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Chirality

Synthesis, Structural Characterization and Chiroptical Properties of

Planarly and Axially Chiral Boranils

Aurélie Macé,® Khaoula Hamrouni,®® Paola Matozzo,® Max Coehlo,’® Jakub Firlej,'¥ Faouzi
Aloui,™ Nicolas Vanthuyne,® Elsa Caytan,'? Marie Cordier,'® Grégory Pieters," Monika Srebro-

Abstract: 2-Amino[2.2]paracyclophane reacts with
salicylaldehyde or 2-hydroxyacetophenone to yield imines that
then give access to a new series of boranils (8b-d) upon
complexation with BF,. These novel boron-containing
compounds display both planar and axial chiralities, and were

examined experimentally and computationally. In particular,
their photophysical and chiroptical properties were studied and
compared to newly prepared, more simple boranils (9a-d)
exhibiting axial chirality only. Simpler chiral architectures were

shown to demonstrate overall stronger CPL activity.

Hooper,*¥ Fabienne Berrée,*? Bertrand Carboni,”® Jeanne Crassous*?

Keywords: boranil « axial chirality « planar chirality * optical activity * density functional calculations

Introduction

Circularly polarized luminescence (CPL), a phenomenon that
reflects the difference of emission of right and left circularly
polarized light by an enantiomerically pure compound, is the
source of promising applications in 3D displays, data storage,
tunable lasers, biosensors, etc.® The search for novel simple
organic molecules that may act as chiral emitters, in
complement to organometallic complexes, is therefore of prime
importance to enable further developments in these fields. In
recent years, boron-containing compounds, which stimulated
more and more interest due to their substantial impact in organic
synthesis and catalysis, have also found innovative applications
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in the areas of organic light-emitting diodes (OLEDSs), biosensing
and bioimaging.? While boron dipyrromethene (BODIPY)
scaffolds remain among the most popular class of boronated
organic dyes since their discovery in the late 1960s,%** numerous
other organoboranes possessing a triaryl moiety or a four-
coordinate boron(lll) atom, for example, have also found
outstanding applications as functional materials.®> Among them,
boranils that are based on a salicylaldimine core have shown to
be promising options, especially due to their easy access and
high chemical stability.®

To our knowledge, few examples of CPL-active boranils
have been hitherto reported (Figure 1). J.-J. Kim, J. Yoon et al.
synthesized a binuclear boron complex 1 with (1R,2R)-1,2-
cyclohexanediamine as linker to fix two pyrene rings.” S. Guieu
et al. described the synthesis and the aggregation-induced
emission enhancement of boranils 2 based on (S)- and (R)-o-
methylbenzylamine.® Axially chiral boron difluoride complexes
3a-b, derived from an (R)-/(S)-1,1"-binaphthol unit, were reported
by X. Wang, Z. Liu et al.? More recently, our groups studied both
experimentally and theoretically the chiroptical properties of
chiral emissive helicene-boranils 4 and 5, and highlighted the
combined helical and axial chirality effects.’® Lastly, while this
work was in progress, organoboranes 6a-6i and 7 combining
one or two BF, moieties directly with the benzene rings of an
(Rp)-/(Sp)- [2.2]paracyclophane (PCP) unit have been designed
and their aggregation-amplified CPL emission have been
studied, demonstrating fluorescence dissymmetry factors |gum|
up to 7.6 x 107 in THF/water solution.™

Although such systems may appear as potential candidates
for CPL applications, they often require multistep synthesis that
makes structural variations difficult and time-consuming, which
strongly influences the cost of the final material. In order to
provide a solution to these drawbacks and in continuation to our
previous works on boron-substituted helicene derivatives,*® we
pursue the exploration of the chiroptical properties of new chiral
organoborane systems. Herein, we report the synthesis,
structural characterization, HPLC resolution, and examination of
photophysical and chiroptical properties of new boranils 8 and 9
with planar and / or axial chirality (Figure 2). To shed light on
their stereochemical and spectroscopic features, their
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experimental analyses have been complemented by quantum-
chemical calculations.

Materials and Methods

General Experimental Details. Solvents were freshly distilled
under argon from sodium / benzophenone (toluene) or from
phosphorus pentoxide (1,2-DCE = 1,2-dichloroethane). Column
chromatography purifications were performed over silica gel
(Merck Geduran 60, 0.063-0.200 mm). Flash chromatography
purifications were carried out on a Grace RevelerisTM with
PuriflashTM 40um flash cartridges (Buchi). *H, **C, *°F and 'B
NMR spectra were recorded at room temperature on Bruker AV
Il spectrometers, from 300 to 500 MHz, using deuterated
chloroform as solvent. The terms s, d, t, q, m indicate
respectively singlet, doublet, triplet, quartet, multiplet; br stands
for broad; dd is doublet of doublets, dt - doublet of triplets, td -
triplet of doublets. Mass spectrometry was performed by the
CRMPO, University of Rennes 1, on an LC-MS Agilent 6510, a
Brucker MaXis 4G or a Thermo Fisher Q-Exactive using ESI and
ASAP techniques. Melting points were measured on a melting
point apparatus Stuart SMP10. Specific rotations (in deg cm®g’
'dm™) were measured on a Jasco P-2000 polarimeter with a
sodium lamp (589 nm) in a 10 cm cell, thermostated at 25 °C
with a Peltier controlled cell holder. Circular dichroism (in M cm’
Yy was recorded on a Jasco J-815 Circular Dichroism
Spectrometer IFR140 facility (Biosit platform - Université de
Rennes 1). UV-vis spectroscopy was conducted on a Varian
Cary 5000 spectrometer. Chiral high-performance liquid
chromatography (HPLC) was performed by iSm2, Aix Marseille
University, on an Agilent Technologies 1260 Infinity with Igloo-
Cil ovens, using Jasco P-2000 and CD-2095 as polarimetric and
circular dichroism detectors, respectively. The analytical
(250%4.6 mm) and preparative (250x10 mm) columns used were
(S,S)-Whelk-O1 from Regis Technologies (Morton Grove, USA)
and Chiralpak IC, ID, and IH. Beforehand circularly polarized
luminescence (CPL) measurements, absorption spectra were
recorded on an UV-CARY 50 and optical density was checked to
be below 0.1 for the first absorption transition. Then, emission
spectra  were recorded with  Fluoromax-3  (Horiba)
spectrofluorometer. The subsequent CPL measurements were
performed using a commercialized instrument JASCO CPL-300
at room temperature in a 10x10 mm cell.

WILEY-VCH

F_F Me

_BL A
O ‘N/\©
2 3a: R=H
|
F_B/O NEt,
|
Nx

SN
B F

o

O~
o
N
b: R= \©\
3b: R = NMe, R

J
O F—p O NEt,
|
199%
,:/BmNEtz
R'=H 6a: R=H 6c: R =9H-carbazol-9-yl

6b: R=F 6d: R = anthracen-9-yl

R'=CH3z 6e: R = H, 6f: OMe, 6g: NMe,, 6h: Br, 6i: NO,

F
O. g-F
|liD |
. \©\
R

FIGURE 1. Chemical structures of selected known CPL-active chiral boranils
(for clarity, a single enantiomer is presented in each case).
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FIGURE 2. a) Chemical structures of novel planarly and / or axially chiral boranils 8 and 9 studied in this work. For a definition of R, R! and R? see Schemes 1
and 2. b) X-ray diffraction structures of (Ra,Sp)-8¢ ((+)-8c, first eluted enantiomer, see Sl), (Sa)-9a, (rac)-9b (only the S, enantiomer shown), (Ra)-9¢ and (Ra)-9d

displaying axial chirality,

General procedure for the synthesis of imines 12 and 14
(except 14a). Titanium ethoxide (228 mg, 0.2 mL, 1 mmol) was
added to a solution of 4-amino[2.2]paracyclophane 10 or aniline
derivative 13 (0.5 mmol) and compound 11 (0.5 mmol) in dry
toluene (5 mL). This mixture was heated at 100 °C for one night
and then an additional equivalent of titanium ethoxide (0.1 mL,
0.5 mmol) was added. The solution was stirred at 100 °C for
another 4 hours. The resultant solution was quenched by
addition of water (1 mL). After extraction with dichloromethane,
and subsequent filtration through a pad of celite, the organic
phase was dried over MgSO, and concentrated under reduced
pressure. The resulting solid was washed with cold methanol or
cold diisopropylether or was purified by chromatography (silica
gel, cyclohexane / EtOAc as eluent) to afford the imine 12 or 14.

(E)-2-((1,4(1,4)-dibenzenacyclohexaphane-12-
ylimino)methyl)phenol (12a). Obtained as a yellow solid (116
mg, 71%) after a chromatography over silica gel
(cyclohexane/EtOAc: 100/0 to 95/5). Mp = 124-126 °C. R = 0.72
(cyclohexane/EtOAc: 8/2). *H NMR (300 MHz, CDCls) 6 13.93 (s,
1H), 8.37 (s, 1H), 7.54-7.39 (m, 2H), 7.18 (d, J = 8.2 Hz, 1H),
7.03 (t, J =7.4 Hz, 1H), 6.91 (dd, J = 7.9, 1.9 Hz, 1H), 6.70-6.54
(m, 4H), 6.43 (d, J = 7.9 Hz, 1H), 6.07 (s, 1H), 3.80-3.61 (m, 1H),
3.29 (dd, J = 9.6, 5.1 Hz, 2H), 3.22-3.03 (m, 4H), 2.88 (dt, J =
12.9, 8.7 Hz, 1H). *C{*H} NMR (75 MHz, CDCls) 5 161.2, 161.0,
146.7, 142.0, 139.9, 139.1, 135.0, 134.8, 133.5, 133.12, 133.06,
132.1, 131.9, 131.8, 129.2, 125.4, 119.7, 119.2, 117.3, 35.4,
35.0, 34.3, 32.7. HRMS (ESI") m/z [M+H]" calcd for CpsH2,NO
328.1701, found 328.1702.

(E)-2-((1,4(1,4)-dibenzenacyclohexaphane-12-
ylimino)methyl)-5-(dimethylamino)phenol (12b). Obtained as

(o)

(R,)-9d 14b

and of precursor 14b.

a yellow solid (144 mg, 78%) after a chromatography over silica
gel (cyclohexane/EtOAc: 9/1 to 8/2). Mp = 98-100 °C. Rf = 0.35
(cyclohexane/EtOAc: 8/2). *H NMR (300 MHz, CDCls) & 14.54 (s,
1H), 8.15 (s, 1H), 7.18 (d, J = 8.4 Hz, 1H), 6.85 (dd, J = 7.9, 2.0
Hz, 1H), 6.62-6.41 (m, 4H), 6.40-6.23 (m, 3H), 5.98 (s, 1H), 3.62
(ddd, J = 13.0, 8.5, 3.4 Hz, 1H), 3.27-2.92 (m, 12H), 2.86-2.69
(m, 1H). *C{*H} NMR (75 MHz, CDCls) & 164.6, 158.9, 154.2,
146.7, 141.7, 140.0, 139.0, 134.9, 133.9, 133.5, 133.4, 133.0,
131.8, 130.3, 129.0, 125.0, 110.1, 104.2, 98.7, 40.2, 35.4, 35.1,
34.2, 32.8. HRMS (ESI") m/z [M+H]" calcd for CasHx7N.O
371.2123, found 371.2124.

(E)-2-(1-(1,4(1,4)-dibenzenacyclohexaphane-12-
ylimino)ethyl)phenol (12c). Obtained as a yellow solid (113 mg,
66%) after a chromatography over silica gel
(cyclohexane/EtOAc: 95/5 to 9/1). Mp = 176-178 °C. Ry = 0.92
(cyclohexane/EtOAc: 8/2). *H NMR (400 MHz, CDCls) & 15.70 (s,
1H), 7.64 (dd, J = 7.9, 1.8 Hz, 1H), 7.53-7.34 (m, 1H), 7.15 (dd,
J=8.1, 1.7 Hz, 2H), 7.04-6.85 (m, 1H), 6.65 (dd, J = 7.8, 2.1 Hz,
1H), 6.61-6.46 (m, 4H), 5.80 (d, J = 1.7 Hz, 1H), 3.34-3.21 (m,
2H), 3.21-3.09 (m, 4H), 3.00 (ddd, J = 12.6, 7.3, 4.6 Hz, 1H),
2.80-2.72 (m, 1H), 2.22 (s, 3H). **C{*H} NMR (101 MHz, CDCls)
6 170.0, 162.5, 144.5, 141.0, 139.8, 139.2, 135.1, 133.5, 133.1,
133.0, 132.4, 132.2, 130.1, 129.2, 128.9, 127.8, 120.0, 118.3,
118.2, 35.5, 35.1, 34.3, 32.4, 17.4. HRMS (ESI") m/z [M+H]"
calcd for Co4H24NO 342.1858, found 342.1851.

(E)-2-(1-(1,4(1,4)-dibenzenacyclohexaphane-12-

ylimino)ethyl)-5-(dimethylamino)phenol (12d). Obtained as a
brown solid (136 mg, 71%) by washing with cold methanol. Mp =
153-154 °C. *H NMR (300 MHz, CDCls) & 16.41 (s, 1H), 7.45 (d,
J=8.9 Hz, 1H), 7.17 (d, J = 7.9 Hz, 1H), 6.62 (d, J = 7.9 Hz, 1H),



6.56-6.47 (m, 4H), 6.34 (d, J = 2.7 Hz, 1H), 6.29 (d, J = 9.0 Hz,
1H), 5.81 (s, 1H), 3.31-3.22 (m, 2H), 3.08 (s, 6H), 3.10-2.97 (m,
5H), 2.75-2.68 (m, 1H), 2.13 (s, 3H). *C{*H} NMR (75 MHz,
CDCls) 6 165.2, 158.5, 152.0, 146.6, 141.7, 140.0, 138.9, 134.9,
133.8, 133.6, 133.5, 133.0, 131.8, 130.1, 129.0, 124.9, 109.7,
103.9, 98.0, 44.7, 35.4, 35.1, 34.2, 32.8, 12.8. HRMS (ESI") m/z
[M+H]* calcd for Ca6H29N,0 385.2280, found 385.2279.

(E)-2-(((2-(tert-butyl)phenyl)imino)methyl)phenol (14a).** A
solution of 2-tert-butylaniline (745 mg, 5 mmol) and 2-
hydroxybenzaldehyde (610 mg, 5 mmol) in ethanol (7 mL) was
refluxed overnight. The resultant mixture was concentrated
under vacuum to give a yellow solid (923 mg, 73%) which was
washed with cold diisopropylether. Mp = 99-100 °C. 'H NMR
(300 MHz, CDCl3) & 13.02 (brs, 1H), 8.44 (s, 1H), 7.47-7.40 (m,
3H), 7.31-7.24 (m, 2H), 7.11-7.02 (m, 1H), 6.97 (td, J = 7.4, 1.1
Hz, 1H), 6.90 (dd, J = 7.0, 2.2 Hz, 1H), 1.44 (s, 9H). “C{*H}
NMR (75 MHz, CDCl;) 6 162.8, 160.7, 149.2, 142.9, 133.3,
132.5, 127.4, 126.6, 126.4, 121.1, 119.5, 119.2, 117.2, 35.3,
30.9.

(E)-2-(1-((2-(tert-butyl)phenyl)imino)ethyl)phenol (14b).
Obtained as a yellow solid (85 mg, 64%) by washing with cold
diisopropylether. Mp = 120-122 °C. *H NMR (300 MHz, CDCls) &
14.85 (brs, 1H), 7.68 (dd, J = 8.0, 1.6 Hz, 1H), 7.51 (dd, J = 7.6,
1.8 Hz, 1H), 7.43 (ddd, J = 8.5, 7.2, 1.7 Hz, 1H), 7.33-7.15 (m,
2H), 7.09 (d, J = 8.3 Hz, 1H), 6.95 (t, J = 7.6 Hz, 1H), 6.65 (dd, J
= 7.4, 1.8 Hz, 1H), 2.33 (s, 3H), 1.39 (s, 9H). **C{*H} NMR (75
MHz, CDCls) 6 170.8, 162.2, 146.1, 141.1, 133.2, 129.0, 126.9,
126.7, 125.1, 122.6, 119.9, 118.4, 118.3, 35.2, 30.4, 18.2.
HRMS (ESI") m/z [M+Na]" calcd for CigHiNNaO 290.1521,
found 290.1516.

(E)-2-(1-((2-(tert-butyl)phenyl)imino)ethyl)-5-
(dimethylamino)phenol (14c). Obtained as a brown solid (78
mg, 50%) by washing with cold diisopropylether. Mp = 134-
135 °C. 'H NMR (300 MHz, CDCls) & 15.32 (brs, 1H), 7.54-7.43
(m, 2H), 7.20 (td, J = 7.4, 1.7 Hz, 1H), 7.13 (id, J = 7.5, 1.7 Hz,
1H), 6.64 (dd, J = 7.5, 1.7 Hz, 1H), 6.32-6.24 (m, 2H), 3.05 (s,
6H), 2.22 (s, 3H), 1.36 (s, 9H). *C{*H} NMR (75 MHz, CDCls) &
169.3, 164.2, 153.9, 146.3, 141.5, 130.1, 126.6, 126.5, 124.5,
123.5, 109.9, 103.2, 99.3, 40.0, 35.1, 30.4, 17.5. HRMS (ESI")
m/z [M+Na]" calcd for CooH2sN2NaO 333.1943, found 333.1942.

3-(tert-butyl)-4-((1-(2-
hydroxyphenyl)ethylidene)amino)benzonitrile (14d).
Obtained as a yellow solid (100 mg, 60%) after a
chromatography over silica gel (cyclohexane/EtOAc: 9/1 to 8/2).
Mp = 211-213 °C. R; = 0.37 (cyclohexane/EtOAc: 8/2). *H NMR
(300 MHz, CDCl3) 6 14.20 (s, 1H), 7.70 (d, J = 1.8 Hz, 1H), 7.47
(d, J =8.0 Hz, 1H), 7.46 (d, J = 8.9 Hz, 1H), 6.68 (d, J = 8.0 Hz,
1H), 6.27 (dd, J = 8.9, 2.6 Hz, 1H), 6.23 (d, J = 2.6 Hz, 1H), 3.04
(s, 6H), 2.18 (s, 3H), 1.33 (s, 9H). "*C{*H} NMR (75 MHz, CDCls)
0 169.5, 163.5, 154.3, 151.4, 142.9, 131.2, 130.5, 124.1, 119.8,
109.4, 107.6, 103.7, 99.0, 40.1, 35.5, 30.0, 18.2. HRMS (ESI")
m/z [M+Na]" calcd for C,1H2sN3NaO 358.1890, found 358.1893.

General procedure for the synthesis of boranils 8 and 9. To
a solution of the imine 12 or 14 (1.0 eq.) in dry 1,2-DCE (7
mL/mmol) at 60 °C, under an inert argon atmosphere, were
added boron trifluoride ethyl etherate (2.0 eqg.) and N,N-
diisopropylethylamine (DIEA) (2.0 eq.). The solution was stirred
at 85 °C for 7 hours and then additional 2.0 equivalents of boron
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trifluoride ethyl etherate and DIEA were added. The solution was
stirred at 85 °C for another 21 hours. The solvent was removed
under vacuum and the resulting crude material was diluted with
methylene chloride and washed with a sodium bicarbonate
saturated aqueous solution. The organic layer was then dried
over MgSO, and concentrated under reduced pressure. The
residue was subjected to chromatography (silica gel,
cyclohexane/CH,Cl, as eluent) to afford the boranil derivative 8
or 9.

3-(1,4(1,4)-dibenzenacyclohexaphane-12-yl)-2,2-difluoro-N,N-
dimethyl-4a,5-dihydro-2H-24* 34*
benzo[e][1,3,2]oxazaborinin-7-amine (8b). Obtained from 104
mg of 12b as a yellow solid (108 mg, 92%) after a
chromatography over silica gel (cyclohexane/CHCl,: 5/5 to 3/7).
Mp = 280-282 °C (dec.). Rs = 0.15 (cyclohexane/CHCly: 4/6). H
NMR (300 MHz, CDCls) & 7.74 (brs, 1H), 7.21 (d, J = 8.9 Hz, 1H),
6.95 (d, J = 1.6 Hz, 1H), 6.80 (dd, J = 7.9, 1.9 Hz, 1H), 6.68 (dd,
J=7.9, 1.9 Hz, 1H), 6.62 (dd, J = 7.8, 1.9 Hz, 1H), 6.60 (dd, J =
8.1, 1.9 Hz, 1H), 6.51 (d, J = 7.8 Hz, 1H), 6.42-6.35 (m, 2H),
6.31 (d, J = 2.2 Hz, 1H), 3.25-2.99 (m, 7H), 3.14 (s, 6H), 2.93-
2.80 (m, 1H). *C{*H} NMR (75 MHz, CDCls) & 163.0, 162.2,
158.6, 144.0, 141.6, 139.6, 139.4, 137.4, 134.7, 134.2, 133.8,
132.9, 132.5, 132.1, 127.4, 108.0, 107.2, 99.4, 40.8, 36.1, 35.8,
35.4, 32.4. “B{*H} NMR (96 MHz, CDCls) & 1.1 (dd, J = 21.9,
13.5 Hz). **F{*H} NMR (282 MHz, CDCl5) 6 -133.3 (dg, J = 84.1,
21.9 Hz), -141.6 (dg, J = 84.1, 13.5 Hz). HRMS (ESI') m/z
[M+Na]" calcd for CasHas'B°FoNoNaO 441.1926, found
441.1925.

3-(1,4(1,4)-dibenzenacyclohexaphane-1°-yl)-2,2-difluoro-4-

methyl-2H-24* 34*-benzo[e][1,3,2]oxazaborinine (8c).
Obtained from 87 mg of 12c as a beige solid (70 mg, 71%) after
a chromatography over silica gel (cyclohexane/CH.Cl,: 6/4 to
4/6). Mp = 238-240 °C (dec.). Rt = 0.4 (cyclohexane/CH,Cl,: 4/6).
'H NMR (300 MHz, CDCls) & 7.66-7.55 (m, 2H), 7.22 (dd, J = 8.5,
1.2 Hz, 1H), 7.10 (d, J = 7.9 Hz, 1H), 7.00 (ddd, J = 8.5, 7.3, 1.2
Hz, 1H), 6.74-6.67 (m, 3H), 6.58 (d, J = 7.9 Hz, 1H), 6.44 (d, J =
1.0 Hz, 2H), 3.40-3.18 (m, 3H), 3.07-2.84 (m, 5H), 2.13 (s, 3H).
BC{*H} NMR (75 MHz, CDCls) 5 175.2 (d, J = 1.9 Hz), 158.9 (d,
J = 4.6 Hz), 140.9, 139.2, 139.0, 138.4, 137.7, 135.5, 134.7,
134.4, 133.4 (d, J = 1.9 Hz), 133.3 (d, J = 1.9 Hz), 132.1, 131.5,
129.4, 127.0 (d, J = 4.3 Hz), 120.5, 120.2, 35.24, 35.21, 35.0,
30.5, 18.8. 'B{*H} NMR (96 MHz, CDCls) & 0.65 (dd, J = 22.0,
9.0 Hz). **F{*H} NMR (282 MHz, CDCls) & -134.0 (dg, J = 79.6,
22.0 Hz), -142.2 (dg, J = 79.6, 9.0 Hz). HRMS (ESI") m/z
[M+Na]* calcd for C24H2NO™F,"'BNa 412.1655, found 412.1658.

3-(1,4(1,4)-dibenzenacyclohexaphane-1%-yl)-2,2-difluoro-

N,N,4-dimethyl-2H-24% 34*benzo[e][1,3,2]oxazaborinin-7-

amine (8d). Obtained from 127 mg of 12d as a yellow solid (65
mg, 46%) after a chromatography over silica gel
(cyclohexane/CH,Cl,: 6/4 to 4/6). Mp = 246-248 °C (dec.). Ry =
0.3 (cyclohexane/CH,Cly: 4/6). 'H NMR (300 MHz, CDCls) &
7.40 (d, J = 8.7 Hz, 1H), 7.10 (d, J = 8.1 Hz, 1H), 6.77-6.64 (m,
3H), 6.58 (d, J = 7.9 Hz, 1H), 6.44-6.29 (m, 4H), 3.42-3.13 (m,
3H), 3.10 (s, 6H), 3.04-2.80 (m, 5H), 1.99 (s, 3H). “*C{*H} NMR
(75 MHz, CDCl3) 6 171.3, 160.8, 157.0, 140.4, 139.3, 138.9,
136.0, 135.2, 134.5, 134.0, 133.6, 133.5, 132.0, 131.4, 131.1,
127.8, 107.9, 106.1, 99.5, 40.2, 35.3, 35.2, 35.0, 30.7, 18.0.
“B{'H} NMR (96 MHz, CDCly) & 0.7 (dd, J = 21.6, 13.5 Hz).
FE{'H} NMR (282 MHz, CDCls) & -135.9 (dg, J = 83.4, 21.2 Hz),



- 141.6 (dg, J = 83.4, 12.9 Hz). HRMS (ESI*) m/z [M+Na]" calcd
for CagHar'B*F,N,NaO 455.2082, found 455.2076.

3-(2-(tert-butyl)phenyl)-2,2-difluoro-2H-24% 3™
benzol[e][1,3,2]oxazaborinine (9a). Obtained from 605 mg of
14a as a yellow solid (374 mg, 52%) after a chromatography
over silica gel (cyclohexane/CH,Cl,: 6/4 to 4/6). Mp = 163-
164 °C. R; = 0.54 (cyclohexane/CHCl,: 6/4). *H NMR (300 MHz,
CDCls) & 8.32 (brs, 1H), 7.70 (ddd, J = 8.7, 7.2, 1.7 Hz, 1H),
7.63 (dd, J = 8.1, 1.4 Hz, 1H), 7.48 (dd, J = 7.8, 1.7 Hz, 1H),
7.44-7.27 (m, 3H), 7.22 (d, J = 8.1 Hz, 1H), 7.07 (td, J = 7.5, 1.0
Hz, 1H), 1.37 (s, 9H). **C{*"H} NMR (75 MHz, CDCls) & 166.9,
160.3 (d, J = 4.9 Hz), 144.1, 140.2, 139.3 (d, J = 6.3 Hz), 132.2
(d, J = 7.2 Hz), 129.8 (d, J = 4.3 Hz), 129.1, 127.8, 126.9, 120.6
(d, J = 6.3 Hz), 120.1, 115.5, 36.6, 33.2. 'B{*H} NMR (96 MHz,
CDCls) 5 0.9 (d, J = 25.3 Hz). **F{*H} NMR (282 MHz, CDCls) & -
130.2 (dqg, J = 76.9, 24.6 Hz), -146.5 (d, J = 83.4 Hz). HRMS
(ESI") m/z [M+Na]" calcd for Ci7His"'B*F.NNaO 324.1347,
found 324.1341.

3-(2-(tert-butyl)phenyl)-2,2-difluoro-4-methyl-2H-24* 34*-
benzol[e][1,3,2]oxazaborinine (9b). Obtained from 150 mg of
14b as a yellow solid (97 mg, 55%) after a chromatography over
silica gel (cyclohexane/CH,Cl,: 6/4 to 4/6). Mp = 171-172 °C. R¢
= 0.52 (cyclohexane/CH,Cl,: 5/5). *"H NMR (300 MHz, CDCls) &
7.69 (dd, J = 8.1, 1.6 Hz, 1H), 7.66-7.60 (m, 2H), 7.40 (td, J =
7.7, 1.6 Hz, 1H), 7.29 (td, J = 7.5, 1.5 Hz, 1H), 7.20 (dd, J = 8.4,
1.2 Hz, 1H), 7.11 (dt, J = 7.9, 1.9 Hz, 1H), 7.05 (td, J = 7.5, 1.2
Hz, 1H), 2.42 (s, 3H), 1.33 (s, 9H). *C{*H} NMR (75 MHz,
CDCls5) & 174.4 (d, J = 2.0 Hz), 158.9 (d, J = 5.3 Hz), 143.5,
137.9, 137.3, 130.6, 129.3, 128.8, 127.3, 127.2, 120.8 (br),
120.2, 117.0, 36.8, 32.5, 32.5, 19.2. “B{*H} NMR (96 MHz,
CDCl3) 5 0.6 (d, J = 26.7 Hz). *F{*H} NMR (282 MHz, CDCl;) & -
135.25 (dg, J = 84.5, 26.3 Hz), -148.1 (d, J = 84.8 Hz). HRMS
(ESI") m/z [M+Na]" calcd for CigHa''B*F.NNaO 338.1504,
found 338.1498.

3-(2-(tert-butyl)phenyl)-2,2-difluoro-N,N,4-trimethyl-2H-
22%34*-benzo[e][1,3,2]oxazaborinin-7-amine (9c). Obtained
from 190 mg of 14c as a beige solid (75 mg, 34%) after a
chromatography over silica gel (cyclohexane/CH,Cl,: 6/4 to 3/7).
Mp = 214-218 °C. R; = 0.66 (cyclohexane/EtOAc: 5/5). *H NMR
(300 MHz, CDCls) & 7.60 (dd, J = 8.1, 1.5 Hz, 1H), 7.47 (d, J =
9.2 Hz, 1H), 7.35 (td, J = 7.3, 1.7 Hz, 1H), 7.25 (td, J = 7.3, 1.6
Hz, 1H), 7.13 (dt, J = 7.8, 1.9 Hz, 1H), 6.39 (dd, J = 9.2, 2.6 Hz,
1H), 6.32 (d, J = 2.6 Hz, 1H), 3.12 (s, 6H), 2.25 (s, 3H), 1.34 (s,
9H). *C{*H} NMR (75 MHz, CDCls) § 170.7 (d, J = 1.7 Hz),
160.9 (d, J = 5.5 Hz), 157.1, 144.4, 138.0, 130.9, 130.3, 128.5,
128.1, 126.9, 107.1, 106.0, 99.7, 40.1, 36.7, 32.55, 32.5, 18.3.
“B{*H} NMR (96 MHz, CDCls) 5 0.6 (d, J = 28.9 Hz). “*F{"H}
NMR (282 MHz, CDCls) & -136.6 (dq, J = 87.5, 28.4 Hz), -148.6
(dd, J = 89.1, 4.3 Hz). HRMS (ESI") m/z [M+Na]" calcd for
CaoH2s'B*F,N,NaO 381.1926, found 381.1927.

3-(tert-butyl)-4-(7-(dimethylamino)-2,2-difluoro-4-methyl-2H-
22" 34*-benzole][1,3,2]oxazaborinin-3-yl)benzonitrile  (9d).
Obtained from 64 mg of 14d as a green solid (61 mg, 84%) after
a chromatography over silica gel (cyclohexane/CH,Cl,: 5/5 to
3/7). Mp = 231-233 °C (dec.). Rs = 0.15 (cyclohexane/CHCl; :
4/6). 'H NMR (300 MHz, CDCl3) 5 7.89 (d, J = 1.8 Hz, 1H), 7.52
(dd, J = 8.2, 1.8 Hz, 1H), 7.45 (d, J = 9.2 Hz, 1H), 7.26 (d, J =
8.2, 1H), 6.39 (dd, J = 9.2, 2.5 Hz, 1H), 6.27 (d, J = 2.5 Hz, 1H),
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3.11 (s, 6H), 2.21 (s, 3H), 1.32 (s, 9H). *C{*H} NMR (75 MHz,
CDCls) & 170.3 (d, J = 1.7 Hz), 161.1 (d, J = 5.3 Hz), 157.5,
146.7, 142.4, 134.8, 131.1, 130.2, 130.1, 118.6, 112.5, 106.9,
106.5, 99.6, 40.2, 37.1, 32.3, 32.3, 18.5. “'B{*H} NMR (96 MHz,
CDCls) 5 0.5 (d, J = 28.4 Hz). **F{*H} NMR (282 MHz, CDCls) & -
136.1 (dg, J = 86.2, 28.0 Hz), -148.1 (dd, J = 87.5, 5.2 Hz).
HRMS (ESI") m/z [M+Na]" calcd for CaiHz''B*F.NsNaO
406.1878, found 406.1872.

Computational Details. All calculations were performed with
density functional theory (DFT) approach and its time-dependent
(TDDFT) variant. A full description of computational details used
in these studies is provided in the Supporting Information (SI).

Results and Discussion
SYNTHESIS AND STRUCTURAL CHARACTERIZATION
[2.2]Paracyclophane-based boranils 8

Monosubstituted [2.2]paracyclophanes (PCPs) are an important
class of planar chiral scaffolds that are not only widely used in
asymmetric synthesis but may also find applications in biological
and chirality-related materials sciences.®* Of particular interest
are their emission properties and CPL activity.'* We thus
investigated the preparation of PCP-based boranils 8 by
following the general synthetic route depicted in Scheme 1. 4-
Amino[2.2]paracyclophane 10" gave imines 12 by a reaction
with salicylaldehyde (R = H) or 2-hydroxyacetophenone (R =
CHs) derivatives 11 in presence of titanium ethoxide. A final
complexation using Et,0-BF; in the presence of N,N-
diisopropylethylamine (DIEA), in refluxing 1,2-dichloroethane
(1,2-DCE) for 14 hours yielded the targeted boranils 8. Note that
imine 12a did not lead to the corresponding boranil 8a even
using stronger conditions; in each case the starting material was
recovered. This result could be explained by the steric hindrance
of the paracyclophane part and the absence of a stabilizing
electron-donating group.

The resulting boranils 8b-d were fully characterized by 'H,
B¢, "B and F NMR, and by mass spectrometry (see
Supporting Information, Sl). As observed in our previous work
on helicene boranils,*® the **B NMR signal shows a doublet of
doublets (dd) at 6= 1 ppm, in agreement with a four-coordinate
boron atom, with different coupling constants with the two
fluorine atoms (J = 22 and 9 Hz at 0.65 ppm for 8c, for example).
The F NMR showed doublets of 1:1:1:1 quadruplets (dq)
signals for each fluorine that are typical of chiral boranils.
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SCHEME 1. Synthesis of [2.2]paracyclophane-based boranils 8.

Enantiomeric resolution of 8b-d was then performed using
HPLC over chiral stationary phases (see Sl). Single crystal of
(+)-8¢c was grown by slow diffusion of diisopropylether vapors
into CH,Cl, solution, and its structure and stereochemistry was
further ascertained by X-ray diffraction crystallography. Indeed,
Figure 2 displays the structure of the first eluted enantiomer over
a Chiralpak ID® HPLC column, demonstrating a positive optical
rotation (OR) and S, planar chirality ([a];2° (CH2Cly, C 0.1 M) =
+372; see S| for HPLC conditions and ORs values). The
aforementioned compound (+)-8c crystallized in the non-centro-
symmetric P2,2:2; space group and its molecular structure
shows a C; symmetry. The boranil part displays classical metrics,
with O-B and B-N bond-lengths of 1.445 and 1.590 A,
respectively, which are in the range of similar four-coordinate
boron(lll) derivatives. Ereur! Signet non définl. Tha pCP ynit also
shows classical features, with phenyl rings that are almost
planar (maximum dihedral angle of 14.92°) and parallel to each
other (centroid-centroid distance of 2.978 A and dihedral angles
of CH,CH bridges as low as -13.49 and 7.49°). Interestingly, the
PCP and the boranil parts are linked through an N-C single
bond (with a length of 1.456 A), which displays axial chirality due
to a B-N-C;-C; dihedral angle of -76.10°, thus representing the
Ra configuration associated with the S, stereochemistry of the
PCP fragment. There is therefore an interesting chiral induction
from the paracyclophane part to the axial chirality in the solid
state, with the BF, group pointing towards the PCP core while
the CHj; faces outward. Close contacts between one fluorine of
the BF, unit and an aromatic H of a neighboring molecule were
also found in the solid.

In order to shed some light on structural and stereochemical
preferences for boranils 8 in solution, dispersion-corrected
density functional theory (DFT) with continuum solvent model for
acetonitrile theoretical calculations were performed using the
B3LYP+D3/TZVP basis set; see Sl for computational details.
The computations involved geometry optimizations for both
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(Ra,Sp) and (Sa,Sp) epimers of 8a-d and the corresponding
calculations of the energy profile for the full rotation of the PCP
unit with respect to the boranil fragment (that is around the N-C;
axis) in 8b and 8c to assess the energetic barriers for the
Ra—S, atropisomeric  transformations. Note that the
computations for 8a were performed only for a completeness of
the theoretical studies, as this compound was not obtained
experimentally. The representative results obtained for 8c are
shown in Figures 3 and 4; a full set of calculated data can be
found in SI.

As llustrated in Figure 3 for 8c, for each lowest-energy
diastereoisomeric (Ra,Sp) and (Sa,Sp) structure of 8 (except
(Sa,Sp)-8a) two stable and energetically comparable conformers
(labelled as | and Il) were found that differ in the position of the
boron atom with respect to the plane of the boranil ring, and thus
in the relative arrangement of BF, and PCP moieties. Namely,
with the structure oriented in such a way that the oxygen atom in
the boranil fragment faces upward and the PCP unit is placed on
the left, in the conformer | the boron is positioned ‘up’ out of the
boranil ring (toward the viewer) while in the conformer Il it is
positioned ‘down’ (away from the viewer). In the case of the
boranils 8c and 8d, comprising a methyl group on the boranil
ring, for both (Ra,Sp) and (Sa,Sy) diastereoisomers, conformers i
were found (also at the double-hybrid DFT level that is expected
to give the most accurate results)™ to be slightly lower in energy
than their corresponding structures I, while for 8a and 8b that
lack such a group no unequivocal energetic preference for | or Il
was shown, as for the (Ra,Sp) epimers the former was more
stable and for (Sa,Sp) either the latter or the former depending on
the compound and (for 8b) the density functional used in the
calculations.

More importantly, however, the calculations revealed that the
(Sa,Sp)-8c  and  (Sa,Sp)-8d  structures demonstrate uniformly
higher energy (by ca. 2.9-35 kcal mol™) than their
corresponding (Ra,Sp) epimers. Furthermore, as shown for 8c in
Figure 4, the energetic barrier for the R,—S, conformational
chirality transformation was estimated to be rather high, at least
24 kcal mol; note that due to similariies between the
compounds (the presence of the aforementioned methyl group
on the boranil part) the comparably high barrier is also expected
for 8d. Accordingly, all this indicate that the established in the
solid state for 8c induction of chirality may indeed be maintained
in solution, and thus both 8c and 8d preferentially occur in
solution in (Ra,Sp) absolute configuration. On the other hand, for
the boranils without the methyl group in their structure, 8a and
8b, both (Ra,Sp) and (Sa,Sp) diastereoisomers were computed to
be essentially isoenergetic and a noticeable lower (compared to
8c) energetic barrier for the R,—S, atropisomeric
transformations was found for 8b (> 9 kcal mol™, representative
also for 8a; see Sl). Consequently, one may expect these
compounds to exist in solution as some mixture of both epimers,
although, as established based on computed electronic circular
dichroism (ECD) spectra, with the dominance of the (Ra,Sp)
configuration in the case of 8b (vide infra).
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FIGURE 3. Optimized (B3LYP+D3/TZVP with continuum solvent model for acetonitrile) structures of 8c. Values listed correspond to B-N-C;-C, and C-N-C;-C;
dihedral angles (defined on each structure, in degree) and relative energies (based on the B3LYP+D3 and DSD-PBEP86 (in parentheses) calculations, in
kcal/mol). Note that (Ra,Sp)-8c-Il structure corresponds to that found in the X-ray crystal structure of the compound. See SI for the corresponding data for the

remaining boranils 8.
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FIGURE 4. Energy profile for the rotation around N-C; bond (with the C-N-C;-C, dihedral angle as a constraint) in the boranil 8c (top, to increase legibility, planar
chirality descriptor S, has been omitted in the structures’ labels) along with molecular structures corresponding to its characteristic points (bottom). Numbers listed
along arrows displayed in the chart are estimated energy barriers (in kcal mol'l) of the transition between two adjacent minima in the direction indicated by the
arrow. Based on the B3LYP+D3/TZVP calculations with continuum solvent model for acetonitrile. See SI for the corresponding data for the boranil 8b.



2-(t-Butyl)aniline-based boranils 9

In parallel to paracyclophane-based boranils 8 that exhibit planar
chirality, we also explored another family of boron complexes, 9,
comprising t-butyl-aniline unit (Scheme 2). The presence of the
sterically hindered t-butyl group at the ortho-position of the
aniline (along with the methyl on the boranil unit) should prevent
a free rotation around the N—C bond linking the aryl and the
boranil fragments, and therefore confer axial chirality to the
resulting boranils. In addition to an extremely easy access to 9,
the introduction of the t-butyl substituent has also an attractive
advantage of hindering packing of difluoroboron complexes in
the solid state that should prevent quenching of fluorescence.
Following the synthetic pathway for 9 presented in Scheme 2,
imines 14 were first synthesized from 2-(t-butyl)anilines and
salicylaldehyde or 2-hydroxyacetophenones according to similar
procedures previously used for compounds 8 and 12, and then
converted to boranils 9 by a treatment with Et,O-BF; in
moderate to good yields.
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SCHEME 2. Synthesis of 2-(t-butyl)aniline-based boranils 9.

The resulting compounds 9 were fully characterized by NMR
and mass spectrometry (see SI). While the *H and *C NMR
spectra show typical characteristic signals, 'B and °F NMR
deserve special comments.

For example, °F NMR spectrum of compound 9b displays
two inequivalent coupled signals (*Jer 85 Hz):

- in the -135 ppm region, the *°F signal consists of two
overlapping multiplets: 80% dq from B-'°F at -135.25 ppm (*Jgr
26 Hz), and 20% broad signal from *°B-'°F at -135.18 ppm.

- in the -148 ppm region, the '°F signal is atypical: two
overlapping doublets: 80% d from ''B-'°F at -148.13 ppm, and
20% d from °B-'°F at -148.07 ppm. Surprisingly, *Jg is null, and
1°8/1'B isotopic effect is about 30 Hz.

Presence of such a huge isotope effect and null *Jgr for -148
ppm fluorine were double-checked using ‘°F 1D-selective COSY
experiments allowing to see selectively °B- or 'B-coupled
fluorine multiplets. Hypothesis of two sets of signals arising from
a dimeric compound and / or from an exchange process were
ruled out using °F DOSY and '°F NOESY.

Furthermore, B NMR spectrum of 9b displays a single
doublet at 0.6 ppm since only one of the two ‘°F has a non-zero
YJsr coupling constant. Finally, heteronuclear Overhauser effect
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experiments (2D- or 1D-selective HOESY) reveal that the *°F
at -135 ppm is spatially close to the ortho-position *H of the
substituted phenyl group, whereas *°F at -148 ppm is spatially
close to the t-butyl group, hence showing that the rotation
around the N-C(aryl) bond is indeed inhibited by the t-butyl
group at the ortho-position.

Single crystals of imine 14b and boranils (1)-9a, ()-9b,
(+)- 9¢c and (+)-9d were grown by slow diffusion of
diisopropylether vapors into CH,Cl, solutions, and their structure
| stereochemistry were accordingly ascertained by X-ray
diffraction crystallography. Interestingly, upon crystallization,
boranil 9a underwent spontaneous resolution and crystallized in
the non-centrosymmetric P2,2:2; space group (see the S,
enantiomer depicted in Figure 2b) while 9b crystallized in the
centrosymmetric P-1 space group. Compounds 9c and 9d
crystallized in the non-centro-symmetric P2,2:2, and P2; space
groups, respectively. Figure 2b depicts the structures obtained
from the first eluted enantiomers over an (S,S)-Whelk-O1°
HPLC column and having positive OR values for 9c and 9d
([a]:%® (CH.Cly, C 0.1 M) = +380 and +339, respectively; see Sl
for HPLC conditions and OR values). The molecular structures
of 9 show a C; symmetry and the boranil metrics are classical.
Regarding B-N bond-lengths, they were found of similar orders
(1.589 A for 9b vs. 1.582 A for 9d vs. 1.572 A for 9c).
Furthermore, the B atom is positioned out of the boranil ring,
with the BNO forming a non-zero angle with the NCCCO plane
(for example, 29.00° for 9b and 29.89° for 9c); see also a
description of structures | and 1l computed for 8. This is due to
the presence of the bulky t-butyl group which forces the BF; unit
to be placed farther away. Here also, the t-butyl-phenyl ring and
the boranil parts are linked through an N-C single bond which
displays axial chirality in 9c and 9d due to B-N-C;-C, dihedral
angles of +97.56 and +99.80°, respectively, thus representing
the Ra configuration. The combination of t-butyl on phenyl and
methyl on boranil locks the axial chirality. As a result, an
enantiomerization barrier AG” of 134.3 kJ mol™ (32.1 kcal mol™)
was experimentally measured in toluene at 110 °C for 9c (see
SI), which corresponds to a half-life time of 25 hours. For 9d, a
slightly decreased enantiomerization barrier AG™ of 129.2 kJ
mol™ (30.9 kcal mol™) and a smaller half-life time of 5 hours was
found under the same conditions, unravelling the strong effect of
the para-cyano electron-withdrawing group which most probably
destabilizes the boranil ring and thus induces enantiomerization
upon its opening and re-closure. Along the same hypothesis,
compound 9b which also possesses the t-butyl and methyl
groups but lacks the para-NMe, donor group is even less
configurationally stable, with an enantiomerization barrier AG™ of
119.6 kJ mol™ (28.6 kcal mol™) in toluene at 110 °C and a half-
life time as small as 15 minutes at this temperature. In the case
of highly labile 9a, it appeared impossible to separate the two
enantiomers by chiral HPLC.

ABSORPTION PROPERTIES (UV-VIS AND ECD)

The UV-vis spectra of 8b-d and 9b-d, depicted in Figures 5a
and 6a, respectively, were measured between 250 and 450 nm
in acetonitrile solution at concentrations ca. 10> M. Compound
8b displays two bands of low intensity at 270 and 280 nm (& ~
4000 M* cm™) and an intense band at 395 nm (40000 M cm™),
while 8c demonstrates one intense band at 275 nm (¢ ~ 15000
M?* cm ') and a moderate one at 350 nm (6500 M* cm™).
Derivative 8d exhibits a similar UV-vis response as 8b, i.e. two



bands of low intensity at 270 and 280 nm (s ~ 4000 M cm™)
and an intense band at 378 nm (50000 M cm™), in line with the
presence of para-NMe; group in both systems. Regarding the
other series, compound 9b shows an intense band at 270 nm (&
~ 17000 M™* cm™) and a moderate one at 345 nm (5000 M™* cm’
1, while 9c displays two bands of low intensity at 270 and 280
nm (¢ ~ 4000 M™* cm™) and an intense band at 375 nm (48000
M cm?). Finally, derivative 9d exhibits very similar UV-vis
response as 9c, both in shape and magnitude, indicative of the
predominant effect of the para-NMe, group on the excitation
characteristics in both systems (vide infra).

The ECD spectra of enantiopure samples were then
measured (see Figures 5b and 6b, and Sl). The different sets of
bands observed in UV-vis spectra are ECD-active in both 8 and
9 series. For instance, regarding the first eluted enantiomers of 8
(Figure 5b), (-)- 8b displays two moderate positive bands at 276
nm (As = +6.7 M™ cm™) and 300 nm (+7.3 M* cm™), and one
negative band at 400 nm (-14 M™* cm™) accompanied by a small
negative shoulder at 350 nm. Derivative (+)-8c displays a
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negative band at 263 nm (As = -10.1 M* cm™), and two
moderate positive ones at 313 nm (+6.3 M? cm™), and 355 nm
(+7.8 Mt cm™), while (+)-8d shows three negative bands at 267
nm (-3.2M* em™?), 316 nm (-2.3 M * cm™) and 376 nm (-9.3 M’
Y em™). For the other series (Figure 6b), (+)-9b displays two
moderate positive bands at 275 nm (As = +5.7 M™* cm™) and 348
nm (+4.9 M' cm™). Derivative (+)-9c demonstrates three
positive bands at 275 nm (A¢ = +3.8 M cm™), 320 nm (+3 M?
cm 1) and 370 nm (+11.1 M™* e¢m™), while (+)-9d shows very
similar ECD shape and magnitude as (+)-9c.

Finally, Figure 7 presents the absorption dissymmetry factor
Oabs plots for both series. See also Table 1 for numerical data
and a comparison with the gum values. Interestingly, compounds
8b and 8d show similar low-energy Qaps values that are one
order of magnitude lower than for 8c. Furthermore, derivatives
9c and 9d show similar low-energy values, again one order of
magnitude lower than for 9b. These trends are closely related to
the electronic origin and character of the low-energy excitations
(r-m* or charge transfer, vide infra).
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FIGURE 5. Experimental (left, in acetonitrile at r.t. (C ~ 10° M)) and simulated (right, based on CAM-B3LYP/TZVP calculations with continuum solvent model for
acetonitrile, Boltzmann-averaged separately for (Ra,Sp) and (Sa,Sy) diastereoisomers) UV-vis (panels a and c¢) and ECD (panels b and d) spectra of boranils 8.

See Sl for a full set of computed data.
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FIGURE 6. Experimental (left, in acetonitrile at r.t. (C ~ 10° M)) and simulated (right, based on CAM-B3LYP/TZVP calculations with continuum solvent model for
acetonitrile) UV-vis (panels a and c) and ECD (panels b and d) spectra of boranils 9. See SI for a full set of computed data.
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FIGURE 7. Experimental absorption dissymmetry factor gaps plots for a) 8b-d and b) 9b-d series. See also Table 1 for numerical data.
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FIGURE 8. Isosurfaces (£0.04 au) of MOs involved in selected electronic transitions of (Ra,Sp)- 8b-l, (Ra,Sp)- 8c-Il, and (Ra,Sp)- 8d-Il. Values listed in the
parentheses are the corresponding orbital energies, in eV. See Si for a full set of computed data.
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FIGURE 9. Isosurfaces (+0.04 au) of MOs involved in selected electronic transitions of (Ra)-9b, (Ra)-9c, and (R,)-9d. Values listed in the parentheses are the
corresponding orbital energies, in eV. See SI for a full set of computed data.
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FIGURE 10. Unpolarized and circularly polarized fluorescence spectra (in CH,ClI; at r.t.) of planarly and axially chiral compounds 8b and 8d (top), and of axially

chiral derivatives 9b-d (bottom).

TABLE 1. Experimental quantum yields, CPL activity (excitation wavelength: 365 nm), and absorption features of (+) enantiomers of boranils 8 and 9.

Low-energy s(Mtem?)in
(oF3 CPL Jium . a Jabs
System Solvent absorption CH3CN B
’ (%) Acer (NM) | (At dee) Jabs (Fr:m) (atgﬂ bs) (@t Aavs) -
abs,
8b 3.8 CHCl 490 0.0004 395 40000 0.0003 0.30
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8c 0 - - - 350 6500 0.0015 0
8d 0.3 CHCl; 450 0.0001 378 50000 0.0003 0.007
9% 9.8 CHCl; 425 0.001 345 5000 0.0009 2.45
9c 20 CHCl; 425 0.0002 375 48000 0.0002 0.96
9d 51 CHCl; 435 0.00015 380 49000 0.0002 1.87

®¢ — fluorescence quantum yield (ratio of emitted to absorbed photons). gium — emission dissymmetry factor. gans — absorption dissymmetry factor. Bcp, — CPL
brightness. * Molar extinction coefficients were found to be very similar in acetonitrile and in dichloromethane.

Figures 5c and 5d show, respectively, the simulated (using
TDDFT-CAM-B3LYP-computed  vertical singlet electronic
excitations and the corresponding oscillator and rotatory strength
values)!” UV-vis and ECD spectra for 8, Boltzmann-averaged
separately for (Ra,Sp) and (Sa,Sy) diastereoisomers (conformers |
and Il, see Figure 3 and Sl). As can be seen, overall, all the
spectra demonstrate a significant blue-shift compared to
experiments, typical for employing in the calculations a density
functional with a large fraction of exact exchange.*® Furthermore,
while UV-vis spectral envelopes obtained for the (Ra,Sp) and
(Sa,Sp) diastereoisomers are generally quite similar to each other,
the ECD spectra significantly differ between these epimers, with
those obtained for the (Ra,Sp) structures resembling much bettter
— in terms of absolute and / or relative band energies, intensities
and the signs — the experimentally measured ones for (+)-8
enantiomers. This supports further the stereochemical
assignment of (+)-8 as predominantly (Ra,Sp) (vide supra). Note,
however, that based on the relatively small computed energy
barriers for the R.—S, atropisomeric transformations and almost
no energy differences between (Ra,Sp;) and  (SaSp)
diastereoisomeric structures for 8b (and 8a, modelled only for a
completeness of the theoretical studies, as this compound was
not obtained experimentally), co-existence of both (Rs,Sp) and
(Sa,Sp) epimers in solution may be expected for such system(s)
but with a clear dominance of the former as a large population of
the latter would produce (unobserved in the experimental data)
positive intensity in the higher-energy part of the ECD spectrum
for this compound; on the other hand, it should be highlighted
that some admixture of (Sa,Sp)-8b would decrease the intensity
of the low-energy ECD band and thus indeed improve the
agreement between the simulated and measured spectra for (+)-
8b (vs. (+)- 8d).

A satisfactory reproduction of the experimental spectral data
for (+)-8 by the calculations for their respective (Ra,Sp) epimers
enabled assignment of particular bands via analysis of
underlying dominant excitations in terms of MO-to-MO
contributions. It is worth recollecting that the presented simulated
spectra of (Ra,Sp)-8 represent in each case a Boltzmann-
averaged spectrum obtained for two considered conformers |
and Il, see Figure 3 and SI. As presented in Sl, such two
corresponding structures demonstrate overall similar spectral
envelopes although the ones computed for Il are always blue-
shifted and generally less intense as compared to those for | (the
same is also true for (S,Sp)-8, see Figure S2.7). The
corresponding MOs for the conformers look very alike, and,
although MO-pair contributions for particular excitations are
sometimes different, general assignment of the particular bands
in both cases is the same. The aforementioned energetic shift of
the spectra for the structures |l vs. | correlates with the observed
in the former conformers vs. the latter noticeable energetic
destabilization of the lowest unoccupied MOs, and a consequent
increase in gap(s) between high-lying occupied orbitals and
LUMO predominantly involved in the dominant excitations in the
considered spectral range. The spectral analysis demonstrated

further that the Ilow-energy (observed experimentally at
wavelengths longer than ca. 325 nm) UV-vis and ECD intensities
for the compounds comprising para-NMe; group grafted on the
boranil fragment, 8b and 8d, originate from the lowest-energy
excitation (no. 1) assigned as almost pure n-n* transition within
boranil-based moiety (and to a much smaller degree within PCP
fragment). The transition involves the frontier MOs, HOMO and
LUMO, both delocalized over n-conjugated electron system of
the boranil-NMe; and partially spread also over the connected
phenyl ring of PCP (see Figure 8 and Sl). The red-shift of this
band visible for 8b vs. 8d may be rationalized by an increase in
the HOMO-LUMO gap observed for the latter system (8d),
occurring as a result of energetic destabilization of the LUMO
level, likely due to the effect of the ortho-Me group. For 8c (and
8a), missing the amine group in the molecular structure, the low-
energy part of the UV-vis and ECD spectra observed in the
experiments between ca. 275 and 400 nm, i.e. at much blue-
shifted wavelengths compared to 8b and 8d, stems from three
excitations of sizeable oscillator (f) and / or rotatory (R) strengths
(with  alternating sign pattern in the case of R, explaining
appearence of two bands in this spectral region). These
excitations involve boranil-centered LUMO and high-energy
occupied MOs localized mainly on either the PCP unit (HOMO,
HOMO-1, HOMO-2) or the boranil (HOMO-3), and they are thus
attributed to a mix of PCP—boranil charge-transfer (CT) and r-
7* within the boranil transitions. The striking difference between
the spectral envelopes for 8c and for 8b,d can be therefore
easily traced back to the lack of the electron-donating para-NMe,
group. Without this group, the n-electron system of the boranil
moiety is less extended in 8c (as compared to 8b,d), and
accordingly it demonstrates a decreased (more stabilizing)
orbital energy of its corresponding occupied MOs. As a result,
HOMO for 8c is PCP-centered and the aforementioned low-
energy CT states are induced. As far as higher-energy intensity,
observed in the UV-vis and ECD for 8b-d at wavelengths shorter
than ca. 275 (for 8c) and 300 (for 8b,d) nm, is concerned, the
analyses revealed that it originates from a mixture of
PCP—boranil and boranil—PCP CT and boranil- and PCP-
centered n-n* transitions. Notably, a clear UV-vis band observed
in this spectral region for 8c comes from the excitations of the
mix boranil-centered r-n* and PCP—boranil CT character.

The TDDFT-CAM-B3LYP-simulated UV-vis and ECD spectra
of the boranils 9a-d (note that the calculations for 9a were
performed only for a completeness of the theoretical studies, as
for this compound no spectral measurements were conducted),
presented respectively in Figures 6c and 6d, also demonstrate
the aforementioned blue-shift (vs. experiments) linked with the
large amount of exact exchange in the density functional used in
the calculations, but again, generally agree well with the
experimentally measured responses, in terms of the
reproduction of relative bands positions, intensities and the signs.
Regarding the latter, the perfect correspondence between ECD
spectra experimentally measured for (+)-9 enantiomers with
those computed for (Ry)-9 structures, ultimately confirms their
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stereochemical assignment. The most striking discrepancy
between computations and experiments, apart from a visible
deficiency in a description of a spectral substructure (somewhat
more noticeable as compared to 8) due to neglecting of vibronic
effects in the former, is observed for the position of the higher-
energy ECD band for (R,)-9b that in the simulated spectra
appears Vvisibly red-shifted compared to (Ra)-9c,d, while
experimentally all three compounds demonstrate the same
energetic position of this band. Analysis of MO-pair contributions
to dominant excitations for 9a-d showed that the low-energy
intensity of the UV-vis and ECD spectra for these compounds
observed experimentally at wavelengths longer than ca. 300 nm
originates predominantly from the lowest-energy excitation (no.
1) corresponding to almost pure HOMO-to-LUMO r-7* transition
within boranil-based fragment; for 9c,d excitation no. 2 of similar
assignment although involving HOMO-1 and LUMO was also
found to be responsible for the broad ECD band at this spectral
region. Importantly, as can be seen in Figure 9 and Sl, in the
case of 9c,d the aforementioned orbitals span over the whole
boranil fragment including nitrogen atom of the para-NMe; group,
thus showing more extended w-electron system in this unit as
compared to 9a,b (as it was notice for 8b,d vs. 8c (and 8a)).
This may explain a red-shift of the corresponding band and an
increase in its intensity visible in experimental and computed
spectra for 9c,d vs. 9b. Moreover, inspection of the orbital
energies revealed that a slight red-shift of the intense lowest-
energy peak observed in spectra of 9d vs. 9c correlates with a
decreased HOMO-LUMO gap for the former system that
appears to originate from a stabilization of the LUMO level likely
due to the presence of the para-cyano group in the system.
Regarding the higher-energy intensity observed in the UV-vis
and ECD for 9b-d at wavelengths shorter than ca. 300 nm, the
computations showed that for 9a-c it is assigned to admixed t-
butyl-phenyl—boranil CT and boranil-centered n-n* transitions,
whereas for 9d it is attributed predominantly to combined
boranil—t-butyl-phenyl CT and t-butyl-phenyl-centered =-n*
transitions, both involving the cyano group, and some t-butyl-
phenyl—boranil CT and n-m* within boranil fragment excitations
appearing at higher energies. The change in the character of the
dominant excitations for the latter system (9d) can be again
traced back to the presence of the para-cyano group that has a
stabilizing effect on the t-butyl-phenyl-localized unoccupied MOs
(see Figure 9 and SI).

EMISSION PROPERTIES (UNPOLARIZED AND
CIRCULARLY POLARIZED FLUORESCENCE)

The luminescence properties of compounds 8b-d and 9b-d were
examined in CH,Cl, at room temperature (r.t., 298 K); see Figure
10 and Table 1. While 8c displayed too low emission to be
measured, compounds 8b,d exhibited fluorescence signals
centered at 490 and 450 nm, respectively (see Figures 10a,b),
with moderate to low quantum yields. The series 9b-d displayed
much stronger fluorescence with quantum yields ranging from
9.8 to 51% (Figures 10c,d,e).

Interestingly, chiral boranils are known to exhibit circularly
polarized - fluorescence, which makes them appealing for
incorporation into OLEDs as circularly polarized
electroluminescent materials.’®** Satisfyingly, the enantiomers
8b,d and 9b-d revealed almost mirror-image CPL activity (Figure
10). Regarding the dissymmetry factors, which reflect the
percentage of circularly polarized emitted light (gum = 2(I. - Ir)/(IL
+ 1)), the values ranged from 1x10™ to 1x1073, with positive
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signals for the (+) enantiomers (and vice versa) and with the
highest value being found for 9b (see Table 1). Interestingly, the
gum Vvalues show similar magnitudes as the gass Ones. Overall,
although moderate, these results show that circularly polarized
fluorescent emitters can be obtained by introducing boranil units
in very simple building blocks. As proposed by Zinna and
coworkers,® one may consider the CPL brightness, defined as
Bepe = ¢ X @ x gum / 2 (where ¢ is taken at the excitation
wavelength). By this way, we take into account the overall
process through absorption, quantum yield and dissymmetry
factors efficiencies. Values between 0.007 and 2.45 are obtained,
appearing quite small compared to other classes of PCP
systems (that can reach 300) and other boron derivatives such
as BODIPY (up to 159).*° This is most probably due to the fact
that the boranil units are not fused to the chiral core but rather
placed at its periphery.

Conclusions

In summary, we have prepared two new series of boranil
derivatives, displaying planar and / or axial chirality. Their
structural, photophysical and chiroptical properties have been
studied in detail. Notably, X-ray structure crystallography and
theoretical analysis revealed the presence (and stability) of both
planar and axial chiralities together with co-existence of different
conformers for the 8a-d boranil series. These compounds
display moderate ECD responses, but low fluorescence quantum
yields and CPL activities. In comparison, boranils 9a-d exhibiting
axial chirality only, reveal similarly moderate ECD fingerprints
but higher fluorescence quantum yields and stronger CPL
signals (higher gum values up to 1x107%), resulting in stronger
CPL brightness. This work highlights the fact that sophisticated
chiral architectures are not necessary to achieve typical gum and
brightness values in chiral organic luminophores. Nevertheless,
the overall performance of the systems reported herein remains
modest compared to other recently described planarly chiral
boranils or other classes of boron derivatives.

Supporting Information Summary

Detailed information about the spectral characterizations such as
'H, Bc, F and "B NMR along with HRMS spectra of all
synthesized products; HPLC conditions; photophysical and
chiroptical studies, and X-ray diffraction data for compounds 8, 9
and 14b; description of computational details along with
additional calculated data.
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