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Abstract: A pair of enantiopure [6]-azairidahelicenes
incorporating chirality at the metal center and on the
helicenic ligand were synthesized by dynamic kinetic
resolution (dkr) of a configurationally labile [4]-heli-
cenic ligand (4-(2-pyridyl)-benzo[g]phenanthrene, L1H)
using bis-cyclometalated chiral-at-metal only iridium-
(III) precursors as chiral inductors. The origin of the
observed dkr is attributed to the different conformation
and stability of diastereomeric reaction intermediates
formed during the cyclometalation process. The isolated
enantiomers exhibited circularly polarized phosphores-
cence (CPP), with jgphos j values of 1.8×10� 3.

Introduction

Organometallic helicenes are appealing chiral entities. By
combining the chiroptical properties of helicenes with those
inherent to the metal center, they are suitable for the
development of multifunctional molecules.[1] Among them,

few examples of iridahelicenes appeared in the literature,
intended to exploit the outstanding photophysics of iridium-
(III) bis- or tris cyclometalated complexes, combined with
the central chirality imposed by the organometallic core and
the helicenic structure.[2] In 2010, Autschbach, Crassous,
Réau, and co-workers reported the ligand 4-(2-pyridyl)-
benzo[g]phenanthrene (L1H), and used it to construct the
first examples of helicenic transition metal complexes that
incorporate a metalacycle into the ortho-annulated structure
of a helicene.[3] The chemistry of metalahelicenes has been
thoroughly developed since then by Crassous and co-work-
ers. That pioneering report describes the formation of the
corresponding platina- and iridacyclic derivatives (A–D in
Figure 1). In 2012, racemic osmium(IV) derivatives using
closely related ligands were also published by Esteruelas,
Sierra, and co-workers (E in Figure 1). It is well-established
that [4]-helicenes (like L1-type ligands) are conformationally
unstable and easily epimerize in solution.[4] Upon cyclo-
metalation, the helicenic fragment expands, forming a
conformationally robust [6]-metalahelicene. Noticeably,
enantioenriched samples of compound A were obtained by
chiral stationary phase HPLC resolution, transformed into
platinum(IV) metalahelicenes (B), and reduced back to the
original platinum(II) (A) whilst maintaining the helicity and
enantiopurity of the metalahelicenic fragment. The metal
center is also stereogenic in the case of bis-cyclometalated
iridium(III) complexes (C and D). Therefore, up to 24
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Figure 1. Organometallic compounds based on cyclometalated heli-
cenic ligands L1R reported in the literature,[3,4] and ring-labeling
scheme.
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different isomers (64 minus the meso forms) are theoret-
ically possible for compound C, and up to 6 (ΔPP, ΛPP,
ΔMM, ΛMM, ΔPM, ΛPM) for compound D. In the original
publication,[3] no spectroscopic data was presented for the
dimeric compound C. Noticeably, the molecular structure
inferred from X-ray diffraction of an isolated sample
revealed only one pair of enantiomers (namely, ΔPPΔPP� C
and ΛMMΛMM� C). Compound D (obtained from the
dimeric precursor C by in situ reaction with Hacac) was
described as a mixture of only two enantiomeric pairs of
diastereomers, isolated by column chromatography. The
first eluted compound was described by the authors as “the
mixture of PM-diastereomers”, based on the 1H NMR
spectra in solution. The second eluted fraction, characterized
by 1H NMR spectroscopy and X-ray crystallography, corre-
sponded to the mixture of ΛPP and ΔMM enantiomers.
These results are rather surprising, as these core config-
urations were not present in the isolated X-ray structure of
the precursor C. Therefore, either the bulk compound C was
a more complex mixture of isomers, or the iridahelicene was
not configurationally stable.

Aiming to unravel if a stereogenic bis-cyclometalated
iridium(III) core would suffice to direct the helicity of L1H
during the cyclometalation process favoring the preferential
formation of certain cyclometalated diastereomers, we
studied the formation of a more simple complex Ir-
(ppy)2L1H (1 in Figure 2), containing only one helicenic

ligand. Compound 1 was synthesized starting from either a
racemic mixture of the dimeric iridium precursor ([Ir-
(ppy)2Cl]2) or the corresponding chiral-at-metal enantiopure
dimers (ΔΔ-[Ir(ppy)2Cl]2 and ΛΛ-[Ir(ppy)2Cl]2, respectively).
The spectroscopic and photophysical characterization of
these compounds, together with the stereochemical assign-
ment, will be discussed here to assess the stereoselectivity of
the cyclometalation process.

Results and Discussion

Racemic rac-Ir(ppy)2L1H (rac-1) was synthesized from the
rac-[Ir(ppy)2Cl]2 by chloride-iridium bond cleavage in
acetone through a two-step process (Scheme 1). Initially,
using a chloride abstractor (AgOTf), the corresponding
cationic bis-solvato [rac-Ir(ppy)2(acetone)2]

+ was formed.
Upon separation from the formed AgCl by filtration, the
bis-solvato intermediate was in situ reacted with an acetone
solution containing an excess of ligand (L1H) and NEt3 to
favor the cyclometalation process. This is a well-established
methodology for synthesizing meridional tris-cyclometalated
Ir(III) compounds.[6] Up to four isomers were expected from
this reaction (ΔP-1, ΛP-1, ΔM-1, and ΛM-1, Figure 2). They
can be described as two enantiomeric pairs of epimers.
Therefore, a statistical mixture would present two sets of 30
signals of equal intensity in the 1H NMR spectra. Encourag-
ingly, the 1H NMR spectra of an aliquot of the reaction
mixture at the end of the reaction (a suspension) showed
only one set of 30 aromatic signals, in addition to unreacted
L1H (Figure S6 in SI). Consistently, the solid formed at the
end of the reaction, and the mother liquor revealed the
same spectroscopic pattern. The coincidence of the signals
in these 1H NMR spectra discards a solubility-driven
resolution process, and suggests a Curtin-Hammet scenario.
Spin-simulation of the 1H NMR spectra of a sample
obtained after purification by column chromatography is
consistent with the assignment to a single C1-symmetric
compound (see simulation of the spin-system in Figure 3).
Additionally, this spectrum was indistinguishable from those
obtained from chiral-at-metal enantiopure precursors (ΔΔ-
[Ir(ppy)2Cl]2 and ΛΛ-[Ir(ppy)2Cl]2), see Figure S5). These
results could be explained by either coincident 1H NMR
spectra for the two diastereomeric pairs of enantiomers or
by actually being only one pair of enantiomers formed byFigure 2. Compound rac-1 (no stereochemistry defined) and its

possible stereoisomers.

Scheme 1. Stepwise synthesis of complex rac-1, detailing the possible stereoisomers and reaction intermediates (I).
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dynamic kinetic resolution (dkr) of the configurationally
unstable [4]-helicenic ligand during cyclometalation, driven
by the stereogenic metal center.[7]

The thermal stability of isolated rac-1 was monitored by
1H NMR in acetone-D6 (48 h at 56 °C) and CDCl3 (48 h at
61 °C), showing no signs of degradation nor epimerization
(see Figures S7 and S8).

Crystals of rac-1 suitable for X-ray diffraction were
obtained by slow evaporation of CDCl3 solutions of the
compound. The molecular structure (Figure 4) confirms the
formation of a [6]-azairidahelicene.[22] Accordingly, the angle
between the planes containing pyridyl (Ering) and metal-
coordinated helicenic Dring (23.00 °) is smaller than that
described for the molecular structures of related free [4]-
helicenic ligands (L1OMe and L1Me, Table S1). The angle
between the planes containing terminal aromatic rings
(Aring-Ering) of the metallahelicenic structure (56.91 °) is in
the range of and that reported for related compounds C and
D.[3,5] These structural features are reproduced in the DFT
optimized geometry of ΔM-1 (B3LYP/def2-TZVPP), where

a Ering-Dring angle of 25.91 ° was found. Similarly, for the
Aring-Ering angle, a value of 49.20 ° was obtained, which is
slightly smaller than the one experimentally measured.

Compound rac-1 crystallized in the P21/n centrosymmet-
ric space group.[22] Gratifyingly, the molecular structure
obtained shows that the crystal is composed exclusively by
one pair of enantiomers (namely ΛP-1 and ΔM-1), see
Figure 4 and Figures S22, S23. The presence of only one pair
of enantiomers in the crystal reinforces the hypothesis that
cyclometalation occurred through metal-directed dkr of a
mixture of P- and M-[4]-helicenic ligand L1H, which readily
epimerize in solution.[8]

To further confirm this hypothesis, the electronic
absorption (UV/Vis) and electronic circular dichroism
(ECD) spectra of racemic and chiral-at-metal enantiopure
samples of complexes rac-1, Δ-1, and Λ-1 were measured.
The UV/Vis spectrum of rac-1 (obviously indistinguishable
from those of the enantiopure derivatives, Figure S9)
displays intense bands in the high-energy region (ɛ
~60,000 M� 1 cm� 1), assigned to ligand-centered (1LC) tran-
sitions, similar to that reported previously for other hetero-
leptic tris-cyclometalated iridium(III) complexes.[9] Charge
transfer analysis of the time-dependent density-functional
theory (TDDFT) computed transitions over the optimized
structure of ΔM-1 supported these observations, assigning
this band to transitions with a strong intra-ligand and ligand-
to-ligand charge transfer character (Figure S29), and ruled
by a predominant transition at 265 nm (Table S4 and
Figure S27). Additionally, there is a relatively intense band
centered at ~340 nm (ɛ ~20,000 M� 1cm� 1), which could
correspond to overlapping transitions with a stronger
1MLCT (metal-to-ligand charge transfer) character and
ligand-ligand and intraligand π!π* absorptions centered on
the helicenic fragment, as predicted by TDDFT. The weaker
bands in the visible part of the spectra are assigned to tailing
1MLCT overlapped to spin-forbidden 3MLCT transitions.

Compounds Δ-1, and Λ-1 present nearly perfect mirror
image ECD signals, which are rather different from those
observed for enantiopure samples of the related mer-
Ir(ppy)3 compounds, synthesized in this work for compara-
tive purposes (Figure 5 and Figure S19). These spectral
differences point to the involvement of the orbitals of
enantiopure helicene fragments in these transitions. For
instance, Λ-1 displays intense positive Cotton effects starting
at ~300 nm and tailing down to 450 nm. This spectroscopic
pattern is consistent with the description of ECD signals of
P-configured carbo[6]helicenes,[10] related P-platina-
[6]helicenes B and C,[3] and other P-iridahelicenes contain-
ing a Λ-configured iridium center.[2a] Noticeably, this assign-
ment is also coherent with the configurational pairing (ΛP-1
and ΔM-1) observed in the X-ray structure of compound
rac-1 (see above), reinforcing the hypothesis of these
samples being mostly formed by one epimer (ΛP-1 and ΔM-
1, respectively). Additionally, a comparison of the exper-
imental and TDDFT-simulated ECD spectra of ΔM-1 under-
pinned the assignment (Figure S28).

The photoluminescent properties of racemic and enan-
tiopure 1 were measured in 1×10� 5 M CH2Cl2 solutions.
These compounds present a phosphorescent emission band

Figure 3. 1H NMR spectra of compound rac-1 (CDCl3, 300 MHz).
Experimental (bottom) and simulated with the spin system described
in the Supporting Information (top). Inset shows the labeling scheme.

Figure 4. Molecular structure of the two enantiomers (ΛP-1 and ΔM-1)
present in compound rac-1 according to X-ray diffraction. Ellipsoids at
50% probability. Hydrogen atoms and solvent molecules were omitted
for clarity. Δ-[Ir(ppy)2]+ configuration in red, Λ-[Ir(ppy)2]

+ configuration
in blue, M-[6]-helicene in dark grey, P-[6]-helicene in light grey.[22]
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at 656 nm (τ=2 μs, χ2 =1.16; ΦP =4.2%, Figures S13–S15),
which is considerably red-shifted compared to that of related
mer-Ir(ppy)3 (λ=590 nm, Figure S16). This observation is
consistent with the involvement of the π* orbitals of the
ortho-annulated aromatic ligand in the emitting 3MLCT*
state. The circularly polarized phosphorescence (CPP)
response of ΛP-1 and ΔM-1 were subsequently evaluated.
The measurements were conducted at 10 °C, over 1×10� 5 M
concentration solutions in deoxygenated CH2Cl2. Both
enantiomers exhibited perfect mirrored CPP spectra, ex-
tending from 550 to 750 nm after irradiation with 405 nm
LED light. Remarkably, ΛP-1 exhibited a positive band in
the CPP, while a negative one was measured on ΔM-1. The
dissymmetry factor of the phosphorescence (jgphos j) of both
enantiomers was evaluated as 1.8×10� 3, similar to the
obtained for cycloiridiated complexes.[2b,11] To shed light on
the spin-forbidden radiative electronic transition to the
ground state in 1, we performed spin-orbit coupling TDDFT
(SOC-TDDFT) calculations using the Amsterdam Density
Functional (ADF) program (see Supporting Information for
further details). The computed energies of the predicted
SOC states, and their theoretical gphos values were computed.
Therefore, considering the coefficient of each triplet sub-
level on phosphorescence and their gphos values (see
Supporting Information for further details),[12] a Boltzmann
weighted jgphos j value of 3.1×10� 3 was obtained, in accord-
ance with the experimentally observed. Remarkably, the
SOC-TDDFT calculations predicted the inversion of the
CPP spectra with respect to the lowest energy band of the
ECD spectra.

Aiming at a rational explanation for the observed dkr,
an estimation of the comparative energy of diastereomeric
ΔP-1 and ΔM-1 was evaluated using DFT calculations (see
Supporting Information for details). The results show that
the diastereomeric components of rac-1 are nearly isoener-
getic (Table S3). Noticeably, the same is not true for the
putative reaction intermediates during the cyclometalation
process [Ir(ppy)2(L1H)(acetone)]+ (I in Scheme 1),[13] being

ΔM� I 5.48 kcal/mol more stable than ΔP� I. More interest-
ingly, a visual inspection of the most stable conformers
reveals that the most stable conformations of the matching
combinations (ΛP� I and ΔM� I) position the activatable
C� H in close proximity to the solvent-occupied site of the
compound. On the contrary, in the mismatching combina-
tion (ΔP� I and ΛM� I) this group is trapped in a non-
reactive quadrant of the compound, its trajectory toward the
reactive site being blocked by one of the ppy ligands of the
core (Figure 6 exemplifies this with the Δ-epimers). These
results point to the different conformation of the reaction
intermediates (ΔP� I and ΛM� I vs. ΔM� I and ΛP� I) as the
most plausible explanation for the observed dkr.

In summary, all the experimental evidences (the sim-
plicity of the 1H NMR spectra of the samples of Δ-1 and Λ-1,
the presence of only one pair of enantiomers in the X-ray
structure of rac-1 and the clear signature of enantiopure
helicenic fragments in the ECD and CPP spectra of Δ-1 and
Λ-1), point to a highly efficient dkr of the helicenic ligand
during cyclometalation. These experimental results are
supported by TDDFT and SOC-TDDFT calculations.
Accordingly, we define these compounds as enantiopure [6]-
azairidahelicenes ΔM-1 and ΛP-1.

Additionally, structural and energetic comparisons of the
minimum energy conformations of the reaction intermedi-
ates Δ-I and Λ-I, obtained by DFT calculations, offer a
rational explanation for the observed dkr. According to
these results dkr is strongly directed by structural features
on the reaction intermediates towards cyclometalation,
imposed by the C2-symmetric bis-cyclometalated organo-
metallic core. This type of arrangement is common in many
organometallic compounds. Therefore, this synthetic strat-
egy can be extended to obtain not only a variety of chiral
[6]-azairidahelicenes but also other metalahelicenes by

Figure 5. ECD spectra of compounds Λ-1 (blue line) and Δ-1 (red line),
5×10� 5 M in CH2Cl2. Normalized difference of fluorescence intensity
(ΔI) of compounds Λ-1 (blue dashed line) and Δ-1 (red dashed line) at
1×10� 5 M in CH2Cl2, 283 K, λexc=405 nm.

Figure 6. DFT-optimized minimum energy conformations of two
epimers of the reaction intermediate Δ-[Ir(ppy)2(acetone)L1H]+ (I);
ΔM� I (left) and ΔP� I (right),. All atoms from the coordinated acetone
except oxygen have been removed for clarity. Cyclometalating C� H
hydrogen is highlighted in green.
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simple combinations of ready-available chiral-at-metal bis-
chelated precursors conformationally stable and epimeriz-
able [4]-helicene derivatives.
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the Supporting Information.
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