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ABSTRACT: Flexible and twisted annulated m-systems exhibit numerous unique and desirable features owing to their ability to
display chirality. However, preventing their racemization due to the dynamic nature of their chirality remains a challenge. One prom-
ising approach to stabilize homochirality in such systems is chirality transfer from a chiral auxiliary to a moiety displaying dynamic
chirality. Herein, we introduce a new approach for dynamic chirality stabilization in conformationally flexible azahelicene species
via crystallization-induced intermolecular chirality transfer in Au(I) complexes featuring azahelicene (dibenzo[c,g]carbazole and
benzo[c]carbazole) and enantio-pure chiral N-heterocyclic carbene (NHC) ligands with a complementary tailored shape. Crystalliza-
tion of these azahelicene Au(I) complexes not only suppresses the dynamic chirality of the dibenzocarbazole species, but also stabi-
lizes their homochirality through the intermolecular conjunction between the chiral NHC and dibenzocarbazole ligands. In the Au(I)
benzocarbazole complexes, the intermolecular conjunction and chirality transfer in the crystals induces chirality in the initially achiral
benzocarbazole ligand. Furthermore, the crystallization of the studied complexes activates their circularly polarized luminescence
(CPL) properties, which were suppressed in solution. Importantly, chirality transfer leads to significant CPL enhancement; the com-
plexes that feature chirality transfer within the crystal structure exhibit luminescence dissymmetry factors 5 to 10 times higher than

those of the complexes without chirality transfer.

INTRODUCTION

Angularly annulated polyaromatic compounds such as heli-
cenes,! twistacenes,” and related twisted polyaromatic sys-
tems™ * are currently gaining significant attention due to their
ability to exhibit helical chirality (Figure 1a). This unique fea-
ture makes them promising for applications in chiroptical de-
vices,> ¢ asymmetric catalysis,” organic electronics,'® molec-
ular machines,'"" > and medicinal chemistry.'** Since the hel-
ical chirality in these systems originates from strain-induced
twist,> low-strain annulated m-systems with low-lying confor-
mational flip barriers can exhibit dynamic chirality, allowing
interconversion between enantiomers (Figure 1b).">17 Alt-
hough this dynamic chirality can sometimes be exploited to
obtain chirality-switchable properties,'® as well as easy access
to different conformers of a polyaromatic species,'? it often
merely results in racemization, which negates most of the val-
uable properties derived from helical homochirality. There-
fore, stabilizing the homochirality of these systems is crucial
to preserve their unique properties.

The most common approach to suppress dynamic chirality

in polyaromatic species is kinetic stabilization of their confor-
mation by introducing bulky substituents in the polyaromatic

scaffold, interlocking the system and dramatically increasing
the conformational flip barrier.?2! However, enantioselective
reactions during synthesis or subsequent chiral resolution of
the formed enantiomeric mixture during isolation is re-
quired,?? which can be laborious and challenging.

Another approach involves chirality transfer via the intro-
duction of a chiral auxiliary group to a twisted and flexible
polyaromatic system (Figure 1c). As demonstrated on
perylene-diimide-based twistacene species, intramolecular
chirality transfer can be achieved using chiral auxiliary groups
that induce strain in the polyaromatic ribbon (Figure 1d),”
steric repulsion (Figure 1le),>* % or attractive through-space
interactions between molecule fragments (Figure 1f).2%?7 Ad-
ditionally, intermolecular chirality transfer from a molecule
with persistent chirality to a conformationally flexible
perylene-diimide-based cyclophane species resulted in the
stabilization of one of the conformational enantiomers of the
cyclophane through host-guest interactions in solution (Fig-
ure 1g).2® Conversely, the binding of flexible helicene guests
exhibiting dynamic chirality by homochiral hosts resulted in
enantiomerization of enantiomerically pure guests®® or derac-
emization of racemic guest mixtures® due to a reduced enan-
tiomerization barrier (Figure 1h).
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Figure 1. Dynamic helical chirality in polyaromatic systems and its stabilization though chirality transfer in solution and the solid state.

Remarkably, the chirality transfer can also influence the
properties of dynamic twistacene systems, such as solvent-
and redox-dependent electronic circular dichroism®* 2> and
circularly polarized luminescence.”® This demonstrates the
promise of chirality transfer to flexible polyaromatic systems
as a strategy for constructing new systems with chirality-in-

duced functionality.

Because the abovementioned examples of dynamic chirality
control via chirality transfer operate in solution, in some
cases, the effect is limited to preferential thermodynamic sta-
bilization of one of the conformers without complete suppres-
sion of dynamic chirality. That is, interconversion between the
different forms of the studied species may still occur in solu-
tion. In this work, we introduce a new approach for dynamic
chirality stabilization in azahelicene species via crystalliza-
tion-induced intermolecular chirality transfer in Au(I) com-
plexes featuring a rigid enantio-pure N-heterocyclic carbene
(NHC) ligand with persistent chirality and a conformationally
flexible azahelicene ligand, namely, dibenzo[c,g]carbazole or

benzo[c]carbazole. In solution, the NHC Au(I) dibenzocarba-
zole complexes exhibit dynamic chirality with very rapid ex-
change between the P- and M-conformers (Figure 1i). How-
ever, when an NHC ligand with a shape tailored for comple-
mentary interactions is used, the crystallization of these com-
plexes can not only suppress the dynamic chirality of the
dibenzocarbazole moiety, but also induce and stabilize homo-
chirality through intermolecular chirality transfer by the inter-
molecular conjunction between the chiral NHC and dibenzo-
carbazole ligands in the crystal. In the case of the Au(I) ben-
zocarbazole complexes, the presence of a similar conjunction
between the molecules in the crystals induces chirality in the
initially achiral benzocarbazole ligand.

Moreover, the crystallization of these complexes activates
their circularly polarized luminescence (CPL), which was
suppressed in solution due to dynamic chirality. Notably, the
complexes exhibiting intermolecular chirality transfer in their
crystals display a dramatic 5—10-fold enhancement in their lu-
minescence dissymmetry factor values compared to the



structures without direct chirality transfer. We believe that our
approach to engineering intermolecular chirality transfer will
be useful for the development of new types of solid-state chi-
ral and chiroptical materials.® 3!

RESULTS AND DISCUSSION

Synthesis and Characterization of NHC Au(I) Azaheli-
cene Complexes in Solution. To explore the potential for lig-
and-to-ligand chirality transfer in NHC Au(I) azahelicene
complexes, we investigated a set of NHC and carbazole lig-
ands (Scheme 1). 1,3-Bis(3,5-di-tert-butylbenzyl)-imidaz-
olinium scaffolds with various substituents at the 4- and 5-
positions of the imidazolinium backbone were utilized to
study the capability NHC ligand of chirality transfer: the un-
substituted achiral NHC (1) (as a reference structure), the cy-
clohexyl-substituted NHC enantiomer pair [2-(S,S) and 2-
(R,R)], and the diphenyl-substituted enantiomer pair [3-(S,S)
and 3-(R,R)]. The azahelicene ligands were benzo[c]carbazole
(BCz), which served as a reference structure with no inherent
chirality, and dibenzo[c,g]carbazole (DBCz), which should be
capable of displaying dynamic chirality in solution. The target
NHC Au(l) azahelicene complexes [1-3-(S,S)- and 1-3-
(R,R)-DBCz; 3-(S,S)- and 3-(R,R)-BCz] were obtained in 80—
96% yields by reacting the corresponding NHC Au(I) chloride
complexes and DBCz or BCz in the presence of potassium
tert-butoxide in tetrahydrofuran solution at 45 °C. All com-
plexes were characterized using 'H and '*C NMR spectros-
copy, high-resolution mass-spectrometry (HRMS), C, H, N
elemental analysis, thermogravimetric analysis (TGA), differ-
ential scanning calorimetry (DSC), single-crystal and powder
X-ray diffraction (SCXRD and PXRD), circular dichroism
(CD), photoluminescence, and circularly polarized lumines-
cence (CPL) spectroscopy in solution and the solid state.

For all complexes, the solution-state 'H and *C NMR spec-
tra display only one set of signals, indicating that either only
a single species is present, or the annulated carbazole ligands
undergo P/M-exchange that is too rapid to be observed on the
NMR timescale. For DBCz complexes, even low-temperature
'H NMR measurements (—80 °C in CD,Cl,) have not shown
any noticeable signal splitting that could indicate stabilization
of two distinct forms of the DBCz ligand in solution (Figures
S2-3). Therefore, to investigate the potential dynamic chiral-
ity and intramolecular chirality transfer for the obtained com-
plexes in solution, we conducted a theoretical investigation of

the energy barriers for interconversion and the relative stabil-
ity of the two possible P-/M-conformers of the 3-(S,S)-DBCz
complex, as well as of the structure of 3-(S,5)-BCz in CH»Cl,
(using the PBE0-D3(BJ) /def2TZVP+MDF60/SMD(CHCl,)
level of theory**#?). The optimization of 3-(S,S)-BCz yields a
structure featuring an overall flat BCz moiety; therefore, the
BCz ligand should not possess any chirality and should exist
in a single form in solution (Figure S5). In contrast, for the 3-
(S,S)-DBCz complexes, two structures featuring the P- and M-
conformation of DBCz moiety could be present in solution
with an energy difference (AGzos) of 0.5 kcal/mol and a DBCz
conformation flip energy barrier (AG?) of 3—4 kcal/mol (Table
S3, Figure S4). The obtained energy values support the pres-
ence of a very fast exchange process between the P- and M-
conformers with the expected enantiomer half-life in the mi-
crosecond range.* The enantiomerization barriers of DBCz
complexes are comparable to the reported one for the
dibenzo[c,g]fluorenide anion (4E7 ... = 4.3 kcal/mol)* which
is isoelectronic to free DBCz. Considering “conventional”
helicene species, the enantiomerization barrier of DBCz is
even closer to carbo[4]- and monoaza[4]helicenes (AE cuica ~
4 kcal/mol)* *® than to relevant carbo[4]helicenes and pyri-
dine-based monoaza[5]helicene species (4G, = 20-23
kcal/mol).*’ The reason for that is the presence of the five-
membered pyrrole core in DBCz instead of a six-membered
pyridine or benzene one in similar [S]helicene species, which
results in a significantly lower strain of DBCz n-system. In
summary, the presence of small conformation flip barrier as
well as small energy difference between the conformers imply
the absence of any significant intramolecular chirality transfer
from the NHC to the DBCz ligands.

Crystal Structures and Chirality Transfer. Crystalliza-
tion of the obtained complexes (for details, see Section S2.4)
yielded crystalline samples with no solvent inclusion. The ob-
tained single crystals were characterized by SCXRD at 293 K.
The composition of the bulk crystalline samples was con-
firmed by PXRD at room temperature and elemental analysis.
The obtained crystalline samples display good thermal stabil-
ity (see Section S3 for the TGA/DSC data) and can be stored
in air for at least several months (for details, see Section S7).
The crystal structures of all the complexes are presented in
Figures 2 and 3, while the crystal data parameters are listed in
Tables S4-S6 in the Supporting Information.

Scheme 1. Synthesis and Dynamic Chirality of NHC Au(I) Azahelicene Complexes in Solution
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Figure 2. Crystal structures of (a) 1-DCBz, (b) 2-(S,S)-DBCz, and (¢) 2-(R,R)-DBCz. The colors of the DBCz ligands indicate their config-
uration (blue: P; red: M), while those of the circular arrows indicate the configuration of the chiral center in the NHC ligand (S: cyan; R:
orange). (d) C—H:---n interactions (red dashed lines) between the 2-(S,S)-NHC ligand (cyan) and the P (blue)- or M (red)-DBCz ligands in

the structure of 2-(S,S)-DBCz.

The crystal structure of 1-DBCz with an achiral NHC ligand
features the centrosymmetric Pbca space group. The asym-
metric unit consists of only one molecule of the complex,
while the unit cell contains four pairs of molecules, featuring
both P- and M-curved DBCz moieties. Therefore, the crystal
of 1-DBCz can be considered a true racemate (Figure 2a).

The crystal structures of 2-(S,S)- and 2-(R,R)-DBCz display
a similar packing pattern to that observed for 1-DBCz (Fig-
ures S11-S12). Although the crystal structures of the 2-(S,S)-
and 2-(R,R)-DBCz complexes feature a non-centrosymmetric
P1 space group, they contain both P- and M-curved DBCz lig-
ands in a 1:1 ratio, forming a diastereomeric mixture in the
crystal (Figure 2b,c). Thus, the introduction of the chiral S,S-
or R R-cyclohexyl moiety in the NHC backbone does not
cause direct chirality transfer from the NHC to the DBCz lig-
and in either solution or the solid state. However, it should be
mentioned that the P- and M-curved DBCz ligands of 2-(S,S)-
and 2-(R,R)-DBCz have different packing environments and
exhibit different non-covalent interactions with the NHC lig-
and. For example, for 2-(S,S)-DBCz, the M-curved DBCz lig-
and is involved in only one short C—H: - contact with each
of the neighboring §,S-cyclohexyl fragments in the NHC lig-
ands, while the P-DBCz forms two C—H: - -7 interactions with
each NHC fragment (Figure 2d). The opposite pattern was ob-
served for 2-(R,R)-DBCz.

Unlike the previous examples, the 3-(S,S)- and 3-(R R)-
DBCz complexes, which contain a chiral diphenyl moiety in
the NHC backbone, crystallize in an enantiomorphic (chiral)
space group pair: P4,2,2 and P452,2, respectively. Each com-
plex features only one type of curved DBCz ligand, i.e., the
M-conformation in 3-(S,S)-DBCz (Figure 3a) and the P- one
in 3-(R,R)-DBCz (Figure 3b). The fixation of the homochiral
conformation of the DBCz ligand suggests that the “hinge”-
shaped chiral 3-(S,S)- and 3-(R,R)-NHC ligands are capable

of transferring chirality to the DBCz ligand. In the latter case,
the transfer occurs through an intermolecular head-to-tail con-
junction between the NHC diphenyl moiety and the DBCz lig-
and assisted by intermolecular C—H:- & interactions (Figure
3a,b and Figure S6). Additionally, in both crystal structures,
the molecules of the complex form a helical supramolecular
arrangement defined by the presence of a 4-fold screw axis in
the unit cell: an M-helical packing for 3-(S,S5)-DBCz and a P-
one for 3-(R,R)-DBCz (Figure S13).

Surprisingly, the complexes 3-(S,S)- and 3-(RR)-BCz,
which featured achiral benzo[c]carbazole (BCz), resulted in
crystal structures almost identical to those of the 3-(S,S)- and
3-(R,R)-DBCz pair: both the 3-(S,5)-BCz and 3-(R,R)-BCz
crystal structures also have the P4,2,2 and P4;2,2 chiral space
groups, as well as nearly the same unit cell parameters as 3-
(S,5)- and 3-(R,R)-DBCz (Tables S5-S6). The observed sim-
ilarity in the crystal packing of the 3-(S,S)-/3-(R,R)-DBCz and
3-(S,8)-/3-(R,R)-BCz crystals is possibly due to the disorder
of the BCz moiety in two positions in the crystals (Figure
S14), which “mimics” the shape of the DBCz ligand in the
structures of 3-(S,S5)- and 3-(R,R)-DBCz. Furthermore, the
similar crystal packing effects and the presence of intermolec-
ular head-to-tail conjunction between the NHC and BCz lig-
ands also cause the BCz moiety, which is initially achiral and
planar in solution (according to DFT calculations), to adopt a
chiral curvature in the solid state due to chirality transfer from
the NHC ligand (Figure 3c,d). As a result, the obtained struc-
tures can be described as 3-(S,S)-BCz-(M) and 3-(R,R)-BCz-
(P). The key structural difference between the DBCz- and
BCz-derived structures is the degree of curvature of the
DBCz- and BCz moieties. The torsion angles (Table S7) be-
tween the aryl planes demonstrate that the DBCz ligand in 3-
(S,5)- and 3-(R,R)-DBCz is almost twice as curved as the BCz
in 3-(S,S5)- and 3-(R,R)-BCz.
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From the obtained structural data, we can conclude that the b) The 2-(S,S)- and 2-(R,R)-DBCz complexes, which

structure and shape of the NHC ligand play a crucial role in the
chirality transfer to azahelicene ligands in the solid state. The
obtained structures can be categorized into three cases (Figure
4):

a) The 1-DBCz complex, in which an achiral NHC lig-
and forms racemate crystals containing both P- and M-DBCz
moieties.

have flat chiral NHC ligands that are not capable of chirality
transfer, result in a diastereomeric mixture with both P- and M-
DBCz moieties in the crystals.

c) The 3-(S,5)- and 3-(R,R)-DBCz/BCz complexes, fea-
turing "hinge"-shaped chiral NHC ligands capable of direct chi-
rality transfer, form homochiral crystal structures with either P-
or M-DBCz/BCz moieties.



This indicates that the mere presence of an additional chiral
moiety in the molecule is not sufficient to induce direct chirality
transfer and the exclusive stabilization of either the M- or P-
DBCz conformation. In the case of the 2-(S,S)- and 2-(R,R)-
DBCz crystals, the flat shape of the cyclohexyl moiety in the
NHC ligand and its inability to form a conjunction with the
DBCz ligand result in the coexistence of both P- and M-DBCz
moieties in the crystal, along with a crystal packing similar to
the racemate crystal of 1-DBCz. On the contrary, the bulkier
and hinge-shaped diphenyl moiety in 3-(S,S)- and 3-(R,R)-
DBCz/BCz is capable of forming a “complimentary pair” with
the DBCz/BCz ligands. This leads not only to the stabilization
of one form of the DBCz ligand through direct chirality transfer,
but also to the induction of chirality in the initially achiral BCz
ligand.

Chiroptical and Emission Properties of NHC Au(I) Aza-
helicene Complexes. The coordination of DBCz and BCz lig-
ands to the Au(I) center leads to a ca. 30 nm red-shift of their
absorption in dichloromethane (CH»Cl,) solution, while the
overall absorption profile remains mostly unchanged (Figure 5a
for 1-DBCz and Figures S20-21 for the other complexes). Ad-
ditionally, the absorption within 250-280 nm range should also
correspond to the NHC Au(l) fragment, similarly to the NHC
Au(I) chloride precursor complexes. In the solid state, all com-
plexes exhibit a slightly red-shifted absorption profile that is
nearly identical in shape to that in CH,Cl, solution (Figure 5a
and Figure S21).

Based on an analysis of the experimental spectra and the con-
ducted TD-DFT calculations (Figure 5b and Figures S7-S10),
the absorption spectrum of the obtained NHC Au(I) azahelicene
complexes can be divided into three regions. From the higher
wavelengths down to 350 nm, the absorption is mainly at-
tributed to states involving only DBCz/BCz intra-ligand charge
transfer (ILCT) with a slight admixture of Au(I)-to-DBCz/BCz
metal-to-ligand charge transfer (MLCT). Below 350 nm, there
is a noticeable contribution from ligand-to-ligand (LLCT)
charge transfer involving both the NHC and DBCz/BCz moie-
ties. Lastly, from 300 nm to 250 nm, in addition to the absorp-
tion from the DBCz ligand, there are ILCT/MLCT bands in-
volving the NHC ligand.

As expected, 1-DBCz does not exhibit any circular dichroism
(CD) signal in CH,Cl, solution due to the absence of a chiral
moiety in the NHC ligand and the fast P/M-exchange of the
DBCz ligand (Figure S22). The absence of a CD response was
also observed for the crystalline sample of 1-DBCz due to the
presence of two equivalent P- and M-DBCz moieties in the
racemate crystal structure.

In contrast, upon introducing the chiral cyclohexyl moiety in
the NHC backbone, the 2-(S,S)- and 2-(R,R)-DBCz complexes
exhibit a distinct mirrored CD profiles in CH,Cl solution (Fig-
ure 6a; blue lines). Almost no CD signal was observed in the
range of 350400 nm corresponding to DBCz absorption. How-
ever, in the lower wavelength region, two CD areas with oppo-
site Cotton effects are observed, with CD maxima at 330 nm
and 256 nm and absorption dissymmetry factor (|ga|) values of
1.4-1.8 x 10* and 4.5-4.7 x 10", respectively. The emergence
of CD signal in the 330nm region can be attributed to the LLCT
from the chiral NHC ligand to the carbazole fragment of DBCz
(Figure S8) and should not be significantly affected by DBCz
conformation. The Cotton effect maxima at 256 nm can be at-
tributed to the absorption of the chiral NHC Au(I) fragment, and
the sign of the Cotton effect in this region is the same as that of
the precursor 2-(S,S)- and 2-(R,R)-Cl complexes (Figure S23).
In the crystalline state, the 2-(S,S)- and 2-(R,R)-DBCz com-
plexes exhibit an inversion of the CD signal in the region from
280 nm to 425 nm compared to that in solution (Figure 6a; red
lines). Additionally, a weak CD signal emerges at ca. 387 nm
(Igass) = 0.3-0.6 x 107%), and the CD signal at 327 nm is ampli-
fied, with |gus| values of 1.2-1.3 x 107, These regions corre-
spond to the DBCz ligand, and the transition from the solution
to crystalline state leads to an almost one order of magnitude
increase in their |gas| values. This could be caused by the elim-
ination of the P-/M-exchange of the DBCz ligand and the con-
firmational fixation in the solid state. At the same time, in the
absence of direct chirality transfer in the crystal, the appearance
and increase of the CD response in these regions can be at-
tributed to the presence of asymmetry in the packing environ-
ment of the P- and M-DBCz ligands observed in the crystals.
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Figure 5. (a) Absorption spectra of 1-Cl (gray; 1.2 x 104 M), DBCz (red; 2 x 10 M), and 1-DBCz (yellow; 2 x 10-° M) in CH,Cl, solution,
and of 1-DBCz in the solid state (blue; 2% w/w in paraffin oil). (b) Calculated TD-DFT absorption spectrum and oscillator strengths of 1-
DBCz-(M) with the hole—electron distribution maps (for the details of the method used, see: ref. 48) for the selected transitions; hole distri-
bution is indicated in blue and electron distribution in red (isovalue 0.003).



a) 30 10 b) 30 10 c) 30 - 10
2-(S,5)-DBCz —— solution — crystal 3-(S,S)-DBCz —— solution — crystal 3-(S,S)-BCz — solution — crystal
2-(R,R)-DBCz - --- solution ---- crystal 3-(R,R)-DBCz - --- solution - --- crystal 3-(R,R)-BCz ---- solution ---- crystal

204 20 —'\‘ 204
- L 5 - 5 - 5 -
£ 7% € 7 1S
-2 10 S 210 g £ 10+
= & = & s
3 I} 3 oy =
20 0® 2o 0® )
a (] a | e T o a
© 9 o o o
c c c
S .10 3 10 2 S104
= 2 = 3 =
@ -5 3 s 3
-20 - -20 - -20 +
30 T T T 10 -30 T T 10 -30 T T T -10
250 300 350 400 450 250 300 400 450 250 300 350 400 450
Nnm Nnm

Nnm
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While the complexes 3-(S,S)- and 3-(R,R)-DBCz and -BCz
show similar CD response levels to 2-(S,S)- and 2-(R,R)-DBCz
in CH>Cl, solution, more significant changes in the CD profiles
were observed after crystallization. In CH>Cl, solution, all the
3-(S,8)-/3-(R,R)-DBCz and -BCz complexes exhibit quite simi-
lar CD profiles (Figure 6b,c; blue lines). The CD maxima at 275
nm (g = 5.6-5.8 x 10™) for 3-(S,S)- and 3-(R,R)-DBCz and
at 267 nm (|guss| = 3.8-4.2 x 10™) for 3-(S,S)- and 3-(R,R)-BCz
correspond mostly to the absorption of the chiral NHC Au(I)
fragment with the same sign as parent 2-(S,S)- and 2-(R,R)-Cl
complexes (Figure S23). At the same time, in the DBCz and
BCz absorption regions, the CD response is noticeably weaker:
the CD maxima were observed at 316 nm for 3-(S,S)- and 3-
(R,R)-DBCz (|guss| = 0.9-1.2 x 10*) and at 297 nm for 3-(S,S)-
and 3-(R,R)-BCz (|guss| = 2.0-2.1 x 10™*) and can be attributed
to NHC-carbazole LLCT bands (Figures S9-10). Conversely,
after crystallization, a strong increase in the CD signals in the
DBCz and BCz absorption regions was observed. The com-
plexes 3-(S,S5)- and 3-(R,R)-DBCz display two main CD max-
ima at 324 nm and 392 nm with |g| values of 2.45-3.22 x 10
3 and 4.45-4.46 x 107, respectively. In the case of 3-(S,S)- and
3-(R,R)-BCz, the maximum CD response was observed at 295
nm with a |gus| value of 2.04-2.45 x 10 which also corre-
sponds to its absorption maximum. Noteworthily, similarly to

the 2-(S,S)- and 2-(R, R)-DBCz complexes, the crystallization of
the 3-(S,5)- and 3-(R,R)-DBCz complexes, as well as the 3-
(8,8)- and 3-(R,R)-BCz complexes, also leads to the inversion
of the CD signal above 280 nm for 3-(S,S)- and 3-(R,R)-DBCz
and above 255 nm for 3-(S,S)- and 3-(R,R)-BCz relative to their
solution spectra. In the case of the 3-(S,S)-/3-(R,R)-DBCz com-
plexes, the obtained CD spectral profiles in the solid state cor-
respond well with previously reported CD solution data for rel-
evant aza[7]helicene (dinaphtho[2,3-c:2',3'-g]carbazoles) spe-
cies¥ and Au(l) complexes that feature a functionalized
dibenzo[c,g]fluorene moiety,* which are conformationally sta-
ble and do not exhibit dynamic chirality in a solution.

Based on the obtained CD data, it can be seen that the 3-(S,S)-
/3-(R,R)-complexes of -DBCz and -BCz, which feature direct
chirality transfer from the NHC to the DBCz/BCz ligands, dis-
play a stronger CD response in the DBCz/BCz absorption re-
gions than the 2-(S,S)- and 2-(R,R)-DBCz complexes in the
solid state (Figure 6).

In CH,Cl, solution, all complexes with a DBCz ligand exhibit
similar photoluminescence emission bands with maximum
wavelengths in the range of 390-400 nm, indicating the minor
effect of the substituent structure of the NHC ligand on the
emission profile (Figure 7a). Notably, the emission of 3-(S,S)-



and 3-(R,R)-BCz is blue-shifted compared to those of the other
complexes, with an emission maximum at 386 nm. At the same
time, in the crystalline state, a general emission red-shift of ca.
25-35 nm was observed for all complexes. In addition, the ap-
pearance of a weaker side band in the 450—600 nm region was
observed for crystalline samples (Figure S26).

None of the obtained complexes display CPL properties in
CH:Cl; solution, regardless of the excitation wavelength (Fig-
ure S28). This can be explained by the dynamic chirality of the
DBCz moiety in solution and the absence of chirality transfer
from the NHC ligand to the DBCz/BCz ligand. In contrast, in
the solid state, all complexes except the racemic 1-DBCz dis-
play a noticeable CPL response in the 390—470 nm region (Fig-
ure 7b). The weakest CPL performance was observed for the
complexes 2-(S,S)- and 2-(R,R)-DBCz, with luminescence dis-
symmetry factor |gum| values of only 3.2-3.6 x 10™* (Figure
S29). Remarkably, these complexes display inverted CPL sig-
nals in comparison to their CD signals (the 320 nm band was
used for excitation), as well as to the CPL signals of the other
complexes. This may relate to the presence of both P- and M-
DBCz ligands in their crystal structures. In contrast, the com-
plexes 3-(S,S)- and 3-(R,R)-DBCz, which feature direct chiral-
ity transfer from the NHC to the DBCz ligand and only one type
of DBCz ligand, display an almost 10-fold increase in their |gim|
values (2.8-3.3 x 10%) compared to 2-(S,S)- and 2-(R,R)-DBCz
(Figure 7b,c). Additionally, the complexes 3-(S,S)- and 3-(R,R)-
BCz, which have almost the same crystal structure as their
DBCz-derived analogs, show inferior CPL with |gum| values of
1.8-1.9 x 107, The obtained |gum| values for NHC Au(I) azahe-
licene complexes are comparable to those of recently reported
crystalline chiral aminocarbene Au(I) complexes (0.1-5.8 x 10
3)°1-33 as well as those of small organic molecules that contain a
single [4]helicene (0.1-2.5 x 107)** or [5]helicene fragment
(0.25-6.6 x 107%).3

To summarize the obtained CD and CPL results, a consistent
trend emerges across the obtained complexes. In solution, none
of the complexes featuring chiral NHC ligands show any CPL
signal, and they have a weak CD response in the DBCz/BCz
absorption regions, mainly due to the flexibility of DBCz and
the lack of chirality transfer. Conversely, in the solid state, a
clear connection was observed between the crystal structure and
both the CPL and CD response levels (Figure 7c). The crystals
of 2-(S,5)- and 2-(R,R)-DBCz, which include both P- and M-
DBCz moieties that are not involved in direct chirality transfer,
demonstrate the lowest luminescence and absorption dissym-
metry factor values in the series. The 3-(S,S)- and 3-(R,R)-
DBCz/BCz complexes, which feature a “hinge”-shaped diphe-
nyl moiety capable of chirality transfer, exhibit much better
CPL performance and stronger CD responses. Despite the al-
most identical crystal packing of these DBCz- and BCz-derived
complexes, their luminescence and absorption dissymmetry
factors differ, which can be attributed to the difference in the
structure and degree of curvature of the annulated carbazole lig-
ands. This is similar to previously reported observations for
other helicene systems, in which extending the helicene back-
bone increases the degree of curvature of the system and en-
hances both CPL and CD responses in solution.*> *® Likewise,
in the case of the complexes 3-(S,S)- and 3-(R,R)-DBCz/BCz,
the change from BCz to DBCz also leads to an increased degree
of curvature in the carbazole ligand and enhanced CPL perfor-
mance as well as CD response. It is noteworthy that, similar to
previously reported helicene species,™ the obtained complexes
also exhibit a correlation between the gu.s and gum values

(Figure S30). The deviation from the trend is observed for the
2-(S,S)- and 2-(R,R)-DBCz complexes, which display an in-
verted CPL signal, presumably due to the presence of a second
diastereomer in the crystals.

CONCLUSIONS

In this work, using a series of chiral N-heterocyclic carbene
Au(I) dibenzo[c,g]carbazole and benzo[c]carbazole complexes,
we have demonstrated how the shape of the chiral NHC ligand
can enable chirality transfer in the crystal through intermolecu-
lar conjunction to stabilize the homochirality of the conforma-
tionally flexible azahelicene species. The presence of the
“hinge”-shaped chiral diphenyl moiety in the NHC backbone of
3-(S,5)- and 3-(R,R)-DBCz/BCz resulted in the formation of in-
termolecular head-to-tail conjunction and chirality transfer be-
tween the chiral NHC and DBCz/BCz ligands, assisted by in-
termolecular C—H-- -7 interactions. The complementary shape
of the NHC backbone leads not only to selective fixation of one
conformation of the dynamically chiral DBCz ligand in the
crystal, but also to the induction of chirality in the initially achi-
ral BCz ligand. Conversely, the smaller, flat cyclohexyl moiety
in the NHC ligand of 2-(S.,S)- and 2-(R,R)-DBCz does not in-
duce chirality transfer in the crystals. Instead, it leads to the for-
mation of diastereomeric mixture within the crystal and the co-
existence of both P- and M-DBCz moieties. Moreover, crystal-
lization activates the valuable CPL properties of the studied sys-
tems, which were suppressed in solution by the presence of dy-
namic chirality and absence of chirality transfer. In the crystal-
line state, a clear connection between the crystal structure and
CPL properties was observed. Crystalline samples of the com-
plexes 3-(S,S)- and 3-(R,R)-DBCz/BCz featuring direct chiral-
ity transfer and a single conformation of the DBCz/BCz ligand
display ca. 5-10-fold enhancement in the gjum value in compar-
ison to 2-(S,S)- and 2-(R,R)-DBCz, which contain both P- and
M-DBCz ligands in their crystal structure.

Our approach of intermolecular chirality transfer allows the
selective isolation of a homochiral form of very flexible heli-
cene systems such as DBCz in the solid state, which cannot be
achieved by conventional solution methods due to the ex-
tremely low enantiomerization barrier and short half-life. In the
future, this strategy for the stabilization of homochirality in spe-
cies with dynamic chirality could be expanded to other types of
twisted organic and organometallic systems. This should prove
useful for the design of a new generation of crystalline and su-
pramolecular chiral and chiroptical materials.
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