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Triskelion-shaped iridium-helicene NHC complex 

Etienne S. Gauthier,a Nora Hellou,a Elsa Caytan,a Samuel Del Fré,b Vincent Dorcet,a Nicolas 
Vanthuyne,c Ludovic Favereau,a Monika Srebro-Hooper,*b J. A. Gareth Williams,d and Jeanne 
Crassous*a 

Enantiopure tris-helicenic chiral-at-iridium complexes have been prepared, constituting the first examples of 

organometallic metal-tris-helicenes. They have the mer- or fac-Ir(C^C:)3 form, where (C^C:) is an N-heterocyclic carbene 

ligand N-substituted with a hexahelicene. Their triskelion geometry and stereochemistry have been thoroughly studied 

and assigned by NMR in combination with quantum-chemical modelling and by comparison with the X-ray structure of 

analogues. Thanks to their Ir(III)-based multihelicenic architecture, the complexes display strong electronic circular 

dichroism and optical rotation along with long-lived yellow phosphorescence, involving circularly polarized emission with 

glum factors around 10–3. 

A Introduction 

Multihelicenic architectures are currently attracting 

attention since they are appealing analogues of polycyclic 

aromatic hydrocarbons (PAHs) and of their heteroatomic 

versions.1a,b,d These aesthetic, sophisticated, chiral, extended 

-conjugated molecules have potential applications in

optoelectronics as chiral emitters or semi-conducting 

materials. However, the construction of such polycyclic 

systems often requires the use of tedious organic chemistry. 

While purely organic multiple helicenes have recently 

appeared in the literature, the precise control of their final 

structure and related chiroptical properties remains highly 

challenging.1d,2 Conversely, organometallic chemistry enables 

the development of metal-based helical architectures since a 

specific metal with an appropriate coordination geometry may 

give rise to multihelicenic frameworks where the geometry 

and stereochemistry can be well-controlled.1c For instance, 

coordination chemistry around an octahedral d6 metal ion such 

as iridium(III) enables three bidentate -conjugated ligands to 

be organized in a highly stereomerically controlled fashion, 

accompanied by the generation of photophysical properties 

that are appealing for many applications.3 

N-Heterocyclic carbenes (NHCs), with their strong -donor 

abilities that enable the formation of stable metal−carbon 

bonds, constitute an important family of ligands for 

organometallic and coordination chemistry.4 They have been 

widely applied in homogeneous catalysis,5 and more and more 

in materials science.6,7 Recently, chiral organometallic NHC 

complexes have emerged as a new class of compounds 

displaying appealing chiroptical properties including circularly 

polarized luminescence (CPL),7g,8 a feature particularly 

attractive for applications as chiral emitters for organic light-

emitting device (OLED) technology,9a biological imaging,9b,c or 

chiral sensing.9d As both chemical composition and 

stereochemical environment may strongly influence the 

photophysics of a system,8 it is of great interest to develop 

novel chiral molecular materials with highly controlled 

topologies.  

In this research article, we report unprecedented tris-

helicenic architectures, formed of one central Ir(III) ion 

surrounded by three hexahelicene-NHC ligands (see 1a, 1b, 

and 1c in Figure 1) resulting in unique triskelion (triple-spiral)-

shaped complexes. These systems give us the opportunity to 

investigate the stereoselectivity of the coordination process 

when using a rather crowded chiral NHC ligand. Complexes 

bearing all combinations of fac/mer, ()() and  (M)/(P) 

configurations can be accessed. They offer scope for a 

comprehensive study of the photophysical and chiroptical 

responses of each diastereomerically and enantiomerically 

pure isomer, i.e. electronic circular dichroism (ECD), optical 

rotation (OR) and CPL spectra. These triskelion molecules have 

been examined by a combination of NMR, X-ray structures of 

model analogues, luminescence, (chir)optical spectroscopy, 

and quantum-chemical calculations. To our knowledge, these 

are the first molecules successfully organizing three helicenic 

ligands around a single metal center. 1c,d

A Results and discussion 
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B Synthetic procedures 

Our synthetic strategy started with the preparation of methyl-

benzimidazolium salt 6, N-substituted with a carbo[6]helicenic 

moiety (Scheme 1a). It followed a well-established route to 

benzimidazoles:10a i) a Hartwig-Buchwald coupling to prepare 

N-[6]helicenyl-nitroaniline from 2-bromo-carbo[6]helicene 

(rac)-210b and ortho-nitroaniline, ii) a reduction of the nitro 

group, and iii) cyclization of the obtained N-[6]helicen-2-yl-

ortho-phenylene-diamine to benzimidazole. The Hartwig-

Buchwald amination was performed using microwave 

conditions at 170°C10c and yielded nitro derivative (rac)-3 as 

bright red crystals in 64% yield after column chromatography. 

This compound was reduced using tin(II) chloride dihydrate 

under acidic conditions affording helicenic diamino derivative 

(rac)-4. Owing to its high sensitivity to oxidation, 4 was used 

directly in the next step without further purification, by 

heating in triethylorthoformate in the presence of a catalytic 

amount of TsOH·H2O, giving (rac)-5 in 68% yield after 

purification by column chromatography. Note that this 

compound is a more extended analogue of the previously 

described [4]helicene-2-N-benzimidazole.8b 

Figure 1. Chemical and stereochemical structure of the prepared chiral mer and fac tris-helicene-NHC-Ir complexes 1a-c. Blue and red bawls denote methyl groups. 

Fully organic triskel-shaped tris-pentahelicenic model 1’.2f

Scheme 1. a) Synthetic route to helicene-imidazolium salts (P)- and (M)-6 and to iridium(III)-tris-helicene-NHC complexes 1a-c. i) Pd(OAc)2 / Xantphos (cat.), Cs2CO3, 
toluene, MW, 170°C, 30 min, 64%; ii) SnCl2·2H2O, EtOH / HCl (2:1), reflux, overnight; iii) TsOH·H2O (cat.), (EtO)3CH, 80°C, overnight, 68% (over 2 steps); iv) chiral HPLC 
separation, then MeI (excess), MeCN, reflux, overnight; v) Ag2O, 1,4-dioxane, 60°C, dark, one night, then [Ir(COD)Cl]2, 120°C, 24 h. b) X-ray crystallographic structures 
of (rac)-5 (top, only the (M,Sa) stereoisomer is shown) and (rac)-3 (bottom). c) 1H NMR of the Me groups of the (P) crude mixture (in CDCl3) and of the corresponding 
pure stereoisomers of 1a-c obtained (in CD2Cl2). 

All these compounds were fully characterized by NMR 

analysis and HRMS (see SI). Classical signals of protons on the 

helicenic unit were observed in CD2Cl2, notably H15 and H14 

(pseudo-triplets at 6.84 and 7.38 ppm, respectively) and H3 
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(doublet of doublets at 7.43 ppm) for (rac)-5. Single crystals of 

(rac)-3 and (rac)-5 suitable for X-ray diffraction were grown by 

vapor diffusion of n-pentane into a solution of the compound 

in CH2Cl2. Both compounds crystallized in the centrosymmetric 

space group P21/n (Scheme 1b). Their helicities (dihedral angle 

between terminal rings) of 47.80° and 50.59°, respectively, are 

typical of hexahelicenes.11 Regarding (rac)-3 (see Scheme 1b 

bottom), the nitro and the amino groups are nearly coplanar 

(Nnitro-C-C-Namine dihedral angle of 3.16°) and establish 

intramolecular hydrogen bonding interactions (O-N-O···H-N) 

that show similar characteristics to those observed for ortho-

nitroanilines (O···H distance equal to 1.876 Å, O···H-N angle 

equal to 136.83°).4 The crystal packing is governed by 

heterochiral interactions, through the aromatic protons 

located in the central outer part of the helicene (distances of 

2.358 Å); furthermore, an arrangement of homochiral columns 

stabilized via CH- interactions (distances of 2.770 Å) appears 

along the b axis (Figure SI.27). In the case of (rac)-5 ( Scheme 

1b top), interestingly, two stereogenic elements are actually 

found in the solid state, namely the helicenic unit and the axial 

chirality around the N1-C2 bond (C1’-N1-C2-C1 dihedral angle of 

±50.53°) that appears to be associated with an intramolecular 

CH··· interaction established between the Himidazole and the 

terminal ring of the helicenic core (2.933 Å). In the racemic 

crystal, (P) helices are systematically associated with (Ra) axial 

stereochemistry and (M) helices with (Sa). This confirms that 

the helical chirality controls the axial chirality through the 

presence of the intramolecular CHimidazole··· interaction. Note 

that such CH··· contacts seem to be also present in solution. 

Indeed, a strongly shielded signal at 6.77 ppm was observed 

for the Himidazole in 5 (which shifted to highly deshielded at 9.31 

ppm for methyl-imidazolium 6, vide infra).  This observation is 

corroborated by clear NOESY correlation peaks between this 

proton and the H1 one in 5 (see ESI).  Furthermore, although 

the rotation around the 2-N bond is probably not fully blocked 

in solution as suggested by rather broad 1H signals observed 

for the whole benzimidazole unit, low temperature  NMR 

(down to 250K) did not yield any splitted signals. Overall, these 

observations seem to indicate that the (M,Sa)/(P,Ra) 

stereoisomers might be stable in solution. Finally, as for (rac)-

3, the supramolecular packing along the b axis in the crystal of 

(rac)-5 is arranged through homochiral columns (Figure SI.28). 

Hexahelicenic derivative 5 was accessed in enantiopure (P)-(+) 

and (M)-(-) forms on 100 mg scale (ee’s > 99.5%) after HPLC 

separation over a chiral stationary phase (Chiralpak IG). 

Benzimidazolium salts (P)-(+)- and (M)-(-)-6 were then obtained in 

> 90% yield by reaction with methyl iodide and used to generate 

the [Ir(C^C:)3] complexes 1. Following the recently described 

procedure by Johannes et al.,12a the two enantiopure salts (M)- 

and (P)-6 (3 eq.) were engaged in the metalation step by first a 

reaction with Ag2O (1 eq.) upon heating (60°C) for one night in the 

dark, followed by addition of [Ir(COD)Cl]2 (0.5 eq.) and further 

heating (120°C) for 24 h. After a filtration over Celite, the 1H NMR 

of the crude mixture of 1 recorded in CDCl3 showed no deshielded 

signal around 9-10 ppm confirming the consumption of the 

benzimidazolium precursor, whilst several new singlets appeared 

between 2.60 and 3.20 ppm corresponding to the N-CH3 signals 

of the desired complexes 1, formed as a mixture of 

diastereoisomers 1a, 1b, and 1c (identical singlets were obtained 

for both (P) and (M) helicenes, see Scheme 1c, Figures 1, SI.6-

SI.9, and NMR analysis presented below). 

X-ray analysis of triskelion pentahelicenic-NHC-Ir analogues 

All attempts to obtain single crystals of 1a, 1b or 1c failed. 

However, parallel tests on the synthesis of analogous tris-

helicenic Ir(C^C:)3 complexes, prepared using already reported 

fused pentahelicenic NHC-based (C^C:) ligand 7,7a resulted in a 

mixture of multiple isomers from which two fac complexes 

could be successfully crystallized and characterized by X-ray 

crystallography (see fac-(P,M,M,Ir)-8a and fac-(P,M,M,Ir)-8b 

in Figure 2). These results provide illustrative insight into the 

general structural features of the unprecedented triskelion-

shaped tris-helicene-NHC-Ir complexes 1. X-ray crystallography 

of the pure diastereoisomers 8a and 8b (P21/c and P21/n 

centro-symmetric space groups, respectively, SI) shows the 

pseudo-octahedral geometry around the iridium center and 

the fac relationship of the three tolyl rings, whereas the 

pentahelicene-NHC chelates are oriented in two ways around 

the Ir(III), defining either the delta (Ir) or lambda (Ir) epimers 

associated with different helicities, thus yielding fac-

(P,M,M,Ir)/(M,P,P,Ir)-8a and fac-(P,M,M,Ir)/(M,P,P,Ir)-8b. 

The pentahelicene-NHC ligands are bound to one Ir center 

with classical C–Ir bond-lengths ranging between 2.011 and 

2.052 Å. Furthermore, the tolyl groups are coordinated to the 

metal via their C2' atoms (C2'–Ir between 2.049 and 2.106 Å) 

and are almost coplanar with the NHC cycles (dihedral angles 

between 1.67 and 7.24°). These metric data correspond well 

with classical values for tris-carbenic cycloiridiated Ir(C^C:)3 

complexes,12 and are very similar to the structural parameters 

of the computed geometries of the systems 1 (vide infra). 

Figure 2. X-ray structures of two fac isomers of iridium(III)-tris-[5]helicene-NHC 

complexes 8a and 8b (only one enantiomer is shown) synthesized using ligand 7. i) 

Ag2O, [Ir(COD)Cl]2, 1,2-dichloroethane, 90°C, dark, 24 h. The red, blue and green 

colours highlight three different helical branches. 

Stereochemical assignment via NMR studies 

The octahedral complex formed through the 

cyclometalation of three helicenic NHC ligands with an iridium 

precursor can be statistically obtained in 32 (25) different 
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configurations, due to the helical chirality (P/M) of each 

helicenic ligand (counting for 23 possibilities), the chirality-at-

iridium (Ir/Ir) and the two coordination geometries 

(meridional = mer/facial = fac). In the present case, the 

configuration of the helicene is fixed (either (P) or (M)), thus 

reducing the number of statistically possible isomers to pairs 

of mirror-image compounds:  

mer-(P,Ir)/(M,Ir) = mer-(P,Ir)/(M,Ir) 1a;  

mer-(P,Ir)/(M,Ir) = mer-(P,Ir)/(M,Ir) 1b;  

fac-(P,Ir)/(M,Ir) = fac-(P,Ir)/(M,Ir) 1c;  

and fac-(P,Ir)/(M,Ir) = fac-(P,Ir)/(M,Ir) 1d  

(see Figure 1, Scheme 1c, and discussion below).  

From density functional theory (DFT) calculations (TPSS 

functional coupled with semiempirical dispersion corrections 

D3, TZVP basis set, continuum solvent model for CH2Cl2; see SI 

for a complete description of the computational protocol 

applied here), all four isomers were found to be 

thermodynamically stable and of comparable relative energy 

values (Table SII.1). However, among these, only 3 pairs of 

mirror-image isomers were observed in the 1H NMR spectrum 

depicted in Scheme 1c, and only one fac isomer was found 

experimentally. Due to the C3 symmetry of the fac isomers, the 

characteristic protons of the N-CH3 groups should appear as 

one singlet integrating to 9 protons, while the spectrum of the 

mer isomers should exhibit 3 different singlets, each 

integrating to 3 protons, corresponding to the three 

inequivalent N-CH3 groups. For each experiment with fixed (P) 

or (M) configuration of the helicene ligand, the total number 

of N-CH3 1H NMR signals in the crude mixture was equal to 7, 

and not 8. From this, it can be concluded that only three, 

instead of four, different stereoisomers are obtained: mer-1a,b 

and fac-1c were acquired in respective (19:39:42) and 

(25:40:35) proportions in the crude (P) and (M) series (vide 

infra). It is probable that during the reaction performed at high 

temperature, one fac isomer readily transforms to the slightly 

more stable one. 

Each pure stereoisomer could then be successfully 

obtained from the crude mixture by HPLC separation; overall, 

they were obtained with ee’s higher than 99% and in 2 to 18% 

yields (see SI). It is noteworthy that for Ir(C^C:)3 complexes 

hitherto reported, the mer/fac ratio of the cyclometalation is 

close to 4:1,12 while here it was found to be 58:42 and 65:35 

for the crude (P) and (M) mixture, respectively. The selectivity 

for the mer over the fac isomer usually comes from the 

transient formation of a bridged dimer [Ir(C^C:)2(-Cl)]2 with 

two ligands in mutually trans positions thanks to the trans 

effect.12b In our case, the proximity of two sterically crowded 

(C^C:) hexahelicenic units in the trans configuration of the -

chloro dimer is however disfavored, and formation of the cis 

form becomes easier. This helicene-NHC chemistry is thus 

sufficiently robust to construct three-dimensional 

architectures with well-defined topologies. 

The complete NMR studies (1H, 13C, 2D homonuclear and 

heteronuclear NMR, performed on 500 MHz or 900 MHz 

spectrometers) of the optically pure stereoisomers were then 

conducted in CD2Cl2, and the analysis of the resulting NMR 

signals with reference to the calculated geometries of 

respective molecular configurations enabled their 

stereochemistries to be definitively assigned. As 

aforementioned, the C3-symmetric fac-(M)-1c complex 

displays only one set of 1H and 13C NMR signals for the three 

equivalent helicene-NHC ligands, with the N-CH3 methyls 

protons appearing as a singlet at 2.90 ppm (Scheme 1c) and 

with the carbenic C atoms giving one signal at 190.6 ppm. 

Conversely, the 1H and 13C NMR spectra of C1-symmetric mer 

stereoisomers are richer. For instance, the 1H NMR spectrum 

of mer-(M)-1b exhibits three signals at 3.14, 3.08 and 2.83 

ppm, readily assigned to the three inequivalent N-CH3 groups 

showing in HMBC clear 1H-13C heteronuclear correlations with 

the three deshielded and distinct carbene atoms (see SI). 

Additionally, an unambiguous scalar 1H-13C coupling with the 

proton H4 of the ligand A (around 6.75 ppm), visible only with 

the carbene of the ligand B, helped to simultaneously assign B 

as the ligand placed trans and C as the ligand located cis to A 

(see Figures 3e and SI.20). Typical signals of the helicene 

fragment were also identified for mer-(M)-1b, notably H15 

which appears as ddd at 7.33 ppm for ligand A, at 6.79 ppm for 

ligand B, and at 6.67 ppm for ligand C (see for example Figure 

3b).  

As the different stereoisomers displayed different NMR 

spectra, it was of particular interest to know whether – and if 

yes then how – specific 1H-1H homonuclear dipolar 

correlations between the three helicenic ligands might provide 

information about the stereochemistry at the iridium center. 

Optimized structures of mer-(M,Ir), mer-(M,Ir), fac-(M,Ir), 

and fac-(M,Ir) were thus analyzed in order to search for 

configurations with selective short distances and NMR 

correlations, whilst discarding the other stereochemistries that 

would not correspond to experimental NMR signals. 

Satisfyingly, the resolution obtained with the different NMR 

analyses (at 500 MHz and at 900 MHz) was sufficient to find 

discriminative correlations leading to unambiguous 

assignment of the stereochemistry of each complex 1a, 1b, 

and 1c. 

As for the C3-symmetric fac isomer, dipolar correlations 

were found between the N-CH3 group and the H1, H14 and H15

protons of the helicenic unit (Figure 3c). Looking at the 

optimized fac structures and distances presented in Figure 3f 

and Figure SI.23, it seems unlikely that they originate from 

protons located on the same ligand, as they are far from each 

other. Accordingly, these correlations have to stem from 

through-space interactions between protons of two helicenic-

NHC ligands located in close proximity. In the fac-(M,Ir) 

configuration (Figure SI.23), unlike in fac-(M,Ir) (Figure 3f), 

the N-CH3 group of one ligand appears too far away (> 5 Å) 

from H14 and H15 protons of another ligand to lead to any 

corresponding dipolar correlations. We can thus conclude that 

fac-(M,Ir) (or its enantiomer, fac-(P,Ir) is the configuration of 

the complex that fits in the NMR analyses in the case of 1c, 

displaying three clear correlation signals between N-CH3 of one 

ligand and H1, H14 and H15 of the other ligand, while fac-

(M,Ir)/(P,Ir)-1d was not found experimentally. 
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Figure 3. a)-c) 1H-1H homonuclear correlations observed between the N-CH3 groups and helicenic protons (CD2Cl2, 500 or 900 MHz, see SI for precise conditions) in 1a-c. d)-f) 

TPSS+D3/TZVP (continuum solvent model for dichloromethane) optimized geometries of mer-(M,Ir)-1a, mer-(M,Ir)-1b and fac-(M,Ir)-1c isomers and selected distances (most 

hydrogen atoms and the third ligand of the fac isomer have been omitted for clarity). The three inequivalent hexahelicenic-NHC ligands are denoted A, B and C for clarity. Close 

distances are highlighted in green, while longer ones are marked in red. See Figure SI.25 for the corresponding ‘capped-sticks’ representation of each structure, providing a clearer 

visualization of the 3D arrangement of the ligands. 

Regarding the NMR data depicted in Figure 3b for one of the 

two possible mer stereoisomers, the following homonuclear 

dipolar correlations were noticed: i) between the N-CH3 group 

of ligand A and H4 of ligand C, ii) between the N-CH3 group of 

ligand B and H15 and H4 of ligand C, and iii) between the N-CH3 

group of ligand C and H15 of ligand B and H4 of ligand A. 

Looking at the computed structure of the mer-(M,Ir) 

stereoisomer presented in Figure 3e, we can observe that the 

respective distances between the denoted N-CH3 group and 

the H15 of the ligands B and C, as well as the other protons, are 

below 3.7 Å, which is suitable for spatial correlations. 

Conversely, considering the mer-(M,Ir) configuration depicted 

in Figure 3d, the distances between the N-CH3 group of ligands 

B and C and H15 of ligands C and B, respectively, are longer 
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than 5 Å, which is detrimental to observation of dipolar 

homonuclear correlations in NMR and corresponds well with 

the correlations depicted in Figure 3a, i.e. only between the N-

CH3 group of ligand A and H15 of ligand B. We can thus 

unambiguously conclude that the stereochemistry of 1b is 

mer-(M,Ir)/(P,Ir), while that of 1a is mer-(M,Ir)/(P,Ir). 

Photophysical properties 

The UV-visible absorption spectra of all the stereoisomers 

1a-c were recorded in CH2Cl2 solution at room temperature 

and showed close resemblance to one another (see Figure 4b). 

For mer-(P,Ir)-1b, for example, the band of highest intensity 

was observed at 275 nm ( ∼ 90 000 M–1 cm–1), followed by a 

shoulder centered around 308 nm of nearly half the intensity 

( ∼ 46 000 M–1 cm–1) and a band at 357 nm ( ∼ 29 000 M–

1 cm–1). Weaker, lower-energy signals can also be noticed, 

centered at 404, 428, and 445 nm ( ∼ 10 000, 4000, and 950 

M–1 cm–1, respectively). 

The general spectral UV-vis envelopes for 1a-c, along with 

the close similarities between stereoisomers, are overall 

correctly reproduced by TDDFT calculations (PBE0/SV(P) with a 

continuum solvent model for CH2Cl2, see Figure SII.2). The 

corresponding analysis of molecular orbital (MO) pair 

contributions to intense excitations confirms the expected -

* helicene-centered origin of the intense UV-vis signals but 

also shows pronounced involvements of the metal d-orbitals 

and, in the case of higher-energy excitations, the -orbitals of 

the NHC units, which constitute metal-to-ligand (ML) and 

intraligand (IL) charge transfers (CTs), respectively. 

Importantly, the excitations involve electronic transitions both 

within a single ligand as well as between ligands, and 

accordingly feature strong ligand-to-ligand (LL) CT character. In 

particular, the calculations show that the lowest-energy part of 

the experimental UV-vis spectra of 1a-c can be attributed to 

low-energy excitations which correspond predominantly to 

transitions between high-lying occupied and low-lying 

unoccupied MOs (see excitations nos. 1-3 in Figure SII.2, 

computed at 404-393 nm). Electron density in the high-lying 

occupied MOs is concentrated mainly at the Ir(III) center and 

adjacent rings of helicene fragments, while the low-lying 

unoccupied MOs represent purely helicene-centered -orbitals 

either localized at either one of the helicenic NHC ligands (for 

the C1-symmetric mer stereoisomers 1a and 1b) or delocalized 

over two or all of them (for the C3-symmetric fac structure 1c); 

see HOMO-1, HOMO = highest-occupied MO, LUMO = lowest-

unoccupied MO, and LUMO+1 presented in Figure 5b for 1a 

and 1c, and SI for a full set of data. Such character of the 

frontier MOs in 1 clearly reflects extended -conjugation over 

the whole molecule and efficient electronic interaction 

between all three helicenic NHC ligands and the metal center. 

This may also contribute to the stability of these 

unprecedented tris-helicenic structures. Accordingly, the low-

energy tail in the UV-vis spectra of 1 is due to -* transitions 

within helicene fragments of ILCT-like nature, due to the fact 

that the engaged MOs are centered in different parts of the 

helicenic -system, accompanied by MLCT and LLCT. 

At room temperature in deoxygenated solution, all the 

complexes 1a-c exhibit structured yellow luminescence, 

centered at around 540 nm, with modest quantum yields, ,

between 1 and 3% (see Table SI.2). The long emission lifetimes 

under these conditions – between 31 and 81 s – are clearly 

indicative of phosphorescence from the triplet state, as is 

typical for many tris-cyclometalated Ir(III) complexes. This 

emission is very strongly quenched upon aeration of the 

sample, in line with the long excited-state lifetimes. For fac-

(P,Ir)-1c, however, additional weaker emission to high energy 

of the main band is observed that is insensitive to oxygen. The 

origin of this emission < 500 nm thus seems likely to be spin-

allowed fluorescence from a singlet state. Excitation spectra of 

fac-(P,Ir)-1c registered at exc = 536 and 490 nm (Figure SI.31) 

both show a reasonable match to the absorption spectra, so it 

is possible that both emissions originate from the complex. 

The spin-orbit coupling in the fac-(P,Ir)-1c configuration may 

not be sufficient to render S1 → T1 intersystem crossing so fast 

as to completely eliminate S1 → So fluorescence, as observed 

for some Pt(II), Ir(III) and Os(II) complexes also bearing large -

conjugated systems.13 The match with the absorption spectra 

is not perfect, however, and definitive assignment as dual 

emission cannot be made. We cannot rule out that the 

fluorescence emanates from a trace of highly emissive 

impurity, especially as its emission overlaps with that of the 

complex such that its excitation spectrum cannot be registered 

independently, and it appears proportionately a little less 

significant in the enantiomer fac-(M,Ir)-1c. The complexes 

mer-(P,Ir)-1a or mer-(P,Ir)-1b, show only phosphorescence in 

degassed conditions (the trace of weak fluorescence around 

450 nm is almost certainly extraneous and not associated with 

the complex, based on its high-energy excitation spectrum). 

The vibronic progression of around 1300 cm–1 in each 

phosphorescence spectrum is consistent with largely helicene-

centered transitions. The rather low quantum yields can then 

be readily understood, since a low radiative rate constant is 

anticipated when the triplet state has little metal character, 

and non-radiative decay will tend to compete effectively.  

The geometry of the complex seems to have an impact on 

the emission since the phosphorescence lifetime of mer-

(P,Ir)-1b is more than twice that of mer-(P,Ir)-1a (81 s and 

31 s, respectively). At 77 K, the emission profiles remain 

similar, with only a slight blue-shift of around 10 nm relative to 

room temperature. The suppression of non-radiative pathways 

under these conditions leads to an increase in the emission 

lifetimes to around 2 ms for all of the diastereoisomers (Table 

SI.2). These very long lifetimes are a further reflection of the 

primarily -* nature of the transitions and of the limited 

metal contribution. The fact that the phosphorescence 

lifetimes became independent of the complex’s structure at 77 

K suggests that the difference between the room temperature 

lifetimes of mer-(P,Ir)-1a and mer-(P,Ir)-1b arises largely 

from differing rates of non-radiative decay (Table SI.2). Such a 

difference might in turn arise from an influence of the 

complex’s geometry on the coupling between electronic and 
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vibrational states or on the extent to which the emissive state 

interacts with the solvent environment.

 

 

 

 

Figure 4. a) Electronic circular dichroism, b) UV-visible absorption, c) luminescence, and d) circularly polarized emission spectra for different stereoisomers of 1a-c 
measured in CH2Cl2 at 298 K. See also SI. 

Figure 5. a) Simulated (PBE0/SV(P) with a continuum solvent model for CH2Cl2) ECD spectra of 1a-c with selected excitation energies and rotatory strengths indicated 
as ‘stick’ spectra. b) View of frontier MOs for 1a and 1c (±0.03 au). See SI for a full set of computed results. 

The TDDFT calculations (PBE0/SV(P) with a continuum 

solvent model for CH2Cl2, see Table SII.6 and Figure SII.7) of 

luminescence properties for 1a-c qualitatively support the 

experimental assignment of dual 

fluorescence / phosphorescence emission for 1c. They also 

confirm the overall similar phosphorescence energies and 

predominantly -* helicene-centered character of the 

emitting T1 excited state, with a clear MLCT contribution for all 

three stereoisomers. Interestingly, while for 1c the triplet state 

appears to be localized on a single ligand, for both mer 

stereoisomers 1a and 1b, it shows some delocalization over 

two or all of the helicene fragments resulting in LLCT signature 

in their corresponding T1 → S0 emission transitions. The role of 

the helicene moiety in influencing the emission properties of 

its corresponding metallic system has already been observed 

in recently reported helicenic NHC metal complexes.8a,d

Chiroptical properties 

The chiroptical properties (OR, ECD, and CPL) of the Ir(III) 

complexes 1a-c were also examined. The high values 

measured for the molar rotations (2.5 × 104 – 3.3 × 104, see SI) 

are in agreement with data already reported for other 

multihelicenic organometallic complexes.1c,d Interestingly, all 

three tris-helicenic systems presented here demonstrate 

overall similar OR values in spite of their different 
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configurations (chirality-at-iridium and coordination 

geometry). This might indicate that the contribution of the 

helical ligand is predominant over the aforementioned 

configuration-related factors. A synergistic effect of the three 

helically chiral units linked together is evident, as a 2-fold 

increase in [𝜙]𝐷
25 is observed relative to monohelicenes.10 A

similar conclusion can be drawn for the ECD spectra. As shown 

in Figure 4a for the diastereoisomerically pure complexes, the 

pairs of enantiomers – mer-(M,Ir)/(P,Ir)-1a, mer-

(M,Ir)/(P,Ir)-1b, fac-(M,Ir)/(P,Ir)-1c – display expected 

mirror-image spectra with strong intensities that for a given 

configuration of the helicene resemble one another. In line 

with the similar molar rotation values, this confirms the low 

influence of the chirality-at-metal and coordination geometry 

on the chiroptical properties of these tris-helicenic complexes. 

For example, mer-(P,Ir)-1b exhibits a first positive band at 242 

nm ( = +135 M-1 cm-1) followed by a strong negative band at 

279 nm ( = -417). At wavelengths between 300 and 360 nm, 

the active bands are positive and display slight structure with 

an increase of intensity from  = +103 M-1 cm-1 at 310 nm to 

 = +173 and +233 M-1 cm-1 at around 342 nm and 357 nm, 

respectively. These are then followed by bands of strongly 

decreased intensity at 402 and 423 nm ( = +47 and +16 M-1 

cm-1, respectively). 

The calculations (TDDFT14 with BHLYP/SV(P) (for OR) and 

PBE0/SV(P) (for ECD) with a continuum solvent model for 

CH2Cl2) reproduce correctly the large magnitudes and overall 

similar chiroptical absorption properties of 1a-c (see Figure 5a 

and Table SII.2). In particular, the simulated ECD spectra (see 

Figures 5a and SII.3) agree reasonably well with experiments 

enabling us to directly disclose an origin of the strong ECD 

responses and also to comment on structure-property 

relationships in these complexes. Analysis of intense 

excitations computed at around 360 nm (see excitations nos. 

8-11 (1a), 8-10 (1b), and 7-8 (1c) in Figure 5a) for all three 

complexes was thus performed. It clearly demonstrated 

predominant -* helicene-centered character of the main 

positive band in (P)-1a,b,c with all the underlying excitations 

corresponding to CT-like -* transitions within helicene 

moiety localized at either one of the helicenic NHC ligands, 

mixed with Ir→helicene MLCT and -* helicene→helicene 

transitions engaging different ligands (LLCT). For a complete 

set of calculated data underlying these assignments, see 

Tables SII.3-SII.5 and Figures SII.4-SII.6 in SI. Some relevant 

MOs such as HOMO-1, HOMO and LUMO+1 for 1a and 1c are 

also presented in Figure 5b. Interestingly, in spite of the overall 

similar electronic character of the dominant excitations 

computed in this spectral region for all three stereoisomers 

presented here, the absolute and relative values along with 

the sign of their corresponding rotatory strength (R) appear to 

be strongly influenced by the chirality-at-iridium and 

coordination geometry of the system. For example, for fac-

(P,Ir)-1c, intense excitations around 360 nm demonstrate 

uniformly positive R. On contrast, for the meridional 

complexes 1a and 1b, an excitation with sizable, negative R is 

also present (excitation no. 9 in Figure 5a), and its magnitude 

is influenced by the chirality at the metal: Ir / Ir leads to a 

more negative / less negative value respectively. 

Consequently, in the case of mer-(P,Ir)-1a the ECD intensity of 

this negative excitation is not completely suppressed by the 

intensity of surrounding positive excitations, and a noticeable 

decrease in the main positive ECD band for this stereoisomer 

compared to other complexes can be seen in Figure 5a, 

agreeing well with the experimental trend. All this confirms 

that the strong chiroptical properties in 1a-c are 

predominantly a result of synergy in three helical ligands but 

also clearly indicates that match/mismatch effects of the 

coordination geometry (fac vs. mer) and chirality-at-metal (Ir 

vs. Ir) are by no means negligible.  

Finally, the CPL spectra for all the pairs of pure 

enantiomeric complexes were recorded. As shown in Figure 

4d, they exhibit expected mirror-image CPL activity, with the 

sign of the CPL signals dictated by the configuration of the 

helicene. Indeed, mer-(P)-1a,b and fac-(P,Ir)-1c display 

positive CPL response with glum (at 545 nm) of ca. +0.8 × 10-3 

for mer-(P,Ir)-1a and fac-(P,Ir)-1c and +1.2 × 10-3 for mer-

(P,Ir)-1b. Note that precise values are difficult to determine 

due to the low signal-to-noise ratio in the recorded spectra 

that results from the rather low quantum yields. Overall the 

glum fall within the classical values for chiral organometallic 

species. 

Conclusions 

In conclusion, we have prepared and characterized the first 

tris-helicenic metal complexes. These triskelion-type 

organometallic systems display fac/mer, / and M/P 

stereochemistries; three epimers were obtained, namely, mer-

(M,Ir)-1a, mer-(M,Ir)-1b and fac-(M,Ir)-1c (and their 

corresponding mirror-images). Their full stereochemistries 

were assigned with the help of homonuclear 1H NMR 

correlations and quantum-chemical modelling. These 

organometallic triskelions are strong absorbers and reveal ECD 

spectra with magnitude up to 400 M-1 cm-1. They are also 

yellow CPL-active phosphors with glum values around 10-3. The 

study thus enriches the structural diversity of multiple 

helicenic systems and opens up new perspectives for 

developments of novel complexes with controlled 

stereochemistry and topology. Finally, in the course of the 

synthesis, a transfer of chirality was observed in the solid state 

(and potentially in solution) in the N-[6]helicene-imidazole 

derivative, displaying stable helical and axial chirality16 that will 

be interesting to exploit in future work. 
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