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Annulation of Benzylic Alcohols with Alkynes for Rapid and Efficient
Synthesis of Indenes and Spiroindenes
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Abstract As a type of important carbocyclic compounds, indenes and spiroindenes are not only widely found in natural
products but extensively employed as synthetic building blocks in materials, pharmaceuticals, and asymmetric synthesis. An
efficient and rapid synthesis of indenes and spiroindenes via the annulation of benzylic alcohols (or aryl-substituted
cycloalkanols) with alkynes in the presence of TiCl, or AlCl; was desclosed. This reaction is normally completed within 30
min at room temperature and compatible with a variety of substituted alkynes. Two new C—C bonds are constructed during
the reaction. Cycloalkanols such as cyclobutanol, cyclohexanol, cycloheptanol, cyclooctanol, and cyclododecanol are suitable
substrates to afford a set of valuable spiroindenes. This method is featured with simple operation, short reaction time, and mild
reaction conditions.
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Previous work R
R R 10 mol% FeCl,
o e
Ph NHTS R! MeNO,, 80 °C
6~24h R2
R
OH R% 5 mol% FeCl
® L+ =z b FeCly ’ R
AR R DCE, rt. Ar
5~14h R R2

(C) This work
OH Ph

R 20 mol% TiCly
m e B
R 4A MS, DCM

r.t., 30 min
Ar, OH

R 1.1 equiv. TiCl, (or AICI5)
S o e OO
n

4A MS, DCM
n=1,3,4,59 r.t., 30 min R

O Short reaction time @ Mild conditions
O Two C-C bonds formation

Bl %5 MRt Bk I B 15 ke i AL s
Figure 1 Lewis acid-promoted cyclization of carbocation with
alkynes

B BRI L, H ATHRIE % 2 R M AL BB 1 T
EAAE — AN 2, BRI A A 0 PR B R A R
L BATR AL 5 BRI BN JRRL, IR
T REERA NI B 7T, BT R TAEM S
K, AEAR AR FATHIH 75 35 A 28 B 7 2 5 BT IR
TiCl, 8% AICL; IR IE T AE P2 ik IE B 1+ ik, Hhue
KA, IR E S ROt A i T — RYEIE A
V. ZTIE RN AN . BRAE TR AR, RO
SERT 2 ANHT C—C B, X EA SRR
JEIBE AT () P, s SO PR B R IR KN 2
P, SR RS HAE = 5N BIRRSE, W T £
Tl & A DL S K IA S B R G5 R B IR S ( 10).
1 #R518
1.1 REEHMRK

SR F, ML IR EE(1a)f 5 LR b)ENED,
20 mol% AIClL A#% 5 Mg, T — & F ki (DCM) N
WA, HEAT RN AHR T, 25 R B b 15k B K 2 2%
S8 % 5 WrBR R A2 0 fife, 8 SE I T AN IR B TR (R
1, Entries 1~~3). AH T % R 452 55 Bt B Bk R o R %
SO FFIIN 100 mg 4A 43F 0 il ff 7= Ik B 52%. $:8,
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206t 4A 2 R PRI E] 400 mg B, 7R EA E
T 68%(% 1, Entries 4, 5). 1 247% 52 H A 5 B R 1) )2
MG (3 1, Entries 6~12), 15 5 &K ITE TiCl, 254
T, RPAYT 30 min, FERIEF]T 87%. BT K, HEE
BRI MR R2W(R 1, Entries 13~18), 458 ER
CHCl; 1l CgHsF th B8 AELHE I = 215 2 H bR = 4. B,
I3 HILA 1.1 equiv. /) TiCl, AT AICL 2R [ b7, B3 3R
7= %(3 1, Entries 19, 20). 2 &3] [ i [ 4 (o FL4E 57
P, EBRAEE | T Entry 12 AR
1N EARAL @

Table 1 Optimization of reaction conditions for indene®

OH Ph Lewis acid (20 mol%) Ph
dehydrating agent
| e ()
Sovlent, 5 h
Ph a Ph

1
a 2a 3

Entry Lewis acid Dehydrating agent Solvent  Yield /%

1 AlCkL Na,S0, (2.0 equiv.) ~ DCM 23
2 AlCkL MgSO, (2.0 equiv.) ~ DCM 29
3 AlCkL 4A MS DCM 52
49 AlCL 4A MS DCM 63
5  AlCh 4A MS DCM 68
6 AgOTf  4AMS DCM <5
7 Sc(OTf); 4AMS DCM 55
8  Gd(OTDH; 4AMS DCM <5
9  BF;E,0 4A MS DCM 65
10  FeCly 4A MS DCM 85
11 ZnCl, 4A MS DCM 0
12°  TiCly 4A MS DCM 87
13 TiCly 4A MS CH;CN 0
14°  TiCly 4A MS CHCl, 84
15 TiCly 4A MS C¢H;sF 83
16°  TiCly 4A MS DMF 0
17°  TiCly 4A MS THF 0
18°  TiCly 4A MS DCE 0
19 TiCl, 4A MS DCM 88
204 AICH 4A MS DCM 90

© 2019 Chinese Chemical Society & SIOC, CAS

“Reaction conditions: 1a (0.2 mmol), 2a (0.2 mmol), 4A MS (400 mg), and
Lewis acid (20 mol%) in 2 mL of DCM at r.t., 5 h. ® Yields of isolated prod-
ucts. €100 mg of 4A MS was used. 300 mg of 42 MS was used. ° Reaction
time: 30 min.”0.22 mmol of TiCly £ 0.22 mmol of AICl;.

1.2 ERIERK

TEAF BB S N A i, S5 S N3 F P 4T 5%
o, SRR BRI BRI, AR 2 TR LLE H,
HUARIE A 25 7 3505 Jn kst FR R RISH BT 60, e wid)
AT IR TE(R 2, 3b, 3¢). LEURE K&, #At
AGEAF=PLEE N TiCl, FH &I GL T T AR 2SS (1)
FEER(E 2, 3d, 3e), WA WIHEEIA P HFWEGEE 2,
30). 534k, ZRIRAIPE SR, B AR BRI AT (R
2, 3g). ZFIEIETHRARRNI PR, I 0L R IF R 15
FIF=P)(E 2, 3h). o, BATER T BRI I &,
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Table 2 Synthesis of indenes from benzhydrol and alkynes

OH . ) Ph
TiCls, 4A MS
Lt o
R DCM, 30 min
1a 2 3 R
Ph
()=

s o

R 3g: 34%°
3a:R=H, 87% Ph
3b: R = OMe, 64%
3c:R="Bu, 98% O’
3d:R=F, 53%°

3e:R=Cl, 61%°
3f: R=Br, 45% 3h: 63%

“ Reaction conditions: 1a (0.2 mmol), 2 (0.2 mmol, 1.0 equiv.), TiCls (0.04
mmol, 20 mol%), and 4A MS (400 mg) in dry DCM (2.0 mL) at r.t.. ®Yield of
isolated products. “ 1.1 equiv. of TiCl.

1.3 BRIFENHIE AR

LA TRA VI 72 B s B B ER R A . DL 1-25 3
N T AR NIEYD, 1E 1.1 equiv. TiCl, KI/EA T, 285
Pug R AN, EHA—RIZ, R TEREFRK
IR ST B R g5 R UL T E 1% e S A A TR BRI AR R A
FEIF, B s N BRI . A 30 min, LA
89% 7= HRAFH T X B (MBI R(R 3, 5a). ZJh, MR
NI E M RAT T 9T, 5 RE R0 IR T LAk
728 AR B Js2 I 177 S 300 ) AN, FRATTE S
BTSRRI TN SBTE DL, BERE AR U %
RS I P20 3, 5b), 11075 3L IRAREE AT LA S A
HIF= MBI AT &, TR A A IR XA 22 285 | AR 3k
B, SONA] DL SRISCRAZ B (R 3, Se). AR, MK
R B A D ()7 43 ) e i 2, A 1.1 equiv. i)
AlCI; & ¥ TiCl, A BE1F BB T 17~ R (3R 3, 5d~5g). %
SN FHAS R IR T 95 J iz, MR BEHUAR ) 3- bkt
FIREE TN, LA = A5 B R =4 (R 3,
Sh). {HiZJ7VEIEAE H T om kb Ry, 2K & b
2 1 h, ZEMASEH T 4205 280 T HEC(K 3, 5i). &
T4k 82 7 1-55 50 O 0 S M L. 3R 3 W 3,
TS JES 42 v i s PR B 3k 1) 45 W e A5 31 22 Rkt IR 1)

F3 OFEBURINEE 5o £ IR e

Table 3 Synthesis of spiroindenes from 1-aryl cycloalkanols and alkynes

Ar, OH R TiCL. 43 >,
5) . / iCl,, 4R MS @’ R
" R DCM, 30 min
4 2 5 R

5a: 89% 5b: 67% 5¢: 43%

Ph Br i O OMe O F O CI O O

Br
5d: 52%° 5e: 51%° 5f. 73%°

0 ‘ A . . Ph
‘ F / Ph 4Ph .
F o o of ph O

5g: 42%° 5h: 64% 5i: 35%¢

5j: 80% 5k: 82% 51: 87%

O O, (o)

5m: 46% 5n: 93% 50: 60%

5p: 77% 5q: 62% 5r: 91%

“ Conditions: 4 (0.2 mmol), 2 (0.2 mmol, 1.0 equiv.), TiCl, (0.22 mmol, 1.1 equiv.), and 4A MS (400 mg) in dry DCM (2.0 mL) at r.t. ®Yield of isolated products.

“1.1 equiv. of AICl; instead of TiCl,. ?Reaction time is 1 h.
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Figure 2 Proposed reaction mechanism
2 e

TE#% 5 Wig TiCly B AICL /EH R, R R B 5 5
EAC PR I S5 Bl o A Rk 1 85 1 R (4, Sk Ak
IR S e 5B e Bl e BOE IR B, SEIR SR R, A
BERIKSTIR T BERIEZ BT RATFIRRT 2,
FLOR IR G5 R B T b 5| N B P= b i X R, X
T U IR S5 ), i mT DA R v M i 2 Fol B R 3R
DL B SR A5/ MR IR P20, IRONLAE ZE i FANERE 30
min BIAT5ERE. RRMGEFEH SR T 2 N8 C—C B
i, B S AR BB AR A B 38

3 IS
31 E5RH
Bruker A & 400 MHz AVANCE I1I HD #Z 5 3E4R1X,
%5 CDCl;, WA TMS; BRUKER A ® VERTEX 70 f#
HH- AR 0 27 AR 5635 4% ; Waters Micromass A 7 GCT
Premier {573 ¥ 1545 ; INESA WRR 2304 s A3 52 .
SEBS BT A W ARG, A& —2
afift,. & HE(DCM) PLEAL A5 (CaHy) B 7K, 475181
L. 4A MS 73 FIiEwTE & 300 C stk .
FIT s E A= AL A« B AR B R R AE IR S
SCERERE X EURRN S 1. T R AN S AL A
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TR L ZLAMN G 73 4 5T Tl AR 5 4544
32 ZLWHE
321 HEAd 3 ARk

£ 5 mL BRSO, RN 0.2 mmol — 2 F i
(1a), 0.2 mmol — 75 3& 2.8 (2), 400 mg 4A MS 1 2.0 mL
DCM, 4R J5 I 0.04 mmol(EK 0.22 mmol) TiCl,. =¥ T
PHE 30 min. RS R JE, KK, DCM ZHL, AL
2 FTCKIRIR AN T8, IR Tie T 77, ZAF 2T 7 5515
I HARY) 3.

1,2,3-= K- 1H-Ei(3a): AT, 7F 87%. m.p.
132~134 ‘COCEAE! mp. 133~135 C); '"H NMR
(400 MHz, CDCly) 8: 7.44~7.37 (m, 4H), 7.36~7.32 (m,
1H), 7.30~7.21 (m, 3H), 7.21~7.16 (m, 2H), 7.16~7.13
(m, 3H), 7.13~7.08 (m, 3H), 7.07~6.98 (m, 3H), 5.10 (s,
1H); °C NMR (100 MHz, CDCl;) 6: 147.8, 145.2, 144.6,
140.4, 139.4, 135.2, 135.1, 129.1, 128.9, 128.3, 128.3,
127.8, 127.4, 127.1, 126.5, 126.3, 126.2, 125.3, 123.5,
120.1, 57.6; FT-IR (film) v: 3079, 3019, 2925, 2857, 1492,
1027 e¢m™'; HRMS [APCI] caled for CyHy, [M+H]"
345.1638, found 345.1633.

2,3- (4 FUE L I )-1- L1 H- 2l 3b): 1 £ ]
1, 72F 64%. m.p. 127~129 C; '"H NMR (400 MHz,
CDCly) d: 7.43~7.39 (m, 2H), 7.31~7.27 (m, 3H),
7.26~7.22 (m, 2H), 7.21~7.15 (m, 4H), 7.14~7.09 (m,
2H), 7.04~7.00 (m, 2H), 6.69~6.64 (m, 2H), 5.09 (s,
1H), 3.91 (s, 3H), 3.73 (s, 3H); C NMR (100 MHz,
CDCly) J: 158.4, 157.7, 147.6, 144.9, 144.2, 139.8, 138.6,
130.3, 123.0, 128.2, 128.1, 127.7, 127.6, 126.4, 126.1,
1249, 123.3, 119.7, 113.8, 112.9, 57.4, 54.8, 54.5; FT-IR
(film) v: 3060, 2956, 1513, 1244, 1176, 1029 cm™'; HRMS
[APCI] caled for CyHsO, [M+H]" 405.1849, found
405.1859.

2,3- T (4-(BUT FE) H B )-1- K1 H-Bli (Be): 1]
&, 72% 98%. m.p. 114~115 ‘C; '"H NMR (400 MHz,
CDCly) d: 7.47 (d, J=8.0 Hz, 2H), 7.39 (d, J=8.0 Hz,
2H), 7.25~7.19 (m, 7H), 7.18~7.13 (m, 2H), 7.12~7.05
(m, 4H), 4.98 (s, 1H), 1.30 (s, 9H), 1.11 (s, 9H); *C NMR
(100 MHz, CDCLy) 0: 149.8, 148.9, 147.7, 145.1, 143.9,
140.1, 140.0, 132.4, 132.0, 128.6, 128.2, 128.2, 127.6,
126.3, 126.0, 125.1, 125.0, 124.3, 123.2, 120.1, 57.4, 34.2,
33.9, 31.0, 30.7; FT-IR (film) v: 2961, 2864, 1684, 1508,
1363, 1268 cm ™ !; HRMS [APCI] calcd for C;sHs; [M+H]
7457.2890, found 457.2889.

2,3- T(4-FIKIE)-1-2K -1 H-Bi(3d): (A Bk, 77
# 53%. m.p. 144~145 “C; '"H NMR (400 MHz, CDCl;)

Chin. J. Org. Chem. 2019, 39, 223~231
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5: 7.43~7.35 (m, 2H), 7.30~7.25 (m, 3H), 7.24~7.18
(m, 3H), 7.18~7.09 (m, 5H), 7.09~7.02 (m, 2H), 6.84~
6.75 (m, 2H), 5.06 (s, 1H); >C NMR (100 MHz, CDCl;) ¢:
162.7 (d, J=62.5 Hz), 160.2 (d, J=62.9 Hz), 147.5, 144.5,
144.2,139.2, 138.9, 130.9 (d, J=3.4 Hz), 130.8 (d, J=3.1
Hz), 130.7 (d, J=7.9 Hz), 130.4 (d, J=7.9 Hz), 128.3,
127.7, 126.6, 126.4, 125.5, 123.6, 119.8, 115.4 (d, J=21.4
Hz), 114.6 (d, J=21.4 Hz), 57.7; ”F NMR (376 MHz,
CDCly) §: —114.0 (s), —114.7 (s); FT-IR (film) v: 3077,
3020, 1598, 1499, 1349, 1221 cm™'; HRMS [APCI] calcd
for C,;H oF, [M+H]" 381.1455, found 381.1460.

2,3- (4-FHRL)-1-TE I 1 H-Bi(3e): (O E4A, 77
# 61%. m.p. 145~148 “C; 'H NMR (400 MHz, CDCl;)
5: 7.46~7.40 (m, 2H), 7.38~7.29 (m, 3H), 7.28~7.27
(m, 1H), 7.26~7.24 (m, 1H), 7.24~7.14 (m, 4H), 7.14~
7.06 (m, 3H), 7.06~6.99 (m, 3H), 5.05 (s, 1H); °C NMR
(100 MHz, CDCl;) J: 148.0, 144.9, 144.2, 140.1, 139.1,
133.7, 133.6, 133.6, 132.8, 130.8, 130.4, 129.2, 128.8,
128.3, 128.1, 127.1, 126.9, 126.1, 124.1, 120.4, 58.0;
FT-IR (film) v: 3080, 2988, 1456, 1397, 1089, 1012 cm ';
HRMS [APCI] caled for CpH;oCl, [M+H]" 413.0864,
found 413.0876.

2,3- T (4-IRAIE)-1- K R 1 H-B(30): A E Mk, 7
Z 45%. m.p. 158~159 C; '"H NMR (400 MHz, CDCl5)
9: 7.66~7.53 (m, 2H), 7.35~7.28 (m, 5H), 7.27~7.21
(m, 5H), 7.20~7.15 (m, 1H), 7.15~7.09 (m, 2H), 7.04~
6.92 (m, 2H), 5.08 (s, 1H); >C NMR (100 MHz, CDCl;) ¢:
148.1, 145.0, 144.2, 140.2, 139.1, 134.1, 134.1, 132.1,
131.3, 131.1, 130.8, 128.8, 128.1, 127.1, 126.9, 126.2,
124.1, 121.8, 121.1, 120.4, 58.0; FT-IR (film) v: 3061,
3024, 1585 1493, 1183, 1029 cm™'; HRMS [APCI] calcd
for Co;HBr, [M+H]" 500.9853, found 500.9865.

2,3- T (3-FAR L) 1-HFE- 1 H-Ei(3g): A A, 7=
Z 34%. m.p. 110~111 C; 'H NMR (400 MHz, CDCl,)
5: 7.45~7.37 (m, 1H), 7.30~7.27 (m, 2H), 7.27~7.26
(m, 1H), 7.24~7.11 (m, 8H), 7.10~7.02 (m, 2H), 6.89~
6.85 (m, 1H), 6.81~6.73 (m, 2H), 5.07 (s, 1H); >C NMR
(150 MHz, CDCl3) 0: 163.5 (d, J=113.1 Hz), 161.9 (d,
J=111.5 Hz), 148.0, 145.0 (d, J=2.1 Hz), 144.1, 140.5 (d.
J=12 Hz), 139.0, 137.4 (d, J=8.3 Hz), 137.3 (d, J=8.3
Hz), 130.4 (d, J=8.4 Hz), 129.4 (d, J=8.4 Hz), 128.8,
128.1, 127.1, 126.9, 126.2, 125.2 (d, J=2.7 Hz), 125.0 (d,
J=2.6 Hz), 124.0, 120.5, 116.3 (d, J=21.5 Hz), 115.9 (d,
J=21.9 Hz), 114.8 (d, J=21.0 Hz), 113.9 (d, J=21.0 Hz),
58.1; ""F NMR (376 MHz, CDCly) §: —112.5 (s),

Chin. J. Org. Chem. 2019, 39, 223~231
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—113.4 (s); FT-IR (film) v: 3065, 3026, 1947 1597, 1480,
1263 cm . HRMS [APCI] calced for Cp7H oF, [M+H]"
381.1455, found 381.1460.

2,3- = L HE-1-ZRFE-1H-EiBh): C k. PR R
63%. '"H NMR (400 MHz, CDCl3) d: 7.33~7.26 (m, 2H),
7.25~7.21 (m, 2H), 7.21~7.17 (m, 1H), 7.14~7.10 (m,
1H), 7.05 (ddd, J=7.2, 7.2, 1.2 Hz, 1H), 7.03~6.97 (m,
2H), 4.43 (s, 1H), 2.59 (q, J=7.6 Hz, 2H), 2.50~2.40 (m,
1H), 2.06~1.96 (m, 1H), 1.22 (t, J=7.6 Hz, 3H), 1.01 (t,
J=7.6 Hz, 3H); *C NMR (100 MHz, CDCl;) J: 147.9,
147.4, 145.0, 134.0, 138.3, 128.1, 127.8, 126.1, 126.1,
123.8, 1232, 118.0, 56.1, 19.3, 18.0, 14.3, 13.5; FT-IR
(film) v: 3061, 3029, 1716,1599, 1448, 1064 cm™'; HRMS
[APCI] caled for CioHy, [M+H] W 249.1638, found
249.1639.

322 B bdm 5 bk

£ 5 mL BRSO, IR 0.2 mmol J5 B3R
(4a), 0.2 mmol 75 3& Z.4(2), 400 mg 4A MS F1 2.0 mL
DCM, AR5 0.22 mmol TiCl, B¢ AICLy. i itk
30 min. RMEEWE, IMKHEK, 1 DCM 28, AHLZ
FTCKBRER N T8, S I TIE 7, S48 ET 0 5e 3]
Hbr4 5.

23 R FERE R T BE-1,1- B ](5a): K, 5
# 89%. m.p. 131~133 ‘C; '"H NMR (400 MHz, CDCly)
5: 7.88~7.82 (m, 1H), 7.41~7.35 (m, 4H), 7.35~7.30
(m, 6H), 7.29~7.22 (m, 3H), 2.74~2.63 (m, 2H), 2.63~
2.52 (m, 2H), 2.31~2.15 (m, 1H), 1.90~1.77 (m, 1H);
C NMR (100 MHz, CDCl;) d: 152.3, 149.5, 142.8, 138.1,
137.2, 135.1, 129.9, 129.5, 128.1, 128.1, 127.0, 126.9,
126.6, 125.8, 121.5, 120.2, 56.6, 29.1, 16.8; FT-IR (film) v:
3050, 3023, 1592, 1454, 1238, 1027 cm™'; HRMS [APCI]
caled for Co4H,, [M+H]" 309.1638, found 309.1640.

5'-1R-2' 3 R FRMR IR T k- 1,1'- 8] (Sb): A Ak,
FEE 67%. mp. 140~141 C; '"H NMR (400 MHz,
CDCly) d: 7.72~7.67 (m, 1H), 7.57~7.44 (m, 2H),
7.44~7.35 (m, 3H), 7.34~7.22 (m, 7H), 2.73~2.61 (m,
2H), 2.61~2.46 (m, 2H), 2.30~2.16 (m, 1H), 1.91~1.77
(m, 1H); “C NMR (100 MHz, CDCl3) J: 150.5, 150.4,
1445, 136.9, 136.1, 133.9, 129.2, 128.8, 127.8, 127.7,
127.7, 126.8, 126.7, 122.8, 122.4, 120.0, 55.9, 28.3, 16.2;
FT-IR (film) v: 3054, 2979, 1591, 1454, 1239, 1072 cm " ;
HRMS [APCI] caled for CpH,oBr [M+H]" 387.0748,
found 387.0752.

2'3'- T (4- WA R I IR FR T - 1,1-E6](Se): Bt
[, 723 43%. m.p. 137~139 ‘C; '"H NMR (400 MHz,
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CDCly) 6: 7.83~7.76 (m, 1H), 7.35~7.31 (m, 2H),
7.30~7.27 (m, 1H), 7.24~7.18 (m, 4H), 6.92~6.86 (m,
2H), 6.84~6.80 (m, 2H), 3.83 (s, 3H), 3.79 (s, 3H), 2.67~
2.58 (m, 2H), 2.57~2.48 (m, 2H), 2.26~2.15 (m, 1H),
1.91~1.79 (m, 1H); *C NMR (100 MHz, CDCly) ¢:
158.5, 158.3, 152.4, 148.5, 143.0, 137.4, 131.0, 130.6,
129.5, 127.6, 126.4, 125.5, 121.3, 120.1, 113.6, 113.5,
56.4, 55.2, 55.1, 29.1, 16.7; FT-IR (film) v: 3002, 2935,
1574, 1503, 1458, 1239 cmfl; HRMS [APCI] calcd for
CsHas0, [M+H]" 369.1855, found 369.1861.

2'3'- T (4- G AR EO R [ IA T bE-1,1- B )(5d): [ [E
1, PEE52%. mp. 164~165 ‘C; '"H NMR (400 MHz,
CDCLy) o6: 7.82~7.77 (m, 1H), 7.38~7.33 (m, 1H),
7.31~7.27 (m, 2H), 7.25~7.19 (m, 4H), 7.08~7.02 (m,
2H), 7.00~6.93 (m, 2H), 2.62~2.50 (m, 4H), 2.26~2.14
(m, 1H), 1.86~1.74 (m, 1H); “C NMR (100 MHz,
CDCly) 6: 162.7 (d, J=30.7 Hz), 160.2 (d, J=30.8 Hz),
151.5, 148.1, 141.9, 137.1, 132.3 (d, J=3.5 Hz), 130.9 (d,
J=17.9 Hz), 130.5 (d, J=7.8 Hz), 130.3 (d, J=3.3 Hz),
126.2, 125.5, 121.0, 119.6, 114.9 (d, J=15.6 Hz), 114.7 (d,
J=15.7 Hz), 56.0, 28.5, 16.2; YF NMR (376 MHz,
CDCly) 8: —114.8 (s), —115.0 (s); FT-IR (film) v: 3066,
2991, 1596, 1508, 1353, 1273 cm™'; HRMS [APCI] calcd
for Co4HyoF, [M+H]" 345.1455, found 345.1461.

2'3" T (4- ORI B[R Tk -1,1'- B ](Se): A [
i, P23 51%. mp. 169~170 ‘C; '"H NMR (400 MHz,
CDCly) 0: 7.85~7.79 (m, 1H), 7.41~7.32 (m, 3H),
7.31~7.26 (m, 4H), 7.25~7.14 (m, 4H), 2.72~2.45 (m,
4H), 2.29~2.16 (m, 1H), 1.90~1.77 (m, 1H); *C NMR
(100 MHz, CDCl3) §: 151.6, 148.1, 141.6, 137.2, 134.8,
132.8, 132.7, 132.4, 130.6, 130.2, 128.1, 128.0, 126.2,
125.7, 121.1, 119.6, 56.1, 28.5, 16.2; FT-IR (film) v: 3019,
2935, 1491, 1239, 1089, 1014 cm™'; HRMS [APCI] calcd
for Co4H,4Cl, [M+H]" 377.0864, found 377.0865.

2'3- T (4-TR AR IR A T -1, 1B (5): It A,
A 73%. mp. 146~147 C; 'H NMR (400 MHz,
CDClLy) ¢0: 7.80 (d, J=7.6 Hz, 1H), 7.51~7.46 (m, 2H),
7.44~7.39 (m, 2H), 7.38~7.33 (m, 1H), 7.30~7.27 (m,
2H), 7.16~7.10 (m, 4H), 2.61~2.50 (m, 4H), 2.25~2.16
(m, 1H), 1.88~1.76 (m, 1H); “C NMR (100 MHz,
CDCly) d: 152.1, 148.5, 142.0, 137.6, 135.7, 133.7, 131.6,
131.5, 131.4, 131.0, 126.7, 126.2, 121.6, 121.5, 121.2,
120.1, 56.6, 29.0, 16.7; FT-IR (film) v: 3061, 2929, 1480,
1463, 1069, 1009 cm '; HRMS [APCI] caled for
CyyHoBr, [M—+H]" 464.9853, found 464.9868.
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23T (3-ARE) MR T bE-1,1-8](5g): H [EH
&, PRE 42%. mp. 151~152 'C; 'H NMR (400 MHz,
CDCLy) o6: 7.82~7.77 (m, 1H), 7.39~7.27 (m, 4H),
7.24~7.20 (m, 1H), 7.05~6.88 (m, 6H), 2.63~2.49 (m,
4H), 2.25~2.14 (m, 1H), 1.87~1.75 (m, 1H); *C NMR
(150 MHz, CDCl;) 6: 163.4 (d, J=4.2 Hz), 161.8 (d, J=
3.6 Hz), 151.9, 148.6, 141.9, 138.9 (d, /=7.8 Hz), 137.6
(d, J=1.2 Hz), 136.9 (d, J=8.0 Hz), 129.7 (d, J=8.6 Hz),
129.6 (d, J=8.4 Hz), 126.7, 126.1, 125.6 (d, J=2.6 Hz),
125.1 (d, J=2.6 Hz), 121.5, 120.2, 116.6 (d, J=21.2 Hz),
116.1 (d, J=21.6 Hz), 114.2 (d, J=20.9 Hz), 114.1 (d, J=
20.9 Hz), 56.6, 29.0, 16.7; "F NMR (376 MHz, CDCL) ¢:
—113.1 (s), —113.3 (s); FT-IR (film) v: 3063, 2952, 1579,
1428, 1263, 1181 cm '; HRMS [APCI] calcd for Co4HoF,
[M+H]" 345.1455, found 345.1462.

23 LR R T k-1, 1-2](5h): LAk, 7
% 64%. '"H NMR (400 MHz, CDCly) &: 7.43~7.39 (m,
1H), 7.37~7.29 (m, 2H), 7.23~7.18 (m, 1H), 2.65~2.53
(m, 2H), 2.51~2.42 (m, 2H), 2.28 (q, J=7.2 Hz, 2H),
2.23 (q, J=7.2 Hz, 2H), 1.98~1.87 (m, 1H), 1.85~1.78
(m, 1H), 1.02 (t, J=7.2 Hz, 3H), 1.00 (t, J=7.2 Hz, 3H);
3C NMR (100 MHz, CDCly) d: 147.2, 143.6, 133.5, 128.3,
126.0, 125.9, 52.0, 35.5,29.8, 26.1, 16.2, 13.4, 12.3; FT-IR
(film) v: 2965, 2936, 1708, 1458, 1375, 1157 cm™'; HRMS
[APCI] caled for C,¢H, [M+H]" 213.1643, found
213.1649.

45" IR IR IR T e - 1,6 FA LU 5 [b]VE 3 1(50):
@A, 722 35%. mp. 134~135 “C; 'H NMR (400
MHz, CDCly) d: 7.43~7.32 (m, 6H), 7.32~7.26 (m, 3H),
7.25~7.16 (m, 3H), 2.68~2.57 (m, 2H), 2.40~2.25 (m,
3H), 1.84~1.74 (m, 1H); *C NMR (100 MHz, CDCl;) o:
155.3, 148.2, 142.6, 137.4, 134.7, 134.0, 130.0, 128.5,
128.3, 128.2, 127.2, 127.2, 125.3, 120.6, 55.4, 28.4, 17.4;
FT-IR (film) v: 2992, 2923, 1497, 1338, 1129, 1184 cm ™ ;
HRMS [APCI] caled for CpHsS [M+H]™ 315.1207,
found 315.1208.

2' 3 TIRIEIR A O -1, 1-B](5)): A EE, AR
80%. m.p. 172~173 °“C; '"H NMR (400 MHz, CDCL;) o:
7.95 (d, J=7.2 Hz, 1H), 7.44~7.38 (m, 1H), 7.36~7.19
(m, 10H), 7.16~7.12 (m, 2H), 2.15~2.00 (m, 2H), 1.95~
1.87 (m, 3H), 1.80~1.70 (m, 2H), 1.60~1.50 (m, 2H),
1.33~1.22 (m, 1H); *C NMR (100 MHz, CDCly) ¢:
153.9, 151.3, 143.3, 138.0, 136.4, 134.7, 130.2, 129.0,
127.4, 127.3, 126.4, 1263, 126.0, 124.4, 124.0, 120.2,
54.2, 31.1, 24.7, 21.9; FT-IR (film) v: 3053, 3029, 1600,
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1461, 1075, 1029 cm™'; HRMS [APCI] calcd for CagHos
[M+ H]" 337.1956, found 337.1957.

2'3' A- = R EE IR O - 1,1-2)(5k): At A, 7=
Z 82%. m.p. 181~182 “C; '"H NMR (400 MHz, CDCl5)
5: 8.12~8.05 (m, 1H), 7.50~7.45 (m, 1H), 7.44~7.28
(m, 15H), 7.24~7.21 (m, 2H), 2.67~2.58 (m, 1H), 2.43~
2.32 (m, 2H), 2.20~2.10 (m, 2H), 2.08~2.00 (m, 2H),
1.76~1.68 (m, 2H); “C NMR (100 MHz, CDCl;) §:
153.9, 151.4, 147.4, 144.0, 138.9, 136.6, 135.1, 130.8,
129.5, 128.6, 128.0, 128.0, 127.0, 126.9, 126.9, 126.7,
126.2, 124.9, 124.7, 120.9, 54.1, 43.2, 31.9, 30.1; FT-IR
(film) v: 3054, 2930, 1598, 1440, 1358, 1068 cm ™ '; HRMS
[APCI] caled for CyHy [M+H]' 413.2269, found
413.2276.

4,4- " H B2 3 TR BRI IR - 1,1- B (S1): E
EEE, P23 87%. mp. 169~170 ‘C; 'H NMR (400
MHz, CDCl;) d: 7.90 (d, J=7.6 Hz, 1H), 7.46~7.41 (m,
1H), 7.39~7.27 (m, 9H), 7.26~7.23 (m, 1H), 7.22~7.19
(m, 2H), 2.17 (ddd, J=13.6, 13.6, 4.0 Hz, 2H), 2.04 (ddd,
J=13.6, 13.6, 3.6 Hz, 2H), 1.52~1.40 (m, 4H), 1.16 (s,
3H), 0.85 (s, 3H); *C NMR (100 MHz, CDCl;) 6: 153.7,
151.4, 143.2, 138.1, 136.4, 134.7, 130.1, 129.0, 127.5,
127.3, 126.4, 126.3, 126.0, 124.0, 124.0, 120.2, 53.9, 34.9,
32.2, 28.8, 27.0, 24.3; FT-IR (film) v: 3081, 2942, 1494,
1440, 1344, 1200 cm™'; HRMS [APCI] calcd for CagHao
[M+ H]" 365.2269, found 365.2273.

3,3,5,5-VY FE Bk-2' 3 R BRI [ BR CbE-1,1'-Ef | (Sm):
HEEE, 72 46%. mp. 122~123 “C; 'H NMR (400
MHz, CDCly) d: 7.69~7.62 (m, 1H), 7.32~7.21 (m,
10H), 7.20~7.16 (m, 3H), 2.20 (d, J=14.4 Hz, 2H), 1.67
(d, J=14.0 Hz, 1H), 1.48 (d, J=15.2 Hz, 2H), 1.40 (d, J=
14.0 Hz, 1H), 1.07 (s, 6H), 0.77 (s, 6H); *C NMR (100
MHz, CDCl;) 0: 156.0, 154.6, 143.3, 138.1, 136.9, 135.2,
131.1, 129.4, 127.9, 127.7, 126.9, 126.7, 125.9, 124.9,
124.7, 120.5, 56.3, 50.1, 39.9, 34.1, 32.5, 30.5; FT-IR
(film) v: 2989, 2897, 1470, 1438, 1364, 1028 cm '; HRMS
[APCI] caled for CyHs; [M+H]" 393.2582, found
393.2582.

(1R,38,5r,7r)-2",3'- . 2% MR [ 4 W ¢ -2,1'- Bfi |(Sm):
HEE A, 722 93%. mp. 135~136 C; 'H NMR (400
MHz, CDCly) d: 7.29~7.27 (m, 1H), 7.23~7.15 (m, 6H),
7.15~7.12 (m, 1H), 7.11~7.05 (m, 1H), 7.03~6.96 (m,
3H), 6.80~6.73 (m, 2H), 3.20 (t, J=4.4 Hz, 1H), 2.92 (d,
J=2.4 Hz, 1H), 2.68~2.62 (m, 1H), 2.40~2.31 (m, 1H),
2.08~1.96 (m, 3H), 1.96~1.86 (m, 3H), 1.86~1.80 (m,
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1H), 1.79~1.69 (m, 3H); *C NMR (100 MHz, CDCl5) ¢:
146.0, 142.4, 141.8, 137.5, 136.4, 128.1, 127.8, 127.5,
127.3, 127.2, 127.2, 126.0, 125.5, 125.0, 59.5, 50.5, 48.2,
35.4, 34.8, 32.1, 31.3, 29.2, 25.9, 25.9; FT-IR (film) v:
3075, 2911, 1573, 1442, 1185, 1078 cm™'; HRMS [APCI]
caled for C3oHao [M+H]" 389.2269, found 389.2270.

1'2'- IR FEMZ IR - 1,3- 3R I HE (] 25 ]1(50): A
K, P23 60%. mp. 201~202 C; 'H NMR (400
MHz, CDCly) d: 8.11 (d, J=8.4 Hz, 1H), 7.88 (d, J=8.4
Hz, 1H), 7.77 (d, J=8.4 Hz, 1H), 7.41 (d, J=8.8 Hz, 1H),
7.34 (ddd, J=8.0. 6.8, 0.8 Hz, 1H), 7.28~7.22 (m, 7H),
7.21~7.16 (m, 1H), 7.15~7.10 (m, 1H), 7.10~7.06 (m,
2H), 2.18~2.03 (m, 2H), 2.00~1.90 (m, 2H), 1.91~1.84
(m, 1H), 1.82~1.70 (m, 2H), 1.66~1.60 (m, 2H) 1.40~
1.32 (m, 1H); “C NMR (100 MHz, CDCl;) ¢: 156.6,
150.3, 140.1, 138.2, 138.1, 136.9, 133.3, 130.7, 129.9,
128.5, 128.4, 127.9, 127.5, 126.7, 126.6, 125.0, 125.0,
124.6, 123.1, 54.3, 31.6, 25.2, 22.5; FT-IR (film) v: 3052,
2916, 1514, 1460, 1234, 1071 cm™'; HRMS [APCI] calcd
for C30H,; [M+H]" 387.2113, found 387.2122.

2'3- AR FR P k-1, 1-2](5p): Ak, 22
K 77%. m.p. 161~162 C; '"H NMR (400 MHz, CDCl;)
0: 7.69~7.62 (m, 1H), 7.32~7.24 (m, 6H), 7.24~7.20
(m, 4H), 7.20~7.13 (m, 3H), 2.14 (dd, J=14.8, 9.6 Hz,
2H), 1.89~1.70 (m, 4H), 1.68~1.57 (m, 2H), 1.53~1.36
(m, 4H); *C NMR (150 MHz, CDCl3) d: 154.7, 154.3,
142.9, 137.4, 137.4, 135.0, 130.3, 129.4, 127.8, 127.7,
126.7, 126.6, 126.4, 125.1, 122.5, 120.5, 57.8, 35.8, 31.9,
25.2; FT-IR (film) v: 2925, 2851, 1466, 1439, 1075, 1030
cm '; HRMS [APCI] caled forCyHyy [M+H]™ 351.2107,
found 351.2113.

213 R R R -1, 1-21](5q): A Ak, 72
# 62%. m.p. 123~124 °C; "H NMR (400 MHz, CDCly)
5: 7.58~7.53 (m, 1H), 7.38~7.34 (m, 1H), 7.33~7.31
(m, 3H), 7.30~7.23 (m, 6H), 7.23~7.18 (m, 3H), 2.32~
2.14 (m, 2H), 1.89~1.71 (m, 6H), 1.57~1.50 (m, 2H),
1.43~1.31 (m, 4H); C NMR (150 MHz, CDCly) ¢:
155.9, 151.6, 143.4, 137.8, 137.0, 135.0, 130.1, 129.5,
127.8, 127.6, 126.7, 126.6, 126.4, 124.8, 123.6, 120.6,
58.2, 31.3, 29.2, 26.1, 25.2; FT-IR (film) v: 3023, 2924,
1572, 1441, 1239, 1028 cm '; HRMS [APCI] calcd for
CyHy, [M+H]" 365.2269, found 365.2277.

2' 3 ORI MR[ PR k-1, 1- B 1(5r): [ A,
FEE 91%. mp. 135~136 ‘C; '"H NMR (400 MHz,
CDCLy) 6: 7.56~7.50 (m, 1H), 7.34~7.30 (m, 1H),
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7.30~7.27 (m, 2H), 7.26~7.24 (m, 2H), 7.24~7.21 (m,
4H), 7.21~7.19 (m, 3H), 7.18~7.16 (m, 1H), 2.02~1.94
(m, 2H), 1.86~1.77 (m, 2H), 1.50~1.31 (m, 18H); "*C
NMR (150 MHz, CDCLy) J: 154.0, 151.9, 143.1, 138.7,
138.7, 135.2, 130.0, 129.6, 127.8, 127.7, 126.6, 126.5,
126.3, 124.5, 123.5, 120.4, 58.2, 31.9, 27.5, 26.2, 23.4,
23.2, 21.3; FT-IR (film) v: 3061, 2961, 1490, 1261, 1072,
1028 cm '; HRMS [APCI] caled for Cy,Hy; [M+H]™
421.2895, found 421.2906.

45 B KL (Supporting Information)

&4 3a~3h I

5a~5r () 'TH NMR. °C NMR F1 F NMR i [&]. ixL6ft
RER] PL G 2 AT 93 (http://sioc-journal.cn/) & T %K.
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