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Abstract: Borazine and its derivatives can be considered critical doping units for engineering 

hybrid C(sp2)-based molecules with tailored optoelectronic properties. Herein, we report the 

first synthesis of hexaarylborazines that, bearing ortho-substituted aryl moieties, extend three-

dimensionally. Using a one-pot protocol, we first form an electrophilic chloroborazole and then 

react it with an aryl lithium (ArLi). By selecting the appropriate ortho-substituent, we can guide 

the ArLi to add to the BN-core in a specific way, ultimately controlling the stereochemical 

outcome of the three-substitution reaction. Rationalization of the stereochemical model 

through computational analysis allowed us to show that when aryl lithium nucleophiles bearing 

rigid long-range ortho-substituents are used, i.e., stiff substituents. The ortho-substituent 

shields its side of the electrophilic B3N3 core, biasing the incoming ArLi to add anti at each 

addition step, forming the final tri-aryl borazine exclusively as cc-isomer. Leveraging this ste-

reoselective approach, prototypical multichromophoric borazine derivatives were prepared, 

and we showcased how the stereochemical arrangement of these chromophores distinctly in-

fluences their redox behavior. This methodology paves the way for previously inaccessible 

borazines to serve as privileged precursors to transcend the conventional bidimensionality as-

sociated with graphenoid systems and pioneer the construction of new forms of three-dimen-

sional C(sp2)-based architectures. 

Keywords: borazine, inorganic benzene, doping, boron nitrides, aromatic cycles, stereoselec-

tivity, optoelectronic. 
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Introduction. 

 As part of our ongoing project focused on developing synthetic approaches for BN-containing 

carbon architectures,[1] we have now tackled the synthetic challenges associated with the ex-

pansion of the chemical space of the borazine scaffold (Fig. 1).[2] Triggered by the vigorous 

development of the heteroatom-doping approach[3] to tailor the optoelectronic properties of 

C(sp2)-based materials, the borazine ring[4] is increasingly attracting the attention of the chem-

ical community[5] to engineer catalysts,[6] polymers,[7] porous materials,[8] and 2D materials.[9] 

However, the limited comprehension of the reactivity of the B3N3 ring and its susceptibility 

towards hydrolysis have limited the exploitation of borazines as conceptual cores to engineer 

complex and functional aromatic architectures.[10]  

 

Figure 1. (a) Chemical structure of unsubstituted HABs and HABNs; (b) Latitudinal (oS and mS) and longitudinal 
(pS) substituents allowing the 3D and 2D extension; (c) hexaoSs-aryl borazine; (d) trioSs-aryl borazine cc and ct 
stereoisomers. mS: meta-, pS: para-, and oS: ortho-substituent; c: cis, and t: trans. 

 Amongst the different borazines scaffolds, isostructural and isoelectronic congeners of hex-

aarylbenzenes (HABs),[11] such as propeller-shaped hexaarylborazines (HABNs) (Fig. 1), are 

advantaged chiral molecular modules as they can be easily integrated with HABs to engineer 
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hybrid carbon architectures, including 2D and 3D C(sp2)-based structures.[12] In particular, 

HABs and HABNs exposing ortho-substituents (oSs) at the radial aryl moieties with restricted 

rotation (Fig. 1) could serve as privileged precursors to transcend the conventional bidimen-

sionality associated with graphenoid systems and pioneer the construction of new forms of 

three-dimensional[13] C(sp2)-based architectures. These scaffolds could also serve as platforms 

for designing functional nanoarchitectures featuring optoelectronic-active groups with differ-

ent spatial arrangements. For instance, the distinct configurations (e.g., those shown in Fig. 1) 

on the three-dimensional scaffold could offer unprecedented control over chemical reactivity 

and structural, chiral, and electronic properties. However, to our knowledge, the existing pro-

tocols have yet to allow the preparation of either HABs[14] or N-HABs[15] with selected config-

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

mixtures. 

 

Figure 2. One-pot stepwise synthesis of N- and B-aryl substituted borazines; step-wise substitutions on a 
Cl3B3N3Ph3 involving borate intermediates (see below for the mechanistic discussion).  

Generally, N- and B-aryl-substituted borazines[6] are prepared via either dehydrogenation[16] 

or condensation[17, 18, 20] reactions from an amine and an electrophilic boron derivative (BX3, X 

= H or halogen) that, through the formation of an iminoborane,[18] yield a reactive electrophilic 

borazine[19] intermediate (Fig. 2). Subsequent functionalization at the B-atoms can be achieved 

by successive substitution reactions using organometallic nucleophiles (Fig. 2).[18, 17] When 

aniline and BCl3 are used, the Cl3B3N3Ph3 intermediate is obtained and reacted in situ with 

ArLi to give the final HABN derivative (Fig. 1a).[18b-d] It is conceived that the ArLi attacks the 
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B–Cl groups approaching the B3N3 plane to give a sp3-type boronate intermediate. Final Cl– 

elimination gives the BN-substituted aromatic scaffold, with the B3N3 ring restoring its planar-

ity. This one-pot protocol can provide access to sterically-congested, hydrolytically-stable bo-

razine architectures (Fig. 1b-c)[18b-d,19, 20] such as those bearing one or two ortho-substituents 

(oSs) at the radial aryl moieties (Fig. 1c and 1d). These molecules are challenging to synthesize 

when using benzene precursors through metal-catalyzed cross-coupling reactions[21] or follow-

ing established cycloaddition[22] and cyclotrimerization[23] routes. Considering now HABNs 

decorated with B-aryl moieties bearing only an oS with a restricted rotation of the aryl group,[14] 

these borazines could exist as cc (i.e., all oSs are on the same side of the ring) and ct (i.e., one 

oS is exposed opposite) stereoisomers (Fig. 1c). Building on the stepwise substitution-based 

mechanism starting from electrophilic Cl3B3N3Ph3 (Fig. 2),[18b-d] we inferred that one could 

control the stereoselectivity of the final product by the appropriate choice of an oS on the ArLi. 

Specifically, if one uses oSs rigid enough to expose a bulky group atop the B3N3 core, it should 

sterically shield one face and bias the stereoselective outcome of each substitution reaction. It 

is exploiting these principles that in this paper, we describe the stereoselective synthesis of cc-

HABN derivatives (Fig. 2). The cc- and ct-stereochemical outcome of the reaction is controlled 

by the structure of the oS of the nucleophilic ArLi, with the stiff, shaft-like, long-range moieties 

such as phenyl, trimethylsilylethynyl, carbazolyl, and fluorenyl groups exclusively affording 

the cc-isomer. Leveraging this stereoselective approach, we prepared prototypical multichro-

mophoric derivatives and showcased how the stereochemical arrangement of these chromo-

phores distinctly influences their redox behavior. 

Results and Discussion. 

 Synthesis and structural analysis. All borazines were prepared following the one-pot 

BCl3/PhNH2/ArLi protocol.[18b-d, 20] Building on the hypotheses mentioned above, we envi-

sioned using ArLi bearing three types of oSs (Table 1): short-range (SRoSs), π-extended 

(πEoS), and long-range (LRoSs). The formers bear the hindering moiety close to the C(sp2)–

Li bond. In LRoSs, the substituent is constituted by a shaft-like moiety that rigidly points in-

wards onto the borazine face (i.e., phenyl, ethynyl, and ethenyl spacers). In contrast, the πEoSs 

bear benzene moieties linearly fused in an acene-type fashion and extend perpendicularly to 

the borazine plane. When using ArLi bearing either an OMe or a Me oSs (entries 1-2), bora-

zines 1 and 2 were obtained, each in a cc:ct 1:≤4 ratio. Similar results were observed with either 

4-tert-butyl- or 4-chloro-anilines (Table S3.1). When raising the steric hindrance of the SRoS 

to NMe2 and iPr, a noticeable lowering of the cc:ct ratio to 12:88 and 10:90 was observed for 
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products 3 and 4, respectively (entries 3-4). Notably, when using ArLi bearing a tBu, we could 

not isolate the corresponding borazine 5, due to the presence of higher steric hindrance of ortho 

substituents. When using 1-naphthyl and 2-anthracenyl lithium, three-substituted borazines 6 

and 7 were obtained (entries 6 and 7) in a statistical cc:ct 1:3 isomeric mixture.  

Table 1. Study of the substituent-dependent reaction stereoselectivity. The yields for all molecules referred to the 
isolated product, whereas the isomer ratio is calculated from the 1H-NMR spectra (see Table S3.2). 4-tBu-aniline 
was used for entry 13,  ⃰ irreversible. 

 
Next, we turned our attention to ArLi bearing LRoSs. Organolithium derivatives bearing an 

ortho-phenyl moiety (entry 8) exclusively yielded borazine cc-8a in 63%, as ultimately con-

firmed by X-ray diffraction analysis (Fig. 3a). Reference reactions performed with ArLi bear-

ing an ortho-4-toluoyl also gave the cc-isomer (cc-8b) (SI). The addition of ArLi nucleophile-

bearing ortho-trimethylsilyl ethynyl (TMSE), ortho-phenyl ethynyl (PhE), and ortho-triiso-

propylsilylethynyl (TIPSE) LRoSs were also studied. These ArLi derivatives gave borazines 

cc-9 (63%), cc-10 (62%), and ct-11 (40%) as unique stereoisomers (entries 9-11). While char-

acterizing the products, it was noticed that, upon heating, isomers cc-9 and cc-10 irreversibly 

converted into ct-9 and ct-10, respectively (see also the discussion below, Fig. 4).  

cc:ctProduct (Yield)ArLiTypeEntrycc:ctProduct 
(Yield)ArLiTypeEntry

100:008a R’ = H; (63%)
8b R’ = Me; (70%)

LRoS

818:821 (69%)

SRoS

1

100:0 ➝
0:100*9 (63%)922:782 (69%)2

100:0 ➝
0:100*10 (62%)1012:883 (47%)3

0:10011 (40%)1110:904 (60%)4

100:012 (63%)12-5 (0%)5

100:013 (55%)1325:756 (53%)
πEoS

6

mixture14 (52%)1425:757 (32%)7

Kinetic product (cc) Thermodynamic product (ct)

RSRoS RLRoSRπEoS
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Figure 3. Single-crystal X-ray structure of borazines: a) cc-8a, P-1; b) ct-10, P21/n; c) ct-11, P21/n; d) cc-12; P-
1; e) cc-13; P-1. Crystals were grown by slow diffusion of MeOH or iPrOH in CHCl3 or CH2Cl2. In cc-13, two 
phenyl moieties engage in a C-H…π interaction (3.369 Å). Grey: C, pink: B, blue: N and yellow: Si. 

The structural identities of cc-9 (Fig. 4a), ct-9 (Fig. 4b), ct-10 (Fig. 3b), and ct-11 (Fig. 3c) 

were finally confirmed by X-ray diffraction analysis. While cc-9 features all oSs on the same 

side of the B3N3 core, in ct-9, ct-10, and ct-11, one oS stands on the opposite side. At the solid 

state, the structure of ct-10 displays the phenyl moiety in trans perfectly centered atop the B3N3 

ring in an edge-to-face conformation. In contrast, the two cis phenyl moieties engage in an 

intramolecularly p-p stacking (Fig. 3b). Consistently, ArLi bearing E-vinyl phenyl (PEV) and 

https://doi.org/10.26434/chemrxiv-2024-74qqp ORCID: https://orcid.org/0000-0003-1147-1564 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-74qqp
https://orcid.org/0000-0003-1147-1564
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

8 

triazene substituents (entries 12-13) gave borazines cc-12 and cc-13. Again, the cc configura-

tion was confirmed by X-ray analysis (Fig. 3d-e), which depicted the cis arrangement for the 

three substituents. Notably, in both crystals of cc-12 and cc-13, one of the three vinyl and 

triazene linkers adopts an in-type conformation. While in cc-11, the conformation is driven by 

a C-H…π interaction, in cc-13, it is a short N…B contact (2.690 Å) that turns one triazene moiety 

in the in-type conformation. Obviously, in all cc-isomers, both M and P helicities were found 

in the solid state (see also Fig. S6.1-S6.4). Finally, ArLi bearing a Z-vinylphenyl (PzV) substit-

uent (entry 14) gave corresponding borazine 14 as a mixture of cc- and ct-isomers. 

 

Figure 4. 400-MHz 1H-NMR in CDCl3 and single-crystal X-ray structures of a) cc-9 (P21) and b) ct-9 (Pna21), 
with ct-9 obtained by heating a solution of cc-9. Crystals were grown by slow diffusion of iPrOH in either CHCl3 
or CH2Cl2, with those of cc-9 obtained at 4-11°C to avoid isomerization. Grey: C, pink: B, blue: N and yellow: Si.  

Configurational stability. We performed variable temperature (VT) 1H-NMR measurements 

to investigate the different stereoisomers' stability. While no changes of the stereoisomeric ratio 

were observed experimentally for molecules 1-8 and 11-14 upon heating (see Fig. S3.4-S3.6), 

only borazines 9 and 10 displayed a complete cc→ct conversion. For instance, when a solution 

of cc-9 was heated to 50 °C, a progressive decrease of the intensity of the TMS-proton singlet 

resonance at 0.44 ppm was observed (Fig. 5a) together with a rise of another TMS-centered 

1:2 two-singlet pattern typical of the ct isomer (at 0.49 and 0.53 ppm, cc:ct ratio of 9:91 after 

155 min). Reverse cooling to rt did not affect the stereoisomeric composition, suggesting that 

the reaction is irreversible and ct-9 is the thermodynamic product. The isomerization reaction's 

free-energy activation (ΔG≠) was experimentally estimated to be ca. 24 kcal mol–1 (k = 2·10–4 
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s–1) at 323 K. Single-point calculations of the optimized configurational structures of 9 in the 

gas phase (Fig. 5b) further confirmed that isomer ct-9 is more stable than cc-9 (ΔΔG0 = –

4.9 kcal mol–1), suggesting that the rotation of the substituent around the aryl C(sp2)–B bond 

release the high-energy steric congestion between the TMS groups in cc-9 giving the thermo-

dynamic product. Excluding a B3N3-opening/B3N3-closing mechanism (SI 3.3), the cc→ct 

isomerization mechanism was probed using DFT calculations. A relaxed potential energy sur-

face (PES) scan of one N–B–C1–C2 dihedral angle for the ct→cc transformations in both the 

ortho-tolyl (2) and ortho-alkynyl (9) derivatives allowed us to estimate the extent of the bora-

zine ring deformation and the barrier to interconversion. The relative electronic energies are 

shown in Fig. 5c and indicate a high barrier to rotation (ca. 23 kcal mol–1 and 30 kcal mol–1 at 

r.t. for 2 and 9, respectively). As expected, rotating the aryl substituent into the borazine ring's 

plane gives a maximum energy profile corresponding to a puckering of the borazine ring. This 

can be quantified by considering the RMS deviation of the boron atoms from a plane defined 

by the three N atoms. Borazine 2 gives RMSD = 0.175 Å at the energy maximum, comparable 

to that seen in congener 9 (0.178 Å). For molecule 2, the energy maximum lies with the rotating 

ring approximately coplanar to the borazine, i.e., a 0° N–B–Cipso–C dihedral angle. However, 

the toluoyl  ring was found to be somewhat distorted via a bend in the ortho-methyl substituent; 

the C5–C2–Me angle was measured as 165.4°, substantially deviating from the expected 180°. 

For molecule 9, the PES energy profile is less symmetrical (Fig. 5c) than that observed with 

the tolyl substituents; the energy profile gradually increases, reaching a maximum with the N–

B–C1–C2 dihedral angle at approximately +10° (i.e., with the aryl group rotated beyond the 

expected coplanar arrangement) before rapidly decreasing. Compared to the tolyl substituent, 

the aryl ring distortion at the energy maximum is increased, with a C5–C2–Calkyne angle of 

159.9°. Natural bonding orbital (NBO) analysis of the structure corresponding to the energy 

maximum revealed a substantial reduction of the delocalization of the alkynyl spacer. Each of 

the “perpendicular” alkyne groups (i.e., those not involved in the PES) shows a significant 

donor-acceptor interaction between a C2-based lone pair and an alkyne-based π* (Fig. 5c-left). 

This interaction is absent from the alkyne substituent of the “coplanar” aryl group, with only 

weak σ→σ* and σ→π* interactions found (Fig. 5c-right, see ESI Fig. S4.1-S4.4, Table S4.1-

S4.5 for full details). This loss of delocalization via distortion of the alkynyl group is presum-

ably the major contributor to the higher activation barrier for the alkynyl vs. tolyl derivative 

since the borazine ring distortion is comparable regardless of the identity of the ortho-substit-

uent.  
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Figure 5. a) Time-dependent 1H-NMR investigations of the cc-9→ct-9 isomerization at 50 °C; b) isomerization 
energy diagram for the cc→ct transformations for molecules 2 and 9 as a function of the N–B–C–C dihedral 
angle (structures optimized with a fixed N–B–C1–C2 angle in steps of 10° starting from –90°); c) Borazine 9 
corresponding to the energy maximum upon twisting one alkynylphenyl ring, showing the donor-acceptor inter-
actions associated with delocalization about the alkyne (left) perpendicular and (right) parallel to the borazine 
core obtained at the [B3LYP | 6-31+G(d,p)] level of theory. 

In the case of 11, the solely isolated ct derivative is –8.9 kcal mol–1 more stable than its hypo-

thetical ct isomer. Therefore, it is suggested that, in this case, the reaction is under complete 

thermodynamic control, with the cc-isomer likely undergoing instantaneous isomerization into 

the ct derivative. At last, minimal differences in the ΔΔG0 between the cc and ct isomers for 

borazines 1-4 and 8 were theoretically estimated, with 1.7, 1.1, –0.6, –2.3, –0.8 kcal mol–1 in 

difference (see Table S4.1). These studies suggested that the borazine derivatives can undergo 

isomerization reactions through a rotation around the C(sp2)–B, the energy barrier of which 
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depends on the oS. All oSs, but that bearing a phenyl spacer, feature a sufficiently low energy 

barrier to induce the rotation about the C(sp2)–B bond by heating. A change of effective isom-

erization is substantially observed only for those systems in which the cc and ct isomers have 

different thermodynamical stability. This suggests that, although for molecule 6, the rotation 

of the B-Aryl moieties occurs upon heating, the cc:ct ratio does not change for statistical rea-

sons (SI 3.6). On the other hand, for molecule 11, the significant thermodynamic difference 

between the cc- and ct-isomers did not allow the isolation of the least stable cc-isomer. 

Mechanistic rationale for the cc-stereoselectivity. To shed further light on the stereoselec-

tive nature of the substitution and elimination reactions, we used DFT calculations to simulate 

the rotation of the aryl groups and the nature and energies of the transition states and interme-

diates arising from the nucleophilic substitution steps (the Gibbs free energies of the transition 

states, relative to the preceding borazine, i.e., B3N3Cl3 for TS1, B3N3Cl2Ar for TS2, and 

B3N3ClAr2 for TS3 are in Table 2). Considering that the reactions were performed in THF and 

that the use of TMEDA had no effect on the transformation (as well as the solvent), we chose 

a model system in which the Li-ion was presumed to adopt a non-interacting [Li(THF)4]+ cation 

(therefore omitted from the calculations) with the aryl anion. This model system allowed the 

relative nucleophile approach trajectories to be compared and conclusions drawn regarding the 

likely product distribution. A quick analysis of the attack trajectory revealed variable orienta-

tions for the B–Ar ortho-substituents and the approaching aryl anion during the second and 

third substitution steps (Fig. S4.1). The ortho-substituents could point either inwards (in) or 

outwards (out) from the B3N3 ring center. Despite the intuitive preference for the out orienta-

tion, we rigorously examined both. The in-orientation was unviable for the phenyl ortho-sub-

stituent, but transition states were found for Me and MeO substituents in all orientations. In all 

cases, the transition state corresponded to an approximately perpendicular approach of the car-

banion onto a boron atom, with a long C…B bond distance of 3.0–3.2 Å. NBO analyses of the 

transition states indicate that the interaction can be described as sp2→p in all cases except for 

TS1 (out) for Me-, MeO- and Ph-bearing nucleophiles where it is sp2→π* (Fig. S4.2-4.3 and 

Tables S4.2-4.3). All transition state energies are such that the substitution is expected to be 

spontaneous at rt. The substantial delocalization around the borazine ring in the planar species 

is only slightly perturbed upon nucleophilic addition to the boron centers. Calculations suggest 

little distortion of the planar borazine core in the transition state structures, owing to the long 

C…B distances, and therefore, substantial delocalization remains; NBO analyses suggest the 

presence of N:B=N as well as Cl:B=N 3-centre 4-electron hyperbonds (Fig. S4.3). A 
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combination of increased steric demand from existing B–Ar groups and the reduced number of 

stabilizing Cl:B=N hyperbonds contribute to the general increase in activation energy with 

each successive substitution. In general, the differentiation in energy for the various trajectories 

becomes more pronounced with each successive aryl addition. 

Table 2. Relative ΔG‡ [ΔG⦵] energies (kcal mol–1) calculated at the B3LYP | 6-31+G(d,p) level of theory between 
the given transition state and the preceding reactive intermediate (i.e., ΔG(TS1)‡ = ΔG(TS1)–ΔG(SM), ΔΔG⦵ of 
the anionic boronate intermediate). 

 Approaching side in/out R = Me R = Ph Isomerism 

 

TS1 

- in 14.3 [–23.8] - - 

- out 14.7 [–23.8] 12.7 [–20.7] - 

 

 

TS2 

syn in 16.2 [nd]a - c 

syn out 15.9 [nd] 16.7 [–14.6] t 

anti in 16.3 [–21.4] - t 

anti out 15.0 [–21.4] 13.4 [–15.5] c 

 

 

 

TS3 

syn-syn in 19.8 [–14.5] - cc 

syn-syn out 19.0 [–14.5] 20.9 [-8.1] ct 

syn-anti in 18.1 [–15.8] - ct 

syn-anti out 17.1 [–15.8] 19.4 [nd] ct 

anti-anti in 18.1 [–15.9] - ct 

anti-anti out 16.6 [–15.9] 16.6 [–12.2] cc 
a ΔG⦵	value not determined since geometry optimization of the anionic product spontaneously eliminated chlo-
ride. 

For clarity and brevity, only the computed Gibbs free energy profiles for the stereoselective 

formation of cc-8a are shown in Fig. 6a. Specifically, after the first substitution reaction (TS1), 

in TS2, there is a clear favoring of the anti-out approach for the ArLi bearing the phenyl sub-

stituent, whereas similar activations energies were computed with the tolyl moieties; this is 

expected to afford the cis isomer as the predominant intermediate under kinetic control for the 

phenyl substituent in contrast to the tolyl that should give a mixture of isomers. In TS3, anti-

addition is favored, which is expected by simple steric arguments. The dominance of the cis 

isomer from the second addition for the phenyl-bearing intermediate would reduce the number 

of viable trajectories in the third addition to mainly syn-syn and anti-anti. Of the two trajecto-

ries, the anti-anti approach is favored (ΔG‡ = 16.6 kcal mol–1 vs. 20.9 kcal mol–1 and 19.4 kcal 

mol–1 for the syn-syn and syn-anti approaches, respectively), and the out conformation is the 
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only viable transition state. It is expected to lead to the exclusive formation of the cc-isomer 

(Fig. 6a) as observed experimentally (Table 1, entry 8). 

  

 

Figure 6. a) Gibbs free energy profiles (kcal mol–1) for the formation of cc-8a in THF as calculated at the 
B3LYP|6-31+G(d,p) level of theory. b) Conceptualization of the stiff-substituent shielding effect with LRoSs. 
The name is taken from a tactic in American football and Rugby called “stiff-arm fend,” employed by the ball 
carrier in many contact forms. This puts the ball securely in one arm and extends the other outwards to repel or 
topple an oncoming opponent; an image of the Heisman Trophy award depicting a player adopting a stiff-arm 
fend posture. 
As far as the tolyl case is concerned, the narrower differences in energy between the transition 

states (ΔΔG‡ < 1.5 kcal mol–1) suggest that ct:cc mixtures are likely to be obtained, in agree-

ment with the observed reaction outcome (Table 1, entry 2). Thus, the overall picture generated 

from the computational analysis is that when ArLi-bearing LRoSs are used, the substituents 

shield their side of the electrophilic B3N3 core, biasing the incoming ArLi to exclusively add 

in out-anti at the 2nd attack, directing the LRoS to a cis-relationship in the bis-aryl intermediate. 

At the 3rd attack, the ArLi also adds out-anti-anti, forming the final tri-aryl borazine exclusively 

as cc-isomer. As expected, the stiff-arm shielding effect is lost when LRoSs are built with a z-

vinyl shaft. This moiety slips outward the borazine ring, suppressing the facial selectivity for 

the ArLi to add anti. Similarly, complete control of stereoselectivity is lost when πEoS and 

SRoSs
b)

ArLi (anti)

X

ArLi (syn)

LRoSs
πEoSs

ArLi (anti)

ArLi (syn)

ArLi (anti)

ArLi (syn)

(0.00)
TS1(12.7)

P (cc)
(-161.53)

TS3ss (-87.85)

TS3sa (-90.98)

TS3aa (-92.14)
I-2

(-110.41)

(-108.75)

TS2S (-38.77)

TS2a (-42.07)I-1
(-55.47)

SM

a)
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SRoS are used, as those do not fully shield the electrophilic B3N3 ring. While the πEoS gave 

statistical mixtures (cc:ct of 1:3), different mixtures of cc and ct are obtained with SRoS de-

pending on the ortho-substituents.  

cc-Stereoselectivity: substrate scope. As ArLi derivatives bearing an ortho-Ph moiety (Ta-

ble 1, entry 8) exclusively yielded HABNs with cis-stereoselectivity, we decided to capitalize 

on such a cis-directing effect to expand the substrate scope of these cc-HABNs. Thus, we first 

exploited the ortho-phenyl moiety to spatially direct mSs (entries 1-3, Table 3).  

Table 3. Synthesis of cc-borazine derivatives exploiting a Ph and fused aryl rings directing group. The yields for 
all molecules are referred to as the isolated product; SANs: m-substituted aryl rings; FANs: fused aryl rings.  

 

When equipping the ortho-substituted ArLi derivatives with -N(Me)2 (entry 1), -TMSE (entry 

2) and N,N-dimethylaniline-ethynyl (DMAE) moieties (entry 3) at the meta-position, cc-iso-

mers exposing the ortho-phenyl rings and the meta-substituents on higher and lower rims, re-

spectively, were uniquely obtained in high yields (54% and 49% yield for cc-8c and cc-8d, 

respectively).  
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Figure 7. Single-crystal X-ray structure of borazine: a) cc-8c, P21/c; b) cc-8d, R-3; c) cc-8f, P-1; d) cc-17b, C2/c; 
e) cc-19, Ia. Crystals were grown by slow diffusion of MeOH in CH2Cl2 or slow evaporation from CH2Cl2. Grey: 
C, pink: B, blue: N, and yellow: Si; in cc-17b, the alkyl chain was excluded for clarity. 

Interestingly, deprotection of the TMS group in cc-8d with K2CO3 in MeOH gave terminal 

acetylene cc-8f in 93% yield, in which the cc stereochemistry is maintained. X-ray analysis of 

single crystals of cc-8c, cc-8d, and cc-8f further confirmed their cc-isomerism (Fig. 7), with 

the ortho-phenyl and meta-substituents groups positioned on the same and opposite sides of 
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the B3N3 core, respectively. Considering the high cc-stereoselectivity of the biaryl organolith-

ium of derivatives, we hypothesized that organolithiums bearing fused aryl rings (FANs), such 

as carbazole (entry 4), fluorene (entry 5) and spirobi(fluorene)  (entry 6), could also exclusively 

lead to the formation of cc-borazines. Interestingly, the carbazole moiety gave the cc-isomer 

in good yields independently on the substituent (between 46 and 62%), whereas fluorene pro-

vided configurationally stable borazine derivatives (19) only with the spirobi(fluorene) moie-

ties. All borazines are configurationally stable at rt, except for borazine 18 (bearing fluorenyl 

moieties), which undergoes cc→ct isomerization during the purification (see S5.35). Single 

crystals suitable for X-ray analysis were grown for cc-17b (Fig. 7d) and cc-19 (Fig. 7e), and 

their cc-configuration was confirmed.  

Towards functional architectures: multichromophoric molecular electron storages. Cap-

italizing on the possibility of installing substituents in the higher or lower rim, we conjectured 

that such cc-borazines could serve as suitable scaffolds to position electroactive moieties in 

proximity or far and create a multi-redox molecular architecture. With the idea to install elec-

tron-active moieties on cc-borazines at the late stage in one step with an efficient and atom-

economy protocol, we planned to exploit the [2+2] cycloaddition - retro-electrocyclization 

(CA-RE) reaction between electron acceptor tetracyanoethylene (TCNE) and an alkyne bear-

ing an electron-donating group to prepare a 1,1,4,4-tetracyanobuta-1,3-diene (TCBD) unit as 

the redox moiety.[24] Capitalizing on the cis-directing effect of the phenyl and carbazole moie-

ties, we devised to prepare three-alkynyl derivatives that, upon reaction with TCNE, could 

give, respectively, a borazine architecture bearing three, spaced far apart, TCBD moieties at 

the lower rim (cc-8g) and a reference derivative in which three TCBD units are sterically con-

gested in the high rim (cc-17d). The structure bearing three TCBD moieties in the high rim is 

expected to feature a multi-redox behavior, unlike the other architecture where the redox prop-

erties will be similar to monomeric TCBD. We commenced the synthesis of cc-8g preparing 

borazine cc-8e (Fig. S5.23), using ArLi bearing an ortho-phenyl and a meta-N,N-dimethylani-

line ethynyl moiety (Fig. 8a). Because cc-8e resulted to be unstable under air and on SiO2, the 

product was not isolated and the reaction crude subjected to the [2+2] cycloaddition reaction 

with TCNE to give final borazine cc-8g (Fig 8a). Confirmation of product formation was as-

sessed through mass spectrometry and NMR spectroscopy (Fig. S5.24a-d).  
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Figure 8. Functionalization of cc-substituted borazine derivatives; Synthesis of borazines a) cc-8g and b) 17d; 
Single-crystal X-ray structure of borazines c) cc-17c d) cc-17d: Crystals were grown by slow evaporation from 
CH2Cl2 or slow diffusion of hexane in CH2Cl2 at (–15 ⁰C). Grey: C, pink: B, blue: N, and yellow: Si (the alkyl 
chain was excluded for clarity). 

 

Specifically, one proton resonance centered at 3.20 ppm for the -N(Me)2, corresponding to 18 

H, suggested the presence of only the cc-isomer (Fig. S24a). As far as cc-17d is concerned, tri-
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ethynyl derivative cc-17c was first prepared using the carbazole moiety to bias the cc-selectiv-

ity and place the three trimethylsilyl ethynyl moieties at the higher rim. Single crystal X-ray 

analysis confirmed the structure of cc-17c, in which the TMS-ethynyl moieties are arranged in 

a propeller-like fashion on the high rim. P and M helicities were observed in the same crystals 

(Fig. S6.8). [2+2] Cycloaddition reaction between cc-17c and TCNE gave final borazine cc-

17d bearing three TCBD units (Fig. 8b), the structure of which was confirmed by mass spec-

trometry and NMR (Fig. S5.34a-d). However, only with single crystal X-ray analysis (Fig. 8c) 

could we unambiguously show the presence of the three sterically congested TCBD groups on 

the higher rim. As observed for cc-17c, the cc-17d also crystallized at the solid state with both 

P and M helicities (Fig. 8c-d). Next, we tackled the photophysical and electrochemical charac-

terization of cc-8g and cc-17d. Reference TCBD derivatives 15, 16, and 20 (scheme S1) were 

also prepared for comparison purposes. The steady-state UV-vis absorption spectrum of cc-8g 

featured a CT band at λmax of 397 nm (3.13 eV) with a molar absorptivity (ε) of 69511 M–1 cm–

1 (Fig. 9a), that is nearly three times higher than those measured for molecular references 15 

and 16 (CT band centered at 379 nm and 468 nm with ε values of 22025 M–1 cm–1 and 22934 

M–1 cm–1 for derivatives 15 and 16, respectively, Fig. 9b, S7.1-S7.3). When compared to model 

carbazole-containing TCBD derivative 20, borazine cc-17d exhibited a CT band at λmax of 497 

nm (2.50 eV) with an ε value of 15885 M–1 cm–1 (Fig. 9c-d, S7.4, S7.5). The molecules display 

a blueshifted CT band with an ε of 5077 M–1 cm–1 at λmax of 545 nm (2.28 eV). The redox 

characteristics of substituted borazines and their corresponding model derivatives were inves-

tigated through cyclic voltammetry (CV) and differential pulse voltammetry (DPV) in CH2Cl2, 

employing nBu4NPF6 (0.1 M) as the supporting electrolyte and the Fc/Fc+ couple as reference 

system (Fig. 9i). For all reference compounds featuring a single TCBD, two distinct and re-

versible one-e– reduction events were observed, centered on the two dicyanovinyl groups (Fig. 

9f-h, S8.2, S8.3, S8.5). While the electrochemical analysis of borazine cc-8g displayed a sim-

ilar two-reduction profile as that of reference 15 (Fig. 9e, S8.1), the electrochemical envelope 

dramatically changed in the case of borazine cc-17d (Fig 9g). As one can discern in the DPV 

trace of cc-17d, six distinctive reductive events appear, of which the first two reduction waves 

were reversible (Fig. S8.4). The study reveals distinct redox behavior influenced by the spatial 

arrangement of TCBD units in borazines and their model derivatives. 
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Figure 9. a) UV-Vis, DPV, and CV measurements of a) cc-8g, b) 15, c) cc-17d, and d) 20 in CH2Cl2 (c = 1 mM) 
with Bu4NPF6 (0.1 M) at 100 mV s−1 scan rate. e) Electrochemistry data potentials versus the Fc/Fc+ couple. 
Working electrode: glassy carbon electrode; counter electrode: Pt; reference electrode: Ag/AgCl. 

 

Conclusions 

In this paper, we address the synthetic challenges associated with expanding the chemical 

space of the borazine scaffold by diastereoselectively preparing propeller-shaped hexaphenyl-

borazines that, featuring restricted rotation of the aryl groups, could serve as valuable precur-

sors for constructing complex three-dimensional (3D) C(sp²)-based architectures. Building on 

the one-pot, two-step protocol using BCl₃, arylamine, and aryl lithium reagents, we demon-

strated that using specific oSs on the organolithium nucleophile one can influence the stereo-

chemistry of the final borazine product. Specifically, it involves using ArLi nucleophiles that, 

bearing an oS, can selectively give access to HABNs featuring all oSs on the same side of the 

ring (cc) or one oS exposed opposite (ct). Through a detailed systematic study of the stereo-

chemical outcome with different oSs, we recognized that only those oSs featuring a shaft-like 

(or a stiff-arm-like) structure were capable of fully shielding one side of the borazine ring and 

giving full cc-stereoselectivity in substitution reactions. Notably, this shielding effect trans-

cends classical steric concepts associated with bulkiness, typically correlated with the size of 

300 400 500 600 700
0

1×104

2×104

3×104

4×104

5×104

6×104

7×104

ε 
/ M

-1
∙c

m
-1

Wavelength / nm
300 400 500 600 700

0

1×104

2×104

3×104

4×104

5×104

6×104

7×104

ε 
/ M

-1
∙c

m
-1

Wavelength / nm
300 400 500 600 700

0

1×104

2×104

3×104

4×104

5×104

6×104

7×104

ε 
/ M

-1
∙c

m
-1

Wavelength / nm
300 400 500 600 700

0

1×104

2×104

3×104

4×104

5×104

6×104

7×104

ε 
/ M

-1
∙c

m
-1

Wavelength / nm

15cc-8g 20cc-17da) b) c) d)

E6
redE5

redE4
redE3

redE2
redE1

redE (V)

-----1.364 -0.958 cc-8g

-----1.183 -0.873 15

-1.819 -1.522-1.360 -0.857 -0.696 -0.596 cc-17d

-----1.271 -0.611 20

i)

15cc-8g 20cc-17d
e) f) g) h)

https://doi.org/10.26434/chemrxiv-2024-74qqp ORCID: https://orcid.org/0000-0003-1147-1564 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-74qqp
https://orcid.org/0000-0003-1147-1564
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

20 

the substituent. The borazine structures were fully characterized through NMR and, whenever 

possible, with X-ray analyses (fourteen structures were reported). The hypothetical mecha-

nism, stability, and configurational control of these isomers were explored and further con-

firmed through variable temperature NMR and DFT calculations. Ultimately, the synthesized 

borazines were leveraged to create multichromophoric molecular architectures, which showed 

that different optoelectronic properties were obtained depending on the spatial arrangements 

of the chromophoric units.  

The ability to control stereochemistry through judicious choice of oSs opens new avenues for 

constructing multidimensional architectures. It helps current investigations leave the usual bi-

dimensionality associated with conventional graphenoid systems, design unprecedented three-

dimensional sp2-hybridized structures, and engineer functional materials with tailored proper-

ties suitable for catalysis, energy storage, and optoelectronic applications. 
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