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Synthesis, electronic and structural properties of a chiral NHC
bearing a N-bonded cationic [4]helicene moiety are reported. This
ligand is used to construct Au', Au'' and Rh' complexes exhibiting
far-red (chir)optical properties regardless of the metal.

In recent decades, N-heterocyclic carbenes (NHCs) have become
ubiquitous ligands able, in the context of optical devices, to form
robust organometallic complexes with luminescent properties.' ™
In most cases, the luminescence arises from the metal center and
its coordination sphere, and it occurs predominantly at high
energy (UV or blue-green spectral range). In the meantime, new
NHC structures affording unique stereo-electronic properties have
been prepared,”® and unsymmetrical unsaturated N-heterocyclic
carbenes (U,-NHCs) in particular,”™* allowing for instance the
introduction of cycloalkyl or cationic cyclopropenium chains onto
the diaminocarbene unit (e.g:, A and B, Fig. 1)."* In addition,
chiral NHCs are readily prepared,’>™® some of them using
helicenes as stereogenic elements.'>* Helicenes are ortho-
condensed polyaromatic molecules, inherently chiral due to the
steric repulsion of their skeleton termini.>*' Generally, they
display absorption and emission properties in the UV and blue
regions of light,>*™* with redshifted (chirjoptical properties for
some particular derivatives.>>>° In previous helicene-NHC based
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organometallic complexes, effective metal centered (chir)optical
properties were engineered and happened at high energy.'*?%>*?>*
Herein, a different approach is detailed based on ligand-controlled
luminescence. Synthetically, using a one-pot multicomponent
procedure,™ cationic [4]helicene aniline 1-NH,(BF4)***° and cyclo-
dodecylamine are combined to generate imidazolium 2-H(PFs),
(Fig. 1). The hybrid NHC ligand 2(PFy) is readily formed and affords
stable Rh', Au" and Au™ complexes. The NHC steric and electronic
properties are discussed. Low energy absorption and emission of
the cationic [4]helicene moiety are maintained. Regardless of the
organometallic species, intense (chirjoptical properties are
observed in the far-red spectral region, which can be beneficial
for bio-related applications.*!

For the preparation of targeted imidazolium salt 2-H(PF),,
unfunctionalized cationic diaza[4]helicene 1-H(BF,) (Fig. 1,
X = H),"® was converted into aniline 1-NH,(BF,) using a
reported two-step sequence (nitration-reduction).*® Then, using
conditions particularly efficient for the preparation of U,-NHCs
precursors made of sterically hindered anilines,"® 1-NH,(BF,)
was engaged with equimolar amounts of cyclododecylamine,

Unsymmetrical Unsaturated N-Heterocyclic Carbenes (U,-NHC)

/d N /d V N(’Pf)z
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Fig.1 Top: Examples of unsymmetrical unsaturated N-heterocyclic
carbenes (U,-NHCs). Bottom: Preparation of bis cationic imidazolium salt
2-H(PFe), from cationic [4]helicene aniline 1-NH3(BF,), (P)-configuration
shown arbitrarily.
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glyoxal and formaldehyde in the presence of zinc chloride and
acetic acid. After counterion metathesis, the unsymmetrical bis
cationic imidazolium salt 2-H(PF), was obtained with a high
selectivity (93%) over the bis cyclododecyl counterpart and was
isolated as a dark blue-green solid in 76% yield (Fig. 1). As for
NHC B (Fig. 1),"* the presence of the positive charge on the
[4]helicene moiety was not a problem for the construction of
organometallic complexes. After the in situ generation of free
NHC 2(PF) using potassium tert-butoxide as a base, standard
metalation procedures afforded selenium adduct 3(PF), rhodium(i)
4(PF,), gold(1) 5(PFe) and gold(m) 6(PFs), complexes in good yields
(51-81%, Fig. 2); all compounds display a dynamic atropisomerism
that will be detailed in the following paragraphs. In practice,
trapping of 2(PFs) with selenium (excess) led to selenourea 3(PFy)
as a mixture of two inseparable stereoisomers (75%, 3:2 ratio, 'H
and 7’Se NMR, Fig. S26 and S30, ESIf). Reaction of 2(PFg) with
[Rh(cod)Cl], dimer yielded (NHC)RhCl(cod) complex 4(PF¢) (69%
yield; atropisomeric ratio a.r. 3:2). The preparation of gold com-
plexes 5(PF,) and 6(PFs), was achieved by reactions with AuCl-SMe,
and bis-cyclometalated 2,6-diphenylpyridyl gold(m) complex, respec-
tively. 5(PF,) was isolated in 51% yield (a.r. 3 : 2), whereas 6(PF), was
formed in 81% yield, only one apparent stereoisomer being
observed in this case at 298 K (vide infia).

As above-noted, compounds 3 to 5 displayed in NMR
spectroscopy two sets of signals on the NMR time scale. This
behavior results from the restricted rotation around the C-N
bond*? linking the helicene and the imidazole moieties. In fact,
the steric hindrance about the C-N bond generates pairs of
atropisomers, for instance of (aS,P) and (aR,P) configurations
(Fig. 3); the atropisomeric ratio depending upon the encum-
brance of the substituted carbene fragment. To explain the
situation, care must be taken to consider NMR solution and
X-ray crystallographic studies that have previously indicated
that substituents at position of 6 of the helicene induce a strong
conformational constraint onto the neighboring N-alkyl chains.*®
The impacted propyl residues display gauche conformations

3(PFg), 75%
(a.r. 3:2 at 298 K)

4(PFg), 69%
(a.r. 3:2 at 298 K)

5(PFg), 51%
(a.r. 3:2 at 298 K)

6(PFs)2, 81%
(a.r. 1.1:1 at 233 K)

Fig. 2 Selenium adduct 3(PFe), rhodium() 4(PFg), gold() and gold(i)
complexes 5(PFg) and 6(PFg), prepared from 2-H(PFg),. (P) enantiomers
shown. a.r.: atropisomeric ratio.
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(aR,P)-isomer

Fig. 3 Atropisomers (aS,P) and (aR,P) formed with helicenes of (P)-
configuration.

(instead of classical anti conformations) and, consequently, they
fold above the helical core (Fig. 3, blue propyl chain). This is
particularly well observed in 'H NMR spectroscopy with the
terminal methyl groups being shifted at lower frequency by
—0.8 ppm. As a consequence, strong steric interactions occur
between the curved propyl chain and metal coordination spheres
at immediate proximity favoring the less hindered conformations
that orientate the propyl chain and metal centers in opposite
directions. Considering a (P) configuration for the helicene, the
(aS,P) conformation is then favored over the diastereomeric (aR,P)
geometry (Fig. 3, right vs. left).

The atropisomeric situation was investigated in silico. Con-
formational search (B3LYP/6-311G**) for a simplified version of
selenium adduct (P)-3 was performed (see ESIf). The two
conformers depicted in Fig. 3 were found to be the most stable
structures, the a$ isomer being more stable by 0.2 kcal mol ™",
which corresponds to an equilibrium ratio of 0.58:0.42 at
25 °C. This is in good agreement with the experimental
0.6:0.4 value (vide supra). Moreover, the transition state of
the aS — aR isomerization was located at +17.2 kcal mol™*
which is consistent with a facile epimerization at room tem-
perature and yet with the possibility to distinguish the two
species on the NMR time scale.** Similarly, for 4 and 5, the
calculated ratios were found to be in good agreement with
"H NMR spectroscopy (Table S1, ESI{). For compound 6, to our
initial surprise, the computed energy difference between the
stereoisomers was only of 0.1 kcal mol™" (a.r. 0.54:0.46 at
298 K). Such a ratio could only be confirmed experimentally at
lower temperature (a.r. 0.52: 0.48 at 233 K, see Fig. $43, ESI{).**
Solid state structures of 3(PF) and complex 4(PF,) were further
obtained by X-ray diffraction analysis (Fig. 2, see also ESI,} for
topographic steric maps and associated %Vbur values).*> In
both cases, a single atropisomer was found in the crystal
packing with a configuration opposite to that predicted com-
putationally. It is most probably the result of intermole-
cular packing interactions and it also confirms the facile
epimerization.

NHC ligands are reputed to stabilize organometallic com-
plexes via the formation of strong metal carbene bonds that are
related to the o-donor character of the carbenic position and its
ability to accept n-back-bonding from the metal center. Con-
sidering the unusual cationic character of NHC 2(PF¢), the
electronic properties of such species were investigated and
are compiled in Table 1. First, the c-donor ability of the NHC
was assessed by measuring the 'Jcy coupling constant between
the carbon and hydrogen atom at the pre-carbenic position of
precursor 2-H(PFs),.*®"” The value of ‘Jcy = 224 Hz measured

This journal is © The Royal Society of Chemistry 2021
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Table 1 Electronic parameters of selected imidazol-2-ylidenes

NHC Yo u® (Hz) d(7se)’ (ppm) TEP (cm ™)
A 222 10 2050.5

B 229 112 2057

2 224 65, 49 2055.1

@ Measured on the NHC H precursors. © Measured on the NHC-Se adducts.

for 2-H(PFy), was found slightly superior to that of A (YJcy = 222 Hz)
bearing the neutral mesityl fragment, and inferior to the 229 Hz
reported for the cyclopropylium moiety B,"* highlighting the some-
what low withdrawing character of cationic [4]helicene substituent.
The n-character of NHCs can be tabulated using ’Se NMR
spectroscopy.*®*® The two isomers of the NHC-Se adduct 3(PFe)
exhibited "’Se resonances at 65 and 49 ppm, downfield shifted
compared to A-Se adduct (ds. = 10 ppm) revealing a slight increase
of the m-character as compared to this neutral species, but less
pronounced than for cationic B-Se adduct (122 ppm).* Finally, the
Tolman Electronic Parameters (TEP) value of NHC 2(PF,) was also
investigated. The TEP allows to describe the effects of the combi-
nation of the o-donor and n-acceptor characters modulated by the
sterics of the ligand.>® For that purpose, the (NHC)RhCl(cod)com-
plex 4(PF,) was converted under a carbon monoxide atmosphere to
the corresponding (NHC)RhCI(CO), complex and allowed in situ
measurement of the average IR stretching of the carbonyl ligands
(Fig. $19, ESIt). The calculated TEP value of 2055.1 cm™ ' between
neutral unsaturated NHCs (i.e. TEP 2050.5 cm™ " for A) and cationic
NHC B (2057 cm ') is consistent with measured “Jo; and
7’Se values indicating that the positive charge has a significant
effect on the electronic properties of 2, lowering thus the
o-donation and increasing the m-acceptation, effect however less
pronounced than that observed in the cationic B.

The optical properties of compounds 2-H(PFs), to 6(PFs),
were recorded in acetonitrile solutions and compared to that of
parent cationic[4]helicene 1-H(BF,) (Fig. 4, top and Table 2).
The functionalization of 1-H (laps: 616 nM, Aepy: 667 nm) with
electron-withdrawing groups (EWG) at position 6 is documented
to induce rather strong hypsochromic shifts in absorption and
emission.*® 2-H(PF), exhibits a moderately intense absorption
band in the orange-red region (Zaps: 599 nm, & 11500 M cm ™)
and fluoresces in the far red (¢q,: 0.26 at 644 nm). The slight blue
shifts observed as compared to 1-H indicate that the imidazolium
cationic part can be described as a mild EWG, comparable in
intensity to a ketone moiety.*® The lowest energy transition of the
selenium adduct 3(PF) is centered on 613 nm (& = 9300 M cm ™)
but this compound is essentially non-emissive.”* As expected, the
characteristic optical properties of the diaza[4]helicene 1-H are
maintained in the organometallic complexes 4-6 with only a
marginal influence of the metallic centers (Table 2). The lowest
energy transitions are centered between 600 (6(PFg),) and 609
(4(PFs)) nm with ¢ values spanning from 9800 to 13200 M ' cm ™.
Similarly, no significant changes are observed in emission, all
derivatives being efficient fluorophores in the far red (¢g,: 0.14-0.23,
Aem 644-653 nm).

Au™ complex 6(PFg), was selected to investigate the chirop-
tical properties of this family of compounds (Fig. 4, bottom).

This journal is © The Royal Society of Chemistry 2021
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—— 2H(PFg)
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—— 5(PFg) 0.6
— 6(PFg),
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(*n°e) uoissiwg pazijewloN

— (M)-6(PF¢),
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A (nm)
Fig. 4 Top: Normalized absorption (plain lines) and emission (dashed
lines) spectra of 2-H(PFs) — 6(PFg), recorded in acetonitrile (C ca. 107> M).
Bottom: ECD spectra of (M)-6(PFg), and (P)-6(PFg), (blue lines) and absorp-
tion spectrum of 6(PFg), (grey line), acetonitrile, (C ca. 107> M).

Table 2 Optical properties of 1-H(BF,), 2-H(PFe),, adduct 3(PFe) and
complexes 4(PF¢) — 6(PFg), recorded in acetonitrile solutions

Jabs (NM) eMcem™h) Jem (M) D"
1-H(BF4) 616 14 000 667 0.13
2-H(PFy), 599 11500 644 0.26
3(PF,) 613 9300 — —
4(PF6) 609 13000 646 0.14
5(PF) 607 9800 653 0.15
6(PF6)2 600 13200 644 0.23

“ Quantum yields versus cresyl violet (¢ g, 0.54 in MeOH).

The two enriched (M) and (P) enantiomers of 6(PFg), were
prepared from the corresponding (M)- and (P)-1-H. As usual
for cationic helicenes,?”**°>% the two enantiomers of 6(PF),
exhibit strong specific rotations, [a]§25 = —4000 and +4300 for
the (M) and (P) enantiomers, respectively. In Electronic Circular
Dichroism (ECD) and in the visible range, 6(PFs), exhibits two
rather strong Cotton effects centered at 600 nm (|A¢| =8 M ' cm ™)
and at 479 nm (|Ae] = 11 M~ ecm ™). In the UV region, Cotton
effects typical of helicene skeletons are observed at 237, 287 and
320 nm (JAe| = 23, 52 and 21 M ' em, respectively). The
Circularly Polarized Luminescence (CPL) of 6(PFg), was also mea-
sured in acetonitrile solution (Fig. S9, ESIT). This species displays a
Zium Value of +2 x 107, which is the typical magnitude for such
[4]helicenes. The CPL signal is centered on the maximum emission
wavelength, which is strongly red-shifted as compared to most
carbohelicenes.™

In summary, a dicationic helicene-imidazolium hybrid was
prepared following a high yielding multicomponent synthetic
procedure, revealing a ligand characterized by an overall rich-
ness comparable to common neutral unsaturated NHCs and a
certain structural flexibility. This helicene-NHC was used for
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the construction of Rh', Au' and Au™ complexes that exhibit
ligand controlled chiroptical properties in the far-red window.
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