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Abstract: Organic circularly polarized luminescence (CPL)-active
molecular emitters featuring dynamic propeller-like luminophores
were prepared in one step from cyclic(alkyl)(amino) carbenes
(CAACs). These molecules exhibit through-space arene-arene -
delocalization and rapid intramolecular inter-system crossing (ISC) in
line with their helical character.

The controlled manipulation of circularly polarized (CP) light is
highly sought after in numerous fields of technology,* such as 3D
displays, 2 sensors, ° information storage, # spintronics, > and
optoelectronic devices.b It is also essential in biology,” and was
observed for dynamically chiral helical polymers, which function
as enantioselective catalysts.® CP luminescence (CPL) — the
differential emission of right- and left-CP light — is typically
achieved using chiral luminophores. ° Historically, chiral
lanthanide complexes have been the class of choice for
investigating CPL because of their high Iuminescence
dissymmetry factors (|gum|) of up to 1.5.° Recently, despite
lower |gum| (102 < |gum| < 107, chiral organic molecules have
attracted increasing attention thanks to their superior emission
quantum vyields (®), tunable photophysical properties, and
straightforward integration into optoelectronic devices.®? The
vast majority of small organic emitters investigated so far, are
derived from three scaffolds which display configurationally stable
chirality, namely helicenes, ¥ [2.2]paracyclophanes, ** and
binaphthyls® (Figure 1, top). Among them, carbohelicenes excel
with remarkable chiroptical properties, in part owing to their
extended helical T-conjugation and through-space -
delocalization. *® In comparison, molecular propellers which
represent another class of CPL emitters are mostly unexplored.
Arguably, this is due to the difficulty of controlling the dynamics of
their helically chiral conformations, which is critical for efficient
through-space T-delocalization (Figure 1, middle).}” To achieve
this control, innovative synthetic approaches to original scaffolds
are needed. Recently, cyclic (alkyl)(amino)carbenes (CAACs),*®

which are highly ambiphilic singlet carbenes emerged as
attractive blocks for functional materials.'® We envisioned that
their concise and modular syntheses should give access to a
novel class of CPL active molecular propellers via an
intramolecular C-H insertion of the carbene carbon into the trityl
C-H bond (Figure 1, bottom).2°
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Figure 1. Overview of small organic CPL emitters vs. our strategy.
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This synthetic strategy is attractive for several reasons. First, it
combines a trityl group — a privileged chiral “sensor’?* — and a
CAAC scaffold chiral “inducer”.?? Second, it capitalizes on the
diversity of available CAAC precursors that enables seamless
structural variations. ?® Lastly, the intramolecular C-H insertion
step enforces close steric interactions. Overall, this approach
allows for controlling the electronic and chiroptical properties, as
well as material processability, by enabling rational engineering of
stereochemistry dense CAAC skeletons. Herein, we report the
preparation and photophysical properties of propeller-type chiral
CPL emitters derived from chiral singlet carbenes. Thanks to an
efficient through-space mr-delocalization, these simple trityl-
carbene hybrids show |gum| values as high as 5.3 x 102 and ® of
0.1, which is on par with other state of the art structural motifs.

Synthesis. To begin, we prepared CAAC iminium salt 1a", which
is conveniently available in gram scale quantities.?®> As shown by
us and others, the high ambiphilicity of CAACs permits
intramolecular C—H activation at the carbene center.1*2% Indeed,
deprotonation of 1a with KN(SiMes)2 led to subsequent carbene
insertion into the acidic C-H bond of the trityl moiety forming
compound 2a, which was obtained in 87% as a mixture of two
diastereoisomers (3:1 dr, Scheme 1). Using the same strategy,
we also obtained compound 2b bearing ortho fluoro substituents
(99% de) on the pendant aniline moiety. Both products are bench-

stable allowing for their easy separation under ambient conditions.

Chiral-HPLC afforded the corresponding enantiomers in high
enantiomeric excess (ee > 96%, Figure 2). The absolute
configuration of (R,S)-2a and (S,R)-2b was determined by SC-
XRD (Figure 3), while the stereocenters of the minor
diastereomers 2a’ were assigned by ECD (Electronic circular
dichroism) spectroscopy.?* Importantly, the trityl fragments in both
structures display a chiral, propeller-like conformation, wherein
the aryl rings adopt a P and M-type helical twist, respectively. The
helicity was assigned by measuring the dihedral angles between
the nearest Cipso and Cortho atoms. The values for (S,R)-2b in the
solid state (w1= —78°, w2= 44° and ws= 24°, Table S1) indicate an
M-type propeller.?'2

transient

R1 BF4 R1
R? + R2
N KHMDS N
NS _—
Ph " THE RT >, Ph
RS _H RS
/c\ /C’H
Ph Ph” 1
Ph Ph
1Ha-b 1a-b
1Ha R'=H, R2=R%=CHj,4 fast
1Hb R'=F R2=R3=H
R1
N Ph
R2 H
e
o pp Ph

2a 87% (3:1 dr)
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Scheme 1. Synthesis of racemic compounds 2a-b.
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Related three-blade propeller chirality has been previously
studied by Mislow, Gawronski and others.?! Examples of trityl-
and triarylborane derivatives featuring dynamic three-fold
symmetry remain limited. ° Altogether, these observations
suggest that the stereocenters on the CAAC scaffold allow for
conformational control of the propeller associated with the trityl

group.
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Figure 2. Enantiopure CAAC derived frameworks obtained by preparative
chiral HPLC.

(R,S)-2a
P in crystal

(S,R)-2b
M in crystal

Figure 3. X-ray structure of compounds (R,S)-2a and (S,R)—Zb.26

Dynamic properties. To rationalize these observations, the
conformational space of 2a—b in solution was investigated by DFT
calculations (r’SCAN-3c, SMD=CH2Cl2), complemented by ab
initio single points at the DLPNO-CCSD(T)//def2-TZVPP level of
theory (Figure S16).2” Of the three aryl groups present in the trityl
moiety of (S,R)-2b, clockwise rotation of the equatorial trityl
phenyl group gears with the phenyl substituent in axial position
(Figure 4; for an animation, see Gif-S1). This process is
associated with an overall barrier of AG¥ = +47 kJ mol™* and, thus,
proceeds swiftly at room temperature. Interestingly, counter-
clockwise rotation (Figure S7) leads to gear-slippage and
racemization via a two-ring flip pathway (AG* = +42 kJ mol™1).28
We thus conclude that the diastereotopic environment is
efficiently sensed by the propeller, leading to a stabilization of one
single conformer through residual stereocisomerism.
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Figure 4. Gear behavior of (S,R)-2b upon clockwise rotation of the equatorial
phenyl group (r?’SCAN-3c(SMD=CH.Cl,). For other rotational modes, see Figs.
S5-S9.

Ground-state photophysical and chiroptical properties. To
further study the stereoinduction on the trityl propeller by the
CAAC scaffold, we turned our attention to the photophysical and
chiroptical properties. The UV-vis spectrum of 2b (Figure S4) was
recorded in acetonitrile and reveals two low-energy bands of
modest intensity at 260 and 323 nm (¢ ~ 1.2 and 0.3 x 10* M™*
cm™?, respectively). ECD measurements of enantiomers (R,S)-2b
and (S,R)-2b display expected mirror-image spectra (Figure 5),
which for (S,R)-2b include two positive transitions at 270 and 324
nm (Ae ~ 29 and 15 M~ cm™, respectively). Further, the strong
positive Cotton effect observed at 210 nm is reminiscent of the
characteristic ECD signals found for the triphenylmethyl group by
Gawronski et al., which has been labeled a marker for this type of
dynamic helicity.?! These findings demonstrate that the preferred
dynamic helical arrangement of the trityl group is in 2-M-type
configuration when the carbene carbon atom is R-configured (and
vice-versa). ?® They support communication between the trityl
group “sensor” and the CAAC scaffold “inducer” and rationalize
the high absorption dissymmetry factor, gaps, of 1.2 x 1072 (at 330
nm), which is similar to the typical values observed with parent
[6]helicene (gass 1.0 x 1073, and other more sophisticated
carbohelicenes (gaps of 1.06 x 1072).16

—— (S,R)- &~ (R,S)-2b
—— (S,R)- & (R,S)-2a
50 1 I (R R)— & roernens (S,S)-Za'
e
©
= 04
W
<
=50 ~
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3/ nm
Figure 5. ECD spectra of (S,R)- and (R,S)-2b (solid and dotted blue lines,
respectively), (S,R)- and (R,S)-2a (solid and dotted black lines, respectively)
and (R,R)- and (S,S)-2a’ (solid and dotted red lines, respectively) measured in
acetonitrile (~107° M) at 298 K.
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To better understand the relevant electronic absorption
spectra, further computational studies were performed (cam-
B3LYP(CPCM=MeCN)/def2-TZVPP//’SCAN-3c). sTD-DFT 3
models for (S,R)-2b corroborate the experimental results,
predicting a band of moderate intensity at 324 nm, and a stronger
band at 269 nm (Figure S13; for (R,S)-2a and (R,R)-2a’ see Figs.
S16, S17). The higher-energy ECD features are likewise
reproduced, with a negative signal computed at 232 nm (S9
excited state) and a positive signal at 211 nm (S16 excited state).
The S0->S1 transition may be approximated with a weight of 0.78
as the HOMO->LUMO transition (HOMO: Highest Occupied
Molecular Orbital; LUMO: Lowest Unoccupied Molecular Orbital).
Visual inspection of the molecular orbital (MO) isosurface plots
reveals that the HOMO is localized on the fluorinated phenyl ring
and the nitrogen atom of the CAAC (Figure 6). The LUMO also
involves the fluorinated ring, yet strongly mixes with the n* of the
adjacent trityl phenyl ring. This suggests intramolecular charge
transfer (ICT) character as well as chiral exciton coupling.
Strikingly, not only the LUMO, but also the HOMO-1, LUMO+1,
and almost all MOs close in energy to the frontier orbitals (Figure
S10) reveal through-space electron delocalization. As such, the
bands associated with the S2, S9 and S16 excited states relate
to strongly mixed transitions within the propeller.

LUMO

LUMO+1

Figure 6. The HOMO-1, LUMO and LUMO+1 suggest chiral exciton coupling.
The transition electric dipole moment vector for the transition to the S1 excited
state (HOMO->LUMO transition) is given in red, the transition magnetic dipole
vector in gold, hydrogen atoms are omitted for clarity.

An analysis of the relevant electric and magnetic transition dipole
moments (e and um, respectively) was performed, along with the
dipole and rotatory strength values (Eq. S1-S3). The calculated
dissymmetry factor of gans = 8 x 1073 (S0->S1) is consistent with
the experimental value of 1.2 x 1072, Computations suggest an
angle of 8 = 103° between the transition electric- and magnetic
dipole moment vectors p, and f,, for the SO>S1 transition. This
leads to a theoretical rotatory strength of R =, i, = |ite | e |
cos(P) = 98 x 107 cgs.

We then turned our attention to the luminescent properties
of these chiral compounds, which were very similar for both 2a
and 2b. As shown in Figure 7, both compounds feature a broad
emission profile centered at 380 nm, with ® of 0.1, and associated
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fluorescence lifetimes of 4-5 ns (Table S2). Photophysical
characterization at low temperature showed an additional
emission band at 450 nm for all derivatives. This emission
features a characteristic and long decay on the second time-scale
(Figure 7 and Table S2), attributed to phosphorescence with an
onset at 410 nm, corresponding to T1 energy levels of 3.1 eV. The
observation of both fluorescence and phosphorescence within
these molecular systems corroborates significant inter-system
crossing (ISC) efficiency between the singlet and triplet excited-
states. Usually, this occurs only in the presence of heavy atoms
such as bromine or iodide (spin orbit coupling), or, if promoted by
low-lying n,m* transitions following El-Sayed’'s rule. 3 The
absence of these in 2 suggests that the enhanced ISC results
from through-space 11-delocalization of electrons within the helical
arrangement of the phenyl rings, a feature also observed in
helicenes and twisted aromatic derivatives. % At room
temperature in toluene, these emitters display expected mirror-
image CPL spectra with peaks corresponding to those of their
respective unpolarized fluorescence emission. The measured gium

Fluorescence (298 K)
2a
—2a'

2b
Phosphorescence (77 K)

*aSSana

? ’
2 s
Y T - T T T T

(R.S)-2b
.......... (R,S)-2a
- (S,S)-2a"

-0.004

-0.006

T T T T
350 400 450 500 550 600

Al nm

Figure 7. Top: normalized luminescence spectrum of 2b (blue), 2a (black) and
2a’ (red) excited at 330 nm in 2-methyltetrahydrofuran at 298 K (solid lines),
with the corresponding phosphorescence emission (dashed lines) recorded
using a time-gated mode at 77 K. Bottom: CPL spectra of (S,R)- and (R,S)-2b
(solid and dotted blue lines, respectively), (S,R)- and (R,S)-2a (solid and dotted
black lines, respectively) and (R,R)- and (S,S)-2a’ (solid and dotted red lines,
respectively) measured in toluene (=105 M) at 298 K.

values of +5.3 x 1072 for (S,R)-2b and +3.5 x 1072 for (S,R)-2a
and (R,R)-2a’ respectively (Figure 7 and S1), highlight the

1 a)J.R.Brandt, F. Salerno, M. J. Fuchter, Nat. Rev. Chem. 2017, 1, 0045;
b) J. Crassous, M. J. Fuchter, D. E. Freedman, N. A. Kotov, J. Moon, M. C.
Beard, S. Feldmann, Nat. Rev. Mater. 2023, 10.1038/s41578-023-00543-3
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influence of the enantiopure CAAC scaffold on the overall chirality
of the emissive low energy excited state. Note that these values
are higher than the ones found for hexa-aryl benzene (|gum| =6 x
107 at 153 K)'" and [2.2]paracyclophane (|gum| = 1.7 x 1072 at
298 K)3* based propellers, which arguably is due to the chiral
exciton coupling between the four phenyl rings of both the
propeller and the CAAC unit. This mechanism plays a key role in
helicene derivatives showing high values of CPL.% Finally, the
CPL brightness, BcpL, of compounds 2b, 2a and 2a’ were
estimated to be 0.8, 0.7 and 0.3 M cm?, respectively (Table
S2).%6 These values are rather modest in comparison to other
organic CPL emitters, and reflect the low epsilon and ® obtained,
suggesting some potential directions for increasing the overall
chiroptical properties of these propeller-type chiral CPL emitters.

In conclusion, we have reported the use of cyclic(alkyl)(amino)
carbenes (CAACs) for the preparation of dynamic molecular
propellers, which serve as CPL-active emitters. These helically
chiral molecules display through-space electron delocalization
and significant intramolecular intersystem crossing (ISC).
Detailed spectroscopic and computational investigations indicate
residual “sense and report” stereoisomerism of the trityl group to
be at the origin of their chiroptical properties. These dynamic
systems possess CPL in the blue region at 380 nm with 10%
quantum yield and gum values as high as 5.3 x 1073, We believe
that this new class of CPL emitters will establish the use of trityl
groups as a structural motif within the family of helically chiral
compounds. These results, taken together with the seamless
structural variations of CAAC frameworks should be an incentive
for the discovery of other purely organic optoelectronic chiral
materials derived from carbenes. This topic is currently jointly
pursued by this collaborative consortium.
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IGiuml = 5.3 x 103

Singlet carbenes have emerged as attractive building blocks for functional
materials. Herein we show that cyclic(alkyl)(amino) carbenes (CAACs) —a class
of highly ambiphilic singlet carbenes— provide access to organic circularly
polarized luminescence (CPL)-active molecular emitters. These propeller-like
luminophores exhibit through-space arene-arene - delocalization and rapid
intramolecular inter-system crossing (ISC).
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