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A direct copper-catalyzed highly chemoselective a-amination is described. Acylpyrazole proved to be a highly

efficient enolate precursor of a carboxylic acid oxidation state substrate, while pre-activation by a stoichiometric

amount of strong base has been used in catalytic a-aminations. The simultaneous activation of both coupling

partners, enolization and metal nitrenoid formation, was crucial for obtaining the product and wide functional group

compatibility highlighted the mildness of the present catalysis. The bidentate coordination mode was amenable to

highly chemoselective activation over ketone and much more acidic nitroalkyl functionality.

Introduction

a -Amino acids are widely used as biologically
active molecules and building blocks in synthetic
organic chemistry. Peptide-based drugs have attracted
increased attention due to their low number of side
effects, and replacement of natural a-amino acid
residues with unnatural residues improves their
pharmacokinetics and bioactivity.! Therefore, extensive
efforts are focused on developing an efficient synthesis
of unnatural a-amino acids.” Most of the earlier
methodologies, however, rely on carbon-carbon bond
formation, as exemplified by the Strecker type reaction®
and alkylation of glycine derivatives.! Alternatively, a
-amination of carboxylic acid oxidation state substrates
is considered a straightforward method.” Especially, a
carbon framework construction followed by late-stage
a -amination is advantageous for highly complex a
-amino acid synthesis.® While catalytic a -amination
reactions have been investigated for decades, readily
enolizable lower oxidation state substrates, such as
aldehydes and ketones, are mostly used as carbonyl
donors.

Catalytic deprotonative activation of carboxylic acid

oxidation state pronucleophiles and subsequent coupling
with electrophiles remains a particularly formidable
task due to the intrinsic low acidity of a -protons.
Consequently, pre-activation strategies with ketene silyl
acetals are generally used. Even when using ketene

silyl acetals, however, catalytic a -amination is fairly

a) Catalytic a-Amination of Pre-Activated Ketene Silyl Acetals’a-¢

R23Si « catalyst 0
o L . )K(R
R
R1o)\p\‘ IN]
ketene silyl acetals "N" = aminating agent
b) Catalytic a-Amination of a-Aryl Ester Derivatives7h
Q catalyst Q

R3J‘\( Ar 4 NG - . RSJ Ar

H [N]

acyloxazolidinones, esters "N" = aminating agent

c) Chemoselective and Late-Stage a-Amination of Acylpyrazoles (This work)
(e}

4
% ‘NJK(R + Phl
\R H

acylpyrazoles
(R4# Ar)

talyst 2
catalys N Re

=Nl ——> __g4 ‘NJK(
ﬁﬁk NHTs

m Highly chemoselective

B Late-stage a-aminaiton

Scheme 1. Catalytic a-Amination of Carboxylic Acid
Oxidation State Substrates



rare despite a number of precedents of nucleophilic
addition to polar electrophiles, such as aldehydes,
imines and electron-deficient olefins (Scheme 1-a).
Although the pre-activation strategy is highly efficient
for synthesizing simple a-amino acids, late-stage a
-amination of complex molecules possessing carboxylic
acid equivalents has never been applied® Moreover, the
use of more than a stoichiometric amount of a strong
base limits functional group compatibility, particularly
acidic functionalities. Recently, only a few carboxylic
acid oxidation state pronucleophiles were applied to
catalytic a-aminations (Scheme 1-b). Attachment of
an aryl group at the a -position was unavoidable for
efficient enolization and a general and complementary
catalytic a-amination of carboxylic acid oxidation
state pronucleophiles has not been reported. Herein
we disclose catalytic a-amination of carboxylic acid
oxidation state pronucleophile, allowing for extremely
high chemoselectivity and late-stage a-amino acid
synthesis through simultaneous activation of both

coupling partners (Scheme 1-c).

Results and discussion

Our strategy for catalytic chemoselective a
-amiantion was depicted in Scheme 2. We selected
acylpyrazole’ for chemoselective « -amination as a

carboxylic acid oxidation state pronucleophile because

simultaneous

B activation '
"0 ‘ catalyst: [M] o]
/N*NJK(R + PhI=NTs —————> /N\NJ\(R
Kék H K;K NHTs
enolate nitrenoid
precursor precursor
Ml [Ml=NTs transient aziridine Ml

formation

N :
/N~N/I\/R + or N /N;N/ILB/R
%ﬁk [M]—NTS \<9K ‘TS

chemoselective
enolization

Scheme 2. Simultaneous Activation Strategy for
Chemoselective a -Amination

Table 1. Initial Catalyst Screening?

catalyst o}

o
(10 mol%) M
/N~NJ\/Me + PhI=NTs ———— N ©

MS 4A o N
K;K i \R NHTs

1a 2 0°C,24h 3a

entry catalyst %LZ';’ entry  catalyst %Lil)d
0 Cu(OTf), 68 7° CuOTf 37
1 AgOTf 0 gd Cu(ClOy), 43
26 Rhy(OAc), 0 99  Cu(OCOCF3), 27
3 Zn(OTf), 0 10 Cu(OAc), trace
4 Sc(OTf)3 6 1 Cu(acac), trace
5b TfOH 0 12 CuCl, trace
66  CF,COOH 0 13°  CuCl, + AgOTf 43

“Conditions: 1 (0.4 mmol), 2 (0.2 mmol). Yields were deter-
mined by '"H-NMR analysis using 2-methoxynaphthalene as
an internal standard. ’5 mol% catalysts were used. “Toluene
complex was used. ‘lHydrated metal catalysts were used.
10 mol% CuCl; and 10 mol% AgOTf were used.

1) acylation of commercially available pyrazole
proceeds under mild conditions by conventional
methods without requiring a strong base; 2) a weak
amide conjugation and bidentate coordination mode
enables chemoselective enolization over readily
enolizable ketones, allowing for broad functional
group compatibility and late-stage a-amination;"
and 3) acylpyrazole can be easily transformed into
diverse functional groups. As an aminating agent,
iminoiodinane" was selected because iminoiodinane
does not generate a nucleophilic co-product, which
would cause an undesired substitution reaction on the
carbonyl group of acylpyrazole. Moreover, transition
metals generate highly reactive metal nitrenoide
species using iminoiodinane, as exemplified by
aziridination and C-H amination."”

Based on the above strategy, we first evaluated
various catalysts in the reaction of acylpyrazole la
with iminoiodinane 2 (Table 1). Among them, cationic
copper(Il) triflate was a competent catalyst for the «a
-amination reaction (entry 0). This reaction did not
require an external base. Less Lewis acidic transition

metals were not effective (entries 1 and 2). Lewis



acids without an empty d orbital for metal nitrenoid
formation gave unsatisfactory results (entries 3 and 4).
In addition, Bronsted acid catalysts did not give 3a at
all (entries 5 and 6), indicating that highly electrophilic
metal nitrenoid formation is crucial for obtaining the
product. A variety of copper catalysts were evaluated
next. While cationic copper catalysts gave a moderate
yield (entries 7-9), less Lewis acidic copper catalysts
did not afford 3a (entries 10-12). Combined use of CuCl,
with AgOT{, which in situ generates cationic copper
species, increased the catalytic activity (entry 13).
These results suggested that proper Lewis acidity is
also important to efficiently promote the reaction.

We next investigated the substrate scope of

Table 2. Substrate Scope of Acylpyrazole”

o) Cu(OT), 0
(10 mol%) R
/N‘NJK/R + Phi=NTs ——— _ Ny
u MS 4A M NHTs
CH,Cl,
1 2 0 OC, 48 h 3
o) o) o)
M M M
X ° X e X ©
NHTs NHTs NHTsMe
3a: 76%, 64%0 3b: 76% 3c: 63%
j) o) o)
s XW )
NHTs NHTs NHTs
3d: 63% 3e: 60% 3f: 72%
[e) = | 0 Y ]
XJ N X 6
NHTs NHTs NHTs
3g: 78% 3h (Y =Br): 72% 3j: 58%
3i (Y = OMe): 69%
o) o) o)
=
X A X Br X CFs
NHTs NHTs NHTs
3k: 61% 31: 73% 3m: 75%
0
o) o) o
X)K(\/\OTBDPS x%/\oa XMN
3
NHTs NHTs NHTs o
3n: 63% 30: 83% 3p: 65%
0 0 0 o o
J N
X Bpin X 3 N X OMe
NHTs NHTs == NHTs
3q: 60% 3r: 60% 3s: 70%

“Conditions: 1 (0.4 mmol), 2 (0.2 mmol). Isolated yields are
shown. "Gram scale synthesis (5.31 mmol scale). X stands
for 3,5-dimethylpyrazolyl group.

acylpyrazoles using copper(Il) triflate as an optimal
catalyst (Table 2). Under the optimized conditions,
we observed wide functional group tolerance. The
present catalysis could be run in gram scale without a
significant loss of yield (3a). A variety of alkyl chains
could be incorporated (3b-3f). Homophenylalanine
derivatives were obtained in high yield with benzylic
position intact (3g-3i). Notably, terminal alkene, a
suitable substrate for aziridination, survived the
present catalysis (3j).” Alkyl halide, ether, phthalimide,
and boronate ester functionalities were incorporated
without significant detrimental effects to the chemical
yield (31-3q), thus highlighting the wide functional
group compatibility of the present a-amination
reaction. A bis-acylpyrazole substrate selectively
provided a mono-aminated product (3r). A readily
enolizable malonate derivative could be converted
in high yield into 3s, which is amenable to further
differential elaboration of acylpyrazole and ester
functionalities.

To demonstrate the chemoselective nature of the
present catalysis, deuterium exchange experiments
were conducted (Scheme 3). We selected a substrate
with a nitroalkyl functionality, 1t, as a model

substrate. When 1t was treated with a catalytic

JO HH o DD
(20 mol%)
N-n WNOZ NN 7 NO, (3)
1 W D,O/THF \R LY
1t 14(c): 76% yield
(>95 atom%D)
Cu(0Th),
J (10 mol%) o H H
PhI i)
/N N WNOz (b)
Twsaa T L e
CH,Cl,
1t 3t: 56% vyield
Cu(0TH),
(10 mol%) O DD
JWNO s N‘NWNO (©)
ﬁ/k 2 Ms4A ﬁk HoNHTs
CH,Cl,

1t(a?)
(>95 atom%D)

3t(d?): 56% vyield
(>95 atom%D)

Scheme 3. Chemoselective Enolization of Acylpyrazole
over Highly Reactive Nitroalkyl Functionality



Table 3. Substrate Scope for Chemoselective

a -Amination”

0 Cu(OTf), JO
(10 mol%)
N R L b NN R
K;K MS 4A M NHTs
CH.Cl,
0°C, 48h
1 2 3
0
0 v 3 i i
Me
X X OFEt
X NHTsO NHTs
NHTs
3u (Y = Me): 70% 3w: 45%P 3x: 72%
3v (Y = Et): 72%
o o] y o
X CN X Sen x - ﬁ;%EEtt
NHTs NHTs NHTs o)
3y: 75% 3z:71% 3oz 33%

“Conditions: 1 (0.4 mmol), 2 (0.2 mmol). Isolated
yields are shown. 20 mol% Cu(OTi).. X stands
for 3,5-dimethylpyrazolyl group.

amount of mildly basic triethylamine in D,O/THF,
we exclusively obtained a di-deuterated product at
the a -position of nitro functionality (Scheme 3-a)."
This result clearly indicated that the a-proton of the
nitroalkyl functionality was inherently more acidic
than the corresponding acylpyrazole, and nitronate
was exclusively formed under even mildly basic
conditions." In sharp contrast, the amination proceeded
chemoselectively at the a -position of acylpyrazole
over the nitroalkyl functionality under our standard
conditions (Scheme 3-b). Moreover, when deuterated
1t(d?) was subjected to the standard conditions, 3t(d?)
was observed without a decrease in the deuterium

ratio of the nitroalkyl functionality, suggesting that

Cu(OTf),
(20 mol%)

MS4A
CH,Cl,
0°C, 48 h

OTBS

3B 54% yield
(dr =ca.1/1)

X = 8,5-dimethylpyrazolyl

Scheme 4. Late-Stage a -Amination of Lithocholic Acid
Derivative

exclusive enolization of acylpyrazole was achieved
under the standard conditions without the formation
of a nitronate. This is the first catalytic chemoselective
deprotonative activation method of a carboxylic acid
oxidation state pronucleophile over a highly acidic
nitroalkyl functionality.

Acylpyrazole, having an aryl ketone and other
electron withdrawing functionalities, was then subjected
to the optimized conditions to further demonstrate
the chemoselective nature of the present catalysis
(Table 3). When keto-acylpyrazoles 1u and 1lv were
used, the amination reaction proceeded exclusively at
the a -position of acylpyrazole and the corresponding
products (3u and 3v) were isolated in high yield."”
Chemoselective a -amination also proceeded with
acylpyrazole 1w derived from levulinic acid, whereas
levulinic acid derivatives commonly afforded /0
-aminated product via bromination.® Other electron-
withdrawing groups were also applicable and the
desired products were obtained chemoselectively (3y
and 3z). Highly coordinative phosphate substrate 1a
afforded the product 3a in moderate yield, presumably
because the competitive coordination of phosphate
functionality disturbs the efficient enolization of
acylpyrazole

Our catalytic a -amination was applied to late-stage
a -amination (Scheme 4). TBS-protected lithocholic acid
derivative 18 was converted into the corresponding a
-amino acid derivative 3B in a synthetically useful yield
in the presence of 20 mol% catalyst, indicating that
the present catalysis was applicable to late-stage a

-amination of complex molecules.

Conclusion

In conclusion, we developed a Lewis acidic copper
catalyzed chemoselective a-amination by combining
acylpyrazole and iminoiodinane. Noteworthy is that a
-amination of acylpyrazole exclusively proceeded over
much more acidic nitroalkyl functionalities, which could
be easily activated even by a catalytic amount of mild

base. Our method offers concise access to previously



untouched unnatural a-amino acids through late-stage

a -amination.
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Figure 2. Research plan in the present study.
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Water solubility and TEM images.
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Figure 6. Scheme of binding mode at the hydrophobic or hydrophilic sites of AB(11-42) with MeCUR and wsCUR.
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Scheme 2. —ETFLAE 17SbFs™ B X OB T E{LAE 12*.2SbFs” DA ik,

i 17SbF, B L ' ~E T-BRILFE1*2SbF, % &1 L 72
(Scheme 2), TNZTNOMBACTED L LM% MR T 572
wizvrun Xy CHRERER T TRINANRY L2
M L7 (Figure 1) — & T BRLTEL SbFs CTlX TRV MA
1 CTd %1156 nmI AN (& = 341 x10' M ecm™) 2°
Bl sz, o0& X ZAXRT MVORERFEALAEBII S 1
Lhrolzl b, —EFEBRILEIIER, 25 FI2Bn
TRETH D Z LW bholze ZETELIEL2SbF,
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Wavelength / nm

Figurel. Yzuuxg shcohEf1 (A, —&

FEALIE 17eSbFs (). B L O EFMR

{LAE 12*2SbFs (FE#}) OURILA R 2 b b,

TIX757 nmi K (e = 4.07x 10" M em™) 2581
SNz, ZEFBAEIZB T 52 REEM OV, #lE
WCHW/Y7uauxy v obd kKoo k), —iE
TLEN—BFEALE 17 2VER L2 LIyl s
elkEZOND, Ll TOARYT MVOREEZEAL
DB SN o2 Eh s, ZETERILED EASME
THIIER, ZATICBVWTLETHLI LD bho
725

3. " EFBEL_EFRLENTFEE
—FETERAILHE 17eSbF, OETFHEXHOLMIIT 5
72z, BTy rzouxy yHTOESRERE L
(Figure 2a). %fffiZe =2 DO EEHOBMMEA (" =
+0340 mT) 2B 5 2 & TEUOAERNSFHHTE
oo TOZTEDS, —BTRRILE 17 BTS2 ALY VI
NUFTI T2 FT7 Y VMERICERENLL T
WA ENDbhole AEYOIRBIEIIEREIEIC
Lo TRDIAE VEESAD S D FHHF SNz (Figure
2b)o
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g L7z (Figure 3)o mY 27 ua x4 ot 90T I2B W
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BIBAR L B SIS RAT 2 17 5 720 — BT IR
17eSbF 13y 70 X 5 ¥ & ANFH 2 OIRAEBNS .
TR e2SbF 1Y s au Ay v ERYEYD
BOBEIPSHESTAZLIZI), ZREFNER T
L— M EFE T L — MERDE S, KT
W2 L 72 (Figure 4) o

SRR 3K P I BV TRy F TV ) T2 )
F TV SRR A o g A L Twn
72 (Figure 4a)o CMIXFNFNDT =/ F 7 T VN
ANTFOBTHNMA 57238 75 4 fiExHLTWwW5b
725 TH Y CEMA/BB & O FHB/COTfaHZ N2
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VRO FTYV ) 72 ) F 7Y VEICIERFEIL L C
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2 1"*SbF¢ 12%2SbFs
CCa 1.3980(19) 1.437(6) 1.446(9)
cCh 1.397(2) 1.419(6) 1.440(9)
CSc 1.7606(15) 1.724(5) 1.698(6)
cSd 1.7544(16) 1.722(5) 1.691(7)
CNe 1.4194(18) 1.381(6) 1.383(7)
C-Nf 1.4128(18) 1.383(7) 1.361(9)

Table 2. & MRALIE 1242SbFs DL EADET RS

OST CSS BSS
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AHF * (kcal/mol) 0.00 -7.38 -7.60

* AHF = HF — HF(OST)
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UB3LYP/6-31G* with Broken Symmetry Method)) {2
OWTHENBEBREEZHCCEIHE L 2 A% M—
BEIHREN RO LETH o7z (Table 2)o TNHDT &
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BEZEEN LAV SHREEREREMH ORFE

1. BL&IC

PR, EMER 2 EORERFEMEIZMTH ) »
o, WML E AT 2L L THERZ 20 Tw
%o NERFMEO S O HROMMILIEZ, v~ 71
FL(D>30nm) 225, A VIL(D®=2-30nm). & 5HI21F3
7 a4L(®<2nm) I2F TR Z LT, ZOHMEEFIH
L. TARERCKEREELERL_EBF v /50 %
(Electric double-layer capacitor: EDLC) 7z & Dk 4 72

WCHHE N TWA[1-3], L. —BWICHwORN
BUIMEGIHIRTH 5 720, ZTALLHH T B3N
A= HWTHEE - Btd25 2 EPRHATHL
O, HAIFLZ IO TLEVREMETLCLE ) 2 &A
WiEShTwb[45].

ZI T, INFETIS, Fo IIBOEAFLE S 2 AR L 2 2s
CHUFMZ OB, e 2RI R 28 72 2
A e FHMF (Lignocellulosic porous carbon materials:
LCM) # B3 L7z LCMIZ 7 4 W AKRIZIEEK T 5 2
ETTLF U TINVEESELZ EPWEETH S (Fig. 1)
[6-8]o F7z. LCMIFHIEHES . BAOKREMELE T
B NIRRT 2 2 & A3 HE 2 i FLRE 2 % PRdse L
TWd, TOX) R EFHEHN»L. TN E TIZEDLC
OEME L TORM % #HE L72[8]c EDLCANDIGH
BELZ1E, LCM %A MR PAAT (5.0 X 10° Pa) THEZEERAL

BRRHAS: - T4 7RI ek
KEF . I Oz

(Vacuum ultraviolet: VUV) I & b M ALER[9-11]
THIETHEDOM EEfTo7 BT AVF -2 b
VUVt & Is§ 2 2 & T OVUVIEA RS LCMH oAb

FREGERYW, @QVUVHIZ X DV ERF L VAR S E
IEEEE MR R (—HIHRE . 4V 2 ) SLCMZE M % kb
Th, LV MEDORIEHRI LI EVERSR b,
COFEBICHESE, VUVIEE 105 M IRGT3 5 2 & Tt
LA = AS1.92ul/ g2 534.8ul/g~ BN L 72 & & A3
ANz,

—7 T, VUVHIZRE S F IR SRR EN L 720
HEFTLVUVHEDO T AN F =D EEFEFIEIZ L o TRE
CEALTHZEFMONT VD, Lol BATHIZEICE
W —EDOBREFHR T COADME L o TBY .
VUVALBERE D FR 355 O #EZ DWW THUIBE A+ 50
THo7z,

Z 2T, AWETIE. LCMZ X LY & T 5 miretE
RERFEMEOBFEIIANT, VUVREAIZB1T 5 RE

FEDREIZOW T Uy Sl 2 Feod et o s Eaeit
e o720 EHIC, VUVALEIZ X0 mtkeeft L2RE

WREMBZHNT, HAT 4 V7)) v 7R FHE L
TNA AL L TOIRAIZDWTHE L 72,

Fig. 1 LCMOBERL & HiW) i 2k O BGlf LA &



2. R

LCMi, A INE TICHE LTt b LI/
BL7206-8]0 FEMAL 22 E @B KE S
B, 2B AL TARC X D3> TN EER L 72, 1
KRALE LT ARBRFE Z2 PR AU N TIImBEKL (300 ) 2 47
WV, 2O, B (750T) T2REALEITH) S & T,
TNIZT A =T 252 TRILL, RFOHMELE
D72,

VUV IdXe T ¥ < T ¥ T2 W TITo 720 A
AT AEHLIER172nm (hv=696k] /mol) VUVt % H
Wiz, VUVILEIHIZ BT L RFDEOZEZWETT 5
720, mEEFESE (5.0x10" Pa) . HEEFRE (2.4Pa)
REEFR T (6.3 % 10° Pa) D350 b & TOME % 1T -
72 VUVRHIZ=ZHIR TV, 7 THBEPr SO > 7
VE CHEEXI3mmE L, <Ly FOWE#S» 5 2
10579 DB 217 5 726

R L 720 > 7vid, REEAIRE I XHOEE 08
1% (X-ray photoelectron spectroscopy: XPS). JEIRDZE
1t % BT 1 B $% (Scanning electron microscopy:
SEM) THERE L 720 T 72, BHFLO 53 Ai 13K SUE A1
LD HE L7z,

VUVRLEZ X 1) mPErefl L7 RE R FMENC LD 7
AT ANE ) Y TREEE RS A 720120 REEA +

AL ESHTE (Atmospheric pressure ionization mass

spectrometry; APIMS) % i\ C A AW EREZ IE L
720 Ar¥ Y )T HAWIZY =7y N A% FNEF
10pph T 2L . #ELEEEZED A 4 Vi % i L
720

3. BREER
3.1 REIKAEFTAE

FWFES T TIZBI 2 VUVLE O ZHLFERE~D
REIZOWT, XPSIZ & DM L 7245 R % Fig. 212R
Fo RMHOIRRETIE, C-CHAE (284.7eV) A A ¥
THY, IVKRFINEOE =27 1FITEACHFEL T
e — Ty VUVES 2179 & TC-CHM G AN
L. B FOF TR VRZVE, HVRF U LIESED
GEFMEEREIERKL TWD 2 LRSI N, F
7o BEERSEICRDIZE, HVRZVENEML., F
e raxivik, IVRINVIEOERY — 7 PE T AL
F—lNTTFLTWDLZEDDNDE, DINVEAZIVIED
EZ)DVETANVT—LAEETH L L0 b, BERIEBEMN
BT e, C-CHAEOEIRNIIMZ T, BG4 L
TWh ZEATRIZ STz,

Fig. 3IZARMEL, KRRFITTE TIZBIT 2 VUVRLEEZD
LCME R OSEME %% /7§ o AR OLCMEI 1335 —
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52 EMRTHIG . RERE DT TVUVALEL 2 fi§

Fig.2 VUVILHEIZ X BCIsAY b VOZEAL (@RI, (b)ERFEDIE (o) IMERFEDE. (d) HIRFEDE



Fig.3 VUVALELZ X 2 LCMEHZIRDZEAL (a) RALHE, (b)im
BRI (o) RMRRGIE. (T EESE

LT, KROELMMILOKE S 10nmE#Z %K
SSETHEL, HHTHRET 5 2 LT & 266lfLo
BHWZ CHD DB TE 2, — T, BEEESE
TCIEBAMILICE L TSR DR L 1Z L A EED S
BVH, —FHTREDT 7 AADPHKL T 5B I LD
BENTze Tz HBREFET TR, BESEIMEY
G OWMILOIERIER . BLXOEHD T 7 H ADHKD
M HASE S 5 TWwb 2 L DR SN2,

P EDOVUVLEL O RRF ARG IEOR R . VUV
DWHIEE 75 & FTRES L 720 VUVILO R s EET
B ToXTE 2 615 ([12],

I=1, % exp(-ap,L) (1)
ZITC, L X EEAETRE . aldWIURE (atmem ™) . py
ERFE DT (atm) « LIZISIERECTH 50 AFHEHT
&, BEEOWIUREE L Ta = 20(atm’em?) & L CEHE
17572130 (D) LY kD7, FhFE» S OFRELC
BT B VUV (172nm) O 58 EE % Fig. 5128 $ o KRR
FATHE T TIEVUVEIZIZIF1I00%BIN S e o lzxt L
T, EEEERSET TIRABICVUVESKEL, A2 A
T LI BU L EEEEE(L=13mm) D & = A Tl 31X
10* % LA EES 2 2 LA TE %\, — 5Ty LCM
(I SRR S 2 5 L MSNTE Y [14], F
722 OWAIFLIIZRE T TRAKRGTFEWE L TnDH I L
WHBNTWA[15], YLEX D, BEEESETTIETR
TOVUVIHT A )V F = HEF IR S . XPSO#E
PHIREND L HIT, RELEIZER S NIRRT
L BBALISATONI2EZEZ DND, ZDT20D . ik
OIS TR M2 ke p & L CHLRUR 234 L [16].

Fig. 4 VUVYG(172 nm) D3 =5 O M3 55 AR 1%

Fig3(b) IZREN 5 &9 %, LCMERH D T 7 A A D
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In this study, we attempt to fabricate the novel
functional organic-inorganic composite materials which
are composed of porous coordination polymer (PCP) and
organic materials such as liquid-crystalline materials
showing electric-field responsive properties and
fluorescent liquid materials. For example, the isotropic
inclusion of functional organic materials into the
PCP framework should enhance the their properties,
resulting in the development of novel functional
materials showing extraordinary phenomena. In this
project, we have investigated the inclusion behavior
of liquid-crystalline materials into PCP material and
fluorescent material and prepared fluorescent materials
for the inclusion into PCP material.

We have prepared [Zn,(bdc),(dabco)], as PCP
according to the previous report (S. Kitagawa et al.,
Angew. Chem. Int. Ed., 2004, 43, 2334.) because this
PCP has one-dimensional channel to include the guest
molecule. Since the channels of [Zn,(bdc),(dabco)],
have included DMF molecules, [Zn,(bdc),(dabco)],
have been immersed to exchange from DMF solution
to CHCl; in CHCI; for 4 months. CHCIl; molecules in
[Zny(bdc),(dabco)], have been removed under vacuum,
then [Zny(bdc),(dabco)], crystal have immersed in liquid-
crystalline 4-cyano-4'-pentylbiphenyl (5CB).

Figure 1 shows the thermo gravimetry (TG)
analysis results of [Zny(bdc),(dabco)], immersed in
CHCI;, DMF, 5CB, and under air. Compared with
[Zny(bdc)y(dabco)], immersed in CHCl; and DMF,
DMF molecules were obviously replaced with CHCl,

molecules. Also, the decrease of TG under 200C and

FIRFTHHARAE TR
BEH A8

above 300C were derived from the release of solution
molecules and decomposition of PCP framework,
respectively. Moreover, the decomposition temperature
of [Zny(bdc),(dabco)], including DMF molecules was
slightly higher than that of PCP without solution
molecules. On the other hand, since the inclusion
of 5CB molecules into [Zn,(bdc),(dabco)], was not
evaluated by the TG analysis, we have investigated the
inclusion by the XRD measurements. Figure 2 shows
XRD results of [Zny(bdc),(dabco)], immersed in CHCls,
DMF and 5CB. For DMF, the obtained XRD patterns
should correspond to the previous results. 5CB show no
diffraction peaks because 5CB do not form the periodic
superstructure in nematic liquid-crystalline phase. The
XRD patterns of [Zn,(bdc),(dabco)], immersed in 5CB
was clearly different from those of 5CB and immersed
in DMF, respectively, of which the peak intensity
assigned as dyy is increased. Since the intensity of

dyy, 1s derived from the electronic density of xy layer,
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Figure 1. TG results of [Zns(bdc)(dabco)], immersed in
DMF, CHCIls, and 5CB and under air
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Figure 2. XRD measurements of [Znz(bdc)s(dabco)],
immersed in 5CB and DMF and 5CB.

the increase in intensity should imply the inclusion of
5CB molecule. Now, finding to the novel functionality
of obtained functional organic-inorganic composite
materials is in progress. Moreover, we attempt to
include fluorescent liquid into [Zn,(bdc),(dabco)],
framework, whereas, we have not obtained the strong
result of inclusion. On the other hand, it was found that
fluorescent liquid has served as the acid-responsive
materials. Next, we have reported the stimuli-
responsive 7 -conjugated room temperature liquid.
Organic functional materials have attractive
attentions because these materials are applied into
inexpensive and flexible devices. For a construction
of various self-organized superstructures in nano
levels, molecular designs programmed by non-
covalent intermolecular interactions such as hydrogen
bondings, 7-n interactions, van der Waals force, and
nanosegregation are efficient strategies in condensed
states. These functional efficiencies should strongly
depend on molecular alignment and molecular
arrangement in films due to their anisotropic properties.
For an improvement of functional efficiencies in a
condensed state, further treatments such as thermal
annealing of films are necessary processes to fabricate

nano-ordered structures. However, a formation of a

grain boundary and a structural defect and a contact
resistance to electrode often happens in solid-state
materials, resulting in a pronounced decrease in
functional efficiencies of materials. To solve their
severe problems, fluidic isotropic materials such as
ionic liquids are representative functional materials
due to their high flexibility and softness. Recently, for
a further development of novel designed functional
liquids, room temperature = -conjugated liquids have
been reported by some groups.''® In general, a =
-conjugated liquid is a single component substance
composed of a 7m-conjugated framework and flexible
alkyl chain, which can be purified easier than multi-
component ionic liquids. These functional properties of
7 -conjugated liquids are derived from their intrinsic
7 -conjugated frameworks. Since = -conjugated liquid
materials are composed of high electro-active density
derived from = -conjugated framework, they are
capable of working as semiconductors™ and fluorescent
chromophores. Also, these nonvolatile 7 -conjugated
liquids can act as solvent media to prepare dispersion
materials including organic or inorganic components for
developments of novel functional materials.”*® Nakanishi
et al. have studied the utilization as an emissive liquid
matrix to disperse various organic or inorganic solid
dopants for tuning of optical properties using liquid
oligo(phenylenevinylene) and liquid anthracene, which
can be utilized as white-emitting links and thermo-
responsive materials, respectively.”"" Adachi et al. have
reported fabrications of organic light-emitting diodes
(OLED) using a host liquid semiconducting layer based
on a carbazole derivative with various guest emitters®’
Recently, some groups different from researchers
in organic functional soft materials have utilized =
-conjugated liquids in large-area flexible microfluidic
OLEDs with liquid organic semiconductor.'**
Therefore, room-temperature n-conjugated liquids are
expected to be fruitful functional materials to provide
multidisciplinary researches among various fields such
as chemistry, physics, mechanics, and so on. Therefore,

the introduction of functional properties to =«



Figure 3. Molecular Structure and photograph of 1.

-conjugated liquid is very important and a challenging
approach to develop novel organic functional materials.
Herein, we describe the first report on the
development of fluorescent x-conjugated liquid based
on N-heteroacene framework. Unlike fluorescent =«
-conjugated liquids such as anthrathene, carbazole,
and OPV derivatives reported by some groups, """
N-heteroacene-based n-conjugated liquid itself can
show various fluorescent colors by responding to
external stimuli as proton. N-Heteroacene, in which
some electron-deficient imino-N atoms is substituted
instead of C atoms in a polyaromatic hydrocarbon, has
much attracted attentions as electron acceptors and
n-type semiconductors.™ Also, an imino-N atom has
lone pair electrons characteristic of Lewis basic feature
on sp>hybridized orbital and is capable of interacting
with Lewis acid such as proton and metal ions. These
recognitions can lead to pronounced changes in UV-
vis absorption and fluorescent spectra derived from
changes in electronic polarization of molecules, which
can be detected by naked eye. Our strategy for an

introduction of N-heteroacene framework into n

-conjugated liquids can not only achieve objectives
mentioned above, but also have a potential as new
functional materials in the filed of organic functional
materials.

Figure 3 shows the molecular structure for novel ©
-conjugated liquid 1 composed of dithiophene-appended
phenazine framework based on N-heteroacene and two
branched long alkoxy chains. The viscous liquid 1 was
prepared according to the previous procedure. Two
branched long alkoxy chains can suppress molecular
aggregation between m-conjugated frameworks,
resulting in the declination of melting point of 1.* The
differential scanning calorimetry (DSC) measurement
of 1 shows the glass transition temperature at -29.0C
in the cooling. Since Kim et al. have reported that the
melting point of two methoxy-substituted derivative is
147-1487C, a introduction of two branched long alkoxy
chains is very effective to reduce the intermolecular
interaction between rigid n-conjugated frameworks, of
which behavior is consistent with previous reports for
N-heteroacene derivatives™ Also, the X-ray diffraction
(XRD) measurement of coated film for 1 at room
temperature also displays no peak, which imply that 1
does not form ordered structure in a condensed state,
but adapt an isotropic liquid state in Figure 4a. The
rheological measurement of 1 at room temperature in
the range of measured frequency indicated that the
loss modulus G” is higher than storage modulus G’ in
Figure 4b. This result implied that 1 adopts a liquid

state at room temperature.
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Figure 4.

(a) XRD patterns of coated films of 1 (0 min) and 1 exposed of HCI vapor (60 min); (b). Rheological behavior

of 1 at r.t. for angular frequency dependence on storage (open) and loss modulus (close).
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Figure 5. UV-vis absorption and fluorescent spectra
(excited at 390 nm) of 1 (solid line) and 1
exposed to HCI vapor (dashed line).

For an evaluation of a proton-sensing property of 1,
'"H-NMR spectra have been measured before and after
an exposure to HCI vapor in CDCly solution. For the
CDCl; solution prepared from 1 exposed to HCI vapor,
a remarkable downfield shift of peaks derived from 7
-conjugated framework was clearly observed relative to
those before exposure. Then, we have investigated the
quantitative data by using nonvoltale benzenesulfonic
acid. In the 'H NMR spectra, peaks due to =«
-conjugated framework of 1 in solution including 1 and
benzenesulfonic acid (1:1) are almost same as those (1:2),
indicating the formation of mono-protonated 1. These
results strongly indicate that =z -conjugated liquid 1 can
recognize protons of HCI molecule via an electrostatic
Interaction between cationic proton and anionic lone-
pair electrons on imino-N atoms.”

The UV-vis absorption spectrum of 1 has been
measured in a ground state as a viscous liquid in
Figure 5. The UV-vis absorption spectrum of the coated
film for 1 shows two peaks at 275 and 395 nm with
the absorption edge at 442 nm at room temperature.
When temperature-dependent UV-vis absorption
spectra were also investigated, obvious changes were
not observed in a wide temperature range from r.t.
to 140C. On the other hands, fluorescent spectra of 1
derived from an excited state were clearly dependent
upon measurement conditions such as temperature.
At room temperature, the fluorescent spectrum of the

coated film for 1 shows a peak at 465 nm. However,

fluorescent peak intensities became weaker according
to an increase in temperature, of which behavior is
typical of fluorophores because of collisional quenching
and thermal inactivation.® Moreover, a hypsochromic
shift of the fluorescent peak for 1 should suggest a
suppression of the intermolecular interaction between
m -conjugated framework one another.

When the coated film of 1 was exposed to HCI vapor,
colors of coated films for 1 immediately changed from
light yellow to deep yellow in Figure 6a,c. However, the
color of the protonated coated film gradually recovered
to that before exposure to HCl vapor under ambient
atmosphere, of which behavior is clearly different
from that of previously reported dibenzophenazine
derivative in thin film.* This phenomenon implies
that a desorption behavior of adsorbed HCl molecules
happens. This result suggested adsorption/desorption
behavior should be equilibration reaction, although an
inclusion of protonated 1 into sandwiched quartz plates
can inhibit a desorption of HCl molecules from 1 in the
condensed film in Figure 6¢,d. Upon an exposure of the
coated film for 1 to HCI vapor, the new peak at 415 nm
obviously appeared accompanied by a disappearance
of that at 395 nm in the UV-vis absorption spectrum in
Figure 7. It should be noted that the dramatic change
is observed before and after an exposure to HCl vapor
in the fluorescent spectra of the coated film for 1. The
peak at 465 nm in the fluorescent spectrum of 1 was
much red-shifted to 560 nm by an exposure to HCI

vapor. A pronounced bathochromic shift gave rise to

Figure 6. Photographs of coated films of 1 under (a) room
light and (b) 365 nm and 1 exposed to HCI vapor
within two quartz plates under (c¢) room light
and (d) 365 nm.



Figure 7. Optimized molecular geometries of 1 and 1 with
HCI molecule calculated at the B3LYP/6-31G*
level. Arrows indicate the dipole moment.

the remarkable change of fluorescent colors of coated
film for 1 from blue to yellow in Figure 6b,d.

Then, UV-vis and fluorescent spectra in a dilute
state have been measured to investigate the influence
of intermolecular interaction in coated films. In dilute
states, the concentration dependence of fluorescent
spectra was clearly observed at various concentrations
from 10° to 10° M. In the fluorescent spectra, an
addition of excess HCI brought about an appearance
of the new peak around at 520 nm in a longer
wavelength region accompanied to a decrease in that
at 450 nm at 10° M. As the concentration of 1 was
increased, the peak at 520 nm observed at 10° M was
bathochromically shifted to 537 nm at 10° M as well as
that at 446 nm was completely disappeared. Compared
to the fluorescent spectra between condensed and
dilute states for protonated 1, the fluorescent peak
(560 nm) of the coated film appeared in the longer
wavelength region than that (537 nm at 10° M) of
dilute solution. On the other hand, the concentration
dependence of UV-vis absorption spectra was scarcely
observed because peaks at various concentrations
are the almost same wavenumber with or without
HCI, respectively. This result should indicate that
intermolecular interactions such as n -7 interactions
in the coated films should occur in the excited state

stronger than that in dilute solutions.

For the investigation of a change in electronic
properties and molecular polarity of 1 by the
protonation of imino-N atoms, cyclic voltammentry and
density functional theory (DFT) calculations have been
demonstrated. The cyclic voltammogram shows the
irreversible reduction peak at the half-wave potential
E', of =2.02 V vs Ag/Ag" due to the formation of
radical anion species in a solution state. An addition
of an excess of HCI to solution of 1 gave rise to a
dramatic change in the cyclic voltammogram compared
to that without HCIL. The cyclic voltammogram of
protonated 1 shows two peaks at E* = -0.69 V and E*
= -124 V accompanied by a disappearance of E',, at
-2.02 V without HCL. This implies an improvement of
an electron-accepting behavior as well as a stabilization
of the LUMO level of 1. These behavior is consistent
with those reported by biimidazole derivatives and
benzophenazine derivative composed of imino-N
atoms in 7 -conjugated framework.”¥ Then, DFT
calculations of 1 and mono-protonated 1 have been
demonstrated in Figure 7. Upon on a protonation of
1, the stabilization of the LUMO level was observed
compared to that of the HOMO level, which is
consistent with the result from CV measurement.
It should be noted that the protonation of 1 should
enhance the dipole moment, of which mono-protonated
1 is estimated as 3.24 debye much larger than that of
1 (0.25 debye). The generated polarity of protonated 1
leads to the induction of the dipole-dipole interactions
as well as electrostatic interaction with one another,
should change a molecular alignment in a coated film.
It noted that the XRD pattern of protonated 1 shows
new peaks at3.5 and 3.3 A in a wide-angle region,
which be assigned as intermolecular distances of 7 -7
interaction in Figure 2a. This induced dipole moment
of protonated 1 tended to form excimer. Also, a polar
excited state of protonated 1 was much stabilized in
a polar environment of protonated film. This result
should correspond to the larger Stocks shift observed
for protonated 1 in comparison of that for 1 in Figure 7.

In conclusion, we have designed and prepared



N-heteroacene-based room temperature 7 -conjugated
liquid as novel functional material for the first time.
This material 1 can response to HCI vapor, which
changes an electronic property as well as generates
the dipole moment. These dramatic changes lead
to the intermolecular interaction with one another
through induced dipole-dipole interactions as well as
electrostatic interactions. As a result, the emission
colors markedly changed from blue to yellow. As
adsorption/desorption behavior of HCI molecules is also
reversible reaction, this material 1 can function as a

reversible stimuli-responsive material.
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SCN 2) H,0,/HCOOH SO3H
rt, 12 h
2 steps: 82%

RIc#ita
Ph___ Ph
Ar02S\

N//?' oMe /
Ca N SN

N NCS / e N
() ¢ oa—dSs

P / \p0 07§
s ) POgive SN

NS s

1 S!ZS)—|somer
3

W\
NHSO ,Py Q\

NHSO,Py
52%, 64% ee

i
NHSO,Py i
i

_OH
P\o
R
catalyst
SCN @O\\SCN
NHSOzPy NHSO,Py

99%, 82% ee 88%, 70% ee

TIOVI T LMY AFIVT YA IFF T o —
12 & DA F BRI A MET L7z 2 A, £/ 4

IFVY U YRR A V2B A, L ARGEIR

HCHMAERM 155 2 & 128 L7z (K2),.

EHIC HVWREREA ANV T AEmM LY T AT Y
LRICHEEBEZ L2 LI2E), Wy Fh~—DfED
FITHRETHLZEVPHONE o7z, 72, BOHN
TR, BT I ANKUER, BT F AN
BT EIZ(3) 0 &SI THERE & V72 BUBHE
BERITIZ & > Co RR=VDORUIRT L) %A 35V
YEAL & F T IOV ) o EEERALATE B AR 2 4T o T
5N E R0z RRUGIE, HEROA I 5
VIS A F WA ICIE. BUBIR T E A ST,
PERAME & e, TARELL R BUSTEEALIZ D) L 72,

S5, oML FIHT 5 A F ARG & L
T, fixD3H-4 >~ F—)L-3-F VHEAOET — LOR
HFriedel Crafts BSOS X B3 2 L & L7z, 2
DS DEFIE, A EER A 2 P 34 25

@\b

NHCHO

(—)-trigonoliimine C; R' = OMe, R? = H
(-)-isotrigonoliimine C; R' = H, R? = OMe

+)-austamide

0 OHoy

(+)-isatisine A

—)-brevianamide B arlstotelone
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LUN @ Catalyst (2 mol%)
R? Va o H Toluene, -40 °C, Time

N
N H
(1.0 eq.) (1.2 eq.)
o Me
3 I8
\“é\ \-“\
NA Y
/ NG Y @Eﬁ\@
5 NH 3 NHZ NH-Z
min min
99% vyield 99% yield 99% yield
99% ee 96% ee 9
Cl Br
(6] @ (6]
s,é .0‘
= = NH
NA D, NA D,
3 min 3 min 3 min 3 min
99% vyield 99% vyield 99% vyield 99% yield
99% ee 99% ee 99% ee 97% eel'l
o] o] O
: (3 ey Ve
& N = N
NH
NH D, Br N // NH AW, \NH
: NH ) ,
30 min 3 min 1 min 30 min
98% vyield 80% vyield 99% vyield 99% yield
91% eel 98% ee 99% ee 90% eel!3!

[1]At -78°C. [2]At -60 °C. [3] Catalyst (15 mol%).

v COBBEIEOEBEEYERE CEIATY
BIEDVHOENTWS (H4), L L% 5, 3H-A ¥

F—)L-3-F Y EHADO ¥ O — )L O AFFriedel-Craftsl [
JBE. TRFETIEIBR SN TR o7,

ZIT, RBE A LA I TV V) Rk A
FAWT, 3HA ¥ F— 3% v EADO¥ T — VORF
Friedel-Crafts®I J{S & M5 U720 E DGR, TRIOE A
AIFV) r-F I VR WL 2 A E
SRR CH AR 2132 2 LB L 72 (K5)%

Fro, KEHIE LT, A F—VEE TS &g
EIRWIAERDE G 2D EDPWL D E o2 TOR
IBBlE, SO A I VEANOHO YT — VEOARFS
BISEIE 70 1) . HEEENEE & X2 DUEIRAT 73 %
LTS 5 LI Lize ARBUSIE. il =
% 1mol% F T S ThH . P - ARBRPUE LT &
. F . KPR L7279 A aNTLES G
ST L, KRR — VTOEKDTHETH D
EMHL DL 572,

Z 2T, kA G RS 21T o 72 2 A, X612
IRT L) BRAIF) VEALE F T 0V) VERERAL AN
CVARHIE 24T > T B Z EDRH LN E 572,

Ph
TO0S—y o1~/
N”ph
=

X 6

Chiral catalyst )(

Electrophile  + Het/\CN —>Het

Het: Heteroatom (S,N,O etc.)
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95% yield (-30 °C)
91:9dr
99% ee (anti)

HNTTS

MeO. A~__CN
85% yield (-30 °C)

95:5 dr
99% ee (anti)

68% yield!#! (-30 °C)

Catalyst (5 mol%)

NS Ag(acac) (5mol%)  HN“TS
HFIP (1.2 equiv. H
J\H * phs”CN (12 equiv.) _ R/\rCN
1.5 equiv. THF, Temp., 48 h
__________________________________________________ SPh._ .
HN Ts Ts Ts HN _Ts

93% yield(® (-30 °C) 93% yield (-30 °C) 99% yield (-30 °C)  90% vyield (-30 °C)

91:9dr 92:8 dr 88:12dr 86:14 dr
96% ee (anti) 97% ee (anti) 96% ee (anti) 95% ee (anti)
s

HN

S CN
\ I SPh
96% yield (-20 °C)

74:26 dr
98% ee (anti)

HN/TS HN/TS HN/TS
A _CN  _CN . _CN

O.
SPh Mh

35% yield (-10 °C) 50% yield (-30 °C)
92:8 dr 70:30 dr
93% ee (anti) 96% ee (anti)

90% yield (-10 °C)
92:8 dr
95% ee (anti)

T
H’;‘/ ° Bz\
/\/-\‘/CN N
Mesi M
SPh e S/N"--Pd---N\)— es

Mes Mes

99% yield (-30 °C)

79:21dr 70:30 dr Catalyst
94% ee (anti) 90% ee (anti)
X8
Catalyst
BZ‘ ’Bz
Ag(acac) N ' l N
AgB ArI“S/N"'P.d"'N\)—Ar
r *
¢ Ar Br Ar
Catalyst
NHTs
: " | PN
Ph CN Ar! N___ d---N \_)—Ar PhS” “CN
SPh Ar acac Ar .
)?\/lcj)\ Complex A acac
Bz
\ \ 1
" N | | N
Ar""yN___Pd___N\)—Ar Arne N---Pld--—N\_)—Ar
Ar NTs Ar A m Ar
N C
Ph c ,i\
SPh L H7l sPh |
Complex D Complex B
©
acac
T Bz Bz
N N~ N
Ph)l\H Ar"“g,N---PId---N\_)_Ar O O
Ar —Ar M

&
N

X9

SPh Complex C



EHIC, INFTICHKA L, AEE R EAL I
) Y XGU Y LR VA AT GG 1T T
oo £2Ty INHEALTFH YY) =TT Lk
B v B e ANHEEHRSULDRFE AT 720 FFICZ,
PR, B4 G = N ) LA OB RASR® &
NTVDLHDOD, TOREEMHGAN T 7R L
WHORERE HIEL, afilcAT O E T2 HT5 =Y
MEE & R TATT SIS OB %E 2 #Es L 72 (147) 6

FF. TN MNILVD a MICIERTFEAEALL a
FAZ MY VEEHW, ADPFHFELTEZEAAS 3
LAV IAS VAN ||/ N G VAN Y I i |
L7 ZOfER, 435 v EodfdzEmd T
52L& o T RE QEERWEDPZET 5 2 &AW

Shr b, MBSV 8EE LT, TRFV
T FMEEZHVDZ LT, meREIREO SIS
W L7z T, e LTAFY 70t us vy 7o
E7Va—axfvg e, SRERREDN LT 52 &
LIS E 572 (128),

CORIBO FLHE % FEICHET L7z 2 A, = b Y
WENIAF I D285 27 ASEAL L. FUSEE O
PEALZ AT o 78200 SRIEAT NG A3 32 A IR 1S HEAT L
TWBZENRHLDE R 572(K9, 10),

EHIE, T M= M) VD a7 IV HEEEAL
a-7 3/ = M) VR, OSERE LY Z0a-
TI/TENZ MYV EA I VEOKNE, EIE NS
ELHFET AN R 0, BT I = MY IVEE

/

o : :
; PhOC ;
' _COPh .
N N . :
IMlesﬁ/ Pd— - -N Mes :
Pd ! : '
N I\_Iles '
s’N _< Re-face
s ' Re-face ,Ts '
: : A CN
: Ph Ph/\r ' 7.91 keal/mol
' SPh .
! (2S,3S)-isomer
X10
Bz‘ IBz
1) Catalyst (5 mol%) N
-SO,Py Ph Agd(acac) (5 mol%) -SOPY | est: i N
N + N THF, -60 °C HN es N-—--Pd-—-N\_)—M‘as
A r)\H Ph” N7 CN > A /\/CN o L -
20equiv. 2 HCLTHF, 1h, rt. N, Catalyst
HN’SOZPV Hu’SOZPy HN’SOZPV
©/'\/CN ~_CN _CN I
NH, MeO NH NH,
89% yieldl® 73% yield! 83% yield[® 86% yield 84% yield[@
95:5dr 91:9dr 77:23 dr 72‘:'28 dr 99:1 dr
99% ee (syn) 99% ee (syn) 99% ee (syn) 99% ee (syn) 99% ee (syn)
.SO,P .SO,P .SO,P .SO,P .SO,P
Hr;l 2Py Hr;l 2Py Hr;l 2Py r;: 2Py r;l 2Py
CN {j/\/c"‘ 0@/\:/0"‘ <j/\/ G/\/
NH, \ NH, = NH, NH,
82% yield[®! 73% yield[®] 71% yield[®] 86% yield 95% yield[@
81:19dr 89:11 dr 85:15 dr 92:8 dr 97:3 dr
99% ee (syn) 99% ee (syn) 99% ee (syn) 99% ee (syn) 99% ee (syn)
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4 \
Bz
\
1o
Mes $/N----P d---N\)—MeS
Mes Mes
Catalyst
. J
HN/COZtBU
N,COZ’BU Ph Catalyst (5 mol%) |
M . S o~ Ag(acac) (5 mol%) - BuO, C . CN
t N Ph”™ "N” "CN > :
BuO,C THF, -40 °C, 18 h N=CPh,
2.0 equiv.

EEEEICARTERFERICAHETFETHLA, Ih
FTIZZFORIIFNEL L Ve Z£2T, EXAL 25
YNNG I AER V. - T/ TR M= MY LE
A IVHEORLEET L-E 2 A BV ARERIYIZ AR
Wt on s ZEPW L E o572 (H11),
FORIGIE. VT VLA ORI
TX, a-VT7 3 = M)V AR
HZELHEMNE 572 (H12),
EHIZ, TP MY VD afiil
L7zyma7t b= b VEEZ R,

2
a, T E
INTE VR %A

FesBHR L CTE

12

99%, 89% ee

TRERAALIFT) Y IRT T AMBEIZ L DA I D
BOS & Mt L 72 ZOfER, Mo 4 35 v ko
EHREED IR, PERICR S 2Bz JFT 2 en
Hohe 2y, sty eF v 7 b+ MREH
W5 Z LT, HRTHO TR IAEREOFE BT
L7z (1413) 6

/2. BRIV A vy AER T VT,
TN VHEORFET I MU ERET L2 L 2 A, BB
MAEOFEEE L CREFEHEZED TV EKRPIIBNT
b, EIPEECTRISAHETT Ly @ AR IRA 2 A i 2375

~ B2 IR
LR

Catalyst (5 mol%)
Ag(acac) (5 mol%) ,SOzMe
N~ SOaMe . CN K,CO3 (20 mol%) Mesi+ N Pd T Mes
RJ\H c” cl THF, -20 °C, 24 h R/CI><CI
1.5 equiv. Catalyst
SO Me .
,SOZMe HN,Sone 2 ,SOzMe Me HN SO,Me
CN MeO. A~_CN CN Me ~_CN
©/>< WC' ©/>< WC' el
99% yield 93% yield® 94% yield® 84% yield® 95% yield®P°
91% ee 91% ee 83% ee 93% ee 87% ee
N~ SOMe N-SO2Me P SO2Me N-S02Me i SO2Me
A_CN A_CN
\©/><CI CKX (/]/X CKX a
\_g cl” Cl o G ¢ \_gs ClI” Tl s C° ¢
84% yield® 70% yield®P° 71% yield®? 78% yield®? 86% yield®
80% ee 80% ee 93% ee 93% ee 93% ee
SOzMe HN/SOZME
o] CN a1 At-30 °C.
Cl CI Cl < cl’ “al [b] Nucleophile (3.0 equiv.) was used.
e} [€]72h
87% yield® 87% yieldP 97% yield®P< [d]48 h
93% ee 85% ee 94% ee
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Buco [ ]  cotsu
N ‘ N/ ‘ N
Phin S/N N\_)_Ph

Ph Ph
%

(10 mol%)
le) Nal (3.9 equiv.) OH
In powder (2.0 equiv.)
B
RALRZ fENES R1’{"«//\
H,0, 0°C, Time R2
(3.0 equiv.) 76-99%, 55-89% ee
X14
Ph \(\N/COtBU
N= b
=g\ R
R==0-in-N Rige™
R L (R)-isomer
Re-face N= o
Ph“"H/N\COtBu (R'>R?)
Ph
16

ENBHZE LWL 57 (M14)% RFEEEX. 7 b
YANOKRFARFET ) MEBUZ BT, HF RS O
B A 52 72,

ORI Z IR T 5 & TNV YUY A
I, 7UNWMA VT AEAFENT A FERHLTVD
ZENRWL D, MI6D X ) HBRIRERIRE 2 H
LT, BV EEREE 52700 F2 515,

BUE, B L7-AF MR 2 2 5 1084 e UG S
AT 5 E L0, ERER~OHEREZHE L. BIE
I BE 5 e A BRI & L C oS % Hig LIFZE%x
ToTWwh,

3. YIS
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V)RR A AR L2, S o E Vs 2k
T, INFEFTWEEE SN TOREAFEE 1,000
Lo FOSTEEALIZE Ly IR - & AR R 12 A4
B ERE I LK L7z $720 AL IFV) 2D
SEFRMBE A V2 2 & T BIASEIRIZ= M)y
LEWEERTE LI LWL N E R o7, S HITE,
KPTOr N Y EHORFET ) MLRIE DB L
720 BUE. B L7-MUBEREA V. S TIZARAT

el SNTEEHAEMET I V. B X Ok
ISR Z1T) & &bl SR, Bohlzmidzsd &
12y S5 HMBEOREELITo TV b,

4. HEE
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72O PR NARRE R A BT IR L FL 2 PR &R 72 L
E3EN
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CCOO CE T
CH,Cl,

RT, 10 min

_ R
> 4a: 45%
Y=Br 4b: 45%

4b- X = H: Y = Br

6a: 63%

6b: 27%
6e:XovoH «1°

B2, 7oty aHELE LTI L OERK

fbL7zb AT Ml 8fk4akbaz %72 (X2), PHHY, TNHITHETEI LA TORZA L LEER
XM ST OFE R, dad SaldMRMAgTcHL L HL72,
EHOLMICLZ(M3) s ZOfEFRIZcisFD T r M ik
LPEONLNT Y b7y OEERLELLDTHS
72o T2 T, BB NT24al 5aD B EMEE GG L 72 &
Z A, castkTH 5 4alZ60FE (2B L T EEALL 2w
WAL transtRTH H5aldd e d 5T/ — )VIKIZE
1632 2 Dotz BEIHHEOKR, nIRIZED
SHEEFRD N2 ¥ VBROBFFBRMEDKT L. ¥ 7 MiEss
DZELLTVWD I EAERNOECDRKTH 2 (b)
EERHOPIC L2, BON4ak BEOTE L MO
TS 5 2 L1 & 5 TRIST B IR A F )
Y 6an G Lz, EREOFHERIZRFIEE
bonytrebd L UREKICERIEZ R VAY
T YBCOEMEIT o720 BFRIIFEEZF 2 VIZH 2 R 3. (a) 4ab L U(b) Sad Xk i



(a) (b)

4. 6an(a)(b) Xkl sk L & (c)(d) T et

HHNT2A) & Vel XA & T IS L CTB D | HTIET b T ST B TIEAT IS A A o 7o
7Y Ty OYE L FRRICREREEY L o Tna Tk HhkEoTWwiz, ZOWBEX338ATH 2 Lh b,
FHOLPICLAE (ML) TORINARXT Y TV D Ty IRy TRBNEN L olon A v 712K B
BDOLIDERELBROTVD NN o72. T DR BT M T IIBWTERHTE/LEZ TV,

X R
Y. NH
I~
Y
X R

7a: X=Y=F
7b: X =H;Y =Br

8a:X=Y=F

8b: X=H;Y =Br
b |: 8c:X=Y=H

B5. FhFIvraEHE L RT AN £ DG



10°cm' M

450
A/nm

550

6.

ELIEBTHGHLED L0, EFETHEYED
PRTHFAN) L DOEHBIT-72(M5). £§, 2a% 3
vHFE LB, PAMIEIC X ST I LRI ETT
VBT NI rTar o, TN AEDDQE W
fLL7z& 2AxIE L7 A & v 8ak RAFRINEET
oD LI L7z MRROARREMKIZ L), RELE
8bB L UMEEHABCE D T LT L7, MBI
8CIIZEEAMTT CIZH L. NEMOREELE %D 2 L
Woarol, COZLEBEBTFEELERTROEANIZL
DEBILENRT o2l L2 RIBRT HRERTH D,

29 L35 N/-6a-6¢cd & U8a-8ck v THAEM
BLOEATTHRIC L 2L FAEE B L OE &0
WL L7z, T3, WILAXZ bV Tid6a, 6¢T
BEALEWKR LN >7-DI25 L. 6bIERER
TN A ED ol (M6a) o Z OMEENE w HEER
TN & 8a-8cTHHRICEIH S N/ze TDZ LI

— 6a

10 cm” M

0.0 T T — = T T
250 350 450 550 650 750 850
A/nm
®7. (a)6a,8anWX (

Aysuayur

r
-2.0

(b) 250 -

T 1
0.8 1.2

EN (vs Fc/Fc™)

1
0.8 1.2

EN (vs Fc/Fc*)

(a) 6a-6bDWLIN A7 )V (b) 8a,8bDH A 7)) v 7KV ET T A

DVWCTH A7)y 7 RVE X M) =12 & BHERL - EIC
BMOWMEZRIT-728 245, 8ak8bTIXITE ALETT
BADZALL 2o lxt L. BRILEMA8ad J230.11V
KREWHEART LR L7 (K6b) » 512, H
ETREIC L VBT 2T o2 A, BREHOHFEA
SN EIXIZE A CHOMOBUBERBDFE L 2\ D
W2xf L. LUMOLE TRFFIET 2 2 LA holze L
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Abstract

The selective synthesis of benzo[f]tetraphenes or benzo[g]chrysenes was achieved via aromatic C-F bond cleavage
and unprecedentedly regioselective C-C bond formation depending upon the choice of aluminium reagents. On
treatment with AICl;, 2-(biphenyl-2-yl)-1-fluoronaphthalenes afforded exclusively benzo[fltetraphenes via C-C bond

formation on the carbon atom p to the original position of the fluorine substituent. In contrast, a -selective C-C bond

formation was promoted by treatment with y-Al,O5 to give benzo[g]chrysenes.

Chemical transformations of aromatic carbon-halogen
bonds are widely utilised in materials science as well as
life science. Among them, reactions involving aromatic
carbon-fluorine (C-F) bond cleavage but still remain
difficult owing to its high bond energy.! Activation of
aromatic C-F bonds has been conventionally achieved
via nucleophilic substitution (SyAr)* or recently via
transition-metal-catalysed oxidative addition.* However,
the former method is typically limited to electron
deficient fluoroarene substrates, while the latter

often requires special ligands, directing groups and/

Methods

(a) Siegel: ArMe,SitX~
(b) Amsharov: y-Al,O3
(c) Ichikawa: FSO3H-SbF5 or TiF, / (CF3),CHOH

Scheme 1 PAH synthesis by cationic cyclisation via
aromatic C-F bond activation.

or harsh conditions. As new approaches, Siegel and
Amsharov independently reported the synthesis of
polycyclic aromatic hydrocarbons (PAHs) by cationic
cyclisations via aromatic C-F bond activation using
silylium equivalents (Scheme 1a)' and y-ALO; (Scheme
1b),” respectively.® In contrast, Ichikawa accomplished
dibenzolg, plchrysene synthesis via the FSO;H-SbF;-
or TiF,promoted double C-F bond activation of 1,1-
difluro-1-alkenes bearing two biaryl groups, where
aromatic C-F bond activation was involved in the
second cyclisation of intermediary 9-(biaryl-2-yl)-10-
fluorophenanthrenes (Scheme 1c)”

In the course of our studies on acid-promoted

® we found that

aromatic C-F bond activation,”
treating 2-(biphenyl-2-yl)-1-fluoronaphthalene (1a)
with FSO;H-SbF; or TiF, selectively afforded benzo[f]
tetraphene (2a). In this reaction, fluoronaphthalene la
underwent intramolecular cyclisation via C-F bond
cleavage and unprecedentedly regioselective C-C

bond formation at the carbon atom y to the original

position of the fluorine substituent” As a result of acid
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Scheme 2 Regioswichable synthesis of benzene-fused
triphenylenes depending on the aluminium
reagent employed.

screening, AlCl; was found to be the best acid for this
reaction (Scheme 2). Conversely, when la was treated
with y-Al,O,, benzo[g]chrysene (3a) was selectively
obtained via C-F bond cleavage and C-C bond
formation at the a-carbon atom (Scheme 2). Thus, we
achieved the complete switching of the regioselectivity
in defluorinative intramolecular cyclisation of the
single substrate la using different aluminium reagents,
which led to the synthesis of differently benzene-fused
triphenylene compounds.'™"*

The 2-(biaryl-2-yl)-1-fluoronaphthalene cyclisation
precursors 1 were prepared from 1-fluoro-2-

iodonaphthalene (4a, Scheme 3). 2-(Biphenyl-2-yl)-1-

(a) Non-substituted precursors

. PdCly(PPha), (1 mol%) r
ArB(OH), (1.3 equiv) O
'—ﬁ;ﬁ Na,COj (3.0 equiv) OO s
- .
" Dioxane—H,0 (2:1) e
4a (naphthalene) 120°C,3h 1a quant.

4g (anthracene) Ar = biphenyl-2-yl 19 71%

(b) Substituted precursors

PdCI,(PPhg), (1 mol%)
Na,COj (3.0 equiv)

B(OH),
@[ (1.3 equiv) O F Tf,0 (1.5 equiv)
OH

Pyridine (2.0 equiv)

4a _—
Dioxane—-H,0 (2:1) OH OO CH.Cl,, rt, 6 h

120°C, 3 h

quant.

PdClI,(PPhg), (1 mol%)
Na,COj3 (3.0 equiv)

B(OH),
/©/ (1.3 equiv)
o)

LiBr (1.0 equiv)
Dioxane—H,0 (2:1)
120°C,6h

1b: R = Me 92%
R 1c:R=n-Bu 78%
1d:R=F 92%
1e: R =Cl 90%
1f: R =Ph 92%

Scheme 3 Preparation of cyclisation precursors 1.

fluoronaphthalene (1a) was prepared directly from 4a
via the Suzuki-Miyaura coupling with (biphenyl-2-yl)
boronic acid in a quantitative yield (Scheme 3a). The
preparation of ring-substituted precursors involved
double Suzuki-Miyaura coupling reactions of 4a with
(2-hydroxyphenyl)boronic acid and of the resulting 2-(1-
fluoronaphthalen-2-yl)phenyl trifluoromethanesulfonate
(5) with 4-substituted phenylboronic acids (Scheme 3b).
Thus, methyl-, butyl-, fluoro-, chloro- and phenyl-bearing
2-(biphenyl-2-yl)-1-fluoronaphthalenes 1b—1f were
obtained in high yields. Furthermore, 2-(biphenyl-2-yl)-
1-fluoroanthracene (1g) was prepared via the Suzuki-
Miyaura coupling of 1-fluoro-2-iodoanthracene (4g) with
(biphenyl-2-yl)boronic acid according to the procedure
for the preparation of la from 4a (Scheme 3a).

On treatment with FSO;H-SbF; or TiF,, which
were suitable acids for the synthesis of dibenzolg,p]
chrysenes from 1,1-difluoro-1-alkenes, in 1,1,1,3,3,3-
hexafluoropropan-2-ol (HFIP),"® 2-(biphenyl-2-y1)-1-
fluoronaphthalene (1a) selectively afforded benzo[f]
tetraphene (2a) in 12% or 47% yield (Table 1, entries 3
and 4). In these cases along with C-F bond cleavage,
C-C bond formation proceeded at the carbon y to the

fluorine substituent instead of at the a carbon. We thus

Table 1 Screening of conditions for selective
synthesis of benzo[fltetraphene (2a)

F .
O de s, O
JOR==3000
- - +
y Solvent Y
60°C,3h
1a

2a

Entry  Acid Solvent 2a (%)" 3a (%)°
1 TsOH (CF;),CHOH N.D.? N.D.
2 TfOH (CF;),CHOH 97 <1
3¢ FSO;H-SbFs (CF;),CHOH 12 N.D.*
4 TiF, (CF3),CHOH 47 N.D.”
5 TiCly (CF;),CHOH N.D.? N.D.
6 ZrF, (CF;),CHOH N.D.” N.D.”
7 ZrCly (CF;),CHOH 99 <1

8 Me;SiOTf (CF3),CHOH 52 N.D.”
9 BF;-OEt, (CF;),CHOH N.D.! N.D.
10 AlCly (CF;),CHOH 99 (98) <1
11 AlCl, PhCl 99 <1
12 AlCLy¢ PhCl 99 (99) <1

9 Yield was determined by 'H NMR measurement using CH:Br; as an internal
standard. Isolated yield is given in parentheses. ? N.D. = Not detected. €0 °C, 1 h.
4 AlCl5 (1.5 equiv).



Table 2 Selective synthesis of benzo[f|tetraphenes 2"

F AlCl, O
-%ay (1.5 equiv) T
' —_— '
‘O L PhCI ‘OO o
60°C,3h O

2a 99% Me 2b 94% nBu  2C 94%P

Ph  2f 91% 2g 96%°

9 solated yield. ® HFIP was used as the solvent instead of PhCI.

sought suitable conditions for the synthesis of 2a via
defluorinative cyclisation of 1a with a series of Breonsted
and Lewis acids (Table 1). While p-toluenesulfonic acid
(TsOH) gave no cyclised products (entry 1), treating
la with 2.5 equiv of trifluoromethanesulfonic acid
(TfOH) selectively afforded 2a in 97% yield (entry 2).
Among the Lewis acids examined (entries 4-10), AlCl,
and ZrCl, effectively promoted the cyclisation of 1a in
HFIP to give 2a in almost quantitative yields (entries 7
and 10). Screening of solvents used with AICI; revealed
that chlorobenzene also exhibited a high efficiency
comparable to that of HFIP (entry 11). We thus decided
to use AICl; as the reagent and chlorobenzene as the
solvent for cyclisation of la owing to their low cost.
Finally, the reaction still proceeded with quantitative
yield when the amount of AICl; was decreased from 2.5
equiv to 1.5 equiv (entry 12).

The defluorinative cyclisation of 2-(biaryl-2-yl)-1-
fluoronaphthalenes 1 with different substituents was
examined using the optimised conditions obtained

above for synthesis of 2a from 1a (Table 2). Alkyl-

substituted 2-(biphenyl-2-yl)-1-fluoronaphthalenes 1b and
1c successfully underwent defluorinative cyclisation to
afford the corresponding benzo[f]tetraphenes 2b and
2c in high yields; however, the effective cyclisation
of butyl-bearing substrate required HFIP as the
solvent instead of chlorobenzene. The cyclisation of
the fluorinated and chlorinated 2-(biphenyl-2-yl)-1-
fluoronaphthalenes 1d and le proceeded without the
loss of the halogen atoms at the 4-positions. Phenyl-
substituted benzo[f]tetraphene 2f was also obtained
in 88% yield from 1-fluoronaphthalene 1f bearing a
p-terphenyl moiety. The reaction of fluoroanthracene
derivative 1g proceeded in HFIP to afford dibenzola,c]
tetracene (29) in 96% yield.

In contrast to the reactions with AICI;, vy
-Al,0; promoted defluorinative cyclisation of
fluoronaphthalenes 1 at the carbon a to the fluorine
substituent (Table 3). Treatment of la with 5.0% 10’
wt% of y-Al,O; at 250 C in a pre-evacuated sealed
tube afforded benzolg]chrysene (3a) in 95% vyield as the
sole product. a-Selective cyclisation of methyl- and
chlorine-substituted fluoronaphthalenes 1b and 1le also
proceeded successfully to afford the corresponding

benzo[g]chrysenes in 73% and 75% yields, respectively.

Table 3 Selective Synthesis of Benzo[g]chrysenes 3°

® ma . O
OO -%ay (5.0 x 103 wt%) ‘O
s -
N 250°C,1h
O Sealed under vacuum O ‘
R

3a 95% Me 3b 3b'
73% (3b/3b' = 64:36)°

9 |solated yield. ? Regioisomer ratio was determined by 'H NMR measurement.



Table 4 Effect of halogen substituents

LI, O
sel:beool o
PhCI
shat  Yonadoge
1

2a 3a
Entry 1 2a (%)" 3a (%)°
1 la: X=F 99 <1
2 1h: X=Cl 73 2
3 1i: X =Br 39 4
4 1j: X=1 22 3

9 Yield was determined by 'H NMR measurement using CH2Br; as an internal
standard.

In these reactions, partial migration of the substituents
occurred during cyclisations probably by ipso attack
of the biaryl moiety, indicating that the reaction
would proceed via C-F bond polarization leading to
aryl cation-like intermediate (vide infra).”” Because of
the high tolerance of C-F bond activation conditions
to aryl C-Cl bonds as shown in Tables 2 and 3, both
approaches open a facile way to various chlorinated
PAHs, which are less accessible by other methods.
Furthermore, dibenzo[a, c|tetraphene (39) was produced
by the reaction of 2-(biphenyl-2-yl)-1-fluoroanthracene
(1g) in 73% yield under the same conditions.

In order to gain mechanistic insight into
the y-selective cyclisation of 2-(biaryl-2-yl)-1-
fluoronaphthalenes 1, the effect of the fluorine
substituent was investigated by comparing the
efficiency of the cyclisation with the corresponding
halonaphthalenes (Table 4). When 1-chlorinated,
-brominated and -iodinated 2-(biphenyl-2-yl)naphthalenes

O NH NaNO, (1.1 equiv)
HCI (10 equiv)
‘ H,0,0°C, 1 h
O then 60 °C, 3 h
1k 3a 90%
L
O N,Cl
O OO - N,

T—H
O .

Scheme 4 Cyclisation of an aryl cation intermediate.

1h—j were subjected to the optimal conditions used
for y-selective cyclisation of fluoro substrate 1a, all the
halides exhibited diminished yields of cyclised product
2a compared to that of la (entries 2-4 vs. entry 1).
These results indicate that the high efficiency in vy
-selective cyclisation of la can be attributed to the
relatively ready generation of the fluorine-stabilised
intermediary arenium ions.""

In contrast, cyclisation of an aryl cation intermediate
generated from a fluorine-free precursor exhibited
opposite regioselectivity (Scheme 4). When 2-(biphenyl-
2-yl)naphthalene-1-diazonium chloride, prepared from
2-(biphenyl-2-yl)naphthalen-1-amine (1k), was heated
at 60 C, benzo[g]chrysene (3a) was obtained in 90%
yield as the sole product. This result suggests that
the reaction of 2-(biphenyl-2-yl)-1-fluoronaphthalene
(1a) with y-Al,O; might proceed via an aryl cation-like
intermediate.

In summary, we have achieved highly effective
cyclisations of 1-fluoronaphthalenes bearing biaryl
groups via aromatic C-F bond activation mediated by
aluminium reagents. It is noteworthy that the choice of
aluminium reagents altered the regioselectivities in the
cyclisation of common 2-(biaryl-2-yl)-1-fluoronaphthalene
precursors, enabling the selective synthesis of two
different benzotriphenylenes, ie., benzo|[f]tetraphenes
and benzo[g]|chrysenes. Since higher order PAHs are
particularly promising constituents in organic electronic
devices,” the formation of extended m-systems by the
current methodology appears to be a powerful route to
functional materials.
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Max. QY: 0.86% — 2.02% photoresponsive wavelength:

450-550nm — 400-650 nm
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NTWLA, HTOHEHZEDO TV L DD EEREEE
KRBIZ 7% 2 2 & THEOUREE AR S 2 BRI 50
(Aggregation-Induced Emission. AIE)%ETH 5,
BEFEIIO6L, BRRESLERERE THEIS LR
DFNHEEAIERT 2BIRTH ) . 200145 IS FIERHER
ZDTangb 12 & » T S/’ [HROAEIE LK
DIFFEIZ BT, FEIEHRERFM I EHR TIThIL T b
CEDLVD, FEBEIITNA 2T HI LR ER D L,
BEERAE Y Fy A M EOBEMBIREIZ LT SFMAT
5T eI b, TOMIZBWT, ERIREET L IR
ZRET, O LAFMMENE L CHRT 5 AIER L
ATEFEE, EROBHICBWTEMELEL TS L
EZbND, TOLX) RIEDSAIEGLE L, BERS
B COBRA F 2 RERG T ORI T =DA%
59, AHIEET /N1 A (OLED) % E~DISH b IR B
AEhTwi,

AIEfF O—i 2 akatiast & L Cid, 0 F W nlfzE
BRI LT w7 o VO L) RiEREEY n BETR
BB S 2 & ATER 2 3BT 5 & & 0SRBRIVIZHT S
NTWo, PIZIEANFH 720 0— VT b7 7 x
ZNVx 7 Y (TPE) & 5 o 72ALEW S AIERHE: % 7R 3 ML Al
Bl LTHESN TS, Lo L. RIFEORMGR ST
(. B A TR L 72 DM SOt EE AT K9 5 Bl
WHIRHKE Z R LIIEHMESINTEL T, Bty
Y=L LTAVLN T HETH, RIENRTH S48
Tl e G L TRHRMICEEY TR L THIEL T
W BB L TR L e hr o 72,

ARIFFETIE, PR [EBEZEB I TIENLEZ /S
FHETIE AL, S FEELYRIIBIT L5 FEBOE

AbdEE R R R A 7E b

AN VN

IEFHRICER LCHREESSL 2 L T AIEFEORE %
IS Ly IFRIICIEEMRFEH B ORI B8
CTEERHME LT, BARIZIE. AIEfERE LTRE
WTHsr7 b7 7x2=)VT7 v (TPE)EHK % #IRL.
VAT LADOFRLDSIZER LT, BWIE2 S, 1 A
B 2. 8y b =2 R ) v — 3 k. OFRICES
TAIEBHRZEA L. SRR L TR

L7,

KEMEXH NS LTS EEERTPEFERTH
5787 (4-v Faxy 7 =)) 5 v (THPE) % f#;
L. KEBECIVMoGT L ERERKSES
TET, TREABILS S L & O mEE L
ZHOME % RE L7z THPED 7 =/ — Vo Fo
FUREFML, KFEEET 7275 —(HBA) L% 5
GaEREERELEW & L T44 bipyridine (4,4-bpy) |
2,2-bipyridine (2,2’-bpy). 1,10-phenanthroline (1,10-
phen). imidazole (Im). 2-methylimidazole (2-Melm)
DABCO% Tkl b & R L . A5 ST B L O

Figure 1.



SR ORI % 17 72 - 72 (Figure 1a),

S F SF L AREE Y WV CTHPE : HBA = 120%
VIHOREGERTFEL, ZiRTW-o  DBHEEERES
®DHI LK IR AER L7z AR L R
By R XA 78 5 — > (XRPD) 20 & it i O TR % i 72
L. Bl CHO'H NMREED SR 2 g Lz, F72
HURE T X SRS 12 &) SR o # B REE A B S 2012
L7zo 55 N7z 35122 TUV (365nm) IR 5 T ¢
L, BHOFELFE L. 50T 28120V TIEE
FPE EFEHA T P VIlGE % AT - 72 (Figure 1b) o

Y B BROERICL Y . REBW, SHEHIES
N7z XRPDMlZERITo72& 2 A, kL 72 52 THPER
HBAHME TR By — 252722 8h 5,
WINOHBAIZ DWW T AR AR L T b 2 AT
Ok o7z, RO N7 E AR S, 'H NMRHE
EXRITV, THPER L OHBA DMK % g L 720 4,4'-
bpy DAL o 3k 5 Tl A& I & 7] U120 M B o Heid
ETdH o 72h5, 4,4-bpyll DV TIEL1O A AT &
N7zo 4,4-bpyl2 DV TIE, FREEERIC X - THEES
FARRY B AA SRR RS DTER S B T L 5
LMo 72,

ZNHOTHPE L HBA D LA F 12D W CUVEGT T
(365nm) TEIZ L7z & Z 54,4 -bpy. 2,2-bpy. 1,10-
phené& OIFEETIHIZ & A ERBHEIRE LD > 725,
Im, 2Melm, DABCO & @ 3t i TIZ THPEHE M D35 &
ERBICE T L7, BERIEEA R 7 MoV (BN &
350nm) I E DOAE R, V3L D THPEHI Sk D 450nm i
IZRIEARE DI EDHL NI R o720 T2, B E
FIEIZ20~T0%FEEETSH 1) . THPEFI D5 (50%) &
HEVEAL o7z,

TS O HRE B IS D T HURE B XA AT A 1T 5
72&£ 2%, DABCO & D & BT, THPED 7 =
J =V OKEERED BT A THPER L% KEHEAIC L -
TEESE, KO T — TIROBEEREER L., 20
7T — 7 EHBADKEREEIC LV EEET 5 2 L TTRTT
R LIEERITCOMBER LT 5 Z LS 2k o
720 HHEESR O - IOV TR, FESETH O THPE
D5 TS & ORREZRABEIZ 7 . HBANOETHE)
LEWZLAHLEEZEZOLNS,

THPEDKFZAEAREZFMHL, ESFLHBAL Ok
FEmn OVERUT LT L SRS TR & 2 ATIEZEERED

DT RETd B Z E VAL NI % 072,

2, 2y b7=9KY=—
2.1 ZILEREESSFMOR ZHERL LRy F7—2

RKYy=-="1

WHWIZEH S ASEEIZHSE - | LB ®EA Y b T —
7R)Y—Th2 [#E54HE 7V (Crystal Crosslinked
Gel, CCG) | "Po4EHIZ TPEFHEMA % 72, CCG
R 7V T B L E & W) YD B
CCCOIEBUIBEHIZ e, 7Y FEEZHF T 5 A FRELAL
T Tdh HAzbpdc L i (I1) £ 4 » & N,N-V T F )V sK )b
7 I FDER)HFICTRAL, M2 - BEXfTRo728
2%, KUMOFEIDAzZKUAS L ) 5 Ot il & L
THLN. 2NSDOMOFIZAIEFEROLEHITH 5
TPE-CL4A%Z & L. (D) filli 7 T DO HuisgenER L Kt
12X o THELE L 720 ZHEMOF T& 45 CLKU(TPE)IZ
XL BRGAF TS CRAAEG ORISR EAIT o728 2
2. FEEBOIVEE o 72 F FEP BT 25703 BIE
N7z, 155N 7-KUCCG(TPE)DIEEEE (Q) % Fli 4
BB CHERE L 720 BRI F ORI TEE L 720

Q= <Lwet / Lcryst> ’

Lo FRHEEEDDH 5 —LORE ., Ly (TR E T O
FEEIREETOR L —LORE S THh 5, MEIH7To b %
BT d 5 DMSOXDMF., DEFH TIZKUCCG(TPE)!
1.74~1990 K E W HEE L /R L-—FH T, mE7 o k
VBT H HRRIFMIEERETH LT raaxy Ry
TRV AR TIEEEEARL00LL T & 2 1) . IEE %2R
Erotze KV EBIED 71 )V R F 2OV Hk L BiK
YD — 7 x ZIVERRLE X OGUEHIEL ORI L D |
RONTEEEP TOARGHEER TR L72EEZ BN,

KIZKUCCG(TPE)D B NAFEIZ O W T OMEZAT
otz SFESERUEBEAIRE L RE O
JANRT MV ERBGE L 72 BEIRE L 2 5 DMSO,
DMF, DEF® i+ CIZTPE-CLAN O TPEXRLIZH
K9 5470~480nm D FE N AT G S N7z by, B
ThibRk, Yrunaxy >y, ZuusR)AHTIEITPE
HR OB R Y — 7 3R T E otz DF D,
FENOEOFMEE ) BEA Y Y7 — 27K~ —DEH
REDPFELFEIIRELLCFGTL L0 ZEPW L2
Lol HOEFEE TR (Op) 12, DMFHTI20.03



THhozDlZxt L, KB TIH0.007% %720 CCGHD
TPEHALIE$ TISEBPEO KT & 10 L 72 IR I2 S
0. WEEOZLTIESEIIEEISLT. YU TLo
BB RDEAT B LI LD, FNTRELIEILT B
L) ZEMRIBE SN,

JE B AR L 72 SR EE o b e AT 5 72
. DMF/KDOREEEE (v/v = 0/10~10/0) 12 BT
KUCCG(TPE)D&EMFENANRT PV afllE L7z Z
. DMF(Q = 1.84) F CHZ S N/-TPEH RO F
MAK(Q = 0.86) D& & IZHA L T L EET-AS
RziFoin, BEEOEA L OO L2 HE L T
oo EHLIEHEELRE® L, KUCCG(TPE)D #
VR VR AT MUKIRIL S b 7 2K CTHIRTL .
KUCCG(TPE)-Na& L7-& 2%, DMF(Q = 1.84 —
364) B L UK(Q = 086 — 317) FOWVFIIZBWT
b E OB K A2 S5, itk > CDMF (&g
=003 — 0.15) 1B L V0K (D = 0007 — 0.084) H1 D
FTIUIBWTH O R L7,

KUCCG(TPE)*®KUCCG(TPE)-NalZ 5\ CTIZTPEIZ

HkT 2 HFORAEVBE SN2, EhEOHRE 72
DIZ, CCCHHERIZ BT IZHTET 5 71 VR v BREE & v
T, BMomEEA+ v L ORAZ ATz, Ai T3
A% & L Tid620nmIZF Ik ERm$ 17 a ¥y A
(II1) A F > £492nm & 546nmIZ TR Z R TV E Y
L (1D A » & v, S S OREEE O50mMAK R H
IZKUCCG(TPE)-Na%{Zi&Ed 5 Z L2k o CTAv b A A
YO - EBAERIT R o WTFROA F U EEA L
A THTPESAITER T 2 F0ICMA TAHHHA 4+~ il
ROPFNFEHARY PUHBE SN, &S I2HEOA
THAF CERRETHIET, TNHDORELEDEDSE
xR T I e MR TEZ, BB LmEdsZ LT
FEREEEFEB T2 LB WRETH ) . MERELHK
AT & 2R ROFEE A AR S T,

2277V VEBFEEGEEAL Ry FT7—oKRY <=1
RATIE MM Ay b7 — 27 R < — DOBEAE SIS
TPEXEAT 52 L &2l Miz. TPEZ &HT 5 ZEAEH
LT, IVANEEEOT 7V u A VIR T L4

Figure 2.



T&& (A4, A2) &1L 72 (Figure 3a)o £/ ~<v—& LT SHLZETHE L, WEZEL Ty TV aisl, #

(%) 7 7 ) VEEL ATV (X, X=MA (methyl acrylate), NENHRIRFE TIE A R Y M IVHIE, MR 386 TIX
EA (ethyl acrylate), BA(butyl acrylate), MMA (methyl HMEXIT o720 72 ESImmAEEICHTHE L 724~
methacrylate), BMA (butyl methacrylate), S(styrene)) TN VT, 10mm/min® #EE T3 5 ¥ THIER
V. AddD B\ IEA27% ZUEF] (0.4mol%/monomer) 12 BRa AT\, SSH— T OMYOMEE oY ¥ 7L KD
HWTT I HVIREAIZL D 7 IVPX-Add 5\ IZPX-A2 720

T fEBR L7z (Figure la)o 1ER L7277 )VIZREEH TRHE PX-A4 L PX-A205|iER L ) . PMMA, PSIZ§ ¢

5
PX-A2 PX-Ad a

'q q
R= —H —H —H —CH, —CH, —H
X oJ\o QJ\O oJ\o o’l‘o OJ\O
&H, CH, CHs ¢H, C.He
px=  PMA PEA PBA PMMA PBMA PSt
07 485 07 485
(b) A2 " (c) A4 oA | g
06 x Py 0.6 1
b 475 E wpma  WPBMA a5 E
05 1 < .05 £
e b'e PMMA | 470 E © m PEA 70 E
4 o M PMA <z PBA m o <
£041 PEAM MpPBMA X lasE 204 465 E
E » E =
3 s 3 =
203{ __ WPBAHDA X o= 2., 460 =
Figure 3.



IZHEWE. PMA, PEA, PBAILBEMEFHI CTHilT. PBMA
WA T AT BRI, Yy rRiEEhEN
10"'~10°MPaT& - 7z (Figures 3b and 3c). A4 A2T
IR ICKE BB o7 TXTOT IV
T455~485nmIc k% & DAIE B H RO EZ R L
720 R ~Y—$HEZAL S /2560 A2TIZFEUB R
F(Ll) . BEFIPER () et L, v~
TEROKEVPMMA-A2°PS-A2 T A  WHEEEY 7
M i3 LV REL o720 THIERY v — SO S
V2B U TG SO ATE S & OEB ASHI R S v, 58b4%
OB o722 W2k B ERBEE N, — T
Ad% ZEREFNC W2 0 TRy v Z RO E S o
OWIMER SN0 L AFIFE A EELL 2o
720 PBA-A2DImMEW ZZFEJ AR PV X H | -196C T
EERIZHART A LOEEEY 7 N (475nm—453nm.

Figure 3d). =T EEOEEK(0.28—0.94) 25 & 172,

F7:. THF R EDR) ¥~ — 0 B T s w7
it FVIEIEFICEE AL 2D, 1ZEA LR
L7 < 7o 72 (D 028—0.006)s =5 DIHZEALIL.

R CIEAR) v~ —$HOEHEAET L. BRE#EFP T
R X —SHOEB LI L 722 L ITEE L T, AIE

BHEOEBBUEDP L L 72720 THEEEZ LN, K
Y OB TY v IEEGIE L R L~ L7,
—Ji TPBA-A4TIZ-196T L IR TIHITE AL 1 Lld Y
TN Laho oA, ERUETOMBUIES T L A
Ry 7 b Lo 2F D EUGEHIOMEEIZL 5> T WY
7 MY RIREFESED L E WV b, £z PBA-A2(Z
ANFHFRAFLIT ) L= N EGEAE L T4mol%
BA L7546 (PBA-A2-HDA) ., Y~ 7 &5 HK (0.16
MPa—0.78 MPa) L. & 5 IZ& TR AR SN
(0.28—0.31) ZVINEF TIZAIEBHE D EEET L 2 &%
=1L TBY, BETERAMORY v —H
DOE 12 & ) AIEBFEOEEEDSZIL L . FEUREDZE
1b45Z LM R 2@ERTHL,

3. WL LIAEERKRY

TPEC IR T VIV EEZ T —TVH LWL A
TIKEZ AL CTEAT LI ETHRMILL . ZDFEE
PEIZBE L TR 2 177 o 72 (Figure 4a) o &K HEOIKRE
TIEDIE R 54 L 721a, 1b, 2a. 2bldiEfk, M
w5 L 722cid R T o 726 DSCHIZEIZ & - THEE
BIZE L THET L7z 25, 1a, 1bi3-150T £ 5100T

Figure 4.
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DHEPHT AT AL % AR IR L 72D AT
Holzh, 2a, 2bIFERMATIK/ILE -2 2R L,
5 IZEfEY — 7 %R L7 (Figure 4b). 2cl366T (2@
Y — 2 %R LI2IZTTHoTze 2O LN, BT
BHHDOE SR, #H AR X o THIE S &
HETE 2 I Loz, FilZ2a, 2bIEMEIREED
OEIRICT 5 LA, WEIRED S RIRIZT 5 & EEIC
LAEBERL, BBEELLETCEL05FTHLI LN
o7,

FENHFIE B L TR 24T 2 o 7285 R WA D 5+
13470~480nmff 12 A (& 78 L72AS, RO 55+ Tlid
440nm 2B S L7z (Figure 4c)o T 720 Op b RO 5y
FTIX0.7~09 L HmWEZ IR L7278, ERD ¥ T304
REICEETN ., RO FOHPEL ) RHEEMTLY
B FENT B T e G h o, T OMEIL, BB
BT %2a, 2bTHRRTH ) WAKIKREDIZ ) 2 EE
REL)RERMICBNT, XEIELL T, &
JeFF Al E ORGSR, TS O (TR SR E 0 E
WwE LTHFICHN T,

FROMRDPS, =T VHOKEZZ AT VED b
DENBHEELYRLT L, OAEL RLEADzDH LD S
ol ZOENERLZO. ETMVLEWM TS
A1lme, 2me®D i 2 /EBL L € O i &
L7z&2nh, BfED 7L OMEEHEA»RE CELS
Z & W5y h o 7z (Figure 4d) o BEARRIIZIZ. 2meTidd>
DI AT VD REN BT LKERE 2L .
TPEFIZA L OC=CHi G DAL E D T A
7o 7oREEA D O3 Ly Ime TIK R A AEI D
THULOC=CH & DN TT N BT HHFIET 5 1%
Ex WD Z & A357»o 7z (Figure 4e and 4f) o

R TH D2 L DR E LT, thoFHST & DRl
ERENZ EDBBIToNL, REFELERTHLF AV
Ly Fa2allx LT3~10mol%iI LRz 2 A, 7T
DKEFEND I LT 2 2 o7z
WL AN F—BERRIIHBN TH D Z LAnh) ., H
RO EEN ST LT EDRTH > 720

4. &8

AifFE @ T, FFICSETITRRIIBVT, Ak
T H 2 &R AIEREZ EREH 5 W I HIH§ 2
CENHRET D o720 KEREMEDOIFEEZ M5 &,

b3 250 T ORI L > TAIEFFEO B A A v
FTBEIENTEL, £y T =7 K) v —OLEEREE
EAEEICHET DR ICED A 2 L T R 0%
RTROBBUIKI L7z FHhvthy FT =27 R
Y =& HCISRICH L T, RO Y IR, E
BEZISE L TR RIEERE 2 RE TR TH o 720
F/o. WRMET 5 2L THOAIER SRR DND 2 L %
L BLARKRELSE T 5 2 LAVRE S Lz, AR
L CORMBREIMET LAV old, MAORE VRIS X
HEEZOND, T72. BUEIEZRE L TRIEETHIE
LT 2LEMbEMTE . TNHLDOWFEE L TAIE
FREDORBC I OEDPH L PIZTE 22 e b, HE)
FFIRBISE I F o AT Ll U7 & F S 2@t
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1. HROERLEN

Frm il e et OEB 2 BIR L T, 4 NHIZFHAT
REL AV F — ORI 2 FIH 2 #ED TV B 05, K72121L
HEREZ FEZIANVF—FHELTHHLTWE, €D
7o, HBKIEIEAL & HEE ORI IO KR E D —> &
ST 5 TR (CO,) DRI BTN — &
BlzEoTBY, FENERBC, LM A RSO
KEHEEIZLAEAERER OGN EEZIN TS, [1]
NS OMFINTERR 2 EZ RS 572012, CO%
E - BP9 A8l CO, & FRE IR 3 5 Feffi AN H &
NTwb, 7 Th, BATRLAVF—Th LKL
IANF-FBIANF—ERT 5, wbWwb A TH
EWAS— Yk E LTI ST b, FRIZ, St
F—I2 Lo TCOEHM L REAWIERS 2 2 L
TENE, CODHIKE Lo, REGRE LT 2
CLINTELZ LS, T 22 COETTIZEI 3 A BF
FEDSTERE AN AT bl T\ b, [24]

CNE TICHEE . 30 RMEFWIZIAE S s R
T&E7z, JEAEERIZCOZ#EILTE 5 L =7 A (D) HifK
RS, T oJefiliERRICmA T, Py =T 3
~ (TEOA, N(CH,CH,0H) ) fF7E F T CO.5 T aE
ERT RO TRE L, [6] #lzIX, HFHEEY
{IVEMTFEET AL =y A DK, —HYzt
b SIS D 4 (TEOA & COMAE T 5 40F) TlaB W

o]
|
o0~ NRz co, OJ\O/\VNRZ
0 R . —— B
N l/,co N l,,co

—SN—Re

I‘Co K=1.7x103Mm™" ’—lN"ﬁe‘Co
co (R = CH,CH,0H) co

B1. "Iy =TI VHEETIZBITAL =T A()
FEARIZ & B CODHIE & 2 DO PHTIREE,

SURTRASE o bIs AR
HA

Ty CONEB-MRFEAEGHIIFAT LT, &h= & (il
REnzpzZ /ML),

F72. ZOCOMIMEEAEAL =7 4 (D EEEE HV 5
T %2 DCOETCMIE R P TAB L, CO TSI
HLTWwaZexHo»IZ L7z,

Z DCOMINgEtAE & TTHIGIINE L, BV
FEO R EHI & A A DR R 2 T 5 2
& Ty CO%COICZEMS 2 HGIZOWT, HRRED
CO & TR = TR (82%) 2 L L T\ b, [6] &
512, ZOCO5 FHiifeaeZ FIH LT, RIREECO, 7 X
MPHCO, 2 itk - Wfi L. Tz @EIZCOIET Y
2 5T R DBHFE IO THRBI L 720 [7]

ZOCOMMMISTIE, $ifEDMBIZ ) =5 /=7
IUNRIATHH 2 DD, EIREORIRC AR O 7%
MEORTHEPAELTLE ), £2°C. HEE»MA
272 L 72COMBIRBUG & & O o B % it
& L. COffifiaex H§ o AHRACAF 2 Fr7zIliat - &
B L. CO ez U7t SUs o M=tz Hry & L
720

2. ARER
21 CO, TRz T2 BIREZEA L RUFH
U ZoL =y L()SEEDERK L IEE

FEHEIA I VERNTFEBETA M) AVER=Z VL =
2 (D #5875, COFPR FTEOA % & iEiihic B
T, CO,LTEOA%Z =4 F 32, KIRTZATIVDOETL
=y A(DEERIIWMY AL L E5FTRZ T, Lo A
DI WRLEIZ T IV I — VS Z O ) O VAL
FERZEL, Zol=vaD#kr ARl (K2),
Bz X, 22-E ) ¥ 2?6 12 2-methoxyphenyl %
BALLZERATZAEKL. S50, Ihr Bif#
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J 7\ 7\
O_O OCHs 1) n-BuLi N= BBrg N=
©/ "2 kMo, P

CI\/\OH \—/ 7\
K,CO3 N N=
—_—

Re(CO)sBr Re(CO)sBr
o
/_/
HO
lRe(CO)sBr .,
N /N0 O 7/ \,OH
HO N B'N= N BTN=
\ |
w C\\Z{Q@ \Rle/\
——Nad MO0 a2 <
NETN= Fecho Fch
“Ré o] [¢)
Re,
Fch
o
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1 R2 —
IR HO. 5-OH PR, PP, { > )
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=N N
Br H3;CO
R' R? / R! R2
o OH
Re(CO);Br, toluene CN\'E?{‘Q@ BBr3, CH,Cl, <—N ‘fq—\
_ TetleRh OTemE _ SPre e
™
& ¢ W & E%on
6 1 o]

R'=R2=HorR'R2= /"

2. COLFTHifta Mg 2tk 2 8 A LA T 5
LUV = ATl Fad gk - & P& Jk
1AL LA 2MWAES 2L =7 A(DE#EDOE M.

L C2-hydroxyphenylZ % #2 ZJEEN 2 472, 2
%@v4symm%mm«m%&%@ﬁé@f\ﬁm
TH MY VR VL= A DR RS 72,
dimethoxyphenylZ: #5224 I VM T DA L. [
BCHISS 2 U VRV L=y A (D 8k &7,
512, COFERIHREDLE 24T\, 7)) — VIR
26-dihydroxyphenyl2£ |29 5 Z LT, L= A H.0
WIS T VT — ViEEY 28D L= 4 (D $k %
ALz,
BELzInSDL = 4 (1) #EDOH NMRA
JMVERELLEEZA, VA4 VERMTO6 LIS
BALZT ) = VEEISHIS T 2 BB 2> 7 F v h
B Nn, Pz, dHEzRE>T ) —IVE2.6-
dihydroxyphenyl#t % & A L 72{AD'H NMR A X% b
IZBWT, AREFEMIBARI SN LERET) — VLD
L 6MLOOHTH by DY 7 F v, F72, M LSO
70 b DY TSN E NI & 7z (K
3 ). [EEIZ. 2,6-dimethoxyphenyldk % E A L 72§54k
IZ2WTh, 26[D X M F I 35MDT T b L
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