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A B S T R A C T   

The bis(arylimino)acenaphthalene (BIAN) group of α-diimine compounds has shown promising electron sink 
behaviour and redox non-innocent activity as ligands to main group and transition metals. Here we present a 
series of rhodium(I) and iridium(I) complexes of BIAN derivatives with 2,6-diisopropylphenyl (DippBIAN, DB) 
and 2,4,6-trimethylphenyl (MesBIAN, MB), featuring various electron withdrawing and donating ancillary li-
gands. The crystal structures of square planar complexes 1b [RhMB(cod)]PF6, 1d [IrMB(cod)]PF6, 2a [RhDB 
(CO)2]PF6, 2b [RhMB(CO)2]PF6, 2c [IrDB(CO)2]PF6 and 3a [RhDB(CO)(PEt3)]PF6 are reported, as well as the 
square pyramidal structure of 4c [IrDB(cod)Cl]. The C-N and C-C bond lengths within the bisimine moiety for the 
structures of 2a and 4c suggest that the DippBIAN ligands are present in a reduced state, however, all other data 
from our multi-technique analyses correspond to results for neutral BIAN ligands. These contrasting results are 
indicative of the DippBIAN’s non-innocent behaviour, accepting additional electron density from the metal 
centre due to push–pull mechanism between the ancillary and BIAN ligands. The electrochemical study in non- 
coordinating solvent CH2Cl2 revealed that all complexes featured at least one reversible, ligand-centred reduc-
tion event at less negative potentials (above –1.0 V vs Ag/Ag+). In addition, preliminary results from our 
electrocatalytic CO2 reduction study has shown a promising interaction between CO2 and complex 3a, paving the 
way for exploring heterogeneous catalysis on these class of compounds   

1. Introduction 

Bis(arylimino)acenaphthalene (BIAN) ligands are a class of α-dii-
mines which have shown promising redox non-innocent properties 
[1,2]. Metal complexes with BIAN ligands [3–5] initially focused on 
homogeneous catalysis applications, with emphasis on the alteration of 
the steric and electronic properties by functionalisation of the aryl imine 
groups [1,2]. This in turn has led to an extensive library of transition 
metal complexes featuring various BIAN ligand derivatives. Perhaps the 
most well-known examples are the Ni-BIAN complexes, the so-called 
Brookhart catalysts, used in industry for ethylene polymerisation 
[5–8], while other applications of BIAN complexes have included 
luminescence properties [9–11]. Investigation of the redox non-innocent 
behaviour of the BIAN ligands have largely been limited to 3d metals 
(iron, titanium and vanadium) [12–18]. It has been reported that imines 
are electrochemically active in the presence of CO2 [19], and that CO2 

electroreduction occurs as part of an inner sphere electron transfer 
mechanism [20]. Thus, more recent applications of BIAN ligands have 
looked into the ever growing field of CO2 reduction, with Re(I)BIAN 
carbonyl complexes reported which catalysed a two-electron CO2 pho-
tocatalytic reduction [21], as well as a Rh(III)BIAN complex which has 
shown CO2 electrocatalytic reduction ability following its in situ reduc-
tion to the Rh(I) oxidation state [22,23]. Before these studies, Rh(I)BIAN 
complexes were reported as part of synthetic [24,25] or catalytic studies 
[26,27], while reactivity with the solvent acetonitrile complicated 
electrochemical analyses of the single five-coordinate complex previ-
ously reported [22,23]. 

Expanding our understanding of the electronic structure and redox 
behaviour of transition metal BIAN complexes will inform further 
studies into the underlying processes involved in the electrochemical 
reduction of CO2, which has been observed for this group of compounds 
[21–23,28]. Herein we report a systematic electrochemical study of a 
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series of BIAN complexes of group 9 metals Rh(I) and Ir(I), featuring 
either 4- or 5-coordinate geometries and a preliminary study of their 
application in electrochemical CO2 reduction. 

The archetypal 1,2-bis[(2,6-diisopropylphenyl)imino]acenaphtha-
lene (DippBIAN, DB) and 1,2-bis[(2,4,6-trimethylphenyl)imino]ace-
naphthalene (MesBIAN, MB) ligands were chosen for the present work 
not only for their ease of synthesis in high yields, but also the availability 
of critically reviewed data of these ligands’ physicochemical properties 
and reactivity with main group, s- and p-block elements [29], as well as a 
variety of transition metals which forms a basis in understanding of the 
present system. Four groups of derivative complexes were investigated 
featuring ancillary ligands known for exhibiting different degrees of 
electron withdrawing or donating character in coordination complexes: 
σ-/π-donor/π-acceptor 1,5-cyclooctadiene (cod), CO and triethylphos-
phine (PEt3), and π-donating chlorido ligands (Scheme 1). 

In an effort to assist in the assignment of the relevant electrochemical 
events that are directly related to the reduction and oxidation of the 
original analyte complex, each complex was computationally modelled 
in eight different oxidation states – representative of the complexes’ 
initial ground state, after losing 1 to 3 electrons, as well as after gaining 1 
to 4 electrons. A comparative investigation into the changes between the 
frontier molecular orbitals (FMOs) of these oxidation states was per-
formed to establish the localisation of observed redox events. 

2. Experimental 

2.1. General information 

Standard Schlenk line techniques were utilised with N2 atmosphere, 
unless otherwise specified. All reagents were purchased from Sigma- 
Aldrich and used without prior purification. The precursor [Rh(cod) 
Cl]2 [30] and [Ir(cod)Cl]2 [31] dimers were prepared according to 
published procedures. DippBIAN and MesBIAN ligands were synthesised 
according to the procedures published by Paulovikova [32] and Gas-
perini [33] respectively. Nuclear Magnetic Resonance (NMR) spectra 
were recorded on a Bruker Ultrashield Plus 400 AVANCE 3 or Ultra-
shield 300 AVANCE 3 spectrometers, at 25 ◦C, using CDCl3 as solvent. 
The 1H NMR spectra were recorded at 400.13 or 300.13 MHz, the 13C 

NMR spectra at 100.613 or 75.468 MHz, 31P spectra at 162.01 or 121.49 
MHz, and 19F spectra at 376.57 or 282.40 MHz respectively. All chem-
ical shifts reported are referenced to the residual hydrogen peak of 
deuterated chloroform (CDCl3) at 7.26 ppm for δH, and 77.00 ppm for 
δC. All coupling constants (J) are reported in Hz. Spectral coupling 
patterns as assigned as: s–singlet, d–doublet, t–triplet, q–quartet, 
quint–quintet, sept–septet, m–multiplet, br–broad signal. Quaternary 
carbons that could be definitively identified are labelled as Cq. Solid 
state infrared transmittance spectra were recorded on a Bruker Alpha II 
FT-IR spectrometer with the platinum-ATR module (monolithic dia-
mond crystal window). HPLC grade CH2Cl2 purged with Ar was used for 
all UV–vis and electrochemical measurements. Full synthesis and char-
acterisation details of complexes 1–4 are provided in the supporting 
information (SI), section S1. 

2.2. Crystallography 

Single crystal diffraction experiments of complexes 1b, 1d, and 3a 
were analysed using Quazar multi-layer optics monochromated Mo Kα 
radiation (k = 0.71073 Å) on a Bruker D8 Venture kappa geometry 
diffractometer with duo IμS sources, a Photon 100 CMOS detector and 
APEX III control software [34]. Data reduction was performed using 
SAINT+ [34], and the intensities were corrected for absorption using 
SADABS-2016 [34]. Single crystal diffraction experiments of complexes 
2a, 2b, 2c, and 4c were performed on a Rigaku XtaLAB Synergy R 
diffractometer, with a rotating-anode X-ray source and a HyPix CCD 
detector. Data reduction and absorption were carried out using the 
CrysAlisPro (version 1.171.40.23a) software package [35]. All X-ray 
diffraction measurements were performed at 150(1) K, using an Oxford 
Cryogenics Cryostat. All structures were solved by direct methods with 
SHELXT-2018 [36] and refined using SHELXL-2018 packages [37]. H 
atoms were placed in geometrically idealised positions and constrained 
to ride on their parent atoms. For data collection and refinement pa-
rameters, see the SI section S2. The X-ray crystallographic coordinates 
for the structures of 1b, 1d, 2a, 2b, 2c, 3a and 4c have been deposited at 
the Cambridge Crystallographic Data Centre (CCDC), with deposition 
numbers CCDC 2161246–2161252. The data may be accessed free of 
charge from The Cambridge Crystallographic Data Centre via http 

Scheme 1. Reaction scheme for the synthesis of reported complexes 1–4.  
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2.3. Electrochemistry 

Electrochemical studies were carried out on a Metrohm Autolab 
PGSTAT100, using NOVA 2.1 electrochemistry software interface. Cy-
clic voltammograms were recorded between –2.0 and + 1.8 V and scan 
rate of 100 mV s− 1. Differential pulse voltammograms were recorded 
from 0.0 to –2.0 V and 0.0 to + 1.8 V, with a step potential of 5 mV. All 
measurements were made using a three-electrode cell with a 3 mm 
glassy carbon working electrode (GCE), platinum wire counter elec-
trode, and silver wire pseudo-reference electrode. Prior to each mea-
surement, the GCE was polished using 0.05 μm alumina suspension on a 
micro-cloth polishing pad. Sample solutions were prepared using 1.0 
mM analyte concentration, 0.1 M tetrabutylammonium hexa-
fluorophosphate (TBAPF6) supporting electrolyte in HPLC grade CH2Cl2, 
deoxygenated with Ar (g) before each voltammetric run. Reactivity of 
the complexes towards electrochemical CO2 reduction was tested using 
the sample solutions as described above, purging the solutions with CO2 
for 30 min before starting analysis. All potentials from the cyclic vol-
tammograms (CVs) and differential pulse voltammograms (DPVs) are 
reported relative to the silver wire pseudo-reference electrode, as 
addition of internal electrochemical standards (i.e. the FcH0/+1 or [Fe 
(η-C5Me5)2]0/+1 couples respectively) to the analyte solutions caused 
significant shifts in the analyte’s peak potentials, leading to the forma-
tion of additional secondary chemical reaction peaks, as well as the 
notable irreversibility of the internal standards’ redox peaks between 
first and second scans. Additional results for complexes 1–4 are provided 
in SI section S3 and S4. CV was used initially to ascertain the redox 
behaviour of the studied complexes, while DPV, being a sensitive tech-
nique, was employed to get the exact peak potentials in the experiments 
performed. 

2.4. Theoretical calculations 

Structural optimisations and frequency calculations were performed 
on both the free ligands and all of the above reported complexes using 
Gaussian 16B.01 [38] at the Centre for High Performance Computing 
(CHPC) on the Lengau Supercomputer. The series of charged oxidation 
states that were modelled for each complex are labelled using “(n =
integer)”, where n represents the number of electrons that have been 
removed or added to the molecule (ex. “n = –1” representing the first 
oxidised state, and “n = +2” the second reduction state). A hybrid 
functional B3LYP [39,40] was employed with the def2SVP [41] split 
valence basis set on all atoms, including unrestricted basis functions for 
all calculations of open shell charged state molecules. Long range elec-
tron correlations resulting from electron delocalisation were accounted 
for with the addition of Grimme’s D3 Empirical Dispersion function 

[42,43]. The effects of solvation were modelled using continuum po-
tential surfaces functions [44,45] (denoted cPCM) for dichloromethane. 
The thermodynamic energies, frontier orbitals and electrostatic poten-
tial surfaces were calculated for all molecules and their charged states. 
Spin density plots were generated for charged state calculations to 
visualise the (de)localisation of the unpaired electrons. 

A rigorous, systematic workflow was followed for the modelling of 
all complexes, ligands, and their associated oxidations states. The initial 
molecular geometries were derived from previously reported four and 
five coordinate aryl-BIAN transition metal complexes 
[9,11,15,22,46–52], and minimised using MM2 molecular mechanics 
with a minimum RMS gradient of 0.010. The gas phase geometries were 
further optimised using Gaussian 16B.01 [38], and optimisation 
confirmed to be at a minimum if a subsequent frequency calculation 
showed no imaginary vibrational frequencies. The optimised gas phase 
geometry of the (n = 0) state for each molecule was used as the initial 
guess for modelling the solvated molecular geometries in dichloro-
methane using cPCM. Similarly, the obtained solvated geometries were 
established to be at a minimum by confirming that there were no 
imaginary vibrational frequencies in the subsequent frequency calcula-
tions. FMO energy and visualisations calculated for complexes 1–4 are 
provided in SI section S5; and the total energies for all stationary points 
are available in SI section S6. 

3. Results and discussion 

3.1. Synthesis and characterisation 

The initial rhodium(I) and iridium(I) 1,5-cyclooctadiene (cod) 
complexes of DippBIAN (1a, 1c) and MesBIAN (1b, 1d) were syn-
thesised routinely through a standard ligand addition and anion sub-
stitution reaction starting from the free ligands, KPF6, and the respective 
metals’ cod-chloride dimer in a CH2Cl2 solution (Scheme 1) [21–23]. 
The dicarbonyl complexes 2a–d were prepared from 1 by reaction with 
CO (g) and precipitation of the desired product with hexanes. The trie-
thylphosphine (PEt3) derivatives (3a, b) were synthesised from purified 
2a and 2b. Iridium analogues of 3 were found to decompose during 
reaction work-up and over time, both in solution and in the solid state. 
The 5-coordinate cod-chloride derivatives (4a–d) were prepared in a 
procedure similar to that required for 1, by simply excluding the KPF6 
salt from the reaction mixture [22]. Purification of 4 proved challenging 
due to their partial solubility in hexane. The lack of PF6

– counter ions in 4 
was confirmed by the absence of any signals in the 19F and 31P NMR 
spectra. 

Complexes 1–4 were characterised by NMR and FTIR spectroscopy, 
as well as high resolution mass spectrometry (see SI section S1). In the 
1H NMR spectra of the symmetric substituted free BIAN ligands, as well 
as the complexes 1 and 2, the characteristic “d-dd-d” acenaphthalene 

Fig. 1. Crystal structure of 1b (left) and 1d (right) as determined by single crystal XRD, thermal ellipsoids are presented at 50% probability. Hydrogens, solvent 
molecules and anions have been omitted for clarity. 
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splitting pattern is observed. The absence of this splitting pattern in the 
proton spectra of 3a, 3b and 4a indicates a loss of symmetry in the co-
ordination sphere. Instead, the inequivalent electronic environment of 
the six acenaphthalene protons result in the formation of multiple 
doublet signals between 7.7 and 7.2 ppm, overlapping with the phenyl- 
aromatic protons signals. The Dipp-substituent isopropyl-CH’s of 3a and 
4a appear as two septets corresponding to the isopropyl which is nearest 
to (downfield shifted) or furthest away from (upfield shifted) the steri-
cally encumbered Cl and PEt3 ancillary ligands. Conversely, the 1H and 
13C spectra for 4b–d exhibit a more symmetrical molecular geometry in 
solution compared to the distorted square pyramidal structure which 
has been reported for 4a [22]. The coordinated cod-alkenes of com-
plexes 4b–d display a single olefinic signal between 4.0 and 3.7 ppm, 
whereas two olefinic singlets are observed for complex 4a at 4.23 and 
3.85 ppm. The higher field chemical shifts observed for the cod-chloride 
complexes 4b–d clearly distinguish them from their cationic analogues 
(1b–d), whilst confirmation of the molecular structure is obtained from 
the crystal structure of 4d (vide infra). 

As expected, the carbonyl carbon resonance for the dicarbonyl 
complexes 2a, 2b and 2d are observed at 180.2, 180.19 and 180.4 ppm 
respectively in the 13C NMR spectra, whereas the carbonyl carbon 
resonance for the carbonyl-phosphine complexes 3a and 3b appear more 
upfield at 177.3 and 177.6 ppm respectively. In the FTIR spectra of 
complexes 2, two carbonyl vibrational bands were observed between 
2100 and 2000 cm− 1, whereas singular carbonyl stretching frequencies 

were observed for complexes 3a and 3b at 1991 and 1989 cm− 1 

respectively. 

3.2. Crystallography 

Single crystals of complexes 1b, 1d, 2a, 2b, 2c, 3a and 4c suitable for 
XRD analysis were prepared through slow evaporation of CH2Cl2 or 
CDCl3 solutions, and the molecular structures are shown in Figs. 1–4 
(and Figures S58–S64). A selection of bond lengths, angles and dihedral 
angles are presented in Table 1 below, and Tables S1–S3. 

The centre of each cod-alkene bond was utilised as a measurement 
point for the calculation of geometric parameters. The coordination 
geometries about the 4-coordinate metal centres of complexes 1–3 are 
described in terms of the geometric parameter “τ4”, defined by Yang et 
al. [53], where the values of τ4 = 0.00 represents a square planar co-
ordination, and τ4 = 1.00 a tetrahedral coordination geometry. The 5- 
coordinate geometry of complex 4c is described in terms of the geo-
metric parameter τ5 defined by Addison et al. [54], where τ5 = 0.00 
represents a square pyramidal coordination, and τ5 = 1.00 a trigonal 
bipyramidal coordination geometry about the metal. The coordination 
spheres of complexes 1–3 can be described as slightly distorted square 
planar, as expected for Rh(I) and Ir(I) complexes, with τ4 = 0.06–0.10. 

The bisimine moieties in all of the complexes were largely co-planar, 
with the N1=CAc1–CAc2=N2 torsion angles for 1b, 1d (Fig. 1) and 2c 
(Fig. 3, left) showing only slight distortion (–3.0(8)◦, 2.6(12)◦ and 2.7 

Fig. 2. Crystal structure of 2a (left) and 2b (right) as determined by single crystal XRD, thermal ellipsoids are presented at 50% probability. Hydrogens, solvent 
molecules and anions have been omitted for clarity. 

Fig. 3. Crystal structure of 2c (left) and 3a (right) as determined by single crystal XRD, thermal ellipsoids are presented at 50% probability. Hydrogens, solvent 
molecules and anions have been omitted for clarity. 
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(6)◦ respectively). The average N1–M− N2 bite angle enforced by coor-
dination to the rigid bisimine ligand is 78.6◦, except for 2a where the 
small bite angle (N1–Rh–N1′ 69.4(2)◦) is enforced by coordination to the 
rigid bisimine ligand as well as the small angle between the two carbonyl 
ligands (C1–Rh–C1′ 80.8(4)◦ (Fig. 2, left)) resulting in an almost rect-
angular geometry of the coordination centre. Steric constraints imposed 
on the bulky Dipp-substituents by crystal packing effects in the present 
structure contribute to the angular rotation of the Dipp-substituents 
relative to the acenaphthalene plane (ca. 13.3◦) and the distortions 
observed in the aryl-aryl, and alkyl-alkyl C-C bond lengths of the ligand. 
All complexes except 2a and 4c showed a CAc–N–CAr bond angle of ca. 
119◦, consistent with a sp2-hybridized nitrogen (Table S2). 

The asymmetric coordination structure of 3a (Fig. 3, right) results in 
differences in the Rh–N bond lengths (Rh–N1 2.3053(13) and Rh–N2 
2.163(4) Å) caused by the stronger trans-influence of the phosphine 
compared to the carbonyl ligand. The Rh–N1 bond trans to the trie-
thylphosphine ligand is roughly 0.2 Å longer than is observed in any of 
the other Rh(I) complexes (av. 2.11 Å), while the. 

Rh–N2 bond trans to the carbonyl ligand is comparable to the anal-
ogous bond length observed in 2a (2.135(4) Å). 

The five-coordinate cod-chloride, 4c (Fig. 4), has a square pyramidal 
geometry (τ5 = 0.00) with slight angular distortion of the axial chlorido 
ligand as it is positioned nearly perpendicular to the bisimine nitrogens 

(avg. 88.3(6)◦), but bent away from the steric bulk of the cod ligand and 
slightly towards the main acenaphthalene plane (79.66◦). This is partly 
achieved by the five-membered metallocycle, formed between the bisi-
mine moiety and iridium, deforming to a greater extent than is observed 
in any of the other complexes and adopting an “envelope” geometry 
more reminiscent of a cyclopropane ring. The Ir–Cl bond length is 
(2.4754(11) Å) is in the upper limit of the average reported bond lengths 
for Ir(I) or Ir(III) complexes [55–62], similar to the elongated Rh–Cl 
bond observed for the rhodium(I) analogue [22]. 

The relationship between the N=CAc and CAc–CAc bond lengths in the 
bisimine moiety of BIAN ligand has often been applied as an indicator of 
the oxidation state of the coordinated ligand [1,16,18,63–65]. The 
average N=CAc and CAc–CAc bond lengths observed in the crystal 
structures of five of 1b, 1d, 2b, 2c and 3a (av. 1.28 Å and 1.50 Å 
respectively) are indicative of a nitrogen–carbon double bond and car-
bon–carbon single bond characteristic of neutral BIAN ligands. The 
elongated N=CAc (1.350(6) Å) and shortened CAc–CAc (1.381(9) Å) bond 
lengths in 2a correspond to values previously reported for a dianionic 
[DippBIAN2–] quinonate ligand [1,16,63,64,66,67]; whereas the N=CAc 
(1.321(4) Å) and. 

CAc–CAc (1.447(6) Å) bond lengths of 4c agree more closely with 
previous reports of a radical monoanionic [DippBIAN1–] semiquinonate 
ligand [1,16,18,63–65]. In the crystal structure of 2a, however, the 
rhodium centre adopts a square planar geometry which is indicative of a 
Rh(I) complex (as opposed to an octahedral Rh(III) centre), and the 
absence of additional counter cations further negate the possibility of a 

Fig. 4. Crystal structure of 4c as determined by single crystal XRD, thermal 
ellipsoids are presented at 50% probability. Hydrogens, solvent molecules and 
anions have been omitted for clarity. 

Table 1 
Selected bond lengths (Å), bond angles (◦) and dihedral angles (◦) from XRD data. M = Metal; Ac = Acenaphthalene imine carbon; L = ancillary ligand. † Half of 
molecule is present in asymmetric unit, therefore selected bond lengths and angles are duplicated in the complex structure. ‡ Imine-N trans to PEt3.   

1b 1d 2a 2b 2c 3a 4c 

M¡N 2.100(4)† 2.100(7)2.097 
(7) 

2.135(4)† 2.0728(17)2.0898 
(16) 

2.082(3)2.083 
(3) 

2.3053(13)‡2.163 
(4) 

2.096(2)†

N–CAc 1.276(7)† 1.291(11)1.280 
(11) 

1.350(6)† 1.285(3)1.289 
(2) 

1.279(5)1.277 
(5) 

1.278(6)1.289 
(6) 

1.321(4)†

CAc1–CAc2 1.492(10) 1.495(13) 1.381(9) 1.501(3) 1.500(5) 1.495(6) 1.447(6) 
M¡L 

(L = CO, PEt3, Cl)   
1.897(6)† 1.871(2)1.875 

(2) 
1.873(5)1.861 
(4) 

Rh–P 2.3053(13)Rh–CO 1.814 
(6) 

Ir–Cl 2.4754(11) 

N1–M¡N2 78.9(2) 78.8(3) 69.4(2) 79.78(6) 78.47(13) 77.30(15) 78.49(13) 
L–M¡L 

(L = CO, PEt3)   
80.8(4) 89.89(8) 91.69(19) 85.24(16)  

N–CAc1–CAc2–N –3.0(8) 2.6(12) 0.0(6) 0.4(3) 2.7(6) 0.2(7) 0.0(4)  

Fig. 5. CV and DPV of 1a [RhDB(cod)]PF6 recorded in CH2Cl2 with 1.0 mM 
analyte and 0.1 M TBAPF6 supporting electrolyte. 
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reduced ligand coordinated in 2a. Similarly, in the structure of 4c the 
neutral iridium centre adopts a square pyramidal geometry similar to 
that observed for previously reported structure of 4a [22], with rhodium 
in oxidation state +1, making the coordination of a reduced ligand 
unlikely. No additional evidence was obtained from the characterisation 
data, computational modelling or electrochemical analyses to substan-
tiate the assignment of anionic charge to the DippBIAN ligands in 2a and 
4c. 

3.3. Electrochemical behaviour and molecular orbital calculations 

In the electrochemical studies, all compounds showed an electro-
chemically reversible first reduction event at potentials less negative 
than –1.0 V (vs Ag/Ag+) (see Figs. 5–9). Reduction events of the Rh 
complexes are observed at more negative potentials than the iridium 
complexes, except with complexes 4a and 4b. All oxidation events were 
irreversible except the first oxidation of 1a, 1c, 2b and 4c, as well as the 
second oxidation of 4d. Inspection of the FMO distributions for these 

complexes indicate that the first and second reduction events in all cases 
are ligand centred and delocalised across the bisimine N=C–C=N moi-
ety, whereas the first oxidation event in all cases is metal centred, with 
the second and third oxidations delocalised across one of the aryl- 
substituents each. These observations are in good correlation to elec-
trochemical, EPR and computational results of previously reported BIAN 
complexes of various transition metals [22,68–74]. The redox behaviour 
of complexes 1a, 2d, 3a, 4a and 4c are discussed here as representative 
examples for comparative purposes. The electrochemistry data and 
calculated molecular orbitals for all compounds are available in the SI 
sections S3 and S5, respectively. 

Cathodic scans of complex 1a displayed a reversible reduction at 
–0.56 V, and an irreversible reduction at –1.53 V (Fig. 5). A reversible 
oxidation is observed at +1.31 V, along with a subsequent irreversible 
oxidation at +1.61 V. Inspection of the LUMO of 1a indicates that the 
first reduction is mainly delocalised across the acenaphthalene rings and 
bisimine moiety (Figure S85), with minor contributions visible from the 
cod-alkene orbitals, while the second reduction appears chiefly localised 

Fig. 6. CV and DPV of 2d [IrMB(CO)2]PF6 recorded in CH2Cl2 with 1.0 mM 
analyte and 0.1 M TBAPF6 supporting electrolyte. 

Fig. 7. CV and DPV of 3a [RhDB(CO)(PEt3)]PF6 recorded in CH2Cl2 with 1.0 
mM analyte and 0.1 M TBAPF6 supporting electrolyte. 

Fig. 8. CV and DPV of 4a [RhDB(cod)Cl] recorded in CH2Cl2 with 1.0 mM 
analyte and 0.1 M TBAPF6 supporting electrolyte. 

Fig. 9. CV and DPV of 4c [IrDB(cod)Cl] recorded in CH2Cl2 with 1.0 mM an-
alyte and 0.1 M TBAPF6 supporting electrolyte. 
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in a π*-antibonding MO comprised of contributions from the acenaph-
thalene ring and bisimine moiety. These FMOs are indicative of ligand- 
centred reductions taking place, illustrating the BIAN ligand’s ability to 
stabilise additional electron density across its aromatic moieties while 
coordinated. 

Cathodic scans of the dicarbonyl complexes 2a, 2c and 2d present a 
pair of reversible reductions between –0.20 and –1.55 V, while 2b 
showed one reversible reduction and one irreversible reduction (Fig. 6, 
and Figures S70–S72). The cathodic scans of 3a under Ar (Fig. 7) appear 
similar to those of 1a, with a reversible reduction at –0.77 V and an 
irreversible reduction at –1.79 V, shifted to more negative potentials by 
roughly 0.2 V due to the increased electron donating ability of the 
phosphine ligand. When examining the anodic scan of 3a, oxidations are 
observed at +1.36 V and +1.60 V, similar to those observed for 1a. 

The spatial distribution of the FMOs across the acenaphthalene and 
bisimine N=C–C=N moieties for the first and second (Figures S99 and 
S101) reduced states of 2d and 3a closely resemble those of 1a, indi-
cating that these reductions are ligand-centred events. The (n = +1) 
α-LUMOs of 2d and 3a include additional antibonding symmetry con-
tributions between the carbon and oxygen of the carbonyl ligands, 
whereas the cod-ligand in 1a and the phosphine in 3a showed little 
contribution to these MOs. The symmetry of these α-LUMO orbital in-
teractions indicate a partial increase in the π-backbonding from the 
metal to the carbonyl ligands during the first reduction event. 

Complex 4a presented a reversible reduction event at –0.18 V 
(Fig. 8), as well as irreversible second and third reductions at –1.15 V 
and –1.37 V with an upsurge in cathodic current at potentials more 
negative than –1.5 V. Two irreversible oxidation peaks are identified at 
+0.77 V and +1.46 V. The reduction peaks are shifted to less negative 
potentials with respect to 1a due to the presence of the electron donating 
chlorido ligand in 4a, whereas the oxidation peaks are shifted to more 
positive potentials. 

The redox profile of 4c (Fig. 9) reveals three reduction events at 
–0.16 V, –1.02 V and –1.45 V, with an upsurge in cathodic current at 
potentials more negative than –1.7 V. The first two reductions of 4c and 
4d are reversible (Figure S75) and shifted to more positive potentials 
compared to those of 4a. In addition, only the first reduction events of 
4a and 4b were reversible (Figure S74), indicating that the iridium 
analogues of the cod-Cl complexes are able to stabilise a higher negative 
charge on the complex than their rhodium counterparts. Two oxidation 
events were identified for complex 4c at +0.71 V and +1.64 V, com-
parable to the oxidation potentials of 4a, however, the first oxidation of 
4c presents as a quasi-reversible event. 

Similar to the MO descriptions of 1a and 3a, the first reduction of 4a 
and 4c is delocalised between the bisimine moiety and acenaphthalene 
rings, with minor contributions from the chloride and alkene co-ligands 
visible (Figures S105 and S109). The second reduction event is likewise 
confined to the bisimine and acenaphthalene orbitals. Unlike the 

previously discussed complexes, the charge localisation for the (n = +3) 
state of complexes 4a–d (Figures S105–S111) is not immediately 
apparent since the orbital distributions associated with the (n = +3) 
HOMO and (n = +2) LUMO are markedly different. 

The reduction events of 1c and 1d (Figures S68–S69) have a similar 
appearance to those of the cod-Cl complexes 4a–d (Figs. 8–9, 
Figures S74–S75), with a steep upsurge in reduction current after the 
third reduction event (avg. < –1.5 V) akin to the current increase that is 
observed in the CVs of the free ligands (Figures S65–S66). DFT calcu-
lations showed an elongation of the M− Cl bond with each reduction step 
(Table 2). However, the calculated bond distance of Rh–Cl in 4a–, 4a–2 

and 4a–3 are significantly more elongated than the corresponding Ir–Cl 
bonds in the analogous complexes 4c–, 4c–2 and 4c–3, pointing to the 
absence of a bonding interaction between the metal center and chlorido 
ligand in the reduced complexes 4a––4a–3. This is in accord with results 
previously reported for the octahedral mer-[RhDB(Cl)3(H2O)], suggest-
ing the steep current increase may be due to the irreversible reductive 
dissociation of the chlorido ligand from the complexes, with subse-
quent/concurrent dissociation of the BIAN ligand as decomposition of 
the complexes take place [23]. Furthermore, it is worth noting here that 
the studies did not use scan rate variations as most of the redox events 
for the reported compounds are irreversible. 

3.4. Electrochemical CO2 reduction and interactions 

Reactivity of the complexes towards electrochemical CO2 reduction 
was tested using the sample solutions as described above, purging the 
solutions with technical grade CO2 for 30 min before running the vol-
tammograms (see Figs. 10–14). Complex 2d showed a modest increase 
in cathodic current (10 μA) at potentials more negative than –1.6 V 

Table 2 
Selected bond lengths (Å) from cPCM DFT data for 4a and 4c modelled in 
different oxidation states.  

Complex Rh–Cl Bond 
length 

Complex Ir–Cl Bond 
length 

4aþ [RhDB(cod)Cl]+

(n = –1) 
2.5120 4cþ [IrDB(cod)Cl]+

(n = –1) 
2.4110 

4a [RhDB(cod)Cl] (n 
= 0) 

2.6130 
(2.5908(12))a 

4c [IrDB(cod)Cl] (n 
= 0) 

2.4269 
(2.4754(11))b 

4a– [RhDB(cod)Cl]– 

(n = +1) 
4.6886 4c– [IrDB(cod)Cl]– 

(n = +1) 
2.4478 

4a–2 [RhDB(cod) 
Cl]–2 (n = +2) 

5.0332 4c–2 [IrDB(cod)Cl]–2 

(n = +2) 
2.4637 

4a–3 [RhDB(cod) 
Cl]–3 (n = +3) 

5.5416 4c–3 [IrDB(cod)Cl]–3 

(n = +3) 
2.5896 

aExperimentally measured Rh − Cl bond length from SC-XRD data previously 
reported [22]. bExperimentally measured Ir − Cl bond length from SC-XRD data 
(see Table 1). 

Fig. 10. CV and DPV of 1a [RhDB(cod)]PF6 in the presence of CO2 or Ar, 
recorded in CH2Cl2 with 1.0 mM analyte and 0.1 M TBAPF6 supporting elec-
trolyte. The HOMO, LUMO and LUMO +4 orbital spatial orientations are pre-
sented below with their associated energies, calculated at B3LYP-D3/def2-SVP 
level of theory in CH2Cl2 using cPCM. 
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(Fig. 11), as well as a 30–55 mV positive shift in reduction and oxidation 
potentials, indicating interaction between the complex and CO2 in so-
lution. An additional irreversible reduction peak was observed at –1.14 
V in the cathodic scans of 3a in the presence of CO2 (Fig. 12), along with 
ca. 20 mV positive shift of all reduction and oxidation peak potentials. 
The increase in cathodic current (5 μA.mm− 2) was only observed be-
tween –1.3 and –1.6 V, suggesting that the [3a–] anion intermediate 
generated during the first reduction at –0.77 V forms an adduct with 
CO2, which further reacts with CO2 to drive the reaction forward 
[19,23,28,75–81]. Additional electrochemical CO2 reactivity data for 
the reported compounds are presented in the SI sections S4. 

The reduction profiles of 1a (Fig. 10), 4a (Fig. 13), and 4c (Fig. 14) 
appear largely unaffected by the presence of CO2 in the solution, how-
ever, a +2.5 μA.mm− 2 decrease in cathodic current is observed beyond 
–1.3 V along with the disappearance of the DPV peak for 4a at –1.88 V. 

It has been well-established via Walsh diagrams that transferring 
electron density to the LUMO of CO2 enables the molecule to bend, 
thereby favouring its reduction [82]. The shift of the 1st reduction and 
1st oxidation waves indicated in Figs. 10–14 (as well as Table 3) are in 
line with literature reports of CO2 reduction [19,23,28,76,77,79,80,83], 
leading us to conclude an interaction of CO2 with the reported com-
plexes. An increase in cathodic current is observed in the case of com-
plex 2d, however, we did not observe similar CO2 reduction activity as 
previously reported for 4a [22,23]. However, this can be attributed to 
the following reasons: 1) CO2 is less soluble in CH2Cl2 than in CH3CN or 
dimethyl formamide (DMF); 2) the reported complexes were not stable 
in DMF or CH3CN, limiting our experiments to a non-coordinating 
CH2Cl2 solvent; 3) the absence of a sacrificial proton source in the 
electrolyte medium also precludes a number of possible CO2 reduction 
mechanisms, and will be included in future investigations 
[23,28,76–78]. In addition, the cathodic behaviour observed for our 
complexes correlate well with a recent report on Ag(I)BIAN2 complexes 

as efficient electrocatalysts for CO2 electroreduction [81]. 
In order to understand why complex 3a displayed better CO2 elec-

troreduction reactivity, we looked at the spatial orientations of the 
HOMO, LUMO and higher order LUMOs of the above studied complexes 
described vide supra, Figs. 5, 10–13 and S74–S84. The higher order 
LUMOs indicated a near-HOMO character for the complex 3a at LUMO 
+4. However, for the other complexes discussed in this article, the near- 
HOMO character is found beyond LUMO +3 thus leading to potential 
drops (ΔE(LUMO)) as indicated in Table 3. The complex 3a shows a lowest 
potential drop of 2.58 eV which could facilitate the movement of elec-
trons from donor to acceptor thereby advancing the CO2 reduction 
[84,85]. This observation also compliments our crystallographic data 
which revealed a stronger trans-influence of the PEt3 group in 3a leading 
to asymmetric differences at the coordination site. 

4. Conclusion 

A series of rhodium(I) and iridium(I) complexes of Dipp- and Mes-
BIAN are reported, featuring either square planar or square pyramidal 
coordination geometries. The square planar crystal structures of 1b 
[RhMB(cod)]PF6, 1d [IrMB(cod)]PF6, 2a [RhDB(CO)2]PF6, 2b [RhMB 
(CO)2]PF6, 2c [IrDB(CO)2]PF6 and 3a [RhDB(CO)(PEt3)]PF6 are re-
ported, as well as the square pyramidal 4c [IrDB(cod)Cl] structure. The 
bisimine moiety bond lengths within the structures of 2a and 4c deviate 
from those expected for a neutral BIAN ligand, and suggest that the 
DippBIAN ligand in these complexes is in a reduced state. However, no 
additional evidence from multi-technique analyses were observed which 
would support assigning the ligands a negative charged state. This 
anomalous data is indicative of non-innocent behaviour of the DippBIAN 
ligand within 2a and 4c – accepting additional electron density from the 

Fig. 11. CV and DPV of 2d [IrMB(CO)2]PF6 in the presence of CO2 or Ar, 
recorded in CH2Cl2 with 1.0 mM analyte and 0.1 M TBAPF6 supporting elec-
trolyte. The HOMO, LUMO and LUMO +5 orbital spatial orientations are pre-
sented below with their associated energies, calculated at B3LYP-D3/def2-SVP 
level of theory in CH2Cl2 using cPCM. 

Fig. 12. CV and DPV of 3a [RhDB(CO)(PEt3)]PF6 in the presence of CO2 or Ar, 
recorded in CH2Cl2 with 1.0 mM analyte and 0.1 M TBAPF6 supporting elec-
trolyte. The HOMO, LUMO and LUMO +4 orbital spatial orientations are pre-
sented below with their associated energies, calculated at B3LYP-D3/def2-SVP 
level of theory in CH2Cl2 using cPCM. 
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metal centre due to push–pull mechanism between the ancillary ligands 
and BIAN. 

The systematic electrochemical study in non-coordinating solvent 
CH2Cl2, revealed that all the complexes feature at least one reversible, 
ligand-centred, reduction event at potentials less negative than –1.0 V; 
well above the reduction potential of the free ligands. Complex 1a 
[RhDB(cod)]PF6 is the only complex to show a fully reversible oxida-
tion, while 1b, 2b, 4c and 4d [IrMB(cod)Cl] display oxidation events 
which are electrochemically reversible, but not chemically reversible on 
the timescale of the scan rate employed. 

Complex 2d [IrMB(CO)2]PF6 shows a positive shift in reduction 
potentials and a modest increase in reduction current between –1.0 and 
–1.9 V upon addition of CO2 to the electrochemical cell solutions, while 
3a [RhDB(CO)(PEt3)]PF6 exhibits the formation of an additional 
reduction peak at –1.14 V (with concomitant increase in anodic current). 
These changes indicate an associative interaction between the com-
plexes and CO2 which are well corroborated with our theoretical cal-
culations and analysis on the higher order LUMOs and crystallographic 
structure analysis. The results in this study lay a strong foundation for 
this class of compounds to be used in renewable energy research, 
especially into CO2 electroreduction studies. 
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Fig. 13. CV and DPV of 4a [RhDB(cod)Cl] in the presence of CO2 or Ar, 
recorded in CH2Cl2 with 1.0 mM analyte and 0.1 M TBAPF6 supporting elec-
trolyte. The HOMO, LUMO and LUMO +8 orbital spatial orientations are pre-
sented below with their associated energies, calculated at B3LYP-D3/def2-SVP 
level of theory in CH2Cl2 using cPCM. 

Fig. 14. CV and DPV of 4c [IrDB(cod)Cl] in the presence of CO2 or Ar, recorded 
in CH2Cl2 with 1.0 mM analyte and 0.1 M TBAPF6 supporting electrolyte. The 
HOMO, LUMO and LUMO +7 orbital spatial orientations are presented below 
with their associated energies, calculated at B3LYP-D3/def2-SVP level of theory 
in CH2Cl2 using cPCM. 

Table 3 
A summary of the DPV peak potentials (in V vs Ag/Ag+) recorded for complexes 
1–4 in solutions saturated with either Ar (g) or CO2 (g). Key: * Electrochemically 
reversible events. § New peak observed in the CO2 saturated solutions. # 
ΔE(LUMO) = ELUMO +x – ELUMO (in eV), where LUMO +x is the higher order LUMO 
with near-HOMO character as shown in Figs. 10–14.  

Compound Red. 2 Red. 1 Ox. 1 ΔE(LUMO)
# LUMO þx 

1a  –1.53  –0.56*  +1.31* 2.73 LUMO +4 
1a þ CO2  –1.56  –0.60*  +1.40* 
2d  –1.18*  –0.25*  +1.56 3.02 LUMO +5 
2d þ CO2  –1.14*  –0.22*  +1.61 
3a  –1.79  –0.77*  +1.36 2.58 LUMO +4 
3a þ CO2  –1.14§ –0.75*  +1.38 
4a  –1.15  –0.18*  +0.77 2.99 LUMO +8 
4a þ CO2  –1.14  –0.18*  +0.79 
4c  –1.02*  –0.16*  +0.70 2.86 LUMO +7 
4c þ CO2  –1.03*  –0.16*  +0.70  
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