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Design, Synthesis and Properties of Azulene—Based BN-[4]Helicenes™
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Abstract Azulene is a nonalternant and nonbenzenoid hydrocarbon with bright blue color and a dipole moment of 1.08 D,
and has received increasing attention due to its unique electronic structure and physicochemical properties. Herein, we report
the design and synthesis of two types of azulene-based [4]helicene 1a/1b and 2 that contain isoelectronic B—N and C=C
units at the electron-rich 1-position of azulene unit, respectively. Formation of the helical scaffolds is executed by the intro-
duction of boron and alkyne to flexible biaryl precursors, where the Lewis acidic boron and alkyne were employed as “glue”
to join two subunits into fully fused scaffolds via electrophilic boronation and platinum-catalyzed cycloisomerization of al-
kyne at the 1-position of azulene unit, respectively. All of azulene-based helicenes were investigated by ultraviolet visible
(UV-vis) absorption spectra, cyclic voltammetry (CV) measurements and density functional theory (DFT) calculations. Addi-
tionally, 1a was further characterized by single crystal structure analysis. The results suggest that the introduction of B—N
unit changed the electronic structure of the conjugated aromatic framework, leading to a narrow HOMO-LUMO gap. More-
over, the B—N unit also affects the aromaticity of the n-system as revealed by nucleus-independent chemical shift (NICS) via
time-dependent density functional theory (TD-DFT) calculation. The single crystal structure analysis demonstrates that 1a
has a helically twisted framework and Plus (P)/Minus (M) enantiomers. However, the Gibbs activation energy (AG*(7)) of the
enantiomerization at room temperature is too low to separate two enantiomers by chiral high performance liquid chromatog-
raphy (HPLC). Furthermore, the B—N unit exhibits partial double bond character and the BN-containing six-membered ring
shows weak aromaticity. 1a with a phenyl group exhibits the deboronization upon addition of trifluoroacetic acid (TFA) as
well as a specific sensing behavior to fluoride ion. However, 1b shows no deboronization upon addition of TFA and no sens-
ing behavior to fluoride ion due to its steric hindered mesityl (Mes) group, but has a reversible stimuli-responsiveness with
acid and base, this proton-responsiveness is similar to all-carbon analogue 2.
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Scheme 1  Synthesis routes of azulene-embedded helicenes 1a/1b and 2
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Figure 2 Crystal structure of 1a (hydrogen atoms are omitted): (a) top
view, (b) side view, and (c) packing diagrams (red: M enantiomer; blue: P
enantiomer)
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Figure 5 (a) UV-Vis absorption spectra of 1a/lb and 2 in dichloro-
methane solutions (1 X107 mol/L); (b) cyclic voltammograms of 1a/1b
and 2a in dichloromethane (0.1 mol/L Bus;NPF; as supporting electrolyte,
SCE as reference electrode, scan rate of 100 mV/s)
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Table 1 Optical, electrochemical and DFT calculations data for 1a/1b and 2

Compound Amax/M E P9V Exomo’/eV Erumo eV Enomo /eV Erumo /eV E, IV
1a 305, 332 2.66 —5.21 —2.91 —5.36 —2.30 3.06
1b 305, 332 2.67 —5.26 —2.87 — — —
2 350 2.72 —4.96 —2.95 —5.13 —2.36 2.77

“ Estimated from the onset absorption Aynser; ? calculated from Egomo=—4.80— E;’;‘S“ /Er“e"‘fc‘ (calibration by ferrocene); ¢ estimated from DFT calculations.
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Figure 6 (a) UV-Vis absorption spectra and colour change of 1b during
protonation and deprotonation in dichloromethane solutions; (b) UV-Vis
absorption spectra and colour change of 2 during protonation and depro-
tonation in dichloromethane solutions
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Figure 7 (a) UV-Vis absorption spectra and colour change of 1a after
addition of tetrabutylammonium salts TBAX of different anions
(ntpax/n1a=10) in dichloromethane solutions; (b) UV-Vis absorption
spectra and colour change of 1b after addition of tetrabutylammonium
salts TBAX of different anions (ntpax/n1n=10) in dichloromethane solu-
tions
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1,3,2- W 5 (S3) Ml fT 1-9R 25 -2~k = 4 PV Ttk s i
(S6)SRR 4 SR E T kB AR 3.

1-(B-2-F5)Z5-2-1%(S4): 200 mL Schlenk i HH & 74
NEEY 83 (1.02 g, 4 mmol), L&Y S2 (1.07g, 4.8
mmol), Pd(OAc), (27 mg, 0.12 mmol), 2-B I 3 fB-
2',6'- — H 4 LB K (Sphos) (99 mg, 0.24 mmol), K,COs
(1.66 g, 12 mmol), ##E =K, ZAHE TMA 24
mL 52 USRI (THE) A 6 mL B RIK, Hi3E T THR
%80 ‘C/ME 10 h. P45 JE R S SFI 20 mL 7K
o, EtOAc A H(20 mL X 3), & A HUAH, FHEMEILE
WV, JoK TR BR BN T, W48 5 AT 2 A (Vi Tk
(PE)) : (EtOAc)=10 : 1), 7 AR AE K 656 mg,
P2 61%. mp. 148.4~149.8 ‘C; '"H NMR (400 MHz,
Chloroform-d) J: 8.39 (d, /=9.4 Hz, 2H), 7.76 (dd, J=
8.0, 0.8 Hz, 1H), 7.74 (d, J=8.8 Hz, 1H), 7.68~7.60 (m,
2H), 7.55 (s, 2H), 7.32~7.22 (m, 4H), 7.08 (d, J=8.7 Hz,
1H), 3.94 (s, 2H). 3C NMR (101 MHz, Chloroform-d) J:
147.18, 141.45, 140.75, 136.76, 135.92, 133.49, 129.17,
128.00, 127.92, 126.44, 124.50, 123.49, 122.29, 119.64,
118.11, 116.10. HRMS (EI) (m/z): M" caled for CaoHjsN
269.1192, found 269.1199.

8- IR FE-7.8- AU B [1,2-c] FE[1,2-€][1,2] % 4% Wl s
(1a): 10 mL HEH AL A S4 (220 mg, 0.82 mmol),
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AR =R, FERAMA 3 mL 8148 &K, &
K=2Z8%(165 mg, 1.63 mmol), PhBCl, (260 mg, 1.63
mmol), ZEiEHFE 10 min, 85 FHEZE 180 C/M 12 h.
SNAR ZPE 2 I a4 RS EIN 20 mL K H, EtOAc
(10 mLX3), FIFANAH, FHEMEINE R
vk, KRB T4, W46 )54 E T (V(PE) @ V(EtOAC)
=20 : 1), /rERBIGEAREK 230 mg, & 79%. m.p.
154.2~155.3 ‘C; '"H NMR (600 MHz, Methylene Chlo-
ride-dy) J: 9.41 (d, J=8.4 Hz, 1H), 8.92 (d, J=9.0 Hz,
1H), 8.73 (s, 1H), 8.63 (d, J=10.2 Hz, 1H), 8.03~7.90
(m, 5H), 7.80 (td, J=7.2, 1.2 Hz, 1H), 7.63 (td, J=9.6, 0.6
Hz, 1H), 7.61~7.51 (m, 5H), 7.41 (t, J=9.6 Hz, 1H), 7.28
(t, J=9.6 Hz, 1H). 3C NMR (101 MHz, Methylene Chlo-
ride-d») 5: 151.68, 146.52, 144.46, 140.00, 136.06, 135.82,
135.59, 132.79, 132.77, 132.42, 130.25, 130.23, 128.98,
128.47, 128.26, 127.32, 126.17, 125.57, 123.99, 120.77,
117.68, 115.16. "B NMR (128 MHz, Chloroform-d) o:
36.26. HRMS (DART) (m/z): (M + H) "
Ca6H1oN'"B 355.1638, found 355.1641.
8-(2,4,6- = H K 2K ) H: -7.8- = Al B [1,2-c] %%
[1,2-e][1,21&Z4(1b): 10 mL HEF AL &Y S4
(160 mg, 0.59 mmol), R T=1K, ZRE FIMA 3
mL H T ZEK, BK=M (120 mg, 1.19 mmol),
BCl; (1.0 mol/L HIX —FZE¥EW, 1.2 mL, 1.19 mmol),
FEIRPEFE 10 min, REHEE 180 CRM 12hEHEEE
I8, M MesMgBr (1.0 mol/L [¥] THF ¥, 2.97 mL,
2.97 mmol), 60 C it R, 4R G B K3 KRN,
EtOAc FH(10 mLX3), AIHA A, FHMEMEILH
WL s, KBBR8, W% 542 T (V(PE) :
V(EtOAC)=20 : 1), /B3 B2 A lE & 178 mg, 723
75%. m.p. 196.9~197.7 °‘C; 'H NMR (600 MHz, Meth-
ylene Chloride-ds) 0: 9.45 (d, J=8.4 Hz, 1H), 8.75 (s, 1H),
8.64 (d, J=10.2 Hz, 1H), 8.38 (d, J=9.0 Hz, 1H), 8.00 (d,
J=7.8 Hz, 1H), 7.98 (s, 1H), 7.95 (d, J=8.4 Hz, 1H), 7.81
(td, J=7.8, 1.2 Hz, 1H), 7.60 (t, J=9.6 Hz, 1H), 7.57 (t,
J=7.2 Hz, 1H), 7.52 (d, J=9.0 Hz, 1H), 7.40 (t, J=9.6
Hz, 1H), 7.21 (t, J=9.6 Hz, 1H), 7.03 (s, 2H), 2.43 (s, 3H),
2.20 (s, 6H). 3C NMR (101 MHz, Methylene Chloride-d,)
5: 151.18, 146.88, 144.47, 140.33, 139.98, 137.55, 135.97,
135.51, 134.71, 132.57, 130.18, 130.05, 130.04, 128.98,
128.96, 127.47, 127.32, 126.38, 125.53, 125.46, 123.92,
120.93, 117.50, 115.18, 22.38, 21.14. "B NMR (128 MHz,
Chloroform-d) d: 37.36. HRMS (DART) (m/z): (M+H)"
calcd for CooHpsN''B 397.2108, found 397.2111.
1-1R-2-(3F-1-K-1-35)25(S7): 25 mL M BRI
AL &) S6 (2.9 g, 8.17 mmol), Cul (155 mg, 0.82
mmol), Pd(PPh;),Cl, (286 mg, 0.41 mmol), fh#ZE <=
W, BAAEP TN 20 mL /K NN-—F 5 2%

caled for
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(DIEPA), 20 mL JE7K N,N-— F I F i i (DMF) % 1-2F %k
(2.5 mL, 16.33 mmol). =R 12 h. JRNEEHfE
F R B EI 200 mL 7K, EtOAc ZEHU(50 mL X 3), &
FHAEHUAH, FEH MR S AANTE R TR, TR BREREN T4,
WAR G LA PE NIEIFIAEENT, 4 B49 23R 3 (iR
2.5 g, % 97%. 'H NMR (400 MHz, Chloroform-d) J:
8.27 (d, J=8.8 Hz, 1H), 7.77 (d, J=8.0 Hz, 1H), 7.70 (d,
J=8.4 Hz, 1H), 7.58 (ddd, J=84, 6.8, 1.2 Hz, 1H),
7.52~7.44 (m, 2H), 2.52 (t, J=6.8 Hz, 2H), 1.68 (p, J=
6.8 Hz, 2H), 1.61~1.49 (m, 2H), 1.40~1.32 (m, 4H), 0.92
(t, J/=6.8 Hz, 3H). '*C NMR (101 MHz, Chloroform-d) &:
133.31, 132.22, 129.35, 128.09, 127.69, 127.27, 126.71,
125.90, 124.19, 96.62, 80.70, 31.39, 28.61, 28.58, 22.61,
19.78, 14.10. HRMS (EI) (m/z): M" caled for CigH oBr
314.0668, found 314.0665.

1-(B-2-38)-2-(3-1-F-1-F5)Z5(S8): 10 mL FHEH
WUINNAL S0 ST (40 mg, 0.13 mmol), L& S3 (38.7
mg, 0.15 mmol), Pd(PPh3)s (7.3 mg, 0.006 mmol)#ll
K>CO; (52.7 mg, 0.38 mmol), f#HE =K, AR
T 2 mL # 7 THF A1 0.5 mL BREIK, HtHE T FHE
%80 ‘C/ME 10 h. R PEEE o JE R R BSEEIA 10 mL 7K
o, EtOAc AH0(10 mL X 3), & 3FAHUAH, 3 HAMmAEL
NI, TOKIRIREN T8, WR4F 500 PE Bl
FEENT, > B33 AHCRY 40 mg, 77%R 87%. 'H
NMR (400 MHz, Chloroform-d) d: 8.35 (d, J=9.6 Hz,
2H), 7.85 (d, J=8.4 Hz, 1H), 7.83 (d, J=8.2 Hz, 1H), 7.77
(d, J=8.4 Hz, 1H), 7.62 (s, 2H), 7.58 (t, J=8.4 Hz, 2H),
7.44 (td, J=6.8, 1.2 Hz, 1H), 7.35 (td, J=8.2, 6.8, 1.2 Hz,
1H), 7.19 (t, J=9.6 Hz, 2H), 2.20 (t, J=6.8 Hz, 2H), 1.31
(p, J=6.8 Hz, 2H), 1.11~0.98 (m, 6H), 0.78 (t, J=6.8
Hz, 3H). 3C NMR (101 MHz, Chloroform-d) J: 148.69,
139.85, 138.70, 136.65, 136.13, 132.73, 132.12, 129.23,
127.87, 127.48, 126.89, 126.38, 125.97, 123.04, 121.17,
120.48, 93.93, 81.24, 31.34, 28.42, 28.31, 22.40, 19.59,
14.08. HRMS (EI) (m/z): M" caled for CosHae 362.2024,
found 362.2029.

8-1F LB [1,2-¢]3E(2): 10 mL & PR AINALL
41 S8 (40 mg, 0.11 mmol), PtCl, (2.9 mg, 0.01 mmol),
A S =R, BRI 2 mL K2R, FHE
2100 CRIL7h, I ERHKEKRRIL, EtOAc FHL
(10 mLX3), &IA YR, H A0S B8 3 B0 %,
ToKBRER T4, 455 LA PE NIRILAIFEEMT, 25
BRSO EE 25 mg, 773 63%. m.p. 97.3~98.3 C; 'H
NMR (600 MHz, Chloroform-d) J: 9.45 (d, J=8.4 Hz,
1H), 8.87 (d, J=9.6 Hz, 1H), 8.75 (s, 1H), 8.40 (d, J=
10.2 Hz, 1H), 8.03 (dd, J=7.2, 0.6 Hz, 1H), 7.96~7.89
(m, 2H), 7.81 (td, J=7.2, 1.2 Hz, 1H), 7.75 (s, 1H), 7.65
(td, J=7.2, 1.2 Hz, 1H), 7.49 (dd, J=9.6, 0.6 Hz, 1H),
7.30 (dd, J=9.6, 0.6 Hz, 1H), 7.13 (dd, J=10.2, 9.6 Hz,
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1H), 3.55 (t, J=7.8 Hz, 2H), 2.03 (p, J=7.8 Hz, 2H), 1.62
(p, J=7.8 Hz, 2H), 1.48~1.35 (m, 4H), 0.95 (t, J=7.2
Hz, 3H). 3C NMR (101 MHz, Chloroform-d) &: 140.99,
140.28, 138.78, 138.24, 136.75, 135.44, 133.34, 132.89,
132.56, 131.62, 128.72, 128.03, 127.35, 127.30, 126.62,
126.47, 125.30, 124.90, 127.88, 123.44, 122.23, 118.04,
35.91,31.81,29.71, 29.07, 22.69, 14.13. HRMS (EI) (m/2):
M" caled for CagHas 362.2025, found 362.2029.
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