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Syntheses and Properties of Heteroatom-Doped
Conjugated Nanohoops

Zhang, Huijun® Lin, Jianbin**
(“ College of Chemistry and Chemical Engineering, Xiamen University, Xiamen 361005)

Abstract As structural models for carbon nanotube segments, radially conjugated carbon nanohoops have received much
attention from chemists, which led to a series of bottom-up synthetic strategies. However, most of these nanohoops are com-
posed only of benzene and simple polyaromatic hydrocarbon moieties. Modulation of the optoelectronic properties is mainly
dependent on the variation of ring size, which greatly limits the functional development and application of conjugated nano-
hoops. In recent years, syntheses and property study of heteroatom-doped carbon nanohoops have become a new research
hotspot. The design, synthesis and properties of conjugated nanohoops involving heterocyclic subunits such as pyridine, thio-
phene, furan, carbazole, benzothiadiazole, chrysenylene, 1,2-azaborine heterocycle, diketopyrrolopyrrole, porphyrin, perylene
diimide, and naphthodithiophene diimide, etc. are reviewed. Most of these nanohoops have special topological structures. The
introduction of heteroatoms not only significantly improves their optoelectronic properties, but also regulates their assembly,
leading to new skeletons for multifunctional supramolecular systems and organic materials.

Keywords carbon nanohoops; radial conjugation; aromatic heterocycle; heteroatom-doping
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23%)EARIRZ. R T Pt A1 Au &JE AN, Ni &JRfE
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AR 138 TRV B 32 2215 2 4 % AR PF[10]CPP
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Sa). flfITH Suzuki B ANCKE L BB Ol REIG, 2,2
BRI e 5 R PR R, AR5 P4 D5 M A RO A5 3] 5.
ZANK IR R T 52 [ 18]CPP JLFHIE(BAZ 2.5
nm), FEEAMRBCRISE S KRS CPP AR 2
AR fEE, 2,2 BRI RE BT I 5] N Z 9K B K
AR R, S B AN 5 4 SR AL T E I (1) [14,4]CPPy 5 #:
PR S N S AR 5 5 e e 1E S AR SE RN AT R, N
= LR AR TR R G (2) [14,4]CPPy &[5
PA(IDACAHL. B J5, Jasti SECSIFERR O 0 05 #4940 SRIK L Al
B kR T DL R SR I e A B R 8 B
(Yamamoto fHI) I HE IS IRIIHT A& BT (B 5b),
AT RN [ RS & Bemt e e 9K 3R, DLE A 2,2
AL BE 55 76 I [81CPP 244 9 45, 5 PA(ID) A1 Ru(Il)
FIT T AT C & 4 LA IR 1 [l 25 45 0 B e BRI, Bl
wi: (1) PA(9)2(BFa), BLEHH X 54 5 fb 25 F R B AN
YRR T 2, AHARIEmE SRR HLES M LA K2 6°; (2)
KIE 9 [ BT S5 [8]1CPP Z A k(345 nm vs 340
nm), {H 4@ Be A B far i # A L Ru e &40 1) 58 S MO e
i 22 T HY B B A L0 H4(425~575 nm). % LAFUERE T &
SR SIS T SN (B SE R U NI P S €]
B R AT BB 4y R T [ 2SR ) A T 4R -
i A 2 25 4

2015 4, Jasti ZEPOIDLA IH e 3 11 PR 2 0 A SR T
1K, RIETHERIBI CPP BB (A Sc), M)

AR, W =R Z4[8]CPP 13a~13c¢. fhAi 1R I FI A&
JR T GRR IR G R o R[] A4 R 4 4 S5 R i)
B, AR RE BT AL S RT 1S BB “ AR -2 1k
YRIR” | FLAE AT WG X PR R S 4 o, L SR UE
R RBEEE 0.5 V(EE 1). 1A, kedE b WE 24 [8]CPP
([13b-Me]OTh) 73 F 18] I 45— 52 A4 F DA K s AR Al A2
LR RMER, L 4k T2, Rt — S
B A IR E (1) = 4E 4544, 5 [8]CPP A& 2% [8]CPP
) [ A HERR GG, [F)4F, Kamat SEPOSRAE 75 X
K Z4[8]CPP [P = EMAS, Hit—Liem i
YRR AR H UK, TUR T & Mkie o 4R IR AL K
DTN FH Y ). B, Jasti Z5BUEF) I SEA SR & i
T B Z4[6]CPP 13d. 13d (—2.18) /i8R HL AL 13a (—
239 0.21 'V, BRI/ N RGTA R TR LUMO fE
. 1 N-FE% Z4[6]CPP([13d-Me]OThH] LUMO fit4
B2 R EKT[6]CPP Al 13d(F 1). ik, Jasti ZE0B25]
Suzuki BRSO IRTTE 14 5 2,6- HILIEE
TR G A, R T 2,6-MERE RS T 4K ER
17(F 5d). ZGOKI BA B8R I %6 K $H(509 nm, dp=
0.14), T 2,5-~HURnLme £ 0 & [6]CPP(13d) U A
AE RS . A AT T iZ K 3R Hp ki 25 e 1R A7 K
N, R PE S BB A SRS, R R Y S
PRI R ST IR L2,

Bk T ERE A 2,2 - BRI e LAAN, 554 BB A A —
BIAEFE TSI NGKIR. 2018 45, MXREBIEFIR A
T T KA SRS DL SRR v, DAAR 3R 05 S R I
19 FI¥A O IRATAY) Na oA IA, SRk i— 288
R BE L 2 LA 5T 22(1 6). X LR B b 45 K 2 BT AIE
T IRIGEE I LR GORIA S S i 5. 2
W B S5 RIE R AR IR 2 84 =114 351 kI/mol (1]
FHNAEIEN nn M EAEH, 2R B TR B
IER VAL PSS
2.2 BEM, BRIEIANEF R TS IR IR IR

R BB e 50 5] N L HIGNR IR I A e B3
SN AN K IR 1 H P o 5 A 2, (R o e 5

R FnEFE YUK 13a~13d ZH S AT S 6B H
Table 1 Comparison of the photoelectric properties of 13a~13d before and after N-methylation

Entry Compound Jmax?/nm g/(Lemol 'scm™ 1) Jem/mm  Enomo®/eV Erumo’/eV
1 13a (aza[8]CPP) 345 2.8X10* 541 —5.25 —2.03
2 13b (1,15-diaza[8]CPP) 349 9.2X10* 544 —5.27 —2.08
3 13c (1,15,31-triaza[8]-CPP) 353 1.1X10* 542 —5.31 —2.15
4 [13a-Me]OTf 345 2.9X10* 598 —5.36 —2.92
5 [13b-Me2]OT1 2 350 4.9%x10* 630 —5.63 —3.07
6 13d (aza[6]CPP) 342 5.5X10* — —4.98 —2.14
7 [13d-Me]OTf 343 2.3X10* — —5.39 —2.86

@In CH,Cly; ® B3LYP/6-31g*.
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Figure 5 Synthesis of conjugated nanohoops containing pyridine or 2,2'-bipyridine moieties
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JIfi-1,4- —BRIEIR CRERTAEY) 23 NRTAE, ARG 1,3-XUk
FITIIRIE 24; SREFIF 1,3- X065 NaxS AL N
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3B IA-IE Wy FRAS B KK 25, [4]CPT 25a 1) X B4k
ARG TR WITE IS RN Cav 6T RR 1478 T 5 4
ITEAR(DYASEW hF5 10 R — 7 1), FFHWE ¢ BEER
HERR (AN TIBIAE 2.7 D). X 5[n]CPP £ KRBT
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REHERETERS, WIRhGIE IK A8 Ah i 34 7 ) 5~ TH A EE Dy
FI[n]CPP FOCHEE I S A0L. filr, =R S5E0OR A 40
KI5 T R -E Wy /A3 28 25 I [n]CP.T 27+
[n]CP,S 28 Fl[n]CP,E KK 29([& 7b, T AL EMEWY, S [0
iy, BAREK 3,4-2.06 5 WMEWy; n=3, 4). [4]CP,S 27b [
X SER A TR B, H5[4]CPT KL, Nk C4v
o R A T B A A, I H AR SREURRIRMERY. [n]CP,T Al
[n]CP,S [PEY 3 i A 5 [n]CPT 284k 38K
YRR R RIS, R AR 1 2 R A2 B B 40 %,
T RE N A A W # (26 2). 5 NBRIY A 3,4- 2075 — 4R
WEWMY BLIC I GKIA 5 5] NEWY BT AR IR AR EL, Ak
AT LIRS TE RN 5 GG A B R 28

2015 4, Wang Z557F H 1,4- — A JE-5,8- A 2547
A 30U BT AR, MR T R, ZEAEmY B 2,2'-
IERIIE Wy LT ZH A 40K PR 33a, 33b A1 34(1 7). AT
Jeil It (1E,3E)-1,4- . (4- K 35)-1,3-T M 5X R ER 2
[B) T SRR Diels-Alder(D-A) [ W DL Ji 45 H 3
th, &7 C5 HC8 RIS 4-IRRHAL T CHY 5,8-
TEZEATAEDY 30, nONRIMRAEE R M, BEERIH &R
BB BNAE 5,8- A2 2 5] N ey BT 5 HL AR
W, Bt 1,4- A ZE R IUE T AN ZEIR, BpaT e
T8y 10 J 16 NI ()T GNKER 33a, 33b 1 34.
DFT {1545 5%, 5[n]CPT 25481, My FAR s i [ fr)
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Figure 7 Synthesis of nanohoops containing five-membered heterocycles
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2 SMEYEAL ST K IR []CPT []CP2T. [n]CP2S H[n]CPE [#156 HUE G X LL
Table 2 Comparison of the optoelectronic properties of conjugated nanorings [#]CPT, [#]CP2T, [#]CP2S and [n#]CPzE containing thio-

phene or selenophene units

Entry Compound Amax/nm &/(Lemol lecm 1) Jem/mm  @p/%  Enomo“/eV Erumo?/eV

1 25a ([4]CPT) 333 (CeHin) 546 — —5.01 —1.74
2 25b ([5]CPT) 350 (CeHz) 510 — —5.00 —1.82
3 25¢ ([6]CPT) 362 (CsHiz) 488 — —4.97 —1.90
4 27a ([3]CP.T) 346 (THF) 2.4X10% 523 27 —5.04 —1.76
5 27b ([4]CP.T) 354 (THF) 37X 10 472 37 —5.13 —1.71
6 28a ([3]CP2S) 365 (THF) 2.1X10% 560 8 —5.01 —1.82
7 28b ([4]CP2S) 370 (THF) 2.8X10% 492 13 —5.13 —1.78
8 29 ([3]CP:E) 371 (THF) 2.7%10% 555 34 —4.61 —1.65

«B3LYP/6-31G(d).

FIRIRASE . B AI) 49a~49¢. ELHR 49a ) X T 26 5 4544

5[n]CPT AFIMIE, S RGUKRIFRFI, SAMRIK
ik SR TE R A T R, B, MATICSEH R
WS T AR IR 2,2'-BRWRIR BT 4K ER (B 7d).
TR LUy BR (1 RS e PR 22, AT 1A R T RS R
8 104 12 1 15 55 CR) LTI KEE 38 A1 39a~
39d. Hor, F2,2-IERRIE LA KR 39b (1) F AR A5 R
B, FEMEZA NHANZERN 1,4- BraUR28 B S Ik
W B TSR ) [F] — 7 Al S AH L) AR []CPP ML, R
R R 25 A 25 6 119 50 A oK B0 I SR AR I 5 9% e o 1
HRAREAR. U E R E BT R H T Sl 73k
Bt — A s -2 AR LU GIK IR, 2017 4, Wang
EPNETFAERR T — R E TR T 5T 9-2)
] ERL G IR B 25 AR — 2 AR L FE G KR 45 AT 46a, 46b([E
7e). M1 e %A H Horner-Wadsworth-Emmons (HWE)
B R NFD D-A KB, AT CL AL C4 A XUIEms i
AR IR AT AR 40, DU SCHEIA T iR S 2,7-
R T R -9- 7 T S5 46 D3 AR R R B I R D R4k, B
AT SR (AL 10416 B 24 DN 5 IR LTI GKIR. 5
[n]CPP F[n]CPT SEGKINAE], 25— SZ ARG K IR 2
HNR SO EEARALTE 340 nm A6 @ T WHEWY -+ BRAT A
KWL, JEAE 470 nm Kb — A5 1T 55 R i b, TR
J& T 9-Zi Wi HkEE n-n* WL BLAr T A2 BT Al 1
TR Sh4b, 2RI B W R R 5 s
FRPE, e 4s 7E ke R ISR TOk, MERN R
H 2R 5 .
2.3 SRS TR FHED B TR HIEAKIR

Lfai s A A L, R R Ry S5 HA T
KWFLHEF, vIERN p B4 SRR RGEOE IR %644
R B LB R F BE40). 2016 4, Suzuki 55 Yamago 2541421
N T BRAIE G R IR PN 5 DX I T R, e R T
e EL T A2 ) L BE AN K IR 49(1] 8a). Al T DA%ty Y
B RFLOBRMFEUICHY 2,7-X0(= F 345 3 ) MMy 44,
FEFHRAEIRRE A 1 B 4 AN HEIR G2 R [8]CPP
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Gy HREARAK, (HAEUE B DU AR AL T4 e K (all-antdi) (1)
MG EAaE, XS5 THEE R —5 49¢ (1A 20 H e
FIeE A 5,5- R T ERA, Hh AN AR IT g
KFFALKI, HOH NMR (Z50 —2.70)8 & 105
ik, A AITIR 8 L 4k 41 2% A [n]CPP AL 22 F8 S5 ik
A NICS fH(Z IS Z M B &R, I H 2
[n]CPP FHHEMELN K IR NICS 252k &, FB 1 sm4ims
PESRIE T 9K N B R A B AL, 5eIlT, Poriel S543-4415
FIFHZRAL A R I RS, DL 2,7- XU B e 2 R e A i
PG T B ORI DU IR 44 2K B4 [4]C-Et-Cbz(
8b, 49d), HLAHAE AN OFET 2313 2 AR 79K IR 1)
AN T 221 7. [4]C-Et-Cbz [ X 52888 5 45 K920 M7 i
YIRS 4 g A Gt g, F LI 2 7] 44 K 20 P 4
A OZYUKIAH HOMO Be AR =i(—5.17 eV), HALHEWR
HFNE S 26 10 T B KR ST 5 B 1 = 2 48—
. 5[8]CPP #Htk, [4]C-Et-Cbz ff K KSR K,
HRNEFr= . Xk i A R T HAE e s
(IR, PAHAE N p & OFET SefFRINETER, M85
HEBHRN 1.1X10 5 cm?eV les (BIEHE 24 V, THI{E
PRI 2.2 Vedec !, M HEIRTFIRLL 42X 10%. ZLIEAN
LYK IFTE OFET #344 /IR FHF 2 it 7 5%, 1E
R FRIEMEGOKIAfS, Yamago SE4SIRSR DA 3,7-W(=
AL 58 2R e My S RT AR, R0 KR SR S a1
H 4 /> 2R FEEEN (DBT)EL S,5- 4 — 2K W (DBTO)
F It B 99K IR [4]CDBT 53a 5{[4]CDBTO 53b([&l
8c). HUSTTH 5[4]CDBTO K X 5 £k B 45 ¥ o by 2%
B DY AN oAb T4 e G Godpeda s, T HL AR 3R He
4= [k SN R (anti/anti/anti) T 7 9 5. [ XA R (anti/syn/
syn) T ITEALBE 2 598 92 AT 100 kI/mol. K JR 11
WS JE T BINFEREG RIS, B9 T RIFRINIPE, PRt
HOOE 177 %(0.21 ~0.41)i% & T 24l 5% 44 K 35 [8]CPP
(0.08).

2015 4, Stepien SEHOI LA — FIRATAEY) S4a, 54b -
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O THF, reflux 0-DCB, reflux 0 O O \\
27% two steps N
) Et
Bpin 49d
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53a, 2.9%; 53b, 6.5% X
SnMe X =8, 53a, [4]CDBT Ay 337, 370 nm; Jgm: 510 nm; ¢: 21%
52 X =80y, 53b, [4]CDBTO  Amax: 337 NM; Jem: 429, 529 nm; ¢: 41%

B8 S RmeEl IR YK IR ) A B2 SI OB B 7 CHCLs il 15

Figure 8 Synthesis of carbazole- and dibenzothiophene-containing nanohoops (the spectral data were measured in CHCl3)

BEAR K B3, 383d 707 Yamamoto B SN, RN
BT A BRI KIER 55a, 55b(& 9a). HLERRT 5T R B
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Suzuki fHI6. 7T Yamamoto fHIE, PLIIEJE 7% 41k,
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PG IR ) A A R FIRNIR T - 42 i 50 H
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54a (with 2,7-carbazole groups)
54b (with 2,7-benzo[deflcarbazole groups)

2) Ni(COD),, bpy, THF/DMF, MW, 85 °C

Ni(COD),, bipy
DMF, 100 °C

1) Pd(OAc),, dppf, Ag,0, K,COs3, toluene, MW, 85 °C

55a A5 266, 363 Nm; Agy,: 465 nm; ¢: 18%
55b Amax: 319 Nm; Aem: 431 nm; ¢: 6%

-0

X= Br, 56a By(pin), PACI,(dppf)
KOACc, 1,4-dioxane

X= Bpin, 56b 110 °C

14a

58, CPPL
Amax: 357 nM; Agm: 496 nm; ¢: 36%

B9 SR al ) T AR (1 A o4 OGS Bia 2 4. CHCL H ll4S)

Figure 9 Synthesis of carbazole-containing capped and lemniscular-shaped nanohoops (the spectral data were measured in CH2Clz)

[F) 41, T G A S 94 ) 40 KA A S s ) o 1 Bk
- FRIFE AT B 9K IR TB[12]CPP 63(K 10b). X
SPGB A AL A AT R B, AELATS P A 2R e B R ) K
PV 7 AR R T i S sks e, HAFE
HERUT S [12]CPP 2R 481 4 AN 188 e T i 5N
TB[12]CPP 1) fe K MR S0 i K Al e K 9% e R AT K 5
[12]CPP AHEL 2> LT 89 A1 119 nm. [ 25 V4 77 AR 2% ) 43
K, HR B2 IR R SR 6555 nm) AR ARG
(586 nm), T H ARG EF = Z i = T8 82%. ¥ TB[12]-
CPP - HUTE 5% P IS P9 0 1 FR R, o) LR SO 2
HIEFZIAK, 2T =2 {8+ & 98%. TB[12]-
CPP (133 SRR 1) 6 2 M 53 A R - L A SR AE 9% 0 A%
FIBE W CES R N . S5al, MR 4 i &
VI SRS RIS 7 2 3 NIR IR e T 1 RS RS /N ()
TB[9]CPP 65(/& 10c). S5[9]CPP Lk, %4 F Rt KW
R K (620 nm)ZL A% 126 nm, HAE G R 9
HE T 2RI 44%. T TB[9]CPP #ill & 40K s
A EA IR (650 nm)PE G CPP Ak}, K tgE T
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5 LiAlHg [, AT EL 67%FIUSCR IS I B R 30 060 4 4%
W%, i T 60a 4 )5 44k A BT[10]CPP 61 Ji5 14 )5
HR U (16%). % T R GIK IR ] S8 Uk 2 31 05
I THAT R, RS R A G DLEAS. R AR
AR, AT Z S A R S R 42.2
kJ/mol, SR IR AE22(37.6 kI/mol)fHiT, tHij
B S A A0 P A 2R R, M7EARIR T R A AR
M) SR B BRRE 1) 25 V- 52 AR 45 7R (D-A-D) &5 1 fi
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70c, R = =-Si(hexyl);
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Figure 10 Synthesis of benzothiadiazole-containing nanohoops and bilayer nanohoops (the spectral data were measured in CH2Clz or
CHCl3)
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Figure 11 Synthesis of 1,8-diazopyrene- and chrysenedithiophene-containing nanohoops
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Figure 12 Synthesis of 1,2-azaborine heterocycle-containing nanohoops (the spectral data were measured in CH2Cl2)
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Figure 13  Synthesis of diketopyrrolopyrrole-based donor-acceptor nanohoops C-DPP
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Table 3 Comparison of the optoelectronic properties of [#]CP and [#]CPB

Entry Compound Jmax?/nm &%/(Lemol 'ecm 1) Enomo®/eV Erumo’/eV
1 87a ([3]CP) 409 2.4X10° —5.0 —24
2 87b ([4]CP) 414 3.0%X10° —5.0 —25
3 87¢ ([5]CP) 423 44X10° —5.0 —24
4 89a ([3]CPB) 435 2.8X 105 —5.0 —23
5 89b ([4]CPB) 430 43X 10° —51 —23
6 89¢ ([5]CPB) 428 75X 10° —51 —22
7 89d ([6]CPB) 427 1.2X10° —5.1 —2.2

@In CH,Cl,. ®» B3LYP/6-31G* (or with LANL2DZ for Ni).

2019 4F, Meyer Al Delius SR IR & M AT A
WK R L S5 IR (ZE B IR SR meso A7 £33 5 7
AN AN IR T RPN K IR (] CPT 94 [#]CPTN 95
FI[n]CPTA 96 (n=2, 3)( 14c). [2]CPT s 1% R4 4K IR
HORST BN, AR BE K200 256 kI/mol. [,
[2]CPT () HOMO-LUMO fetk 7%= 5 H B M L i,
HILAEAT W6 X W e B B 4. [2]CPT B &
EMHANZE(ER 1.3 nm), TAEHN—A Co 70T,
ZEAHBGEE 108 Lemol . BAYH S5 EIR Ceo SE
bR _E AT oK ER 2 i RO R lE 7. 534k, [2]CPTN Al
Coo IS5 G H A S [2]CPT M A, 22 RS 2RURI[10]CPP
5 Ceo 464U 100 i, VX RGKA A EH T E
B U 1) X 3 B B 20 S
3.3 EIETEATERL B TR HERAKIR

JE R RE(FIFR PDI) 2 —K 5 THB10. faE
PER . SR RIDE MR 7, R BT
PRI ORI B T A HDGRER AR AL . 2015 4F,
Nuckolls. Steigerwald. Ng 1 % i kS5 O2H] 2 ORIE
G HCT PDI. ZRIFFIEWN) 05 B 1 91°K3E cPBPB
99(& 15a), FLHEHKIL cPBPB H & RiGHIM %, HF
PER MRS N TEAR S 5 M LG4, JR 2, A T4k 4
B RFRSEIE A i T PDI FIZEIRAE B 4K IR Py
100(& 15b)163L XFIX PR KFA ki, PDI o) 5] A ff
WSO T i AN T DL DXL I P R MR A SR P A
b, ILHERI RO LIEA B, mHSIA PDI
BAICIEA R TR SO K IR 1) R4 A AR PR, [
ICEET2 PDI GoKER )48 (1)1 FL 3 11 Bt v T AH B
(2 AR SR P a AF 0304, Jeiln, AT T3de FH 2R 7 v Bk
T E T PDL 4KAT BT KFR 101a, 101b( &
15¢)1IF1 5 PDI-ME Wy Jk 7T (1) 1 2= R IR ZE T KFR 102a,
102b(E 14d)10, FEHF AL T IX L5y 775 PR AR P R
N LR AR AR R R

4 RIS ILIARIE
S, TRAKIR AR5 PRI 45— 21

He 20 B A BRI M, BRI AR T 26 Py 240 5 34
[ HERL. TEGKIAE 22 b 5] N FHesN e 3 uf 4
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FAUREAT T BB SUCL AT AR F 15N 2
2 (1 R S R a1 ol a1 e &3 711 P
F L P B g ZH BRI R PR Sy iR, RIOAH AT 05 A bR 2
JCIA I T A 2 B, 1 B #iFE, (HiX2R5E 4 i
BRI T IO B KR 1 AR D . FERRIRER
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A 215 1 3 ik 5 SR B XA 501 i T 45 4 (] 16a)
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