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Abstract: By attaching pyridine groups to a diaza[6]helicene, a
helical, bis-ditopic, bis-N"N-coordinating ligand can be
accessed. Dinuclear rhenium complexes featuring this bridging
ligand, of the form [{Re(CO)s;Cl},(NAN-N"N)], have been
prepared and resolved to give enantiopure complexes. They are
phosphorescent in solution at room temperature under one- and
two-photon excitation. Their experimental chiroptical properties
(optical rotation, electronic circular dichroism and circularly
polarized emission) have been measured. They show, for
instance, emission dissymmetry factors of c.a. +3.103.
Quantum-chemical calculations indicate the importance of
stereochemistry on the optical activity, pointing towards further
design improvements in such types of complexes.

Introduction

N~N-Bidentate ligands incorporating 2,2'-bipyridine (bipy)
units are widely used in coordination chemistry and provide a
great variety of transition-metal complexes.! The latter have
been intensively studied for the development of new metal-
based luminescent materials and sensing probes.”! In this
context, bipy-based rhenium(l) coordination complexes have
been of great interest over the last few decades for their

appealing photophysical and photochemical properties.
Improved understanding of their excited-state properties and
photochemical reactions®® may indeed potentially lead to
biomedical and optoelectronic applications.”! Since the first
report of luminescent rhenium(l) complexes with chelating N*N-
diimine ligands by Wrighton and Morse, a plethora of studies
have demonstrated their desirable features. Among those are
efficient emission properties, sizable spin-orbit coupling to
promote formally forbidden phosphorescence, absorption in the
visible part of the spectrum, large Stokes shifts, resistance to
photobleaching, and easy access to hydrosoluble cationic
complexes.l®! Exploiting these advantages, Re(l)-tricarbonyl
systems have been used in photoredox chemistry,[ chemi- or
electrochemi-luminescence,® chemical and biological sensing,®!
bioconjugation,*?! and as phosphorescent dopants for organic
light-emitting diodes (OLEDs).*Y In 2015, our groups reported
the first examples of rhenium-based phosphors bearing an
extended helical m-conjugated 2,2’-bipyridine ligand exhibiting
circularly polarized luminescence (CPL) (see systems Re-3 and
Re-4 in Scheme 1).1?a Continuing this work, we decided to
construct a helical scaffold bearing two bipy units at each
extremity, allowing the formation of dinuclear complexes. In this
article, we present the synthesis of dinuclear Re(l) complexes
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Re-1 and Re-2, which differ in the mutual position of chlorine
atoms, of general formula [{Re(CO)sCl}»(3)] where 3, used in
either a racemic or an enantiopure form, is 3,14-bis-(2-pyridyl)-
4,13-diaza[6]helicene  (Scheme 1).¥1 The photophysical
properties of the enantio-enriched compounds, including
luminescence upon one- or two-photon excitation (2PE),
together with their chiroptical properties such as optical rotation
(OR), electronic circular dichroism (ECD) and CPL, have been
measured and interpreted using quantum-chemical calculations.

Results and Discussion

Synthesis of racemic helicenic ligand and its
corresponding rhenium(l) complexes

Chiral ligands bearing N*N-coordinating units are appealing
building blocks for either discrete metallic structures or
polymetallic assemblies. However, examples of molecular
materials based on chiral bipy ligands and their complexes are
still limited.! The racemic ligand 3,14-di-(2-pyridyl)-4,13-
diaza[6]helicene (+)-3 was synthesized in two steps as shown in
Scheme 1. A double Wittig reaction of naphthalene-2,7-
bis(methylenetriphenylphosphonium bromide) 81 1 with two
equivalents of 2,2'-bipyridine-6-carbaldehydel*®! was carried out
to obtain the stilbene 2 in 92% yield, as a mixture of cis and
trans isomers, which was then subjected to a double
photocyclization reaction to give (+)-diaza[6]helicene 3 (83%
yield).17

(£)-(M*,Cre",Cre)-Re-1 (£)-(M*,Cro"Are")-Re-2

84 16

(+)-(MAge}Re-4  oc” | Yco

Scheme 1. Synthesis of diaza[6]helicene-bis-bipyridine ligand 3 and dinuclear
rhenium(l) complexes (+)-Re-1 and (x)-Re-2 in which the metal centres are
bridged by 3; i) n-BuLi, -78°C, THF then 2,2'-bipyridine-6-carbaldehyde, r.t.,
overnight, 92%,; ii) I> (cat), hv, 700 W Hg lamp, toluene/THF, 4 hrs, 83%; iii)
Re(CO)sCl, toluene, reflux, 5 hrs, quant. The structures of corresponding
diastereomeric mononuclear Re(l) complexes Re-3 and Re-4 are also
shown. 12

The 3,14-di-(2-pyridyl)-4,13-diaza[6]helicene 3 was fully
characterized (see the Supporting Information). It displays the
classical spectroscopic features of helicenes. For instance, the
complex set of signals in the 'H NMR of the stilbene 2,
associated with different cis/trans isomers, simplifies upon
formation of 3 to give one set of resonances between 7.0 and
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8.7 ppm, evidencing its C2 symmetry (Figure S1.5). Its structure
was also confirmed by X-ray diffraction analysis of single
crystals grown by slow diffusion of pentane vapors into a
dichloromethane solution of the ligand (Figure 1). Compound 3
crystallized in a centro-symmetric space group (C2/c) and
displays a helical topology (the helicity, or dihedral angle
between the two terminal rings, is 61.87°). The two appended 2-
pyridyl groups are almost coplanar with the helicenic core
(dihedral angles of -11.98° and -10.73°) and the nitrogen atoms
within each 2,2’-bipy unit are mutually trans to one another.
Overall, the helicene-bis-bipyridine 3 exhibits similar features to
its parent helicene-mono-bipyridine .22

M-3 (M, Cre,Cre)-Re-1

(M,Cre.Are)-Re-2

Figure 1. X-ray crystallographic molecular structures of 3, Re-1 and Re-2
(racemic structures, only one enantiomer shown). Deposition Numbers
870779 (for 3), 875291 (for Re-1), 875062 (for Re-2), contain the
supplementary crystallographic data for this paper. These data are provided
free of charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service
www.ccdc.cam.ac.uk/structures.

Re(l) complexes of the form fac-[Re(CO);(N*N)CI], where
N~N is a diimine ligand such as bipy, can be readily synthesized
by reaction of the appropriate ligand with an equimolar amount
of Re(CO)sCl under reflux in non-polar solvents.!*2 Accordingly,
racemic bis-ditopic ligand (+)-3 was refluxed with 2 equivalents
of Re(CO)sCl in toluene (see Scheme 1) yielding, after
purification by column chromatography, a mixture of dinuclear
Re(l) diastereomers (Re-1, 84%) and (Re-2, 16%), as evidenced
by 'H NMR (Figure S1.5) and X-ray diffraction (Figure 1).
Obtained by slow diffusion of pentane vapors into CH,Cl,
solution, single crystals of complexes Re-1 and Re-2 grew in
centrosymmetric space groups (Re-1: P2i/n; Re-2: P2;/c) in
which two enantiomeric structures are present. As in previously
reported mononuclear Re(CO); complexes,*2212 each Re atom
adopts a distorted octahedral geometry, with the three carbonyl
groups being fac-oriented around the Re(l). In Re-1, both
chlorine atoms are directed towards the inner surface of the
helicene moiety, resulting in C> symmetry, as both Re centers in
either enantiomer have either a “C” or an “A” configuration (see
the Supporting Information for a definition), and in a helical angle
of 39.13°. In Re-2, one of the chlorine atoms is directed inwards
giving a “C” configuration while the other one directs away from
the helicene core with an “A” configuration, breaking the
symmetry and resulting in a helical angle of 46.39°. Note that
there is no evidence in the reaction mixture of the isomer where
both the chlorine atoms are directed towards the outer side of
the helicene moiety. Thanks to X-ray diffraction analysis, the
absolute configuration of each diastereoisomer was determined,
namely (M,Cre,Cre)- / (P,Are,Are)-Re-1 and (M,Cgre,Are)- /
(P,Are,Cre)-Re-2. The respective C, and C; symmetry of Re-1
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and Re-2 is also reflected in their 'H NMR spectra (see the
Supporting Information).

Absorption properties of the helicenic ligand 3 and its Re(l)
complexes

The UV/Vis absorption spectrum of 3 in CH,Cl, (5 x 10° M,
298 K) shows intense signals (¢ > 60 x 10 M cm™) at 272 nm
and 286 nm, and several structured bands of lower intensity
between 330 and 430 nm (Figure 2a). The incorporation of two
Re metal centers into the helicenic ligand is accompanied by a
pronounced red-shift in the lowest-energy absorption bands and
an increase in molar absorptivity at wavelengths longer than
around 375 nm (Table 1). Based on literature assignments for
mononuclear Re(CO); complexes, the peaks centered at 299
nm are assigned to intraligand (IL) -1 transitions. The lower
energy absorption bands that extend from the near-UV region
into the visible one correspond to predominantly IL charge-
transfer (CT) excitations with contributions of metal-to-ligand
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(ML) CT character (vide infra).'?18 To shed light on the nature of
the excitations in Re-1 and Re-2, density functional theory (DFT)
and time-dependent DFT (TD-DFT) calculations were
performed.'¥ The computational protocol that was employed
followed an approach established in previous research on
transition-metal-based systems with helicene ligands.l*?229 |n a
nutshell, DFT geometry optimizations were followed by linear
response TD-DFT calculations performed with the Becke-
PerdeY and BHLYPR?  exchange-correlation  density
functionals, respectively, the SV(P) basis with corresponding
relativistic core potential for Re atoms,”®l and a continuum
solvent model for CH,Cl,.?4 See Supporting Information for a
complete description of the computational details. Note that,
although for smaller molecules basis sets with diffuse functions
are generally required to ensure a correct prediction of response
properties such as the optical rotation,®* for n-conjugated
systems with response dominated by valence states, such as
helicenes and their derivatives, no dramatic changes in the
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Figure 2. a) Experimental UV/Vis (solid lines) and emission (dotted lines) spectra of 3, Re-1, and Re-2 in CH2Cl2 (~ 10° M) at r.t. Excitation spectra under these
conditions, as well as emission spectra at 77 K, are shown in the Supporting Information. b) Corresponding simulated UV/Vis spectra of 3, Re-1, and Re-2 with
selected calculated excitation energies and oscillator strengths indicated as ‘stick’ spectra (see also Table 2, Figure 3, and the Supporting Information).
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Figure 3. a) Experimental ECD spectra of P-(+)- / M-(-)-3 and P-(+)- / M-(-)-Re-1in CHzClz (~ 10° M) at r.t. b) Corresponding simulated ECD spectra of P-3,
(P.Are,Are)-Re-1, and (P,Are,Cre)-Re-2 with selected calculated excitation energies and rotatory strengths indicated as ‘stick’ spectra (compare with Table 2 and
see also the Supporting Information). c) Isosurfaces (0.04 au) of selected molecular orbitals for 3 (left), Re-1 (middle), and Re-2 (right); see the Supporting
Information for a full set of MOs involved in the intense low-energy excitations of Re-1 and Re-2.

Table 1. Absorption (at 295 K) and emission data (under one-photon excitation at 295 K and at 77 K) of the ligand 3 and the two dinuclear Re complexes.

System Absorption at 295 Klal Emission at 295 Kbl Emission at 77 K¢l
Amax [nm] (e [M~2 cm~1]) Amax [nm] 7[ns] ®uum x 102 Amax [nM] z[ns]
*#)-3 242 (35100), 272 (60300), 286 (65300), 422, 448, 476, 513sh 5.1 8.6l 421, 446, 476, 509 [fluor] 8.3
344 (26500), 366sh (20200), 398 (3500),
420 (2750) 532, 575, 626, 683! [phos] 15x10°
(#)-Re-1 283 (46500), 299 (51400), 361 (15500), 664 38 0.208 557, 570sh, 604, 624sh, 657 43000
387 (15400), 450 (6080) [36]
(#)-Re-2 283 (33700), 299 (37900), 359 (12700), 678 32 0.15' 556, 572, 607, 623sh, 657 47000
389 (11300), 450 (5090) [31]

[a] In CH2CI2 solution. [b] In deoxygenated CH2Cl2 solution; lifetimes in parenthesis are the corresponding values in air-equilibrated solution. [c] In diethyl ether /
isopentane / ethanol (2:2:1 v/v). [d] Fluorescence quantum yield measured using quinine sulfate in 1 N H2SOa (aq) as the standard. [e] Phosphorescence quantum
yield measured using [Ru(bpy)s]Cl2 (q) as the standard. [f] Bands for the principal vibrational progression only are listed: some additional fine structure is observed
(spectra are shown in the Supporting Information).

Table 2. Selected dominant excitations and occupied (occ) — unoccupied (unocc) MO pair contributions (greater than 10%) for (P,Are,Are)-Re-1 and (P,Are,Cre)-
Re2.[

Excitation E [eV] A[nm] f R [104° cgs] occ no. unocc no. %
3
#1 3.47 358 0.079 153.93 H-1 (125) L (127) 74.1
#3 3.83 323 0.543 1123.13 H (126) L+1 (128) 70.7
H-1 (125) L (127) 11.6
Re-1

#1 3.23 384 0.112 23.03 H-1 (199) L (201) 82.7
#2 3.37 367 0.089 -28.30 H (200) L (201) 72.7
#5 3.61 344 0.124 191.57 H-4 (196) L (201) 35.9
H-1 (199) L+1 (202) 20.8

H-5 (195) L+1 (202) 16.6

H-3 (197) L (201) 13.7

#6 3.69 336 0.129 222.42 H-5 (195) L (201) 52.2
H-3 (197) L+1 (202) 18.8

H-4 (196) L+1 (202) 17.2

#7 3.72 333 0.183 207.80 H (200) L+2 (203) 31.0
H (200) L+1 (202) 28.3

H-4 (196) L+1 (202) 12.3

#8 3.82 324 0.177 -155.56 H-1 (199) L+1 (202) 45.7
H-5 (195) L+1 (202) 18.5

H-9 (191) L (201) 10.2

1@ Based on BHLYP/SV(P) continuum solvent (CHzClz) model calculations. H = HOMO, L = LUMO.
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calculated results are expected with an increase in the basis set
size.3 The resulting simulated UV/Vis spectra of 3, Re-1 and
Re-2 are depicted in Figure 2b and show good agreement with
the experiments. Namely, the dinuclear Re(l) complexes
demonstrate a noticeable decrease in absorption intensity at
wavelengths below 300 nm, relative to 3, and an appearance of
additional bands of moderate intensity at longer wavelengths.
(The structure, in particular above 350 nm, in the experimental
spectra seems to be vibronic in nature, because the broadened
vertical excitation spectra in the calculations display far less
substructure. Similar considerations apply to the ECD spectra
discussed in the following.) Labelled excitations in the low-
energy part of the spectra for 3 and Re-1,2 have been
characterized in detail (see ECD analysis below, Table 2, Figure
3, and the Supporting Information for additional calculated
results).

Emission of the ligand 3 and the Re(l) complexes under
one-photon excitation

At room temperature (rt), compound 3 emits blue
fluorescence in solution with 8.6% quantum yield. The 0,0
component is the strongest peak in the vibrationally resolved
spectrum, Amax™°(0,0) = 422 nm, and the vibronic progression of
approximately 1400 cm™ corresponds to the C=C stretching
mode of the helix coupled with C=CH bending (Figure 2 and
Table 1). The fluorescence decays monoexponentially with a
lifetime 7° of 5.1 ns. In a rigid EPA glass at 77 K (Figure S1.1),
the fluorescence maxima are essentially unshifted but, in
addition, strong, vibronically structured, very long-lived
phosphorescence is observed at lower energy, Ama”"S(0,0) =
532 nm; #"s=15s,

The Re(l) complexes Re-1 and Re-2 display red
phosphorescence in CH,Cl, solution at room temperature
(Figure 2 and Table 1). The emission band in each case is broad
and structureless, quite typical of classic SMLCT emitters like
[Ru(bpy)s]?*; the emission maximum for Re-2 is slightly red-
shifted by 14 nm compared to Re-1. The emission is quite weak
(® = 0.20 and 0.15% respectively for Re-1 and Re-2) and short-
lived (*"°s = 38 and 32 ns respectively), indicative of fast non-
radiative deactivation of the triplet excited state that competes
effectively with the phosphorescence process. Such features are
typical of most Re(CO)s;(N*N)CI complexes (for comparison,
Re(l) systems Re-3 and Re-4 also appeared as weak red-
phosphorescent emitters in CH,Cl, at room temperature, i.e. Re-
3! Amax®™ = 673 nm, ® = 0.16%, 7P"° = 33 ns, and Re-4: AmaP™
=680 nm, ® = 0.13%, *"°s = 27 ns), the phosphorescence being
much weaker than in derivatives where the halide is replaced by
a stronger field ligand such as a pyridine or isonitrile.[?3 Owing
to the short lifetimes, the phosphorescence is only weakly
quenched by O, (Table 1). The complexes show very different
emission properties at 77 K: the spectra demonstrate very well-
defined vibrational structure with AmaxP"°%(0,0) substantially blue-
shifted, by over 100 nm, compared t0 AnaP"°° at 295 K (see
Table 1 and Figures S1.2 and S1.3). Moreover, the
phosphorescence is very long-lived under these conditions, h°s
> 40 ps. These striking differences between the 77 K and
ambient temperature emission properties suggest that the
nature of the emissive state is different under the two conditions.
The most likely explanation is that, at 77 K, a predominantly
ligand-centred 3n-n* state lies lower in energy than the SMLCT
state, (CT states being typically destabilised more under low-
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temperature conditions). Indeed, it is striking how similar are the
77 K phosphorescence spectra of the complexes to the
phosphorescence bands of the ligand 3 at 77 K: there is a
modest 800 cm™ red-shift of the former (readily attributed to
stabilisation of the ligand n* orbitals arising from binding of the
metal cations), but otherwise the profiles are very similar. The
influence of the metal ions in promoting the formally forbidden
T1— Sop process is, of course, clear from the shorter lifetimes of
the complexes.

Calculated (using TDDFT-BHLYP/SV(P) with a continuum
solvent model for CH,Cl,) luminescence energies for the ligand
3 and the Re(l) complexes Re-1 and Re-2 agree well with the
experimental emission data measured at low temperature (see
Table S2.4 In particular, the computations correctly reproduce
spectral positions of the fluorescence (3) and phosphorescence
(3, Re-1,2) maxima with the similar values of T;—S, transition
energiesobtained for Re-1 and Re-2 and their moderate red-shift
compared to the phosphorescence of 3. The MO-pair analysis of
the computed phosphorescence transitions also shows that the
T1 excited state for the Re(l) complexes indeed corresponds to
the predominantly helicene-centered 3r-n* state, very similar to
that for 3 although with some clear involvement of the metal
orbitals, and confirms that the observed red-shift in its energy
relative to the free ligand comes from the stabilization of the
helicene n*-system upon metal complexation (Figures S2.9-10).
Finally, we note in passing that the T, excited-state optimizations
for Re-1 and Re-2 performed employing density functionals with
a lower fraction of exact exchange led to much lower
phosphorescence energies, matching quite well those that were
observed experimentally at room temperature, and to the
dre | Pci — mhpy MLCT / XLCT electronic character of the emitting
state (see the Supporting Information).

Two-photon emission of the Re-1 complex

Organic dyes with particularly high efficiency of generation of
emissive states following two-photon excitation (TPE)
(simultaneous absorption of two photons) have been developed
in recent years.l?! TPE is an attractive technique for bioimaging
in particular, as it provides localized excitation at the focal point
of the incident light only, and it allows the use of long
wavelengths to which biological tissue is relatively transparent.
Metal complexes may possess additional advantages over
organic fluorophores in such imaging applications.?® However,
two-photon excited phosphorescence of Re complexes at
wavelengths readily available from dye and Ti:Sapphire lasers
has rarely been reported in the literature.?7)

The luminescence of Re-1 under TPE has been measured
using a number of excitation wavelengths from 830 to 1000 nm
(Figure 4a). Employing the relative fluorescence technique,®
we calculated the two-photon brightness, 02efr, defined as o02eft =
@02, where @ is the photoluminescence quantum yield and o2 is
the two-photon absorption cross-section (Figure 4b). The values
obtained are an order of magnitude lower than o2 of standard
fluorophores.?®’ However, as the photoluminescence quantum
yield is only 0.2%, it is clear that Re-1 is a strong two-photon
absorber (e.g., 02 = 762 GM at 830 nm). The cross sections are
significantly higher than those of purely organic [6]helicenes,!
illustrating a beneficial effect of metalation on NLO properties.4

We attempted to measure the emission of (+)- and (-)-Re-1
under TPE with right- and left-handed circularly polarized light,
generated by a quarter-wave plate placed between the light
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source (Ti:Sa laser with femtosecond pulses) and the sample,
and thus evaluate two-photon circular dichroism (TPCD) through
emission detection. However, the relative differences between
TPE luminescence excited with right-handed and left-handed
polarized light of the enantiomers were too low to reliably
determine TPCD with this technique, which suggests that a
method of higher sensitivity, with polarization modulation and
lock-in detection of signals, will be required to resolve TPCD of
such complexes.
a)

=830 nm
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Figure 4. a) Emission spectra of Re-1 under two-photon excitation at the
wavelengths indicated. b) Two-photon brightness o2er (black points),
compared with the one-photon absorption spectrum (green line) plotted at
twice the wavelength.

Electronic circular dichroism (ECD) and optical rotation
(OR) of the ligand 3 and the Re(l) complexes

Enantiopure M- and P-3 with enantiomeric excesses (ee
values) between 93 and 99% were obtained by HPLC
separation over a chiral stationary phase (Chiralpak IC), with
hexane/2-PrOH and 0.1% triethylamine/chloroform (7/1/2) as the
mobile phase (see the Supporting Information for details). The
enantiopure dinuclear Re(l) complexes were then prepared from
enantiopure M- and P-3, respectively. Interestingly, only one
enantiopure diastereoisomer (respectively (M,Cge,Cre)-Re-1 and
(P,Age,Are)-Re-1) was observed in the reaction mixture, i.e.
enantiopure Re-2 was not obtained. The different reactivity
between enantiopure and racemic mixtures may be explained by
the higher solubility of the enantiopure Re-2 complex formed,
which in refluxing toluene may either decompose or transform to
thermodynamically more stable Re-1. Indeed, according to the
DFT calculations, the Re-1 diastereomer was found to be lower
in energy than Re-2 (by 6.4 kcal molt in vacuum and 1.4 kcal
mol?! ‘in dichloromethane at the BP/SV(P) level, see the
Supporting Information for details). Note that similar differences
in reactivity between enantiopure and racemic ligands have
already been observed by us in platinum-azahelicene
complexes.l2
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[6]Helicene-bis-bipy ligands M- and P-3 have high specific
and molar optical rotations (ORs) {P-(+)-3: [¢[>= 4300 degree

[dm (g cm3)]?, [¢]2|33: 20830 degree cm? dmol™* (+ 5%) at C 4 x

10° M in CH,Cl,}. These values are more than double those of
[6]helicene-bipy*?d that can be explained by the more extended
n-conjugated system in 3, as also evidenced in the ECD
spectrum (vide infra). Surprisingly, complex (P,Age,Are)-(+)-Re-1
displays a much lower molar rotation value {[¢]2D3 = 4500 degree

cm? dmol? (+ 5%) at C 5 x 10° M in CH,Cl,} than the pristine
ligand P-(+)-3. This might be due to a mismatch effect between
the stereochemistry of the chiral metal center and of the
helicene. It should be however noted that a direct comparison of
OR for Re-1 (and Re-2, see below) vs. 3 may not be fully
sensible, as the data for the complexes may be affected by
anomalous dispersion. The computed (using BHLYP/SV(P) with
a continuum solvent model for CH,Cl;) molar rotations, with ca.
19500 and 4100 degree cm? dmol?! obtained for P-3 and
(P,Age,Are)-Re-1, respectively (see Table S2.1), agree very well
with experiment. Importantly, the calculations also indicate that
higher OR values might be expected for Re-2 than Re-1 (ca.
11500 degree cm? dmol? was computed for (P,Are,Cre)-Re-2),
confirming a presence of a strong match/mismatch
stereochemistry effect in the considered systems. The analysis
of the calculated Re-1 and Re-2 structures shows that the
aforementioned effect may be a consequence of a modification
of n-stacking-like interactions between the terminal rings of the
helicenic ligand in each diastereomer resulting from the different
arrangements of the ancillary CO and Cl ligands around the
metal center observed for both Re stereochemistries. In Re-1,
which has both chloride atoms directed towards the inner
surface of the helicene moiety and stabilized by the attractive
interactions with hydrogen atoms of the N”N fragments, the
bipyridine units are visibly closer to each other than in Re-2, in
which one of the chlorides points away from the helicene (and
one CO is directed inwards), an arrangement that places the
bipyridine units farther away from each other and weakens their
n-stacking-like interactions (see Figure S2.1). This is also clearly
reflected in the helicities observed in the solid state (vide supra,
39.13 and 46.39° for Re-1 and Re-2, respectively). As an
increase in the helical pitch of the helicenic moiety tends to
increase the magnitude of the optical rotation,*3 Re-2 should
(and computationally does) exhibit higher OR values than Re-1.
The comparison of experimental ECD between the ligand
and complexes is displayed in Figure 3a. P-(+)-3 shows a strong
negative band at 289 nm (As = -278 M cm?) and strong
positive one at 341 nm (As = +290 M cm™) accompanied by
weaker bands between 380 and 430 nm. (+)-Re-1 and (-)-Re-1
display mirror-image spectra, in which several bands of medium
intensities appear ((+)-Re-1: Ae ~ -70, -30, +45, +30, -12
M1 cm? at 272, 313, 361, 411 and 459 nm, respectively). The
corresponding computed broadened ECD spectra
(BHLYP/SV(P) with a continuum solvent model for CH,Cly) for
the P-isomers of 3, Re-1 and Re-2 are displayed in Figure 3b.
Considering that no vibronic contribution has been taken into
account, which is known to be often present in helicenic
systems,*4 the calculations account for the main observed
bands, demonstrating — again — the notable red-shift, and a
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significantly decreased intensity of the Re-1 spectrum compared
to that for 3 (vide supra).

The molecular orbital (MO) pairs assignment of low-energy
intense excitations for 3 and Re-1 is provided in Table 2. Figure
3c shows the corresponding MOs that are dominantly involved in
the transitions (see also the Supporting Information). The
analysis revealed that the main positive intensity observed in the
ECD spectra of Re-1 originates from excitations no. 5, 6, and 7
calculated at between 345 and 330 nm. The excitations are of
MLCT and XLCT character (metal, halogen (X = Cl) — helicene-
bis-bipyridine charge transfer engaging both metal fragments)
type with minor helicenic intraligand CT (excitations no. 5 and 6).
In the case of excitation no. 7 the participating MOs indicate a
predominance of n-n* and ILCT transitions localized in the

helicene-bis-bipyridine moiety with some admixture of (M+X)LCT.

Such strong involvement of other than ‘helical’ helicene =-
orbitals in these excitations rationalizes the substantial decrease
in ECD intensity of Re-1 compared to 3. The lowest-energy part
of the simulated spectrum is due to two excitations (no. 1 and 2,
calculated at 384 and 367 nm, respectively) that correspond
mainly to n-n* transitions within the helicenic ligand and
demonstrate rather weak, comparable, rotatory strength values
of opposite signs thus cancelling each other in the broadened
spectrum. Consequently, the weak negative band at low-energy
in the experimental (+)-Re-1 ECD is not present in the spectrum
computed with solvent effects. However, it appears in the

corresponding gas-phase calculated spectrum (see Figure S2.2).

A more sophisticated solvent model and / or an inclusion of
vibronic effects that were shown in some cases to be indeed
responsible for a change in the chiral response sing of an
electronic excited state,3*:3] are likely needed to ensure a
correct description of this band.

As seen in Figure 3b, the complexes Re-1 and Re-2 display
generally similar spectral envelopes of the calculated ECD
spectra, except that the spectrum for Re-2 is overall more
intense at longer wavelengths. This rationalizes the larger
optical rotation value calculated for Re-2. The analysis of the
MO-pair contributions to the dominant excitations for Re-2
shows that their assignment is overall similar to those in Re-1
(see Table S2.3 and Figure S2.8). In Re-2, however, for the
metal center comprising the chloride pointing away from the
helicene, stronger m-conjugation between the helical ligand and
the metal fragment is visible in the MOs, due to an evidently
more favorable relative spatial orientation of both moieties (see
for example the isosurfaces of the HOMO in Figure 3c and
HOMO-1 in the the Supporting Information). Accordingly, for Re-
2 (vs. Re-1) the Re(l) d orbitals become more involved in the
intense dominantly helicene n-n* and ILCT excitations (such as
no. 1 and no. 7 calculated at 381 and 336 nm, respectively).
This correlates with significantly larger rotatory strength (R)
values of the excitations compared to Re-1 that account for the
higher intensity of the ECD spectrum. A comparative analysis of
the magnitudes of R for such excitations in terms of their
underlying electric and magnetic transition dipole moments
vectors (Table S2.5 and Figure S2.12) indicates that the
enhancement can be traced back to an increased deviation of
the angle between these vectors from 90°, imposed by a larger
helical pitch of the helicene moiety in Re-2 that is reinforced by
the different arrangement of the CO and ClI ligands around one
metal center relative to the other (vide supra).

CPL activity of the ligand 3 and the Re-1 complex
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We resorted to CPL spectroscopy®® to investigate the
polarization of the emitted light of the enantiopure pairs of the
starting ligand 3 and of the rhenium(l) complex Re-1. Almost
mirror-image CPL spectra were obtained in degassed
dichloromethane solutions at room temperature, with respective
luminescence dissymmetry factor gium vValues of +0.0086/-0.0084
at ~450 nm for P-(+)-3/M-(-)-3 and of +0.0034/-0.0030 for
(P,ARe,Are)-(+)-Re-1/(M,Crge,Cre)-(-)-Re-1 around the emission
maximum at ~630 nm (see Figure 5). These results are in line
with our previous findings on CPL-active helicene-mono-
bipyridine system and its corresponding neutral and cationic
phosphorescent rhenium complexes reported in Reference 12a
(lgum| values between 0.0013 and 0.0034). This confirms the
capability to design helicenic organic fluorophors and rhenium-
based phosphors that exhibit CPL activity.[?*%7] |t is interesting
to note that for Re-1 the sign of the CPL signal is opposite to
that of the lowest-energy band in ECD (gaws = -0.0065 for
(P,Age,Are)-(+)-Re-1), which suggests that the electronic states
involved in the corresponding absorption and emission
processes are different and / or the ftransition is not
Franck-Condon allowed.[34!

Conclusion

Dinuclear Re(l)-based complexes bearing a bis-ditopic
helicene-bis-bipy ligand have been prepared in racemic and
enantiopure forms. They displayed one- and two-photon
phosphorescence. The combination of helical P/M chirality of the
helicenic ligand with the A/C stereochemistries at the two
rhenium centers enabled the close examinaton of their effect on
the chiroptical properties, namely OR, ECD and CPL activity.
Overall experimental and theoretical studies reveal that
bimetallic Re(l) complexes display similar performances to their
monometallic analogues. The results indicate that future
directions for improved characteristics of Re(l) systems should
probably be towards cationic complexes, in which more intense
emission is usually observed, with a controlled match/mismatch
stereochemistry effect.
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Figure 5. CPL (upper curves) and total luminescence (lower curves) spectra
of a) 3 and b) Re-1 enantiomers (blue for (+) and red for (-)), in degassed
dichloromethane solution (2 mM) at 295 K, upon excitation at 381-382 nm and
448-457 nm, respectively.
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