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IS FER L EENE X 2,8-— | ZWEA[3.3.11F ks
Lk 4 T 1 % FL*

IR ZEM R S 22 T2 TR 215123)

WE 28 A RIOR[331] TR 4 M B ICAAE T 2 R R AW s ME I . BH B 748 16 A5 P [AICI(CH;CN)s T -
[(AICl,),]* *CHCN f] J5 i1 AICI; /£ CH;CN A s i [ B3, HLal 4 Rk 2-F2 36 75 2R W AN 28 M0 (14 18 v Joe 64k /45
BRI B, AR 0 A 2,8- AR IUIA[3.3.11 Tk, PR PR Bm. AT AN AR B, HsR A,
N 2,8- AN [3.3.1] B A IR At T — P A HT E

FEEE PHE TS, MBI, #EL; 2,8- EANER3.3. 1B Sk

Cationic Aluminum Complex Catalyzed Synthesis of
2,8-Dioxabicyclo[3.3.1]nonanes

Yang, Minrong Zhu, Ya'nan Xu, Fan*
(College of Chemistry, Chemical Engineering and Materials Science, Soochow University, Suzhou 215123)

Abstract 2,8-Dioxabicyclo[3.3.1]nonane exists in many natural biologically active materials. Cationic aluminum complex
[AICI(CH;CN)s ' [(AICL,),]* *CH;CN can be easily prepared via the reaction of AICl; with CH;CN at room temperature. It
served as efficient catalyst for the tandem Friedel-Crafts alkylation/ketalization reaction of 2-hydroxychalcones with naphthols
to produce diaryl-fused 2,8-dioxabicyclo[3.3.1]nonanes in moderate to high yields. This method provides a practical process to

afford this type of biologically important compounds in good yields using easily available and inexpensive catalyst.
Keywords cationic aluminum complex; Lewis acid; catalysis; 2,8-dioxabicyclo[3.3.1]nonane; synthesis

2,8- AR BIR[3.3.1 ) b s B TAEAE T 2 MR
SRR, FLATAE) B AR 2 R A s,
PuE P/ IACREE . BrE. PURAE. PURTESE.
un, MAEAE LA KV VR Loy Hh 43 B R R 7S A 2 5 e
= RN B R R B R AT R, R gy [
I EA e T RE Y, B A B AN — R ARG
FESEAPUAMNIE A PT BT, BRI PR RE
B0 T PO M ER ™, M7 R P R B ) R A R
A2 B W ARAIHT HIV-1 3 P12 I R AR 4 R 35 8
A 2,8- NIRRT, ST XA
BRI ZGIRETE, 2,8- A 4R [3.3.1] B ke 451
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Figure 1 Diaryl-fused 2,8-dioxabicyclo[3.3.1]nonane

FIEEH RN pIREE MLl KK b e LT L1 LT 1Y
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A2 DAAT ¥ i 7 R A 5 40 3 i 0 1R ) 1 ok e A P
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DLARIE. Yin AR Yk BL 20 mol%f) AgOTE i1k 25y
50 B EA REA SN (Eq. 1), EF A 18 h f515
7 2.8 ESBIR[3.3.1] k. BEJE, D,L-10-4% kit
2 (CSA)'® . CeClye7H,O/Nall'' | 7 — it — 2. & 3
(EDDA)'L, 5 B R FR(PTSA)'?, amberlyst-15!"*125: fj
Tt Z ARG N Tl v, Rk, xF 1L 2-%%
AT R AN By BB S ) % 2,8- A AR NIA[3.3.1] ke
I SCRRARE A BR,  HLK 2 HORE i 7 26 A R0 e B &5
R A — e Oz A, Bl 7 B 5t AR B 7
B, MAGRIHER, KSR A R EZER, E%. BT
2,8- AR ARUIR[3.3. 1] ot A& V22 AR )3 1 ) ot (1) 5 4
(R L, TR Ly 0B T VI AT IH 2
TAEF R . feilr, TAVNEKRE T FHEST#5 +
16 &) [Ln(CH;CN)oJ* " [(AICL):] *CH3CN 7 2 AL )
2-F5 LT R A AN 25 My B R W 0 RN, AR T — B4
2,8- A3 heAL .

ArOH + /(D . > .
ArOH + )J\/U\ L. . > .
ATOH + i @[CHO . > .

B 1 SR 2,8- A XOR3.3. 1] R & s 12
Scheme 1 Reported synthetic pathways for 2,8-dioxabicyclo-

[3.3.1]nonanes
d Ar
O o}
e ‘i‘ O

o}
OC . o
+
OH OH
MgBr OBz
Cr, O .
OBz '
o
B2 CHRIER 2,8- A ARIA[3.3. 1] ELe & s 12
Scheme 2 Reported synthetic pathways for 2,8-dioxabicyclo-

[3.3.1]nonanes
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“HMHENMRSE. BT =SB R RN
Lewis FRME, Ht i@ H T HAZ RENRN, Mk
3 Lewis BRVEHOR KA 28 T H AL R T R4 . G
Ro 48 Al HL EAL RS, R AL O HIBE T
Z A EE S, 3L DLRH B T HRASAEAE, T AL O 5
NEREL, Lewis BRVEH LIS 23E &, XERSHLAEY)
Lewis FRVEM @ M2 —. B FHEULEY
[AICI(CH5CN)s]* * [(AICL,),]* ~ *CH;CN & H1 AICL; 7E
CH;CN A 52 38 43 P — BRI 18] 5 AT 1 1 AU (Eq. 2),
HE T s WK 2 for, EEMETFELEDNE
AERIB TR, BT HaE T — N HE
[AICI(CH;CN)s]**, PiANBIES T840 [AICL) -, BA K& —
TR 5. BB o & B —A
S LA R HAS OG5 R FRCAL, 0 1T
R 6; BB 7870 BTN [AICL] R, BFAM[AL
Cly] Hr 48 B B0 4.

CH4CN
AlCl; ————> [AICI(CH;CN)sJ*[(AICI,)ol*  CHaCN )

N(6)

B2 [AICI(CH;CN)s]* [(AICl),]* *CH;CN H ik 454
Figure 2 X-Ray structure of [AICI(CH;CN)s]*[(AICLy),]*
CH,CN

FH B 7 #5 1k & 9 [AICI(CH;CN)s)* * [(AICL,),])*
CH;CN X 2-F2 525 JRER AN 2-Z5 Wy 0 ) i A — 72 AL
MR, EIEE] AICL AT R HATERNHE LAY
B 5 & s, AR THE FHRAEED
[AICI(CH;CN)s]*"[(AICL,),])* *CH;CN 7E4 ¥ 2,8- 46 4+
RUIR[3.3. 1] b 1R SR A 3 1 A

1 HR5R

T 26 DA 2-ZE My Rl 2-F2 FE AT IR R 1) S AR N BRAR,, $-
fIT7E 9 mol%(LL Al i) FH & T 4510 & YI[AICI-
(CH3CN)s* " [(AICL,),]* *CH;CN 246N, RN T HZEH
80 CFHAT 72 h, HEFR] T — AN BRHEIL
Pk H BRI C 0. oy M e /MRS H AT, R

http://sioc-journal.cn/ 3551



BIKE

AT 1% L AR AL 22 45 0 2,8- 3 4 WA [3.3.1]
Tt 3aa. RBLEAR ISR E NFREIE N 34%.
W J5 o0 SRR TR EAT T (R 1), 45 REW], £
L RN IR BT (3R 1, Entry 3), PECRIA S|
UL b, FCA U TR I s LG5 RIS A EEAR. 1 DU
WAL CH,CN AN R NS FINT, PPk s
TRIBERRE, X% 83%(FE 1, Entry 6). KA
[AICI(CH;CN)s]* "[(AICL),]* *CH;CN &7 CH5CN 1]
#ARB], TRELTEAMA RS AL AL
TEPE. BRI M AICL AT Mg, SR 1 d,
23 7 JEALPH B T4 S I[AICI(CHSCN)s | [(AICL), ]
CH:CN [ LBV, K b TE th s i i T 2-28
Ty A 2- R B A IR IR AR ASE R S B, [RIRE A P24 2,8-
AARIR[3.3.1] BRI AR E A 82%(FK 1, Entry 6),
UE B SR A7 A= B D BH S T 45 AL A D RN 45 A5 31 1 1
PR R — 8. SR, K AICL ELREFAE
CIEHEFNANFEF) T, FIFEKAE T4 3aa TR
FJE AL BRI [AICI(CH;CN)s 1 T [(AICL,), > *CH;CN
16 IR (FR 1, Entries 2, 6), BB E FHELED
[AICI(CH5CN)s]* "[(AICL),]* *CH;CN #2 AICL HA 5
EHEAL S 1. T DA S A o) 43 9 BH S T8k S WM E
AL HEAT J5 SR 78 A%,

BATHER T & L5 X IR RLE PR IS (R 2).
PR TR P R 1R 25 52 4 SR AR W, A0 i = el R 1)
9 mol%iZHi FF%ZE 3 mol%M), FER Ml FRRGER 2,
Entries 1~3). JEAIHRE LG =Pl 7= A K IR 5%
M. 7E 6 mol% LA E T, 2 2-FR A2 /KA 2- 251
FILLEIN 101 B, PR3N 79%; 24 2-FFE A IR AN 2-
ZEM Ly 10 11, B 2-ZEMyeE v id s, R TR
K T0%; 24 2-FRFEATIRERAN 2-ZEWy A bl Jg 1.1 1, B
2- 2 5L Ay IR W g O ik B, PR R ORI
92%; FHAkLitm 2-FREE/RII AR, KM
SR N(ER 2, Entries 2, 4~6). X S T8] )25 %2 5
7N, 4IEIE 72 h 46555 % 60+ 48 h I, [ S FTUSCR A
Fir B, {HON 60 F1 72 h ISR AR ZE AN K (3K 2, Entries
5,7, 8). RMNIREEM 80 CHEN 60 C, WEIEEE
95%; HAARSLFFAR N IRER 40 CHE, FEPlicR i
i N F#(3% 2, Entries 7, 9, 10).

R N BH S 15846 A I AICI(CHACN)s > [(AICL,), 1 e
CH;CN J2 AICI; /£ CH;CN Hhygfb 321, Kb FATE
BT JUANEA Lewis BRI 48 SALYITE CH;CN g1k,
TR TR IR 2 T HEAL 2-25 MR 2-F0 7 R il (i A
PR, SEEREE KW, FEFFERIE T, Tk iEik
f£) CuCly~ FeCls iE /& ZnCl, %1% s N AR A AL RUR.
I, S TR Wi 2- 2 FE AR IR A 2-25
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1 AFENERIXS 1a F 2a KSR ¢

Table 1 Solvent screening for the reaction of 1a with 2a

. O
CO —
+
OH
1a 2a

3aa
Entry Solvent LC yield/%
1 Toluene 34
PhCl 40 (33)°
3 DCE 67
4¢ THF 36
54 n-Hexane Trace
6 CH;CN 83 (82)°

“Reaction conditions: 0.5 mmol of 3-(2-hydroxyphenyl)-1-phenylprop-2-en-1-
one, 0.55 mmol of naphthalen-2-ol, 9 mol% [AICI(CH;CN)s]* [(AICLy)]*
CH;CN (the content of Al relative to 3-(2-hydroxyphenyl)-1-phenylprop-2-en-
1-one), 4 mL of solvent, 80 C, 72 h. * 9 mol% AICl; as catalyst. < 66 C.
468 °C.°The catalyst was in-situ formed in CH;CN.

K2 RFEN 1a A1 2a R ¢
Table 2 Condition screening for the reaction of 1a with 2a
LC yield/

Catalyst/ Molar ratio

Ent mol% (1a : 2a) Time/h Temp./C %
1 9 1:1.1 72 80 82
2 6 1:1.1 72 80 70
3 3 1:1.1 72 80 62
4 6 1:1 72 80 79
5 6 1.1:1° 72 80 92
6 6 12:1° 72 80 86
7 6 1.1:1° 60 80 90
8 6 1.1:1° 48 80 81
9 6 1.1:1° 60 60 95
10 6 1.1:1° 60 40 57

© 2019 Chinese Chemical Society & SIOC, CAS

“ Reaction conditions: 0.5 mmol of 3-(2-hydroxyphenyl)-1-phenylprop-2-en-1-
one, [AICI(CH;CN)s]* “[(AICL,),]* *CH;CN (the content of Al is relative to
3-(2-hydroxyphenyl)-1-phenylprop-2-en-1-one), 4 mL of CH;CN. * 0.5 mmol
of naphthalen-2-ol. The catalyst loading is relative to naphthalen-2-ol.

PR 2,8- AR [3.3. 1 | R R 2% A /2 0.5mmol
2-Z5Wy, 0.55 mmol 2-¥2 & /REH, 6 mol% [AICI-
(CH;CN)s]™" [(AICL),]" *CH;CN ARERLTI(LL Al BT,
FIRARN T 2-251)), 4 mL CHsCN 1RV, A
60 C, JMIFIE 60 h.

FEMERALRMET, TATR— R 5 2-Z5Wy F 2-F2 ik
IRBR S BEEAT B HEER 3). AREUCH) 2-25m 4 RE
A 2- 32 A IR R TR 5 26 S AT AR LR 2,8- 52X
B3I ERMEY). 2 2-Z5WH) 6 frek 7 Ariif e
THEIFAEN, MR, H 7 Al HAE
2-ZR M K S LA P R T 6-F AUk 2-25 ) (3R 3, Entries 2,
3). 6 At AW R T2 Br ) 2-Z5) (1) S MR I AT
6-F A, 2-253 (35 3, Entry 4). ATH 2-Z5W) (K BA 7 B

Chin. J. Org. Chem. 2019, 39, 3550~3559
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Table 3 Synthesis of 2,8-dioxabicyclo[3.3.1]nonanes

O
OH
X X
R'— | N + R3:—<:©/ —
OH e 7
1 2
Entry 2-Hydroxychalcone Naphthalen-2-ol Yield/%
(0]
OH
X
1 SOAS o
OH 2a
1a

3aa

.

W W .

(e}
» C
1a

3ab

. 0O
MeO OH MeO O
‘ O i 91

3ac

Br
0 O
(¢}

[\)
®

.

(9

/
W
(9
(9
g
9

37
O
OH 2d O
1a
3ad
(0] Br O
N OH 5
5 43
OH 0o
1a 2e Br Q
3ac
Br
0 O
OH 0o
S 9 W,
6 Br 31

o
_‘I
o

»
@)

3af
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gk
Entry 2-Hydroxychalcone Naphthalen-2-ol Product Yield/%
(0]
o OH OO NHPh
< O :
C e U o -
OH o) fo)
1a 29 'D
3ag
0 O
O
e W,
8 5 51
OH 22
1b
cl 3ba
0 OGN
, T O
52
O
OH 2a “l;
1c
Br
3ca
: 99
N OH (o)
10 O O o O 56
OH 2a O
1d
3da
o O
N OH (e
11 HD ‘D ‘D‘D GD cl 51
OH Cl 2a 'DO
1e
3ea
0 O
N OH (o)
12 |'D |'D l‘"‘r O‘GD Br 79
OH Br 2a
1f
3fa
i o
13 ) lD"Dr e
35
OH O \_/
2a
1 ®
3ga

“ Reaction conditions: 0.5 mmol of naphthalen-2-ol, 0.55 mmol of 2-hydroxychalcone, 6 mol% [AICI(CH;CN)s]* " [(AICI,),]* CH;CN (the content of Al relative to
naphthalen-2-ol), 4 mL of CH;CN, 60 C, 60 h.

HRAEVE T L=

3554
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(12, {2 2-Z2 M 1 1AL 4 i,

© 2019 Chinese Chemical Society & SIOC, CAS

AR AEAE 3067, PN 43% (3K 3, Entry 5). 24 2-
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ZEEAI 3 AL4 Br U, OS] BLKAE, (HZ IR B
#(3K 3, Entry 6). 2-f2E-3-ZEHRR A 5 2- 5 AR
PRI i 2B S, LA 92% (1 g UAe % A Al 8L H ARk &4
(3 3, Entry 7). X — R4 2-F2 3L AR 105 52 4t
R, EATIRREMRNFME TS 2-Z88 R & A OB
2-FRFEA IR R XL T SR W A W 72 Cl. Br
W TR I I RS AR RS TP S R (R 3,
Entries 8~10). 7E 2-F23& A /KB 14 k5 T 1% 57 PRI % A7
HEA WA CLBr i, [ RRIA B 45 DL F (R
3, Entries 11, 12). R0 ZA —E M5 2N, 3-(2-
2 B ORI ) 1-(3- M g 5 )-2- TR M- 1 - w1 A A 7 7
), MBS MAK(E 3, Entry 13).

TATXS 1-ZEBYRIAT T H L (R 4). LR
R, 1-ZEMIRBEVRT 2-28), 5 2- 25 AR

il 76 AL Ak 2% 0 R B0 ROBE BT A5 H AR ) B ICER AN
61%(F 4, Entry 1). 24 1-ZE8y 1) 6 Hris A fit Al 725 4
B, W RIRTH(E 4, Entry 2). 24 1-Z51 4 A1
TR AL T AR RIS R R R T2 NO,. ClL Br
HUARES, SOSARREMIR KA, WCRTE 62%~84%ANEH(FR
4, Entries 3~6).

7£ 10 mol% [AICI(CH;CN)s]*"[(AICl4),]* *CH;CN
TEALTR, [A]2RE Wy A 2- 2 2% R (1) S o2 ml 78 [BI At ) 2
IR R AR, AR R R 55 SE R A 2,8- R AR
R[3.3.1)F b &WI(Eq. 3). LR AELERZE I 4-
Bz, MR 67%.

e B R BB B, AT T E FHREw
[AICI(CH5CN)s]* " [(AICI,),]* *CH5CN i 4k ) 7, % FR A
FIRBAR S L, RN 76% (Eq. 4). MR ZEEANIE Bkt

R4 28-THIRIABIA BRI AR
Table 4 Synthesis of 2,8-dioxabicyclo[3.3.1]nonanes

0 OH
L) —
OH 7
1a 4

Entry  Naphthalen-1-ol Product

Yield/%

Entry  Naphthalen-1-ol Product Yield/%

o
T2
1 0O 61
- W,
5aa

MeO
o L

0 T2
2 0 60
MeO
4b

5ab

OMe

O
3 o O 72
O
OMe
e W,

5ac

O 84
O

O -
(0]

o
(¢}
Br
4f

5af

O
(0]

“ Reaction conditions: 0.5 mmol of naphthalen-1-ol, 0.55 mmol of 2-hydroxychalcone, 6 mol% [AICI(CH;CN)s]* " [(AICI,),]* CH;CN (the content of Al relative to

naphthalen-1-ol), 4 mL of CH;CN, 60 C, 60 h.

Chin. J. Org. Chem. 2019, 39, 3550~3559
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o
OH [AICI(CH3CN)5[>*[(AICI4),]%+ CHACN (10 mol%)
+
OH
1a OH 6

(RGBSR T 3af HaR Al IR e RtAT
T X AT T, P ai i 3 pos.

(0]
N OH
+
OH
1a 2a

1.72 g (7.7 mmol) 1.00 g (7 mmol)

6 mol%
[AICI(CH3CN)5>*[(AICI,4),]%* CHLCN

CH3CN, 60°C, 60 h

B3 &Y 3af (s ai i K

Figure 3 X-Ray structure of compound 3af

SCHR[1713R B, TERRPEZAE T, 25 A /R EK B
e R A AT v e AN S N AR e SR A TR 2R Y. TE LItk
I, FRATTXF 2-FR I A R AN 2-Z5 By O I S LER AR T AR
HEM (Scheme 3): 2-ZE M Al 2-F2 T 2 KT B S 7E Lewis fR
[AICI(CH;CN)s]* "[(AICL,),]* " *CH5CN AE I F &A= 1 v
BrdeAb NS R Rk A, A BEJE R A 4i AL O S 3|
HARAY) 2,8- AR [3.3. 1] E 4.

2 Zhig

FH S 75 4L B [ AICI(CH5CN)s 1> T [(AICI,), ] e
CH;CN A[H AICL; 7E CH;CN H & 3 45 3 1 5 18 A 2cHh
23], AT ZEBY R 2-F2 FE B IR R A2 I B3R AS 2,8-
TERAGA[3.3. 1] B A, IR A A S P
AR T ST HARGER AR, WIEMEMA R, Kt
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CH3;CN, reflux, 24 h

© 2019 Chinese Chemical Society & SIOC, CAS

Friedel-Crafts

o
alkylation
+ - >
OH OH
o I,
0

ketalation O
—_—
DT °
o ®
A

B3 mreRI R BNLER
Scheme 3 Proposed mechanism
5L R B 7 4546 & I [AICI(CHACN)s ] T [(AICL,),]* -
CH;CN 718 1k B8 77 & A T BH 25 + i L 4L & P [Yb-
(CH;CN)o]? "[(AICL,);] " CH;CN, {H X /> 51l 2 37 JE& 420 1
=, AR TEE. £ T AICL £ 51 H
W5 ¥4 Lewis BRMEE SR IIFHE THULAEY
[AICI(CH;CN)s)* [(AICL),]* *CH5CN, {5 5 5 4 4
N T &AW R BRATGR S R R 7 1),

3 IS
3.1 UHF5EH

& R E R XT-4 BYXH BRGS0 E A 1
MR Bruker A% 400 MHz LRI, TAREDT N
T, TMS NFER; ZLAMERETE Magna-500 1AM REAX
l%E; HRMS £ Micromass GCT-TOF J& i {% il 5E.
T ISR 77 AT T A B 2 5 728 T .
32 ZWHE

L 2-F2 FE A5 R R AT 225 W (R ASEAR S ) AE TG 7K
TRTAR T, FRELAICL; (0.0040 g, 0.03 mmol)
F Schlenk e MJEH, AN 1 mL B, 36tk 1d. =HE T
R ORI 2-Z81(0.0720 g, 0.5 mmol). ZJiF
(1 mL). 2-¥2F: Y /R H(0.1232 g, 0.55 mmol). ZfiE(2 mL),
FHEZ 60 C, HiFEM 60 h. /b kB K&z
N, HF=AERERAFENT RN V coem 0V =1
20)5 3 A A, BN 2,8- A IXGA[3.3.1] Bkt &
.

2,8- AR MIA[3.3.1] 4 3aa: A [E K, mop.
191~192 °C; '"H NMR (400 MHz, CDCL5) §: 8.32 (d, J=
8.4 Hz, 1H), 7.81~7.76 (m, 3H), 7.65~7.58 (m, 2H),

Chin. J. Org. Chem. 2019, 39, 3550~3559



Chinese Journal of Organic Chemistry

NOTE

7.52~7.35 (m, 5H), 7.26~7.24 (m, 1H), 7.12~7.08 (m,
1H), 7.05~7.03 (m, 1H), 6.88~6.84 (m, 1H), 4.83 (t, J=
2.8 Hz, 1H), 2.51~2.41 (m, 2H); *C NMR (100 MHz,
CDCly) d: 152.6, 149.8, 141.4, 131.0, 129.8, 129.0, 128.9,
128.5, 128.0, 127.3, 126.9, 126.2, 125.9, 123.8, 122.0,
121.3, 118.7, 118.3, 116.8, 98.5, 33.4, 28.8; IR (KBr) v:
3039, 1622, 1245, 1014, 765 cm™'. HRMS (CI) calcd for
C,sH,40, [M+H]" 351.1380, found 351.1389.

2,8- “E R NIA[3.3.1]1 L 3ab: [ A 4K, mop.
191~192 °C; '"H NMR (400 MHz, CDCly) 6: 8.22 (d, J=
9.2 Hz, 1H), 7.80~7.78 (m, 2H), 7.54~7.40 (m, 5H),
7.30~7.27 (m, 1H), 7.24~7.21 (m, 1H), 7.12~7.08 (m,
2H), 7.04~7.02 (m, 1H), 6.88~6.84 (m, 1H), 4.78 (t, J=
3.2 Hz, 1H), 3.88 (s, 3H), 2.49~2.40 (m, 2H); *C NMR
(100 MHz, CDCly) §: 156.2, 152.7, 148.2, 141.5, 130.8,
128.9, 128.5, 127.9, 127.3, 127.2, 126.2, 126.1, 126.0,
123.5, 121.3, 119.2, 119.1, 118.6, 116.8, 107.5, 98.4, 55.5,
33.4,29.0; IR (KBr) v: 3029, 1627, 1244, 1022, 758, 696
em . HRMS (CI) caled for CoHy O3 [M+H]" 381.1485,
found 381.1486.

2,8- "R MIA[3.3.1] Bkt 3ae: [ EE A, mop.
218~219 °C; '"H NMR (400 MHz, CDCl;) §: 7.81~7.79
(m, 2H), 7.69~7.67 (m, 1H), 7.62~7.61 (m, 1H), 7.58~
7.55 (m, 1H), 7.51~7.40 (m, 4H), 7.14~7.10 (m, 2H),
7.06~7.04 (m, 2H), 6.90~6.86 (m, 1H), 4.74 (t, J=3.2
Hz, 1H), 4.05 (s, 3H), 2.51~2.42 (m, 2H); *C NMR (100
MHz, CDCl;) 0: 158.7, 152.7, 150.4, 141.4, 132.3, 130.6,
129.6, 128.5, 128.3, 128.0, 127.1, 126.2, 126.0, 125.1,
121.2, 117.3, 116.9, 116.3, 115.5, 101.9, 98.4, 55.6, 33.5,
29.2; IR (KBr) v: 3057, 1624, 1237, 1017, 755, 699 cm .
HRMS (CI) caled for CosH, 05 [M+H]" 381.1485, found
381.1492.

2,8- “EENIA3.3.1)1 4t 3ad: H B E AR, mop.
173~174 °C; "H NMR (400 MHz, CDCl) é: 8.10 (d, J=
8.8 Hz, 1H), 7.85~7.84 (m, 1H), 7.76~7.74 (m, 2H),
7.62~17.59 (m, 1H), 7.46~7.37 (m, 5H), 7.20~7.18 (m,
1H), 7.10~7.06 (m, 1H), 7.02~7.00 (m, 1H), 6.86~6.82
(m, 1H), 4.68 (t, J=2.8 Hz, 1H), 2.43~2.32 (m, 2H); "*C
NMR (100 MHz, CDCl;) d: 152.5, 150.1, 141.1, 130.9,
130.9, 130.1, 129.5, 129.0, 128.5, 128.1, 127.5, 127.2,
125.9, 125.8, 123.7, 121.4, 119.8, 118.6, 117.5, 116.9,
98.5, 33.2, 28.9; IR (KBr) v: 3059, 1616, 1243, 1017, 752,
697 cm '. HRMS (CI) caled for C,sHsBrO, [M+H]"
429.0485, found 429.0484.

2,8- " MIA[3.3.1] Bkt 3ae: [ E A, m.p.
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192~193 °C; 'H NMR (400 MHz, CDCl;) J: 8.32 (d, J=
8.4 Hz, 1H), 7.81~7.76 (m, 3H), 7.65~7.58 (m, 2H),
7.52~7.42 (m, 3H), 7.39~7.35 (m, 1H), 7.27~7.24 (m,
1H), 7.13~7.08 (m, 1H), 7.05~7.03 (m, 1H), 6.89~6.85
(m, 1H), 4.83 (t, J=3.2 Hz, 1H), 2.51~2.41 (m, 2H); "°C
NMR (100 MHz, CDCl;) &: 152.6, 149.8, 141.4, 131.0,
129.8, 129.0, 128.9, 128.5, 128.0, 127.3, 126.9, 126.2,
126.0, 123.8, 122.0, 121.3, 118.7, 118.3, 116.8, 98.5, 33.4,
28.9; IR (KBr) v: 3039, 1622, 1244, 1013, 743, 702 cm .
HRMS (CI) caled for C,sH;sBrO, [M+H]" 429.0485,
found 429.0495.

2,8- A A MIA[3.3.1) E e 3af: [ A E 4K, mop.
179~180 °C; 'H NMR (400 MHz, CDCl;) J: 8.29 (d, J=
8.0 Hz, 1H), 7.94~7.86 (m, 3H), 7.68~7.58 (m, 2H),
7.48~7.36 (m, 5H), 7.13~7.10 (m, 1H), 7.04~7.02 (m,
1H), 6.89~6.86 (m, 1H), 4.85 (s, 1H), 2.58~2.30 (m,
2H); *C NMR (100 MHz, CDCLy) d: 152.4, 146.4, 140.9,
131.2, 130.3, 130.0, 129.1, 128.6, 128.2, 128.1, 127.4,
127.1, 126.2, 1252, 124.7, 122.0, 121.5, 120.3, 117.1,
112.8, 99.2, 33.1, 29.0; IR (KBr) v: 3061, 2939, 1616,
1245, 1013, 765, 697 cm~'. HRMS (CI) caled for
C,sH;sBrO, [M—+H]" 429.0485, found 429.0492.

2,8- AL WIN[3.3.1] K 3ag: A @ EH 4K, mop.
231~232 ‘C; '"H NMR (400 MHz, CDCl;) 6: 10.04 (s,
1H), 8.75 (s, 1H), 8.32 (d, J=8.4 Hz, 1H), 7.91~7.84 (m,
3H), 7.69~7.65 (m, 1H), 7.52~7.49 (m, 4H), 7.44~7.40
(m, 1H), 7.33~7.31 (m, 2H), 7.22~7.18 (m, 2H), 7.14~
7.09 (m, 2H), 7.04~7.01 (m, 1H), 6.91~6.87 (m, 1H),
4.92 (t, J=2.8 Hz, 1H), 2.61~2.48 (m, 2H); °C NMR
(100 MHz, CDCl3) 8: 162.6, 151.7, 147.3, 140.4, 138.4,
133.3, 132.4, 130.7, 129.7, 129.1, 129.1, 129.0, 128.9,
128.4, 127.5, 125.7, 125.3, 124.9, 124.2, 122.0, 121.9,
121.7, 120.2, 119.9, 117.0, 99.5, 32.3, 28.6; IR (KBr) v:
3050, 1623, 1241, 745, 691 cm'. HRMS (CI) caled for
C3,Ho4NO; [M+H]" 470.1751, found 470.1744.

2,8- A I [3.3.1] E % 3ba: [ A E AR, mup.
207~208 ‘C; 'H NMR (400 MHz, CDCl3) 6: 8.22 (d, J=
8.4 Hz, 1H), 7.80~7.75 (m, 3H), 7.67~7.61 (m, 2H),
7.49~7.37 (m, 5H), 7.26~7.21 (m, 1H), 7.06~7.03 (m,
1H), 6.95 (d, J=8.4 Hz, 1H), 4.77 (t, J=2.8 Hz, 1H),
2.47~239 (m, 2H); C NMR (100 MHz, CDCly) ¢:
151.3, 149.8, 141.0, 130.8, 129.8, 129.1, 129.1, 128.8,
128.6, 127.9, 127.6, 127.3, 127.0, 126.0, 125.9, 124.0,
121.7, 118.6, 118.1, 117.6, 98.5, 33.0, 28.7; IR (KBr) v:
3063, 1598, 1228, 1023, 879, 812, 748, 694 cm™'. HRMS
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(CI) caled for CosHsClO, [M+H]" 385.0990, found
385.1001.

2,8- " MIA[3.3.1] Bkt 3ea: [ EE A, mop.
205~206 °C; 'H NMR (400 MHz, CDCl5) 6: 8.24 (d, J=
8.4 Hz, 1H), 7.81~7.76 (m, 3H), 7.68~7.62 (m, 2H),
7.49~7.38 (m, 5H), 7.27~7.23 (m, 1H), 7.07~7.04 (m,
1H), 6.97~6.95 (m, 1H), 4.79 (t, J=2.8 Hz, 1H), 2.49~
241 (m, 2H); “C NMR (100 MHz, CDCl;) 6: 151.3,
149.9, 141.0, 130.8, 129.8, 129.1, 129.1, 128.8, 128.6,
127.9, 127.6, 127.3, 127.0, 126.0, 125.9, 124.0, 121.7,
118.6, 118.1, 117.6, 98.6, 33.1, 28.7; IR (KBr) v: 3061,
1599, 1226, 1015, 809, 693 cm '. HRMS (CI) caled for
C,sHsBrO, [M—+H]" 429.0485, found 429.0487.

2,8- XA [3.3.1] 4% 3da: A A, mop.
201~202 °C; 'H NMR (400 MHz, CDCl3) 6: 8.31 (d, J=
8.4 Hz, 1H), 7.79~7.75 (m, 3H), 7.63~6.58 (m, 2H),
7.47~7.34 (m, 4H), 7.28~7.23 (m, 2H), 6.95~6.88 (m,
2H), 4.77 (t, J=2.8 Hz, 1H), 2.48~2.36 (m, 2H), 2.22 (s,
3H); *C NMR (100 MHz, CDCl5) §: 150.3, 149.9, 141.5,
131.0, 130.5, 129.8, 129.0, 128.9, 128.6, 128.5, 128.4,
127.7, 126.9, 125.9, 125.8, 123.7, 122.0, 118.7, 118.4,
116.6, 98.4, 33.5, 28.8, 20.8; IR (KBr) v: 3057, 2971,
1600, 1222, 865, 746, 696 cm~'. HRMS (CI) calcd for
CH»,0, [M+H]" 365.1536, found 365.1543.

2,8- "R MIA[3.3.1] Bkt 3ea: [ EE A, m.p.
183~184 °C; '"H NMR (400 MHz, CDCly) 6: 8.27 (d, J=
8.4 Hz, 1H), 7.74~7.72 (m, 1H), 7.69~7.66 (m, 2H),
7.59~7.55 (m, 2H), 7.48~7.46 (m, 1H), 7.41~7.38 (m,
2H), 7.36~7.33 (m, 1H), 7.20~7.18 (m, 1H), 7.09~7.04
(m, 1H), 7.00~6.98 (m, 1H), 6.86~6.82 (m, 1H), 4.76 (t,
J=2.8 Hz, 1H), 2.40~2.29 (m, 2H); *C NMR (100 MHz,
CDCly) d: 152.4, 149.6, 140.0, 134.9, 130.9, 129.8, 129.1,
128.7, 128.6, 128.0, 127.5, 127.3, 127.0, 126.0, 123.9,
121.9, 121.5, 118.5, 118.2, 116.8, 98.1, 33.3, 28.7; IR
(KBr) v: 3071, 1596, 1225, 1023, 889, 746, 689 cm .
HRMS (CI) caled for C,sHsClO, [M+H]" 385.0990,
found 385.0993.

2,8- A A RIA[3.3.1] E Kk 3fa: [ ELE AR, mup.
193~194 °C; 'H NMR (400 MHz, CDCL3) 6: 8.31 (d, J=
8.4 Hz, 1H), 7.77 (d, J=8.4 Hz, 1H), 7.67~7.57 (m, 6H),
7.51~7.49 (m, 1H), 7.40-7.36 (m, 1H), 7.24~7.22 (m,
1H), 7.12~7.08 (m, 1H), 7.03~7.01 (m, 1H), 6.89~6.85
(m, 1H), 4.83 (t, J=2.8 Hz, 1H), 2.47~2.36 (m, 2H); "*C
NMR (100 MHz, CDCl;) d: 152.4, 149.6, 140.5, 131.7,
130.9, 129.9, 129.1, 128.6, 128.0, 127.9, 127.4, 127.0,
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126.0, 123.9, 1232, 121.9, 121.5, 118.6, 118.2, 116.8,
98.2, 33.3, 28.7; IR (KBr) v: 3071, 1595, 1225, 1022, 889,
821 cm '. HRMS (CI) caled for C,sHsBrO, [M+H]"
429.0485, found 429.0497.

2,8- “E I MIAB.3.1] 4t 3ga: A EAE A, mp.
162~163 °C; '"H NMR (400 MHz, CDCL5) §: 8.93 (d, J=
2.0 Hz, 1H), 8.56~8.55 (m, 1H), 8.20~8.18 (m, 1H),
7.96~7.93 (m, 1H), 7.65~7.63 (m, 1H), 7.51~7.47 (m,
2H), 7.40~7.38 (m, 1H), 7.28~7.22 (m, 1H), 7.11~7.09
(m, 1H), 7.00~6.96 (m, 1H), 6.92~6.90 (m, 1H), 6.78~
6.74 (m, 1H), 4.70 (t, J=2.8 Hz, 1H), 2.35~2.24 (m, 2H);
C NMR (100 MHz, CDCl5) d: 152.0, 150.0, 149.2, 147.7,
136.8, 133.6, 130.7, 129.7, 128.9, 128.5, 127.9, 127.2,
126.9, 125.7, 123.8, 123.1, 121.8, 121.4, 118.2, 118.0,
116.6,97.3, 32.8, 28.3; IR (KBr) v: 3039, 1598, 1230, 809,
693 cm '. HRMS (CI) caled for CpHsNO, [M+H]"
352.1332, found 352.1339.

2,8- A XIA[3.3.1] 4 Saa: A E AR, mop.
172~173 °C; '"H NMR (400 MHz, CDCl;) J: 8.33~8.31
(m, 1H), 7.87~7.84 (m, 2H), 7.74~7.72 (m, 1H), 7.51~
7.40 (m, 6H), 7.35~7.33 (m, 1H), 7.29 (dd, J=7.2, 1.6
Hz, 1H), 7.13~7.09 (m, 1H), 7.03~7.01 (m, 1H), 6.92~
6.88 (m, 1H), 4.16 (t, J=3.2 Hz, 1H), 2.47 (d, J=2.8 Hz,
2H); *C NMR (100 MHz, CDCls) 6: 152.2, 147.1, 141.7,
133.7, 129.0, 128.6, 128.1, 127.7, 127.2, 126.8, 126.2,
126.1, 125.8, 125.4, 124.8, 121.9, 121.6, 121.3, 120.3,
116.8, 99.1, 34.4, 33.6; IR (KBr) v: 3025, 1602, 1239,
1036, 890, 751 cm™ . HRMS (CI) calcd for CosH150, [M+
H]" 351.1380, found 351.1387.

2,8- A I [3.3.1] E 8 Sab: [ A E AR, mup.
171~172 °C; '"H NMR (400 MHz, CDCl;) J: 8.20 (d, J=
8.8 Hz, 1H), 7.83~7.81 (m, 2H), 7.48~7.41 (m, 3H),
7.27~7.24 (m, 3H), 7.11~7.07 (m, 2H), 7.01~6.99 (m,
2H), 6.88 (t, J=7.2 Hz, 1H), 4.08 (t, J=2.8 Hz, 1H), 3.83
(s, 3H), 2.41 (d, J=2.8 Hz, 2H); °C NMR (100 MHz,
CDCly) d: 158.0, 152.2, 147.2, 141.7, 135.1, 128.9, 128.5,
128.0, 127.1, 127.0, 126.1, 126.0, 123.5, 121.5, 120.1,
120.0, 118.4, 118.2, 116.8, 105.9, 99.1, 55.3, 34.2, 33.6; IR
(KBr) v: 3031, 1634, 1235, 1094, 893, 754 cm™'. HRMS
(CI) caled for C,Hy O3 [M+ H]" 381.1485, found
381.1506.

2,8- T ANIA[3.3.1] F kT Sac: H K, mop.
197~198 °C; 'H NMR (400 MHz, CDCl;) d: 8.27 (d, J=
8.4 Hz, 1H), 8.15 (d, J=8.4 Hz, 1H), 7.86~7.84 (m, 2H),
7.50~7.41 (m, 5H), 7.32~7.30 (m, 1H), 7.14~7.11 (m,
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1H), 7.03~7.01 (m, 1H), 6.91 (t, J=7.2 Hz, 1H), 6.65 (s,
1H), 4.09 (t, J=2.8 Hz,1H), 3.97 (s, 3H), 2.49~2.43 (m,
2H); *C NMR (100 MHz, CDCl5) §: 152.5, 150.2, 141.9,
140.7, 128.9, 128.5, 128.1, 127.0, 126.8, 126.5, 126.1,
125.6, 125.5, 122.0, 121.7, 121.4, 119.3, 116.8, 103.1,
98.9, 55.9, 34.9, 33.8; IR (KBr) v: 3039, 1635, 1234, 1038,
876, 758 cm'. HRMS (CI) caled for Cy¢H,,05 [M+H]"
381.1485, found 381.1490.

2,8- “E R MIA[3.3.1] Xt Sad: # A [E 4K, mop.
177~178 °C; "H NMR (400 MHz, CDCl) é: 8.62 (d, J=
8.8 Hz, 1H), 8.34~8.30 (m, 2H), 7.75~7.73 (m, 2H),
7.60~7.56 (m, 1H), 7.49~7.38 (m, 4H), 7.27~7.25 (m,
1H), 7.11~7.07 (m, 1H), 6.98~6.96 (m, 1H), 6.91~6.87
(m, 1H), 4.19 (t, J=2.8 Hz, 1H), 2.50~2.41 (m, 2H); "*C
NMR (100 MHz, CDCl;) o: 152.1, 147.0, 141.3, 131.7,
129.1, 128.9, 128.6, 128.4, 127.5, 127.2, 127.0, 126.6,
126.2, 126.1, 126.0, 122.3, 121.8, 121.2, 116.9, 114.1,
99.2, 34.1, 33.4; IR (KBr) v: 1585, 1505, 1384, 1230,
1031, 891, 764 cm™'. HRMS (CI) calcd for CosH sNO, [M
+H]" 396.1230, found 396.1231.

2,8- "R MIA[3.3.1] Bkt Sae: [ EE A, m.p.
164~165 °C; "H NMR (400 MHz, CDCl;) §: 8.35~8.32
(m, 1H), 8.15~8.12 (m, 1H), 7.84~7.82 (m, 2H), 7.56~
7.43 (m, 6H), 7.30~7.28 (m, 1H), 7.16~7.12 (m, 1H),
7.04~7.02 (m, 1H), 6.95~6.91 (m, 1H), 4.13 (t, J=2.8
Hz, 1H), 2.50-2.43 (m, 2H); *C NMR (100 MHz, CDCl5)
5: 152.1, 146.2, 141.3, 130.5, 129.0, 128.6, 128.3, 127.2,
127.1, 126.5, 126.2, 126.0, 125.8, 125.2, 124.3, 123.9,
122.2, 121.7, 120.6, 116.8, 99.2, 34.1, 33.3; IR (KBr) v:
3034, 1597, 1238, 1076, 1040, 880, 759 cm™'. HRMS (CI)
caled for CysHisClO, [M + H]©  385.0990, found
385.0993.

2,8- A A XUIA[3.3.1] e Saf: (A A E 4K, mup.
158~159 °C; '"H NMR (400 MHz, CDCly) 6: 8.31 (d, J=
8.0 Hz, 1H), 8.08 (d, J=8.0 Hz, 1H), 7.82~7.80 (m, 2H),
7.63 (s, 1H), 7.52~7.41 (m, 5H), 7.27~7.25 (m, 1H),
7.13~7.10 (m, 1H), 7.02~7.00 (m, 1H), 6.90 (t, J=7.2
Hz, 1H), 4.08 (t, J=2.8 Hz, 1H), 2.45~2.39 (m, 2H); "°C
NMR (100 MHz, CDCl;) d: 152.1, 147.0, 141.3, 131.7,
129.1, 128.9, 128.6, 128.4, 127.5, 127.2, 127.0, 126.6,
126.2, 126.1, 126.0, 122.3, 121.8, 121.2, 116.9, 114.1,
99.2, 34.1, 33.4; IR (KBr) v: 3061, 1599, 1236, 1037, 887,
765 cm”'. HRMS (CI) caled for CpsH sBrO, [M+H]"
429.0485, found 429.0491.

2,8- A ANIA[3.3.1]EHE 7: ABREA, mp. 231~
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232 °C; 'H NMR (400 MHz, DMSO-d) 6: 9.46 (s, 1H),
7.73~7.70 (m, 2H), 7.50~7.41 (m, 3H), 7.38~7.35 (m,
1H), 7.20~7.18 (m, 2H), 7.15~7.11 (m, 1H), 6.98~6.90
(m, 2H), 6.44~6.40 (m, 2H), 4.11 (t, J=2.8 Hz, 1H),
2.37~229 (m, 2H); C NMR (100 MHz, CDCly) ¢:
157.3, 152.1, 151.4, 1413, 128.8, 128.3, 128.1, 127.7,
127.7, 127.4, 125.6, 121.4, 117.6, 116.0, 109.0, 102.9,
98.4, 32.6, 32.1; IR (KBr) v: 3448, 3032, 1620, 1233, 753,
697 cm~'. HRMS (CI) caled for CyH;,0; [M+H]"
317.1172, found 317.1182.

HBhM &L (Supporting Information) &4 3. 5 f1 7
f¥) "H NMR A1 °C NMR 3. iX £t} n] DL 8 AT
X3 (http://sioc-journal.cn/) b T %K.
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