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a b s t r a c t

Stimuli-responsive macrocycles are of importance for synthetic chemistry and smart materials. In this

manuscript, we report two novel organoborane cyclophanes, which were successfully synthesized by

ruthenium-catalyzed olefin metathesis. They are composed of one/two boron-doped helicene π-skeletons

and flexible alkyl chain linkers, thus representing a new kind of non-conjugated organoborane macrocy-

cles. Their cyclic structures and photophysical properties, as well as Lewis acidity were theoretically and

experimentally investigated. Notably, two enantiomers in one single crystal are observed for one organob-

orane cyclophane, owning to the presence of helical π-framework in its cyclic structure. Moreover, their

Lewis acid-base adducts may dissociate in the excited state and thus display intriguing photo-responsive

fluorescence properties, which can be further modulated by temperature. This study thus provides a novel

design strategy for non-conjugated organoborane macrocycles, which may promote the development of

stimuli-responsive macrocyclic materials with fascinating properties.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Organic macrocycles are an attractive class of compounds own-

ing to not only their unique cyclic structures but also potential

utility in the fields of supramolecular assembly, host-guest chem-

istry, molecular separation, catalysis, etc. [1–3]. Increasing atten-

tion has been paid to stimuli-responsive macrocycles, which may

respond to external stimuli, such as light, heat, pressure and chem-

ical species accompanied with specific functions. Till now, a vari-

ety of stimuli-responsive macrocycles containing functional build-

ing blocks have been dramatically developed as new smart ma-

terials [4–8]. Nevertheless, stimuli-responsive macrocycles remain

highly demanded for achieving structural diversity and tailored re-

sponsive functions of organic materials.

Because of the unique vacant p-orbital on the boron atom,

boron-containing conjugated π-systems exhibit fascinating opti-

cal and electronic properties, making them promising candidates

as organic optoelectronic materials [9–14]. Tricoordinate organob-

oranes also have the intriguing Lewis acidity and can bind with

Lewis bases to afford tetracoordinate organoboranes, which can be

employed to construct stimuli-responsive materials [15–18]. Typ-

ically, it has been reported that organoborane-based Lewis acid-

base adducts display photo-responsive dissociation behavior in the

excited state and thus unique fluorescence properties [19,20]. We

recently reported boron-containing organic diradicaloids, which
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could coordinate with Lewis bases to produce Lewis adducts. As

a result, dynamic modulations of (anti)aromaticity and diradical

character of organic diradicaloids were unprecedentedly achieved,

and furthermore, supramolecular diradicaloids were developed

[21,22]. On the other hand, boron-containing macrocycles repre-

sent an emerging kind of cyclic molecular system [23–25]. Fig. 1a

shows several representative examples, including hexaboracyclo-

phane 1 [26], B–N-doped cycloparaphenylene 2 [27] and block-type

B/N-doped cyclophane 3 [28], all of which possess the fully con-

jugated macrocyclic frameworks and interesting optical and elec-

tronic properties, as well as Lewis acidity. For instance, hexabora-

cyclophane 1 with 2,4,6-tris(trifluoromethyl)phenyl groups on the

boron atoms displays high electron-deficiency and extensively de-

localized lowest unoccupied molecular orbital (LUMO). In addition,

non-conjugated macrocycles with the flexible linkers have weak

structural restriction, which provides the potential to modulate in-

termolecular and intramolecular interactions and thus properties

[29]. Therefore, we would like to construct boron-containing non-

conjugated macrocycles and exploration of their fascinating struc-

tures and properties.

Herein, we report two novel organoborane cyclophanes 4 and

5, which were successfully synthesized by ruthenium-catalyzed

olefin metathesis. They are composed of one/two boron-doped he-

licene π-skeletons and flexible alkyl chain linkers, thus represent-

ing a new kind of non-conjugated organoborane macrocycles. Their

cyclic structures and photophysical properties, as well as Lewis
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Fig. 1. (a) Typical examples of previously reported conjugated organoborane macro-

cycles (1–3). (b) Chemical structures of organoborane cyclophanes (4 and 5) in this

work.

Scheme 1. Synthesis of organoborane cyclophanes 4 and 5.

acidity were theoretically and experimentally investigated. Notably,

two enantiomers in one single crystal are observed for organobo-

rane 4, owning to the presence of helical π-framework in its cyclic

structure. Moreover, their Lewis acid-base adducts may dissociate

in the excited state and thus display intriguing photo-responsive

fluorescence properties, which can be further modulated by tem-

perature.

In conceiving the synthesis of organoborane cyclophanes, we

envisioned that dibromo-containing conjugated organoborane are

very crucial to construct macrocyclic structure [29]. Thus, we opted

for a stable B-doped helicene as this key building block, which has

been first reported by Schickedanz’s group [30] and Miyamoto’s

group [31], respectively. In the previous report, bromination of

this molecule occurred at the central benzene ring of the bay re-

gion, affording a mono-brominated derivative [30]. To block this

bromination mode and obtain double bromination, we first incor-

porate a t-butyl group into this B-doped helicene (Scheme 1). Us-

ing Hatakeyama’s synthetic method, we successfully synthesized

6 in 30% yield. Bromination of 6 with N-bromosuccinimide (NBS)

produced the key dibrominated product 7 in 52% yield, which was

subsequently used to perform the Suzuki–Miyaura cross-coupling

with 8, affording the precursor 9 in good yield. Finally, the ruthe-

nium catalyzed olefin metathesis of 9 produced organoborane cy-

clophanes 4 and 5 containing one or two B-doped helicene moi-

eties in moderate yields, respectively. Their chemical structures

were fully characterized by NMR spectroscopy and high-resolution

mass spectrometry (HRMS). The HRMS spectra of 4 and 5 show

Fig. 2. Single-crystal structures of (a) 4-P and (b) 4-M. Hydrogen atoms are re-

moved for clarity. (c) Packing structures of 4, in which two enantiomers 4-P and

4-M are shown in green and orange, respectively.

the clear isotopic distributions, which agree well with their simu-

lated patterns, thus confirming their molecular formulas (Fig. S1 in

Supporting information).

The single crystals of organoborane 4 suitable for X-ray crys-

tallographic analysis were fortunately grown by vapor diffusion

of n-heptane into its CH2Cl2 solution. As shown in Fig. 2, two

enantiomers 4-P and 4-M with the 1:1 ratio in its crystal struc-

ture are observable, which are due to the presence of cove region

in the B-doped π-skeleton. Both of them exhibit the macrocyclic

structures with the dihedral angle of 28.1° for two terminal six-

membered rings in the cove region of B-doped π-skeleton. The B–

C bond lengths are in the range of 1.539–1.561 Å, which are com-

parable to that of the pristine B-doped helicene. This comparison

suggests that there is negligible strain in the macrocycle with the

flexible linker. In the packing structure, two enantiomers 4-P and

4-M form one dimer with an upside-down arrangement via the

weak intermolecular C–H�π interactions, which further stack into

tube-type 1D structures (Fig. S2 in Supporting information). There

are no π–π interactions in the molecular packing structure. For

organoborane 5, we could not obtain its single crystals for struc-

tural analysis after performing various conditions.

Fig. 3a shows the UV-vis absorption spectra and fluorescence

spectra of macrocycles 4 and 5 in toluene solutions and neat

films (Table 1). In the solutions, 4 and 5 exhibit similar absorption

and fluorescence spectra, with the main absorption band (λabs) at

481nm and fluorescence maximum (λem) of ca. 510nm. In thin

films, while the absorption curves are slightly red-shifted, the flu-

orescence spectra are significantly broadened and red-shifted with

the λem of 539nm for 4 and 545nm for 5. The fluorescence quan-

tum yields (ΦF) of their solutions and films are 0.67/0.16 for 4 and

0.70/0.50 for 5. These spectral changes are attributed to the molec-

ular aggregation in the film state. From solution to film, in com-

parison to 4, 5 has the moderately decreased ΦF, indicating that

the macrocyclic modes impact on the emission properties of non-

conjugated macrocycles. Their fluorescence spectra in various solu-

tions show the small solvent effects (Figs. S3 and S4, and Tables S1

and S2 in Supporting information).

To illustrate the absorption spectra of 4 and 5, we performed

time-dependent density functional theory (TD-DFT) calculations at

the B3LYP/6–311G(d) level (Fig. 3b and Figs. S9–S11 in Supporting

information). The flexible linkers of 5 are simplified to six-carbon

alkylenes for calculation (Tables S3 and S4 in Supporting informa-

tion). The calculated molecular orbitals for 4 and 5′ are fully de-

localized on the B-doped helicene. For 4, the intense absorption is

attributed to the HOMO→LUMO transition, accompanied with the

calculated wavelength of 477nm and oscillator strength of 0.4677.
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Table 1

Summary of photophysical properties and Lewis acidity of 4 and 5.

λabs (nm) a ԑmax (L mol–1 cm–1) a λem (nm) a Φem
a λabs (nm) b λem (nm) b Φem

b K (×105) c

4 481/333 4.03×104 511 0.67 488/334 539 0.16 5.55± 0.20

5 481/334 6.67× 104 512 0.70 487/334 545 0.50 7.0± 0.77, 3.50± 0.11

a Measured in toluene solution.
b Measured in thin film.
c The binding constant of 4/5 toward DMAP.

Fig. 3. (a) UV–vis absorption (black) and fluorescence spectra (red) of 4 and 5. (b)

Selected Kohn–Sham molecular orbitals and energy diagrams of 4 and 5′ calcu-

lated at the B3LYP/6-311G(d) level, along with theoretical wavelengths and oscil-

lator strengths.

For 5, the absorption band is ascribed to the HOMO→LUMO+1

and HOMO–1→LUMO transitions with the similar wavelength but

higher oscillator strength. These calculated absorption parameters

agree well with their experimental absorption spectra.

To evaluate the Lewis acidity of these organoborane cyclo-

phanes, we carried out titration experiments and monitored the

coordination process using UV-vis absorption and fluorescence

spectroscopies. Upon addition of tetrabutylammonium fluoride

(TBAF) to the THF solution of 4, while the absorption band at

481nm for 4 gradually decreased, a new absorption band at

350nm appeared and increased (Fig. 4). In the fluorescence spec-

tra, the gradual decreases and final disappearance of the emission

band around 515nm for 4 were observed. These spectral changes

suggest the formation of 4·TBAF due to the Lewis acid-base co-

ordination between 4 and TABF. The low fluorescence intensity of

4·TBAF is probably due to its inhibited conjugation and ionic struc-

ture. The binding constant is estimated to be k= (6.95±0.97)×106

(Fig. S6 in Supporting information). When adding a weaker Lewis

base, 4-dimethylaminopyridine (DMAP), the solution of 4 exhib-

ited the similar absorption spectral changes, confirming the bind-

ing constant of k= (5.55±0.20)×105 (Fig. S7 in Supporting in-

formation). Notably, the fluorescence spectra changed in a dif-

ferent progress, in which the emission band around 515nm for

4 gradually decreased and the fluorescence band around 420nm

for 4·DMAP slowly enhanced, leading to a remarkable dual fluo-

rescence. For 5, the absorption and fluorescence spectral changes

Fig. 4. Titrations of 4 in THF (1×10–5 mol/L) with TABF and DMAP monitored by

UV-vis absorption (a, c) and fluorescence spectroscopies (b, d).

were similar to that of 4, respectively, and dual fluorescence

was also observed in the coordination progress based on DMAP

(Figs. S5 and S8 in Supporting information). It has been reported

that the Lewis acid-base adducts with modest coordination abil-

ity could undergo photodissociation in the excited state to achieve

photochromism properties [19,20]. Hence, similar photodissocia-

tion behavior should occur for the Lewis adducts based on these

organoborane cyclophanes.

To gain insight into the photodissociation behavior of the Lewis

adducts, we measured temperature-dependent absorption and flu-

orescence spectra and time-resolved fluorescence spectra of 4 in

the presence of excess DMAP. As shown in Fig. 5a, at 253K,

the absorption spectrum with the band at 350nm fully origi-

nated from 4·DMAP. With increasing the temperature to 333K,

a small amount of 4·DMAP in solution dissociated, accompanied

with the appearance of the absorption band for 4. In the fluores-

cence spectrum at 253K, two intensive emission bands around 515

and 420nm were shown, which are ascribed to 4·DMAP and 4, re-

spectively (Fig. 5b). When enhancing the temperature, the emis-

sion band of 4·DMAP significantly decreased, whereas the fluo-

rescence band of 4 greatly intensified. These changes demonstrate

that high temperature can facilitate the Lewis adducts to disso-

ciate upon photo stimuli. Fig. 5c exhibits the time-resolved fluo-

rescence spectra. After photo excitation, the weak emission bands

around 420nm for 4·DMAP and 515nm for 4 simultaneously ap-

peared. Subsequently, while the short-wavelength emission started

to weaken and disappeared completely, the long-wavelength emis-

sion obviously increased and persisted for several nanoseconds. All

of these results reveal that photoexcitation promotes 4·DMAP to

partially dissociate into 4∗ in the excited state, thus producing the

dual fluorescence from both of 4·DMAP∗ and 4∗ (Fig. 5d) [19,20].

In conclusion, we synthesized two organoborane cyclophanes 4

and 5 by ruthenium-catalyzed olefin metathesis, which are com-

posed of one/two boron-doped helicene π-skeletons and flexible

alkyl chain linkers. We fully investigated their cyclic structures

and photophysical properties, as well as Lewis acidity. Notably,
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Fig. 5. Temperature-dependent (a) UV-vis absorption and (b) fluorescence spectra

(λex =350nm), as well as (c) time-resolved fluorescence spectra (λex =370nm) of 4

(1.0×10–5 mol/L) in the presence of excess DMAP (2.0×10–4 mol/L). (d) Schematic

illustration of the photodissociation of 4·DMAP.

organoborane 4 possesses two enantiomers in one single crystal,

owning to the presence of helical π-framework in its cyclic struc-

ture. Moreover, their Lewis acid-base adducts based on DMAP may

dissociate in the excited state and thus display intriguing photo-

responsive fluorescence properties, which can be further modu-

lated by temperature. This study thus provides a novel design

strategy for non-conjugated organoborane macrocycles, which will

promote the development of stimuli-responsive macrocyclic mate-

rials with fascinating properties.
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