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Irr.l‘lbﬁtrﬂ'ﬂ: Boraxine and its derivalives can be considered critical doping unils lor cngineering hybrid Cisp®)-has d )

molecules with tailored oploelectronic propertics. Hercin, we report the first synthesis of hexa-arylborazines thal,
bearing ortho-substituted aryl moictics, extend three-dimensionally. Using 2 one-pol protocol, we first form an
clectrophilic chloroborazole and then react it with an aryl lithium {ArLi). By selecting the appropriate ertho-substiluent.
wo can puide the ArLi Lo add 1o the BN-core in a specific way, ullimalely controlling the stereochemical outcome of the
three-substitution resclion. Rationalization of the stereochemical model through computational analysis allowed s o
show thal when aryl lithium nocleophiles bearing rigid long-range ortho-substituents are used, e, stll sobstituents. The
crtho-substituent shiclds its side of the electrophilic BsN. core. bissing the incoming ArLi 1o add anf al each addition
step, forming the faal tri-aryl borazine exclusively as cc-isomer. Leveraging this stereoselective approach. prolotypical
muftichromophoric borarine denvalives were prepared, and we showcased how the stereochemical arrangement of these
chromophores distinclly influences their redox behavior. This methodology paves the way for previously inaccessible
borarines o serve as privileged precursors Lo transcend Lhe convenlional bidimensionalily associaled wilth praphenoid

»

syslems and pioneer the construction of new forms of three-dimensional C(sp™}-based archileclures. y,

Introduction

As part of our ongoing project focused on developing
syathetic  approaches  for  BMN-containing  carbon
architeclures,™ we have now lackled the synthelic chal-
lenpes associaled with the cxpansion of the chemical space
of the borazine scallold (Figure 1).¥ Triggered by the
vigoroos  developmenl  of  the  heleroatom-doping
approach?™ o ailor the oploelectronic properties of
C(sp’)-based materials. the boraxine ring! is increasingly
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attracting Lthe allention of the chemical C'L}mll']llllil}flsj Liv
engineer catalysts® polymers” porous materials,™ and
2D materials!® However, the limited comprehension of
the reactivity of the BaMN; ring and ils susceplibility
lowards hydrolysis have limited the exploitation of bor-
arines as conceplual cores o engineer complex and
Ffunctional aromalic architectures '

Amongst the different boraxines scallolds, sostructur-
al and iscelectronic congeners ol  hexaarylbenzenes
{HABs) "l such as propeller-shaped hexaarylboraxines
(HABNs) (Figure 1), are advantaged chiral molecular
modules as they can be casily integraled with HABs Lo
engineer hybrid carbon archileclures, including 2D and
3D Csp®)-based structures.!"™ In particular, HABs and
HABNs cxposing ortho-substilocnts (o8s) at the radial
aryl moictics with restricted rotation (Figure 1) could
serve as privileged precursors o lranscend the conven-
livnal bidimensionalily associaled with graphenoid sys-
tems and pioneer the construction of new forms of three-
dimensional™ C{sp*)-based architeclures. These scallolds
could also serve as platforms [or designing [unctional
nanoarchitectures lealuring oploclectronic-active groups
wilth dilferent spalial arrangements. For instance, Lhe
distirel conlgurations (e¢.g., those shown in Figure 1) on
the three-dimensional scaflold could offer unprecedented
control over chemical reactivity and structural, chiral, and
electronic propertics. However, o our knowledge, the
existing protocols have yel (o allow the preparation of
gither HABs" or pyridine-HABs!" with selecled config-
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Figure 1. 5] Chemical structure of unsubstituted HAS= and HABN=. b) Latitudingl (05 and mS) and longitudinal p5) substituents allowing the 30
and 20 extension. ¢} Hexa-o05s-anyl borazine. d} Tri-o8s-aryl borazine er and of stersoisomers. mS: mets-, o5 pong-, and 05 ertho- substituent; o o,

and & troms.

urations, and the synthesis efforts thus far have yielded
only HABs with enriched isomeric mixtures.

Generally, N- and B-aryl-substituted borazines!™ are
preparcd via cither dehydrogenation!'™ or
condensation™"™™ reaclions from an amine and an
electrophilic boron derivative (BX;, X=H or halogen)
that, through the formation of an iminoborane ™ yield a
reactive electrophilic borazine! inlermediale {Figure 2).
Subsequent functionalization at the B-aloms can be
achieved by swecessive substitulion reactions using orga-
nometallic nueleophiles (Figure 2).7 When aniline and
BCl, are wsed, the CLB,N;Ph,y inlermediate is oblained
and reaeled in situ with ArLi to give the linal HABN
derivative (Figure 12).1™9 It is conceived thal the ArLi
attacks the B Cl groups approaching the B;N, planc to
give a sp-type boronale intermediate. Final Cl- elimina-
Lion gives Lhe BM-substituted aromalic scallold, with the
ByN; ring restoring ils planarily. This one-pol protocol
can provide access Lo slerically-congested, hydrolytically-
slable borazine architeclures (Figure 1b-c)/™1%20 guch a5
those bearing one or iwo ortho-substiluents (o8s) al the
radial aryl moicties (Fipure le and 1d). These molecules
are challenging to synthesize when using benrene precur-
sors Lthrough metal-calalyzed cross-coupling reactions!™!

Angsw. Cham. Int £2. 2025, 64, 2202216700 (2 oF 15)

or following  established  eycloaddition™  and
cyclotrimerizationt™ routes. Considering now HABNs
decorated with B-aryl moieties bearing only an o8 with a
restricted rotation of the aryl group!™ these borazines
could exist as cc (Le., all 885 are on Lthe same side of Lthe
ring) and of (i.c.. onc o8 5 cxposed opposile) slereo-
isomers (Figure le). Building on the stepwisc subsiitulion-
bascd mechanism starting from electrophilic ClsB,NaPh,
{Figure 2) /™4 we inferred that one could control the
stereoselectivity of the final product by the appropriate
choice of an o8 on the ArLi. Specifically, il one uses o8s
rigid cnough Lo expose a bulky group atop the B,N; core,
it should sterically shicld one [ace and bias the slereo-
seleetive oulcome of each substitution reaction. 1L s
exploiling these principles that in this paper, we describe
Lhe stereoselective synthesis of cc-HABN derivatives (Fig-
ure 2. The co- and cf-stercochemical oulcome of the
reaction is conlrolled by the structure of the o8 of the
nucleophilic ArLi, with the suff, shafi-like. long-range
moiclies such as phenyl, trimethylsilylethynyl, carbazolyl,
and lMuorenyl groups exclusively alfording the co-isomer.
Leveraging this sicreoselective approach, we prepared
prololypical mullichromophoric derivalives and show-
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Figure 2. One-pot stepwise synthesis of N- and B-aryl substitured borazines; step-wize substitutions on a Ci,B,MN;Phy involving borate

intermediates.

cased how the stercochemical arrangement of these
chromophores distinctly inflluences their redox behavior.

Results and Discussion: Synthesis and Structural
Analysis

All borazines were prepared following the one-pot BCL/
PhNHZ/ArLi protocol ™! Building on the hypotheses
mentioned above, we envisioned using ArLi bearing three
types ol o8s (Table 1) short-ranpe (SRoSs), n-extended
(nEoS), and long-range (LReSs). The former bears the
hindering moiety close 1o the Cisp”) Li bond. In LReSs,
the substituent is constituted by a shafi-like moicty that
rigidly points inwards onlo the borazine [ace (Le.. phenyl,
clthynyl, and ctheny! spacers). In conlrast, the nEoSs bear
benzene moictics lincarly fused in an acene-lype fashion
and exlend perpendicularly to the borazine planc. When
using ArLi bearing gither an OMe or a Me 08s {entries 1-
2). boraxines 1 and 2 were oblained, cach o a coet 1: <4
ratio. Similar resulls were observed with either 4-tert-
bulyl- or 4-chloro-anilines {Table 83.1). When raising the
sleric hindrance of the SReS o NMe, and iPr. a
noliceable lowering of the ccxet ratio Lo 12:88 and 10:90
was obscrved lor products 3 and 4, respectively (entrics 3—
4). Notably, when using ArLi bearing 2 (Bu, we could not
isolate the corresponding borazine 5, due to the presence
of higher steric hindrance of ertho-substiluents. When
using 1-naphthyl and 2-anthracenyl lithium, threc-subsii-
tuted horarines 6 and 7 were obtained (cntrics 6 and 7) in
a statistical cezet 1:3 isomeric mixture.

MNext, we turned our attention to ArLi bearing LRoSs.
Orpanolithium derivatives bearing an orthe-phenyl moicty
j{colry 8) exclusively yiclded borarvine ec-Ba in 63%, as
ultimately confirmed by X-ray dilfraction analysis (Fig-

Angsw. Cham. lnt £2. 2025, 64, 2202216700 2 oF 15

ure 3a). Relerence reactions performed with ArLi bearing
an ortho-4loluoyl also pave the co-isomer (ee-Bb) (S1).
The addition of ArLi nucleophile-bearing erthe-trimeth-
ylsilyl ethynvl (TMSE), ortho-phenyl ethynyl (PhE). and
arthe-lriisopropylsilylethynyl (TIPSE) LRoSs were also
studicd. These ArLi derivatives pave borazines ecc-9
(63%), co-10 (A2 ), and cr-11 (40%) as unigque slereo-
isomers (cntries Y-11). While characlerizing the products,
it was noticed that, upon heating, isomers ee-9 and ee-10
irreversibly  converted inlo e-9 and e-10, respectively
{see also Lthe discussion below, Figure 4.

The structural identities of ee-9 (Figure 4a), er-9 (Fip-
ure 4b). et-100 (Figure 3b). and er-11 (Figure 3¢) were
linally confirmed by X-ray dilfraction analysis.?Y While
cc-9 features all 085 on the same side of the ByN; core, in
ci-9, cf-18, and ci-11, one o3 stands on Lthe opposile side.
Al the solid state, the structure of cf-10 displays the
phenyl moiely in frans, perfecily cenlered alop the BN,
ring in an edge-lo-face conformation. In conlrast, the lwo
ciy phenyl moictics engage in intramolecularly 7-= stack-
ing {Figure 3b}. Consistently, ArLi bearing E-vinyl phenyl
(PeV) and triaeene substituents (entries 12-13) pave
burazines ee-12 and ce-13. Apain, the cc configuration was
confirmed by X-ray analysis (Figure 3d-¢).P! which de-
picted the cis arrangement [or the three substiluents.
Muotably, in both crystals of ee-12 and ee-13, one of Lhe
three vinyl and triazene linkers adopts an in-type con-
formation. While in ee<11, the conformation is driven by a
C-Hnr inleraction, in ce-13, il 15 a short N-B contact
{2690 A) that lurns onc lriazenc moiety in the in-type
conformation. Obyiously, in all cc-isomers. both M and P
helicities were found in Lthe solid stale (see also Fig-
ure 56.1-86.4). Finally, ArLi bearing a Z-vinylphenyl
(P.V} substitucnl {entry 14} pave corresponding borazine
14 as a mixlure of ¢c- and cr-isomers.

() 2024 The Author{z}. Angewendte Chemie Int=rpstional Edition published by Wiley-YCH GmbH
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Table 1: Study of the substituent-dependent reaction stereoselectivity. The yields for all molecules referred to the isolated product, whereas the
izomer ratic is calculated from the "H-MMR =pectra (ses Table 53.2). 4-Bu-aniline was used for entry 13, Firreversibla.

MH; 1 BCl,, lolueae
'D lo 190 %148 h

CM}

THF GG tort, 16h
Hinatie pradust jae)

Product
Entry | Type ArLi (Yield) ccxef | Entry

Li

O
25 300 o ot

RCE hm“‘\@

Thermodynamic praduel (cf)

RLRoS

1(89%) 1882 | 8

2E9%) 2273 | @
o3y 1288 | 1w

L
4 Me  4(B0%) 1080 | 11
Li

5 (0% . 12

6(53%) Seoc | 19

mEnS m
|
7 @:3 7T(32%) 2575 | 14

Type Arli Product {Yield) co:ct
i B BaRr =H, (63%)
é/@ 8b R = Ma: 100,00
{70%)
S 100:0
> S L T+
i 100:0
E:%/ 10 (62%} 01000
LRoS TIPE
11 (40%) 0:100
L
@’"\““Fh 12 (63%] 100:0

L r:‘}
M M
@ L] 13 (55%) 100:0
Li

14 [52%) mixture

Configurational stability

We performed variable temperature (VT) "H NMR meas-
uremenls Lo invesligate Lhe dilferent slereoisomers’ stabil-
ily. While no changes of Lhe slereoisomeric ralio were
obscrved cxperimentally for molecules 18 and 11-14
upon heating (sce Figure 53.4-583.6). only borazines 9 and
10 displayed a complete ec «f conversion. For instance,
when a solution of ee-9 was heated Lo S0°C, a progressive
decrease of the intensilty of the TMS-prolon singlel
resonance al (.44 ppm was observed (Figure 5a) together
with a rise of another TMS-centered 1:2 two-singlel
pattern Wypical of the of isomer (al 0.49 and (L53 ppm, cecr
ratio of 9:91 after 155 min). Reverse cooling to i did not
alfect the sterenisomeric composilion, suggesting Lhat Lhe
reaction 15 irreversible and e-9 is the thermodynamic
product. The isomerizalion reaclion's free-energy acliva-
ton (AGY) was experimenlally cstimaled Lo be ca
24 kealmol™ (k=2-100* 57"} at 323 K. Single-point calcu-
lations of the optimized confligurational structures of 9 in
the gas phase {Figure 3b) forther conflirmed that isomer
ct-9 is more slable than ec9 (44G"= 4.9 kealmol ™),
suggesting Lthat the rotation of the substituent around Lhe

Angsw. Cham. lnt £2. 2025, 64, 2202216700 14 o 15

aryl Cisp®) B bond release the high-energy sicric con-
gestion between the TMS groups in cc9 giving Lhe
thermodynamic product. Excluding a BaMNs-opening/BsNs-
closing mechanism (Figure 53.3), the cc »cf isomerization
mechanism was probed using DFT calculations. A relaxed
potcatial energy surface (PES) scan of one N B ' (C*
dihedral angle lor the ¢f oo transformations in both the
artho-lolyl (2) and orthe-alkynyl (9) derivatives allowed
us to estimale the extent of the borarine ning deformation
and the barrier 1o inlerconversion. The relative electronic
encrgies are shown in Figure 5c and indicate a high barrier
to rolation {ca. 23 kealmol™ and 30 keal mol ™ at r. for 2
and 9, respectively). As expecled. rolaling the aryl
substituent inlo the borazine ring's plane gives a max-
imum energy profile corresponding 1o a puckering of the
borazine ring. This can be guantificd by considering the
RMS deviation of the boron alems (rom a planc deflined
by the three N atoms. Boraxine 2 gives BMSD=0.175 A
al the encrgy maximum, comparable to that seen in
congener 9 (L1758 A). For molecule 2, the cnergy masx-
imum lies with the rotaling ring approximately coplanar
lo the borasine, e, a (" N B Cj,, C dihedral angle.
However, the toluoyl ring was found o be somewhal

() 2024 The Author{z}. Angewendte Chemie Int=rpstional Edition published by Wiley-YCH GmbH
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High-rim view

Low-rim view
A

Figure 3. Single-crystal ¥-ray structure of borazines: &) ac-8a (P-1], b) =10 (P2, [w), ¢} a1 [PZ5/n), d) ce-12 (P-1) and &) ac-13 [P-1). Crystals were
grown by slow diffusion of MeOH or iPrOH in CHC; or CHaCl. In oe-13, two phenyl moieties engsge in 8 C-H-x interaction {3.369 &), Grey: C,

pink: B, blus: M and yellow: Si.

distorted via 2 bend in the ortho-methyl substiteent; the
C* €* Mc angle was measured as 165.4°, substantially
devialing [rom the expected 180°. For molecule 9, the PES
energy profile is less symmetrical (Figure 5¢) than that
observed with the tolyl substituents; the energy profile
gradually increases, reaching a maximuom with  the
N B C'" (° dihedral angle at approximately | 107 {ic.,
wilh Lhe aryl group rotaled beyond the expeeted coplanar
arrangement) belore rapidly decreasing. Compared Lo Lhe

Angsw. Cham. lnt £2. 2025, 64, 2202216700 3 oF 135

Lolyl substituentl, the aryl ring distortion 2t the energy
maximum is increased, with a C* €* (™™ apale of
159.9". MNatural bonding orbital (NBO) analysis of the
structure corresponding o the cnergy maximum revealed
a substantial reduction of the delocalization of the alkynyl
spacer. Each of the “perpendicular™ alkyne groups (e,
those nol involved in the PES) shows a significant donor-
acceplor inleraction belween a C-based lone pair and an
alkyne-based =% (Figure Se-left). This inleraction is absenl

() 2024 The Author{z}. Angewendte Chemie Int=rpstional Edition published by Wiley-YCH GmbH
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Figure 4. 400-MHz "H-NMR in COC, and single-crystal ¥-ray structures of &) o8 (P, b -9 [Pra2,), with oi-9 obtsined by heating a solution of
9. Cryztals wers grown by slow diffusion of iPrOH in either CHCl; or CHyCly with thoze of £c-9 obtained &t 4-117C to avoid izomerization. Greyx

C. pink: B, blue: M and yellow: 5i.

from the alkync substituent of the “coplanar™ aryl group,
wilh only weak & +o* and & »=n* inleractions found {Fig-
ure Sc-right, sec ESI Figure 84.1-54.4, Table 54.1-54.5 [or
full details). This loss of delocalization via distortion of
the alkynyl group is presumably the major contributor to
the higher activation barrier for the alkynyl vs. lolyl
derivative since the borarine ring distortion is comparable
repardless of the idenlily of the ortho-substiluent.
In the case of 11, the solely isolated o derivative is
B9 kcalmol™ more stable than s hypothetical ec
isomer. Therelore, it s suggested thal, in this case, the
reaction 15 under complete thermodyramic control, wilh
the cc-isomer likely undergoing instantancous isomer-
iratlion inlo the of derivative. Al last, minimal dillerences
in the 44G" between the oo and of isomers for borazines
1-4 and 8 were theoretically estimated, with 1.7, 1.1, (.6,
23, 0.8 kcalmol ™ in difference (see Table 54.1). These
studies suggesicd that the borawine derivalives can under-
go isomerizalion reactions through a rolation around Lhe
Ci{sp*) B, the energy barrier of which depends on the of.
All o8s. bul that bearing a phenyl spacer, fealure a
sulficiently low energy barrier Lo induce the rotation
about the Cisp*) B bond by heating. A chanpe of
elfective somerization is substantially observed only for
those systems in which the oo and cf isomers have different
thermodynamical stability. This suggests thal, although
for molecule 6, the rotation of the B-Aryl moiclies occurs
apon heating, the eozet ratio does not change [or statistical
reasons {Figure 83.6). On the other hand, for molecole 11,
the significanl thermodynamie difference belween the cc-

Angsw. Cham. lnt £2. 2025, 64, 2202216700 5 oF 15)

and ct-isomers did not allow the solation of the least
slable co-1somer.

Mechanistic rationale for the cc-stereoselectivity

Ta shed lurther light on the stereoselective nature of the
substitution and climination reactions, we used DFT
calculations 1o simulate the rotation of the aryl groups
and the nature and energies of the lransilion stales and
intermediates arising from the nocleophilic substilution
sleps (the Gibbs [rec energies of the lransilion slales,
relative o the preceding borarzine, ., ByN.Cly Tor TSI,
ByN2ClhAT for TS2, and ByN2ClAT for TS3 arc in Table 2.
see also the Supporting Information section 4 lor addi-
tional details). For clanty and brevity, only the computed
Gibbs free energy profiles for the siereosclective forma-
Lien of ce-Ba and er-Ba are shown in Figures fa and 54.5,
respectively.

Specifically, alter the [irst substitution reaction (TS1),
in T82, there is a clear lavoring of the anti-our approach
for the ArLi bearing the phenyl subslituenl, whercas
similar activalions cnergies were compuled with the tolyl
moielies; this is expecled o allord the cis isomer as the
predominant inlermediate under kinetic control [or the
phenyl substilzent in contrast Lo Lthe Lolyl thal should give
a mixture of somers. In TS3, anfi-addition is favored,
which is cxpeclted by simple siweric arguments. The
dominance of the ciy isomer from the second addition for
the phenyl-bearing inlermediale would reduce the number
ol viable trajeclories in the third addilion Lo mainly syn-

() 2024 The Author{z}. Angewendte Chemie Int=rpstional Edition published by Wiley-YCH GmbH
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Figure 5_ s} Time-dependent 'H NMR investigations of the ec-9—ct-9 lsomerization at 50°C b} lsomerization energy diagram for the re—ct
transformations for molecules 2 and 9 as & function of the N-B—C—C dihedral angle [structures optimized with a fixed N—8—C'—C" angle in steps
of 10° starting from:—807). ¢} Borazine 9 corresponding to the energy maximum upon twisting one slkopmdphenyl ring. showing the donor-acceptor
imteractions associeted with delocalization about the atkyne (left) perpendicular and (right) paralle! to the borazine core obtained at the [B3LYFP | 6

31+ G{d,p]] level of theory.

syn and anti-anti. Of the wo lrajeclories, the anti-ant
approach s favored (4GP =1606 kcalmol™  wvs.
20.9 kcalmol ™ and 19.4 kcalmol ™ for the syn-syn and syn-
anti approaches, respectively), and the our conlormation
is Lhe only viable transition state. It is expected o lead o
the exclusive formation of the co-isomer (Figure 6a) as
observed experimentally (Table 1, entry 8).

As [ar as the lolyl ease is concerned, the marrower
differences in energy belween the transition states (44G7

Angsw. Cham. lnt £2. 2025, 64, 2202216700 (7 2F 15

< 1.5 keal mol ™) suggest that crec mixtures are likely 1o be
oblained, in agreement with the observed reaclion oul-
come (Table 1, entry 2). Thus. the overall piclure gener-
ated from the computational analysis is thal when ArLi-
bearing LRoSs are wsed, the substituents shield their side
of the electrophilic B,N; core. biasing the incoming ArLi
1o exclusively add in out-anti al the 2™ ailack, directing
the LRoS o a civ-relationship in the bis-aryl intermediale.
AL the 3™ attack, the ArLi also adds out-anti-anti, lorming
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Table - Relative AG* [AGOI energies (kealmaol™) calculated at the B3LYP | 6-31 4+ G(d,p) level of theory between the given transition state and the
preceding resctive intermediate e, AG{TS1) =AG[TS11-AC{5M), £457 of the anionic boronsts intenmediate).

Approaching side infout R=Me R=Fh Isomerizm
TS - in 143 {-23.8) - —
- out 147 (=218 127 (-20.7) -
Ts2 e in 162 [nd)= - c
¥n out 15.9 [nd}™ T6.7 (—14.6) t
anti in 163 (=21.4) - i
i ‘out 15.0 [=21.4) 13.4 {(-15.5) :
TS3 sprEpn i 19.8 (-14.3) - &
sy out 19.0 (-14.5) 209 (8.1} ot
syr-grti in 18.1 (—14.8) - et
syr-anti out 177 (-15.8) 19.4 (nd)™ o
anti-arti in 181 {-13.9) - ot
anti-grti out 6.6 (—13.9) 16.6 (—12.7) B

[8] AG" Value not determined since geometry optimization of the anionic produc spomaneously eliminated chloride.

aj
?: SM e — TST“* 4
[0.00) N\ ; .,
i A - 4 TS5t
BT - u’ i { T 7]

IS5 s \ b= T

! 1 {-55.47) \ I" .

J - A \ -2 TS0 10008
bl {-.. 3 "“j"‘iitfl.ﬂ.3"5[__“_,--—“1~ TS |02, 141
- . F“}"‘" ; - (-110.41) \

_"w— ]
P{cc)
=T
{-161.5%)
b) SRoSs nEoSs

"/,r‘;'_ Al ey

o &

H B
/B’H' B"__'h' b ’/N_En__hx
T
"Z AL (aatr) hrl.u [ z Sl | i)

Figure & s} Gibhs free energy profiles (keal mol™) for the formation of cc-Ba in THF as calculated at the B3WYP[6-31 + G(d.p) level of theary. b)
Conceptualization of the stiff-substitvent shielding effect with LRoSs, constituted by a shaft-like moiety that rigidly points a substituent inwards
onto the borazine (rame inspired by tactic in American footbatl and Rughby called “stiff-arm fend,™ employed by the ball carrier in mary contact
forms).

the final tri-aryl borarine exclusively as ce-isomer. As  the borarine ring, suppressing the facial selectivity for the
expected, the sufl-arm shielding cffect is lost when LRoSs ArLi W add aai. Similarly, complete control of slerco-
are buill with a z-vinyl shall. This moicly slips oulward  selectivily is lost when =EoS and SRoS are used, as those
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do not Telly shicld the clectrophilic BsMN; ring. While the
nEoS pave stalistical mixtures (coet of 1:3), different
mixtures of co and ef are oblained with SRoS depending
on Lhe artho-substilucnts.

cc-Stereoselectivity: Substrate scope

As ArLi derivalives bearing an ortho-Ph moicty (Table 1,
entry 8) exclusively yiclded HABNs wilh civ-slereoselee-
tivity, we decided o capilaliee on such a ecis-direcling
eflect 1o cxpand the sobstrate scope of these ce-HABNs.
Thus, we first exploited the orho-phenyl moiecty to
spatially direct m3s {entries 1-3, Table 3).

When eguipping the orthe-substiluted ArLi deriva-
tives with -N{Me)k (entry 1}, -TMSE (entry 2) and NN-
dimethylaniline-ethynyl (DMAE) moieties {enlry 3) al
the meta-position, coc-isomers cxposing the erthe-phenyl
rings and Lthe mela-substituents on higher and lower rims,
respectively, were uniguely obtained in high vields (54 %
and 49 % vield for ee-Be and ee-Bd, respeclively).

Interestingly, deprotection of the TMS group in ec-8d
with KC0Oy in MeOH gave lerminal zcelylene ee-8f in
03 %, yield, in which the ec stercochemistry is maintained.
X-ray analysis of single erystals of ec-8e, ee-8d. and ec-8F
[urther conlirmed their ec-isomerism (Figure 7). with
the ortho-phenyl and meta-substiluents groups posilioned

Research Article

..

on the same and opposite sides ol Lthe BiN; core,
respectively. Considering the high ce-stereoselectivity of
Lhe biaryl organolithium denivatives, we hypolhesized that
organolithiums bearing [used aryl rings (FANs), such as
carbazole (entry 4}, [Muorenc (cntry 3) and spirobi-
{(Muorene} (entry 6), could also exclusively lead w the
[ormation of ce-borazines. Inlerestingly. the carbazole
moiely gave the co-isomer in good yields independenily
on the substilwent (belween 46 and 62%), whercas
Mucrene provided configurationally stable borazine deriv-
atives (19) only with the spirobi{lluorenc) moicties. All
borazines arc confligurationally stable at ri, except lor
borazine 18 (bearing Muorenyl moicties), which undergoes
cooscl somerization during the purification (sce 55.335).
Single crystals suitable for X-ray analysis were grown [or
ce-1Th (Figure 7d) and ce-19 (Figure 7e), and their ce-
configuration was confirmed ™

Towards functional architectures:
Multichromophoric molecular electron storages

Capilalizing on the possibility of installing substiluenls in
the higher or lower rim, we conjectured that sueh ce-
borazines could serve as switable scaflolds 1o position
clectrogclive moiclies in proximily or far and creale a

Table 3: Synthesis of ce-borazine derivatives exploiting a Ph and fused aryl rings directing group. The yields for all molecules are referred 1o as the

izolated product; SAM=: m-substituted aryl rings; FANs: fused aryl rings.

g :-1. 1. B2l Toliane. HH,
O WI0=G 168 W @

@h-u@ | 5%

1. BCly, Toluens,
4ta 190 *C, 18 h

T THF, 014G morL 16 0 THFE 0oCtort 1619
Entry | Type ArLi 'Kfl':l':;t Entry | Type ArLi Product (Yield)
L I 172, R= Me, R'= H: (54%)
17h, R=-nC H,;, B'= H; (46%)
1 @Q femia) 17e, R= -nCyH,;,
N R'= =—TMS; (62 %)
Iii
7 18 (36%)
SaNs 8d (48%) | 5
THIS
P L)
3 AP i : 19 (57%)
.".-'-._.-.'

[a] Perfartr next step without isolation
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a) cc-8c

b) cc-Bd

d) ce-17b

Research Article

High-rim view

Low-rim view

Figure 7. Single-crystal ¥-ray structure of borazine: &) co-fic (P2,/6); b) ec-8d [R-3), <) ocBF [P-1), d) ec17b, (2] and &) ac-19 (la). Crystais were
growm by slow diffusion of MeOH in CH:Cl or slow evaporation from CHyCla. Grey C pinks B, blue: M, and yellow: Si. in ec-17h, the ailyl chain

was excluded for darity.

multi-redox molecular architecture. With the idea Lo
install eleclron-active moiclies on cc-borarines al the lale
slage in onc step with an efficicnt and atom-cconomy
protocol, we planned Lo exploil the [2 2] cycloaddition -
retro-glectrocyclization (CA-RE) reacton between elec-
tron acceplor lelracyvanoethylene (TCNE) and an alkyne
bearing an electron-donaling group Lo prepare a 1.1 4.4-

Angew. Chem- Int. E€. 2025, 64, =202416700 (10 of 15]

letracyanobuta-1.3-dienc {TCBD) unit as the redox
moiety.” Capitalizing on the cis-directing effect of the
phenyl and carbazole moictlics, we devised o preparc
three-alkynyl derivatives that, upon reaction with TCNE,
could give, respectively. a borarzine architecture bearing
three, spaced [ar aparl, TCBD moicties al the lower rim
{ee-Bg) and a reference derivative in which three TCBD

() 2024 The Author{z}. Angewendte Chemie Int=rpstional Edition published by Wiley-YCH GmbH
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units are sterically congested in the high rim (ee-17d). The  thesis of ee-8g preparing borarine ec-Be (Figure 585.24),
structure bearing three TCBD moieties in the high rim is  using ArLi beaning an ortho-phenyl and a mera-NN-
expecled Lo fealure a multi-redox behavior, unlike the  dimethylaniline ethynyl moiety (Figure 8a). Because co-8e
other archilecture where the redox properties will be  resulted Lo be unstable under air and on 5i0;, the product
similar 10 monomeric TCBD. We commenced the syn-  was nol isolaled and the reaction crude subjected Lo the [2

i 2 T S
Qi 8T ot
48 == 48 ¢

! cc-Bg

) R 8
CHN
R=n-CgHyy, R'= = SI.' R= ﬂ-c;Hﬂ. R=27 l ]

cc-17c cc-17d NEN

M-helicity P-helicity

Figure 8. Functionalization of cc-substituted borazine derivatives: =) c-8g and b) 17d. Single-crystal X-ray structure of borazines: ) e-17cand d)
ce17d. Crystals were grown by slow evaporation from CHLCly or slow diffusion of hexane in CH,Cl at (—15°C). Grey: C, pink: B, blue N, and
yellow: 5i. The alkyl chain was excluded for darin
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1 2] eycloaddition reaction with TCNE 1w give [linal
borazine ec-8g (Figore 8a). Conlirmation ol produoct
formalion was assessed through mass spectromelry and
NMR spectroscopy (Figure 55.25a-d).

Specifically. one proton  resonance  cenlered al
320ppm for the -N(Me), corresponding w 18 H,
suggested Lthe presence of only the ce-isomer (Fig-
ure 525a). As far as ee-17d is concerned. in-cthynyl
duerivative ee-17e was [irsl prepared using Lhe carbarole
moicly Lo bias lthe cc-scleclivity and place the three
trimethylsilyl ethynyl moielies al the higher rim. Single
crystal X-ray analysis conlirmed the structure of ee-1Te. in
which the TMS-ethynyl moicties are arranged in o
propeller-like fashion on the high rimPY P and M
helicities were observed in the same crystals (Figure S6.8).
[2 1 2] Cycloaddition reaction between ee-17c¢ and TCNE
gave final borarine ce-17d bearing three TCBD unils
(Figure 8b), the structure of which was confirmed by mass
spectrometry and NMR (Figure 85.35a-d). However, only
wilh single crystal X-ray analysis (Figure 8c) could we
unambiguously show the presence of the three sierically
congesled TCBD groups on the higher rim™ As
observed [or ee-17e, the ce-17d also crystallized al the
solid state with both P and M helicities {Figure 8e-d).

Research Article

..

Mext. we tackled the photophysical and electrochemical
characterizalion of cc-Bg and ce-17d. Relerence TCBD
derivalives 15, 16, and 28 (Scheme 51) were also prepared
[or companson purposes. The steady-state UVIVis ab-
sorplion spectrum of ce-8g featured a CT band al Ay, of
307 mm (3.13eV) with a molar absorptivity (2} of
69511 M " cm® (Figure Ya). that is ncarly three limes
higher than those measured for molecular references 15
and 16 {CT band centercd al 379 nm and 468 nm wilh ¢
values of 22025 M em™ and 22934 M cm™' for derniva-
lives 15 and 16, respectively, Figures 9b and §7.1-87.3)
When compared 1o model carbazole-containing TCBD
derivative 20, borazine ec-17d exhibited a CT band at £,
of 497 nm (2.50eV) with an £ valuwe of 15885 M cm’
(Figures 9%, 574 and §7.5). The molecules display a
blueshifted CT band wilh anz of SUTTM ' cm * at A, of
545 nm {2.28 ¢V). The redox characteristics of substituted
borazines and their corresponding model derivatives were
investigated through evclic vollammetry (CV) and dilfer-
ential pulse volltammetry (DPV) in CH,ClL. employing
nBu,MNPF; (L1 M) as the supporting cleclrolyle and the
FefFe' couple as refercnce system (Figore 91). For all
referenee compounds [eaturing a single TCBD, 1two
distincl amd reversible one-c” reduclion evenls were

a) —s b) ) d)
]l [ . WNB.E aeyct 15 !'1"'?'. |I~| ce-17d FER S 20
i !\. .Il'l '.. PRt : 1.-1r-,: ) II BT
B =/ "l. B 3;..;1: l: :E““T'
By 5 i;""' ] n :-:-""':': 2 B 1
H"h‘)'- W seqrd o T b - -JII r_ IIl i
set M, g \ pet L - wr] \_/_
A - — b o = . = : s § e
= mm-mx'im.-..'.'f’ #] o Md}n':h.n:" L] a mm-m%h-nr':l‘ ML : Wi .115:'?'-::,-#““:.' i
= e i (e B T ) M
< 1_ T L ]
i ! : 7
— /\»___ 5 o H == z"“ll.r 1 E—av i\
s, __,_..-"'I I{\ rl'rr\\_ i it - rlr_'- i “'}
/—/ '\_,z"ll‘ff ;JI g ‘.d_'-'_::' /f:_" _,-l"/r\_’ i
et y L
l,-.F F\‘; /
L
Py e T 7 an =i 1, 15 ua B T T e T T T e TS
i} Prommaitnl /W o Fallg! Potmriz |V ws Folle” Paimeiial | Y v FeFet Fasost it | v FeFa™
E '1.“] Ell’eﬂ Eirﬂ Ejl‘ﬂ E‘l'l."ﬂ Esred EGM
cc-Bg -0.358 -1.36& = £ = =
15 -0.873 -1.183 = = =
ce-17d -1.526 0696 -0.857 -1.360 1522 -1.819
20 -0.611 =1.271 = - -

Figure 8. UN-Vis, DPV, and OV messurements of &) cc-8g, b) 15, ¢} co-17d, and d) 20 in CH,Cly (c=T1 mM) with Bu,MPFg (0.7 M) at 100 myvs ™'
scan rate. £} Electrochemiztry data potentials versus the Fo/Fet couple Working electrode: glazsy carbon electrode; counter electrode: Px reference

electrode: AgAgli
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observed, centered on Lthe two dicyanovinyl groups (Fig-
ure 9l-h. 582, 583, S58.5). While the electrochemical
analysis of borazine ec-8g displayed a similar two-reduc-
tion profile as that of relerence 15 (Figure Ye, 58.1), the
electirochemical envelope dramatically changed in the case
of borazine ee-17d (Figure %g). As one can discern in Lhe
DPY trace of ec-i7d. six distinctive reductive cvenls
appear, of which the first two redoction waves were
reversible (Figure S8.4). The study reveals distinel redox
behavior infllucnced by the spatial arrangement of TCBD
units in boravines and their model derivalives.

Conclusions

In this paper, we address the synthelic challenges
associaled wilh expanding the chemical space of Lhe
borazine scallfold by diastercoselectively preparing pro-
peller-shaped hexaphenylborazines thal, featuring re-
stricied rotation of the aryl groops. could serve as
valuable precursors for construcling complex  three-di-
mensional (3D) Cisp’}-based architeclures. Building on
the one-pol, wo-step prolocol using BCls, arylamine, and
aryl lithium reagents, we demonstrated thal using specific
o585 on Lhe organolithium nucleophile one can influence
the stereochemistry of the final borazine produoct. Specil-
ically, it involves using ArLi nucleophiles thal, bearing an
o5, can seleclively give access lo HABNs featuring all o8s
on Lhe same side of the ring (cc} or one o5 exposed
opposile (cf). Through a detailed systematic study of the
slereochemical outcome wilth different o8s, we recognized
that only those o8s [caturing a shali-like (or a suff-arm-
like) siruciure were capable of [ully shiclding one side of
the borazine ring and giving (ull co-stercosclectivily in
substitulion reactions. Notably, this shiclding efflccl tran-
scemds classical sieric concepls associaled with bulkiness,
typically correlated with the size of Lhe substituenl. The
borazine structurcs were [ully characterized through
MMR and, whenever possible, with X-ray analyses (four-
leen struclures were reported). The hypothelical mecha-
nism. slability, and conligurational control of these
isomers were cxplored and further conflirmed through
varighle temperature NMR and DFT calculations. Ulti-
matcly, the synmihesized borazimes were leveraged 1o
create mullichromophoric molecular architleclures, which
showed that differenl optoclectronic properiies were
obtained depending on the spalial arrampements of Lhe
chromophoric units.

The ability o control stercochemistry through judi-
ciows choice of 085 opens new avenues [or construcling
multidimensional architectures. 1L helps current investiga-
tons leave the wseal bidimensionality associated wilh
convenlional graphenoid systems, design unprecedentled
three-dimensional sp™-hybridized structurcs, and engincer
functional malerials with tailored properties suitable for
calalysis, energy storage, and optoclectronic applications.

Angsw. Chem. lnt £2. 2025, 64, 2202216700 (13 of 15)
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