  0.22  0.02  0.25  0.01  0.20  0.05 

(7) main 0.00 99.52  0.00  97.56  0.00  99.52  0.00  99.48  0.00  99.80  
minor 0.14 0.48  0.09  2.44  0.14  0.48  0.14  0.52  0.16  0.20 

(8) main 0.00 100.00  0.00  100.00  0.00  100.00  0.00  100.00  0.00  100.00  
minor 0.50 0.00  0.49  0.00  0.50  0.00  0.50  0.00  0.56  0.00  
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phosphine complexes (7) and (8) were synthesized as described in 
literature [27] for (4), (5), (7) and (8). Both isomers (Scheme 4) were 
observed on NMR for [Rh(CH3COCHCNHCH3)(CO)(PPh3)] (7), while 

only one isomer was observed on NMR for [Rh(CH3COCHCNPhCH3) 
(CO)(PPh3)] (8). All attempts to synthesize [Rh(CH3COCN(Ph)CN(Ph) 
CH3)(CO)(PPh3)] from [Rh(CH3COCN(Ph)CN(Ph)CH3)(CO)2] (6) failed. 

Fig. 2. B3LYP DFT calculated (a) geometry and (b) LUMO of the indicated neutral ligands, (c) HOMO and (d) spin density plots of the indicated reduced ligands. 
Contours of 0.06 e/Å3 and 0.006 e/Å3 were used for the MO and spin plots respectively. Colour code of the atoms (online version): N (blue), C (grey), O (red) and H 
(white). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. B3LYP calculated (a) geometry and (b) HOMO (0.06 e/Å3) of [Rh(acac)(CO)(PPh3)], (7) and (8). Colour code of the atoms (online version): Rh (green), P 
(orange), N (blue), C (grey), O (red) and H (white). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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On IR and CV, it was not possible to experimentally distinguish between 
the different isomers of (7). 

DFT results 

Ligands (1) – (3) have one keto and one or more enol/amine isomers, 
see Scheme 3. The basic structure (CH3-C(L)-C-C(L’)–CH3) of acetyla
cetone, Hacac, and (1) – (3) is the same - they only contain different 
donor atoms L and L’. Therefore, DFT results on Hacac are added for 
comparative reasons. The DFT calculated relative energies of the 
possible isomers of Hacac and (1) – (3) are given in Table 2. It is clear 
that for Hacac the enol and for (1) – (3) the amine isomer is the ener
getically favoured isomer, in agreement with experimental observation 
presented in the previous section. 

In Fig. 2 (a) the DFT calculated optimized structures of neutral Hacac 
and (1) – (3) are shown. Upon reduction, an electron is added to the 
lowest unoccupied molecular orbital (LUMO) of the ligand, see Fig. 2 
(b). This molecular orbital (MO) then becomes the highest occupied 
molecular orbital (HOMO) of the reduced ligand, see Fig. 2 (c). The 
character of the LUMO of the neutral ligand (Fig. 2 (b)) and of the 
HOMO of the reduced ligand (Fig. 2 (c)) is very similar. The distribution 
of the added electron is visualized by the spin density plot of the reduced 
ligand, see Fig. 2 (d), showing that the unpaired spin density in the 
radical anion is distributed over the pseudo-aromatic L-C-C-C-L’ back
bone (L,L’ = O,O’, N,O or N,N’) of the ligands, extending onto the 
phenyl rings of the phenyl-containing ligands (2) and (3). 

DFT calculations, in agreement with solid state structural data, show 
that the N,O-BID ligands in complexes (7) and (8) form a pseudo- 
aromatic six-membered ring with rhodium(I) [43–47]. In agreement 
with experimental observation, the DFT relative energies and calculated 
population in Table 2 show that complex (7) froms mainly (more than 
97% depending on the DFT method) and complex (8) forms exclusively 
the main isomer (Scheme 1), with oxygen donor atom trans to the 
carbonyl group in the main isomer. The HOMO of these d8 rhodium(I) 
complexes are mainly located on rhodium, Fig. 3, implying that elec
trochemical oxidation of (7) and (8), the removal of an electron(s) from 
the HOMO, will be rhodium based. The structure and HOMO of the 
structurally related Rh-O,O’-BID complex [Rh(CH3COCHCOCH3)(CO) 
(PPh3)] where CH3COCHCOCH3 = acetylacetonato abbreviated as acac, 
are also included in Fig. 3. 

CV results 

The electrochemical activity of the ligands (1) – (2), using cyclic 
voltammetry, was reported previously. In Fig. 4 (a) a cyclic voltammo
gram (CV) of (3) over a large potential window is shown. The published 
peak reduction potential of the related ligand acetyl acetone 
(CH3COCH2COCH3), Hacac, (1) and (2), together with the peak 

reduction potential of (3), are given in Table 3. 
Hacac and (1) – (3) all showed similar electrochemical behaviour, 

namely an irreversible reduction peak below − 2.5 V vs Fc/Fc+. The 
reduced ligand (a radical with charge − 1 and spin = ½, i.e. containing 
one unpaired electron) is unstable and decomposes before it can be re- 
oxidised [48,10]. All the complexes displayed linearity between the 
peak reduction current and the square root of the scan rate, according to 
the Randles–Ševčík equation [11,15], indicating that the reduction of 
Hacac and (1) – (3) is diffusion controlled [49]. Only 
(CH3CNPhCH2CNPhCH3), (3), displayed an oxidation that is not 
coupled to the observed reduction peak, at ca 0.7 V vs Fc/Fc+, additional 
to the reduction peak at ca − 2.7 V vs Fc/Fc+, see Fig. 4. Both the 
oxidation and the reduction processes are electrochemically and 
chemically irreversible. 

The trend of ease of reduction of the O,O-BID Hacac and the three N 
containing ligands (1) – (3) (Table 3), can be evaluated in terms of the 
different electronegativity (EN) [50] of the atoms and groups on the 
ligand, namely O (EN = 3.44), N (EN = 3.04), H (EN = 2.20) and Ph (EN 
= 2.43 [51]). The N atom is less electronegative (more electron 
donating) than the O atom and therefore it is expected that the three N 
containing ligands are reduced at lower, more negative potentials than 
Hacac, as indeed has been found for (1) and (3). Less electron density is 
withdrawn from the ligand structure towards the N atom in the neutral 
ligand and more energy (more negative reduction potential) is needed to 
add an electron to the ligand backbone of the N containing ligands. 
However, the Ph rings in (2) and (3) extends the conjugation through the 
ligand, thereby stabilizing the ligand, leading to a higher (less negative) 
reduction potential as expected if only the electronegativity of the O and 
N atoms were considered. Consequently (2) has the same reduction 
potential as Hacac. This is also in agreement with the DFT calculated 
similar energies of the LUMOs of Hacac and (2), − 1.43 and − 1.44 eV 
(gas phase) respectively and − 1.34 and − 1.31 eV (solvent phase 
calculation). 

Comparing the peak cathodic potentials summarized in Table 3, of 

Fig. 4. (a) CV at a scan rate of 0.1 V s− 1 of a 0.001 M acetonitrile solution containing the (CH3CNPhCH2CNPhCH3), (3), and 0.1 M TBAHFP as supporting electrolyte 
with a glassy carbon working electrode, a Pt wire auxiliary electrode and a Ag/AgNO3 reference electrode, reported versus Fc/Fc+. Scans were done at room 
temperature, 25 ◦C. (b) The relationship between the reduction potentials Epc of Hacac and (1) – (3) and their DFT calculated LUMO energies. 

Table 3 
Electrochemical data at a scan rate of 0.100 V s-1of Hacac and (1) – (3), (7) and 
(8), from this study and from literature.  

Ligands Epc vs Fc/Fc+/V Reference 

(CH3COCH2COCH3) − 2.618 [11]  
− 2.616 [52] 

(CH3COCH2CNHCH3) (1) − 3.017 [15] 
(CH3COCH2CNPhCH3) (2) − 2.617 [15] 
(CH3CNPhCH2CNPhCH3) (3) − 2.741 this work  

Epa (Rh) vs Fc/Fcþ/V  
[Rh(CH3COCHCOCH3)(CO)(PPh3)] 0.357 [17] 
[Rh(CH3CNHCHCOCH3)(CO)(PPh3)] (7) 0.261 this work 
[Rh(CH3COCHCNPhCH3)(CO)(PPh3)] (8) 0.247 this work  
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the two N,O-BID ligands (1) and (2), it can be seen that the ligand 
containing an H atom bonded to the N atom reduces at a more negative 
potential than the ligand with one Ph group bonded to the N atom. This 
is due to the H atom having a much smaller electronegativity than the Ph 
group. Less electron density is thus withdrawn from the ligand structure 
therefore more energy (more negative reduction potential) is needed to 
add an electron to (CH3COCH2CNHCH3) (1). Another reason for the 
more positive reduction potential of the Ph containing complex (2) is 
due to the π electron density of the aromatic ring structure, stabilizing 
the electroactive centre of the ligand, therefore causing the more posi
tive reduction potential. 

Comparing the two Ph containing ligands, (CH3COCH2CNPhCH3) (2) 
and (CH3CNPhCH2CNPhCH3) (3), it is observed that the 
(CH3CNPhCH2CNPhCH3) (3) ligand has a more negative reduction peak 
potential. The overall effect of the two N atoms on the 
(CH3CNPhCHCNPhCH3) (3) ligand vs the one N atom and one O atom on 
the (CH3COCHCNPhCH3) (2) ligand on the electron density of the li
gands, can be compared by considering the sum of the electronegativ
ities between the (CH3CNPhCH2CNPhCH3) (3) (ENN + ENN = 6) and 
(CH3COCH2CNPhCH3) (2) (ENN + ENO = 6.5). The ligand with smaller 
electronegativity, (CH3CNPhCH2CNPhCH3) (3) will thus be reduced at a 
lower, more negative, reduction potential due to the less electron den
sity being removed from the electroactive centre of the ligand by the less 
electronegative atoms in (3), thus increasing the amount of energy 
required in order to add electron density to the reduction centre. The 
observed order of reduction of Hacac and (1) – (3) agree with the 
inverted order of the order the DFT calculated energies of their LUMOs, 
see Fig. 4 (b). 

In the electrochemical analysis of [Rh(N,O-BID)(CO)(PPh3)] with N, 
O-BID = (CH3CNHCHCOCH3)- and (CH3CNPhCHCOCH3)-, an oxidation 
peak is observed at a potential >0.2 V vs Fc/Fc+, and a much smaller 
reduction peak more than 0.6 V away from the oxidation peak at a po
tential < -0.4 V vs Fc/Fc+, see Fig. 5 for (7) and Fig. 6 for (8). Since 
oxidation of a complex involves the removal of an electron from the 
HOMO of the complex, that is mainly located on rhodium (Fig. 3), the 
first oxidation observed for (7) and (8) is assigned to the oxidation of 
rhodium. The electrochemical oxidation of related [Rh(β-diketonato) 
(CO)(PPh3)] complexes (β-diketonato = O,O’-BID), done under the same 
experimental conditions, indicated a two electron oxidation of the Rh(I) 
to an unstable Rh(III) radical and the small reduction peak to the 
reduction of the evolved Rh(III) radical to an as yet unidentified Rh(I) or 
Rh(II) complex [9,20,53]. Both the [Rh(N,O-BID)(CO)(PPh3)] com
plexes, with N,O-BID = (CH3CNHCHCOCH3)- (7) and 
(CH3CNPhCHCOCH3)- (8), exhibit similar structural and electronic 
features (Fig. 3) and showed similar experimental electrochemical 
behaviour to the related [Rh(β-diketonato)(CO)(PPh3)] complexes, 
[20,9] therefore the oxidation and reduction peaks observed for (7) and 
(8) are assigned accordingly. 

The [Rh(CH3CNHCHCOCH3)(CO)(PPh3)] (7) complex’s results are 
used as a representative example to discuss the observed behaviour. 
Fig. 5 (a) contains an overlay of the CVs of (7) obtained at different scan 
rates. At slow scan rates, there is an oxidation peak present at ca 0.26 V 
vs Fc/Fc+, however no reduction peak is observed in Fig. 5 (a). At higher 
scan rates the reduction peak appears at ca − 0.6 V vs Fc/Fc+. In order to 
determine the dependence of the reduction peak on the oxidation peak, 
the following electrochemical experiments were performed with the 

Fig. 5. (a) Cyclic voltammograms of 0.002 M [Rh(CH3COCHCNHCH3)(CO)(PPh3)] (7) in dry acetonitrile with 0.1 M TBAHFP as supporting electrolyte, a glassy 
carbon working electrode, a Pt auxiliary electrode and a Ag/AgNO3 reference electrode, with scan rates ranging from 0.05 V s− 1 to 5.12 V s− 1. All measurements were 
done at 25 ◦C and reported vs Fc/Fc+. (b) Scans initiated first in the positive (bottom) and in the negative directions (top) of 0.002 M [Rh(CH3COCHCNHCH3)(CO) 
(PPh3)] (7) at a scan rate of 0.10 V s− 1 and the same experimental conditions as in (a). 

Fig. 6. (a) Cyclic voltammograms of 0.002 M [Rh(CH3COCHCNPhCH3)(CO)(PPh3)] (8) in dry acetonitrile with 0.1 M TBAHFP as supporting electrolyte, a glassy 
carbon working electrode, a Pt auxiliary electrode and a Ag/AgNO3 reference electrode, with scan rates ranging from 0.05 V s− 1 to 5.12 V s− 1. All measurements were 
done at 25 ◦C and reported vs Fc/Fc+. (b) Scans initiated first in the positive (bottom) and in the negative directions (top) of 0.002 M [Rh(CH3COCHCNPhCH3)(CO) 
(PPh3)] (8) at a scan rate of 0.20 V s− 1 and the same experimental conditions as in (a). 
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results illustrated in Fig. 5 (b). The CV scans were initiated in two di
rections, namely one positive and one negative as seen in Fig. 5 (b). 
From this positive oriented scan it can be seen that the CV shows the 
typical curve in Fig. 5 (b) for these kind of complexes, namely an 
oxidation peak where the Rh(I) metal centre is oxidized and a reduction 
peak where the Rh(III) species is reduced. In the negative oriented scan 
it can be seen that as the potential is decreased, the reduction peak does 
not appear. After the direction is reversed and the potential is increased 
to a certain point, the oxidation peak occurs as per the norm. With the 
second direction reversal the reduction peak appears at a specific 
negative potential. This shows the dependence of the reduction peak on 
the oxidation peak. This is described as follow: In the first scan in the 
negative direction there are no Rh(III) species present thus there is no 
reduction peak. When the direction is shifted to the positive potentials 
the Rh(I) molecules are oxidized. Upon the second reversal there are still 
a sufficient amount of Rh(III) species present near the electrode surface 
that can be reduced and the reduction peak is observed. The same 
electrochemical behaviour is observed for (8), see Fig. 6. 

The peak currents of the anodic and cathodic peaks of both (7) and 
(8) are far from each other (more than 0.8 V) and the reduction peak is 
much smaller than the oxidation peak, see Fig. 5 and Fig. 6. This shows 
that the redox process is electrochemically and chemically irreversible 
[53]. The peak oxidation and peak reduction currents are linear pro
portional to the square root of the scan rate as illustrated in Fig. 7. This 
linearity according to the Randles-Sevcik equation indicates that the 
oxidation and reduction processes of the Rh complexes (7) and (8) are 
diffusion controlled. Similar electrochemical behaviour has been 
observed for various [Rh(β-diketonato)(CO)(PPh3)] complexes, where 
β-diketonato is an O,O’=BID ligand [17,18,54]. 

The oxidized Rh(III) radical generated upon oxidation, is unstable in 
a square planar geometry, since Rh(III) prefers an octahedral geometry. 
It has been proposed for related [Rh(β-diketonato)(CO)(PPh3)] com
plexes on ground of experimental evidence, that the Rh(III) complex 
relieves the instability by the possible coordination of solvent molecules 
to the apical positions of the metal centre to create an octahedral ge
ometry, thereby stabilizing the geometry [9,20]. The observed reduction 
peak could therefore be due to the Rh(III)-solvent adduct or another 
unknown Rh(III) species. Due to diffusion of the Rh(III) species that are 
formed during oxidation, away from the electrode surface, the observed 
reduction is much smaller than the oxidation. The diffusion rate may be 
higher than the scan rate at low scan rates and only at higher scan rates 
some of the Rh(III)-solvent adduct is still available near the electrode 
surface to be reduced back to Rh(II) or Rh(I) [9]. 

Distinguishing between the oxidation potential of the two possible 
isomers of (7) was not observed, even at high scan rates. This could be 
due to a very fast equilibrium between the two isomers, or possibly the 
redox potentials of the two isomers are too close together to be distin
guished at this time, or that one isomer dominates in the solution. 

Table 3 gives a summary of the electrochemical data obtained at 
0.100 V s− 1, also including data of [Rh(CH3COCHCOCH3)(CO)(PPh3)] 

for comparative purposes. The [Rh(CH3COCHCOCH3)(CO)(PPh3)] 
complex with two O atoms (more electronegative than N) has the 
highest reduction potential, as expected. The observed order of reduc
tion of [Rh(CH3COCHCOCH3)(CO)(PPh3)], (6) and (8) agree with the 
inverted order of the order the DFT calculated energies of their HOMOs, 
see Fig. 7 (c). 

Combining CV and DFT 

To a further investigation of the obtained results, redox potentials 
available in literature of similar bidentate ligands (L,L’-BID containing L 
and L’ as donor atoms and substituent groups R and R’ of the formula RC 
(L)CC(L’)R’ and their rhodium-carbonyl-phosphine complexes, [Rh(L, 
L’-BID)(CO)(PPh3)], were evaluated, see Fig. 8. Here L,L’ = O,O’ or O,N 
or N,N’. The experimental reduction potential of the L,L’-BID ligands 
and the experimental oxidation potential of [Rh(L,L’-BID)(CO)(PPh3)], 
shown in Fig. 8, show that data of complexes with substituent groups R 
and R’ = CH3 or CF3, give a linear trend, while data of complexes with an 
aromatic substituent group R or R’, deviate slightly from the trend. 
Complex (8) with the aromatic phenyl group on one of the N donor 
atoms, also deviate slightly from the trend shown in Fig. 8. It was pre
viously found that relationships involving redox potentials of O,O’-BID 
ligands and metal-O,O’-BID complexes containing an aromatic substit
uent group on the O,O’-BID, deviate from the trend if only molecules 
without any aromatic substituent groups are considered [11,55], due to 
the resonance effect through the extended π-system. 

It is, however, clear that good communication exists between L,L’- 

Fig. 7. Current dependence on the ν1/2 

(ν = scan rate) for the electrochemical 
behaviour of (a) [Rh 
(CH3COCHCNHCH3)(CO)(PPh3)] (7) 
and (b) [Rh(CH3COCHCNPhCH3)(CO) 
(PPh3)] (8), in acetonitrile with a glassy 
carbon working electrode, Ag/AgNO3 
reference electrode and a Pt auxiliary 
electrode. The analyte concentration 
was 0.002 M with a 0.1 M TBAHFP 
supporting electrolyte. Measurements 
were done at 25 ◦C. (c) Relationship 
between the reduction potentials Epa of 
[Rh(CH3COCHCOCH3)(CO)(PPh3)] and 
(7) and (8) and their DFT calculated 
HOMO energies.   

Fig. 8. The relationship between the experimental reduction potential (V vs Fc/ 
Fc+) of bidentate ligands (L,L’-BID) and the experimental oxidation potential (V 
vs Fc/Fc+) of [Rh(L,L’-BID)(CO)(PPh3)] complexes. The black dots indicate data 
of molecules containing an aromatic substituent group, the green triangles data 
of molecules containing no aromatic substituent groups. Data of ligands (1) (no 
aromatic substituent groups) and (2) (Ph substituent group on N) are indicated 
with a blue cross sign. Data in Table 4. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 
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BID and the metal. The oxidation potential of [Rh(L,L’-BID)(CO)(PPh3)] 
is rhodium based, while the reduction of L,L’-BID occurs on the L-C-C-C- 
L’ backbone. The implication of the trend between the experimental 
reduction potential of L,L’-BID and the experimental oxidation potential 
of [Rh(L,L’-BID)(CO)(PPh3)], is that the reduction potential of L,L’-BID 
can give a good indication of the expected oxidation potential of [Rh(L, 
L’-BID)(CO)(PPh3)]. Since the reactivity of [Rh(L,L’-BID)(CO)(PPh3)] 
towards oxidative addition is related to the redox potential of the metal 
[18], the reduction potential of the L,L’-BID can give a good indication 
of the expected reactivity of [Rh(L,L’-BID)(CO)(PPh3)] complexes to
wards oxidative addition. 

The relationship between the reduction potentials of similar biden
tate ligands (L,L’-BID) and their DFT calculated LUMO energies, are 
shown in Fig. 9. The LUMO is the MO involved in the reduction of the 
ligand. It is found that different β-diketones (O,O’-BID), imino-β-dike
tones (N,O-BID) and the di-imino-β-diketone (N,N’-BID) all lay on the 
same linear line of the reduction potential - LUMO energy relationship, 
with an accuracy level of R2 = 0.99. 

The relationship between the oxidation potentials of a series of [Rh 
(L,L’-BID)(CO)(PPh3)] complexes and their DFT calculated HOMO en
ergies, are shown in Fig. 10. The HOMO is the MO involved in the 
oxidation of the complex. In this relationship (Fig. 10) it is found that the 
data points cluster in four groups (also see data in Table 4): 

Group 1 with N,O-BID complexes (7) and (8) of this study. 
Group 2 with O,O’-BID complexes without any CF3 substituent 
groups. 

Group 3 with O,O’-BID complexes with one CF3 substituent group. 
Group 4 with O,O’-BID complex with two CF3 substituent groups, 
[Rh(CF3COCHCOCF3)(CO)(PPh3)]. 

It was previously found that data points involved in redox potentials 
relationships of the O,O’-BID-metal complexes, cluster in the three 
groups defined for groups 2 – 4 [56–58]. 

It is also observed that the linear line through groups 2 – 4 and the 
linear line including group 1 with the N,O-BID complexes (7) and (8) of 
this study, are near parallel, confirming that N,O-BID complexes indeed 

Fig. 9. The relationship between the experimental reduction potential (V vs Fc/ 
Fc+) of bidentate ligands (L,L’-BID) and the DFT calculated LUMO energy. Data 
in Table 4. 

Fig. 10. The relationship between the experimental oxidation potential (V vs 
Fc/Fc+) of [Rh(L,L’-BID)(CO)(PPh3)] complexes and the DFT calculated HOMO 
energy. Data in Table 4. 

Table 4 
Electrochemical data (V vs Fc/Fc+) and DFT calculated frontier MO energies 
(eV) of the indicated molecules.  

L,L’-BID ligand a type L,L’-BID [Rh(L,L’-BID)(CO)(PPh3)]   

Epc
b ELUMO, 

gas 

Epa 
c EHOMO, 

gas 

EHOMO, 

CH3CN 

CF3COCHC(OH) 
(p-NO2-Ph) 

O,O’- 
BID  

− 1.045  − 3.565    

CF3COCHC(OH) 
CF3 

O,O’- 
BID  

− 1.243  − 3.153  0.573  − 5.912  − 5.941 

ThCOCHC(OH) 
CF3 

O,O’- 
BID  

− 1.541  − 2.765  0.426  − 5.606  − 5.829 

PhC(OH) 
CHCOCF3 

O,O’- 
BID  

− 1.564  − 2.721  0.448  − 5.620  − 5.829 

CH3C(OH) 
CHCOCF3 

O,O’- 
BID  

− 1.851  − 2.330  0.491  − 5.602  − 5.814 

tBuC(OH) 
CHCOCF3 

O,O’- 
BID  

− 1.889  − 2.267    

ThCOCHC(OH) 
Th 

O,O’- 
BID  

− 1.857  − 2.417  0.320  − 5.373  − 5.751 

ThCOCHC(OH) 
Ph 

O,O’- 
BID  

− 1.884  − 2.336  0.296  − 5.372  − 5.741 

PhCOCHC(OH) 
Ph 

O,O’- 
BID  

− 1.934  − 2.256  0.308  − 5.378  − 5.739 

CH3COCHC(OH) 
CH3 

O,O’- 
BID  

− 2.618  − 1.339  0.357  − 5.311  − 5.699 

PhCOCHC(OH) 
CH3 

O,O’- 
BID  

− 2.138  − 1.975  0.336  − 5.348  − 5.718 

tBuC(OH) 
CHCOtBu 

O,O’- 
BID  

− 2.748  − 1.446    

(CH3O)COCHC 
(OH)CH3 

O,O’- 
BID  

− 3.017  − 0.952    

ThThCOCHC 
(OH)CF3 

O,O’- 
BID  

− 1.470  − 2.874  0.491  − 5.601  − 5.822 

FuC(OH) 
CHCOCF3 

O,O’- 
BID  

− 1.581  − 2.667    

CH3COCHC 
(NH2)CH3 

N,O- 
BID  

− 2.966  − 0.844  0.268  − 5.199  − 5.633 

CH3COCHC 
(HNPh)CH3 

N,O- 
BID  

− 2.681  − 1.306  0.247  − 5.178  − 5.614 

CH3COCHC(HN- 
CH2-Ph)CH3 

N,O- 
BID  

− 2.976  − 0.883    

PhCOCHC 
(HNPh)CH3 

N,O- 
BID  

− 2.370  − 1.688    

PhCOCHC 
(HNPh)CF3 

N,O- 
BID  

− 1.826  − 2.256    

CH3COCHC(HN- 
CMe2)CH3 

N,O- 
BID  

− 3.094  − 0.762    

CH3COCHC(HN- 
p-tBu-Ph)CH3 

N,O- 
BID  

− 2.726  − 1.337    

CH3COCHC(HN- 
p-CF3-Ph)CH3 

N,O- 
BID  

− 2.526  − 1.690    

PhCOCHC(HN-p- 
NO2-Ph)CH3 

N,O- 
BID  

− 2.212  − 2.051    

PhCOCHC(HN- 
3,5-Cl2-Ph)CH3 

N,O- 
BID  

− 2.105  − 2.125    

CH3C(NPh)CHC 
(HNPh)CH3 

N,N’- 
BID  

− 2.741  − 1.195    

a Ph = phenyl, Th = thienyl, Fu = furyl. 
b Reduction potential of L,L’-BID form [10,11,15] and this study. 
c Oxidation potential of [Rh(L,L’-BID)(CO)(PPh3)] form [17–20] and this study. 
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follow the same trend than the O,O’-BID complexes:  
Epa(Rh) = -0.47 EHOMO(calc gas phase)-2.15 Group 2–4 
Epa(Rh) = -0.46 EHOMO(calc gas phase)-2.18 Group 1–4  

Instead of using peak potentials in the relationships with DFT 
calculated frontier MOs, onset potential values [59–61] could be used. It 
was found for the relationship between the Cu(II/I) reduction of a series 
of copper(II) complexes containing 2-hydroxyphenones and the DFT 
calculated LUMO energies, that the relationship using peak potentials 
and the relationship using onset potential values, both gave linear lines 
with similar accuracies (R-squared values) [62]. 

Conclusions 

Both the character of the donor groups (L and L’ = N or O) and 
substituent groups of bidentate ligands, L,L’-BID, influence the redox 
chemistry of the ligands and their rhodium complexes. Aromatic sub
stituent groups on the bidentate ligand lead to a more positive redox 
potential as expected due to the stabilization of the molecules through 
the resonance effect through the extended π-system. The electronega
tivity of the donor atoms and the substituent groups on the coordinating 
L,L’-BID ligand, leads to a clustering of the experimental oxidation po
tential of [Rh(L,L’-BID)(CO)(PPh3)] complexes in four distinct groups, 
depending on the donor atoms and the amount of CF3 groups on L,L’- 
BID. 
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