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Abstract Synthetic applications of the recently developed (NHC)Ni(II) catalyzed [3-+2] hydroalkenylation-rearrangement
cascade (HARC) were investigated. The foundations of these highly substituted cyclopentadienes and methylene cyclopentanes
formation were compared with typical cross-hydroalkenylation of alkenes and dienes. The desired cyclization products were
examined as key starting materials for a range of olefin functionalization methodology, including Diels-Alder, epoxidation,
ozonolysis, halogenation-rearrangement and fluorohydroxylation. The results showed that several very interesting carbon skel-
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etons can be obtained easily with high diastereoselectivity in one step or in cascade.
Keywords strained alkene; [3+2] cycloaddition; N-heterocycle carbenes; Ni catalysis; cross-hydroalkenylation
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Scheme 1 Recent progress of our group on (NHC)NiH cata-
lyzed hydroalkenylation and cycloisomerization
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Figure 1 NHC ligands employed in this work
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PL 56% MRS T A2 X =W)X )% 3aa (Scheme
2B). {HAG —RMAE, 1% TG T AR IR B B 3 i I 4%
R AT, T H SRR B SRR TR A
.

oy 5 Mol% (L1NHIBA
(A) Cyclic monoene + Z>"P"

5a toluene, r.t.
100% conversion

R
W/\OBn R = cyclic structures
Cyclic monoene: [ MeoXh Kph
nBu

3s1 3s2
Conversion: <10% 50% <10% >60%

Ph \ 5 mol% [(L1)NiH]BAr®
X N
OBn toluene, r.t.

@W

<1%

(B)

56% yleld

BR2 RS 5 SCER SIS N T 45 R
Scheme 2 Preliminary result for cross-hydroalkenylation and
cyclization of cyclic monoene
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Scheme 3  Selected examples for (NHC)NiH catalyzed cross-[3+2] cyclization of cyclopropene with alkyne
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Scheme 4 Deuterium labeling experiment and proposed mech-
anism for [3+2] cyclization of cyclopropene with alkyne
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Ph Ph
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4a 5a

>95% conversion  >95% conversion
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Bh BnO—/:\—OBn or )k/’Bu
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Scheme 7 Preliminary result for cross hydroalkenylation of MCP and alkenes
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(A) Selected substrate scope for [3+2] cyclization of MCP with alkenes
Ph
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= n o
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— 1 or
Y: Bu 50? >:<:|/ -~ + Ph A AB=CH,0 41%
Y = TMS 95%pr 4 R4JLR5 ):CLB A-B=0CH, 52%
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v
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RZ=Ph 80% (r.r. > 98:2)
R2=Me 56% (r.r. > 98:2, E/Z = 77:23)
RZ2='Pr 70% (r.r. > 98:2, E/Z = 75:25)

(B) Convergent sythesis

Ph Ph Ph
>= X
Ph
4a 4a
+ +
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H /
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(32% from 4a")
(83% from 4a)

(79% from 4a")
(95% from 4a)
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Scheme 8 Selected examples of (NHC)Ni(IT) catalyzed [3+2] cyclization of MCP with alkenes
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T (Entry 4), B4R 6aa WA %, H4a 5 5a 3+
2R SLRENRRIHEAT. Horp—FPrT B AR 2, LR SR
) NHC-Ni(D#Fh # B & B 5 MCP B/ 4 H 57
FAAE M R P MBS 1 BE 70, TR TE PR A 22 S vT
HEAWMEX — SRR K. Hik, 1-# 00 1EH
T fi§ 5 NHC-Ni(I)allyl 347 % %543 NHC-Ni(IDalkyl/H
H 5%(Schemes 1A~ 1E)!"*.
(NHC)Ni(IDfEAL & R P24 7 —Fp s | e 24
MCP 5 fiij LI & B [3 + 20 S BT v, AR DR ) R
PEARAY B 3G 46 FE A S S ML B BIF 9 VE L 3 %
BR[20]. 7EULEEAN b, A E— 7R — DX R
T FEAT ZFEAGIH R, 53— T TR R L =i AT 2
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(A) Control experiment

5 mol% L8
5 mol% Ni(allyl)Cl
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Ph,_Ph OBN 10 mol% NaBAr
+ 7 >

)/ PhMe, 30 °C, 24 h

4a 5a 20 mol% 1-octene
Ph Ph

Ph
Ph™ ™S + ) Ph
Ph

6aa OBn 6'

Entry Variation from standard condition Yield/% of 6aa  6aa:6'
1 None 83 > 95:5
2% Ni(COD), instead of Ni(allyl)Cl 0 -

3 Additional 10 mol% COD 72 >95:5
47 NiClyDME instead of Ni(allyl)Cl 31 >95:5
5  Ni(ClO4),/L8/Mn/nPrBr 0 -

6 Inabsence of 1-octene 60 > 95:5

@ Data were collected from Ref. [20]

(B) Proposed mechanism

As

1 2
R2 \ R1 . RZ R3/\ R+ R
4 NHC-Ni(Il) _ )
or R1/ N Insertion
2
>:< Ni-NHC )
4 R? Intermediate XI R®  Ni-NHC
R2 R Intermediate XII
_—
Ring closure
R3
B 9 MCP S5HJR03 2] S 142 il S5 J vl 8 14 S R
Fi (201

Scheme 9 Control experiments and proposed mechanism for
[3+2] reaction of MCP and alkene

Ja B b TERRESAE TS, S [ I 1 s TR R Bk AT
“EW) 5b 5 MCP 4a [N, AEE DL 92% ISR 15 2 FHHIA (L
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(A) Ph
5 mol% N
Ph_Ph _[(LONHBAT
.
toluene r.t. ‘
4a Gab (92% yield)

5 mol%
Ph_Ph \ __IL8NHBAI NiH]BArF
+ a4
& \/\O toluene r.t.

4a:5¢c = 2:1
4a 5¢ 6ac (72% yleld) 6ac' (26% yield) Ph

(©) OMe 5 mol%
Ph Ph [(L8)NiH]BArF 0
+ —_— —
& toluene, r.t. Ph
4a 5d relative configuration
6ad (80% yield)

5 mol%
WL QD) e~
+ —
Q toluene, r.t. PH O
slow addition

relative configuration

(3)

4a 5e
6ae (55% yield)
E
- Ph.__Ph 5 mol% Ph
Ph. Ph | P [(L8)NiH]BAr® Co,'Bu
or * 7 COBu toluene, r.t. PR
(59% yield from 4a)
4a 4a' 5f 6af  (40% yield from 4a")

B 10 W HIER L S 2 AR i3+ 218 S
Scheme 10 [3+2] cyclization of MCP with different alkenes

H
0 2 Rearrangement
-—
Ph AUCly (5 mol%)
Ph H DCE, 5 h, r.t.
7ab 7aa
A - . (%4
7ad 29, 84% yield SO ot%yied <
72% yield %G@ XK ?/Q@#\ \»\?’ O\‘\ single isomer (X-ray)
B single isomer (X-ray) O&@ 76 O?%goﬁ‘o ,\'L‘\
(=)
e, 3 R
H <% ° H
o : Ozonolysis Fluorohydroxylation 5
- 777
B O3, MeOH/DCM Selectfluor (1.1 equiv.) Ph A
H -78°C, then Me,S CHyCN/HO (V:V = 10:1) HO by, H
7ae reflux, 5 h 7ac
71% yield 74% yield (86:14)

B 11 MCP 53+ 216 WIS B R A
Scheme 11  Application and derivatization of [3+2] cyclization product from MCP and olefin
All structures refer to relative configuration

774 6ab (Scheme 10A). FLyik, i S — ) 75 2k Sc U BZ S AT 05 73 N IR 3A S5 R A0 R 4 - 1) T
5 da (O IDEHELB, [3+H 23R 0= S ISR AT LA E 98% WA e e O B B R AR 3. FRIR, %3213
(Scheme 10B, 6ac 5 6ac'), M A AR 1,6- 45 S ) JEC A S TR R 8 AR 05, e DA r AL e ke
T W HIR AT, HARMELR] Se 5 4a 2E 51 1A PEPEHI/S 3] 6ad, IABEHISZHL T C-3-4%E7 5 MCP (1)
& XTI (Scheme 9B)#% 4a 731 P 3 — G J& 46 3 1) 724, [3-+213F1L 5 B (Scheme 10C, 5d 5 4a). XFhAE EES
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R XA [4.3.01 T BE-3,8- B E 2R Ky ik AR H EE H
HA G BANE, FAEHAETIRZ TGS T4, W
alborosin!™ il aquilarene FI*%1, Ji_F-4% 4 ) 77 5 #EE MUIG
HOWIR[4.3.0] F-3-0-8-Fi th &, LI M. & JEFE AL
SEEE R OT R EY I LAZ VAR B 6ad £ 5L
AT W, AT O7 () S SRR A . BRAh, ARSCSEEL
T 4a H5JEH Se MI[3+H21Mb B, DhH AR 15 2
IR~ 6ae (Scheme 10D)*Y). 6ae 7] 4 AL 1) W15
FIFH L ERER AT A2, 1 SCHR A X A A P A K
RAEFART, 756 WS ER A0 R R B s,
ZoKfE R e 2IY). Ba, % niERI R AR
SRR T E BT, 78 A R T A R B T LA
JIFA 347 (Scheme 10E, 4a 1 4a'2) 5| 5 5f K A[3+2]%F
TS BEY, 5t A TR 35 A M T 1 AR R AN B T T
J5 )2 1 LT SR

bR ELA T2 W IR I A03E FITE 2 4h, MCP 542
Z[3+ 21k S 87 AR S R S 3R e, 78 AT g b it
172 M BER AR N, 19 B 4546 2 FF 1 7= ¥ (Scheme
11). ASCLL da FIPEUK IR = 6agl> it
TR, H %, 6ag 5 mCPBA 1B/, AEfELL 91%7 7 %Ak
X BRI B b 1] £ A AT AE W) Taa; FLIK, Taa 7E AuCly
1AL TRBY AT &4 House-Meinwald ZY - 22 8 HE g 851,
DL 849%™ %A B R ILHUR IR AT AEY) Tab. A
B3R, PV R AL P AROE T v R
A8 — 5 2 DY AR B AL I I A ST FR House-Mein-
wald BEHE N, #—BRE T AN AR,
IR, 6ag W /EFHBEAFAE N, & N-IRART R iZ(NBS) e
BERRARFIR IR EHE N, JEXT MOk AL
TRARH LbE 2K ZERATAEY) Tad™). BRILZ 4, 6ag 7R AT
TE I B8 HOR A E T 18 238 4N R R BB =
Tacl, o JRUE T a% B E  I0 R B B S b — M, i 1k
B TR AR AR LA R S AR R 2 i ) B
J&, 6ag 7] 2 SLEfRAS BRI ERATAEY) Tae; HHIE LR
ZREMIE B LR TR % (Scheme 8)Hi %, KRR &M £ 5
(IR AT A 4).

2 Zhig

K CAE B R 2 I (NHC)NI(I) JE AL B TR 5 5 05 4L
Bl IR b 5 AR TE IR IR [3 4 20 e 8
fill b, IR T SRR NAENLEE S ARG A A
SR N X 5, kB 7T T HAE A RO T B
H. 1ER RS 5 L SO 0 58 20 TR e 4 v 1)
TEFR TR IR N, KA REAEL 1,3-8T A4
IR 0 1 R R IR TR B B S 7E(NHO)NI(ID 5 5 F
HHONREN NS T, B S KRR NI 3

3334 http://sioc-journal.cn/
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W B e SIS MM B T A
F, ety 75 AT 2 R AT A A, BT IR R
RIS, A3k 3 =T LA I Diels-Alder o M AE
BARPR IR ZR; T R IR I Je v] 280 2% M Y E
B, GARR R FEPE RO A AL SRR s HE
AFRFRIAL S N, MRS SN 2 FERORT A, B
Kk, PRIk I3/ oA SN R TR I HLIE ATk
i, AT AR IEAE A PR AR rh dh AT

3 LIRS
3.1 UE5EHH

[3+2]ME R B AI/EF 48 k4T, '"H NMR A1 PC
NMR 7E Bruker (400/500 MHz)# S 0L HRA_EsE,
PL CDCl; N, GCMS £ Agilent 7890B GC & 5977A
MS B4R, HRMS 7E Waters GCT Premier 3l
W AR R R S At A S TR A EE P
GCMS #EATATI, K F AT JZ2 47 Bl 2 ] & e 3k 4T 4y
B PR SEARAE B H T A T B XS 2k B
R s e,

32 AENEIE

NI SRIE[3 2 ME B 7E 10 mL 3R ik
UM 0.02 mmol (L6)Ni(allyl)Cl B¢ 5 mmol (L7)Ni-
(allyl)Cl, SE4b7)% 48 NaBAr", 1.5 mL H# K 4
equiv. 1-3E4, FIRHHE 10 min J5, A 0.5 mmol I
A1 1.0 mmol HLUEH) 0.5 mL HAREWR. RN 3h)E, B
IR T GCMS 40T, e T R BR G SRR E T
AR H bR

LR I SRR 3+ 23 M B 7E 10 mL ik
BRI 0.025 mmol (L8)Ni(allyl)Cl, 0.025 mol
NaBAr', 1.5 mL F28 &% 0.1 mmol -3/, ZiEHHE 10
min J&, I 0.5 mmol V. H AP HE A 1.0 mmol J75 )2 1
0.5 mL 2RV, M3 h 5, BEERUEH GCMS i,
T S MR G AR A IR AT 4 B A3 ) B AR 4.

3,3- TR B I\ EIRIN [ I £ J5e-2,2'-[4, 7] . FR 3
Eli](7aa) Il vKKIBAHEITS, T 10 mL [F R+
WA 112 mg [A1 &S AR F R (m-CPBA), 63 mg
NaHCOs, 3 mL —& H 5E(DCM)F 150 mg 6ag [ 1 mL
DCM &R, %12 h J5 B4 58 4, I 5 mL DCM,
TIN5 mL H1F1 Nap,SO; KIE AN 5 mL 7l NaHCO;
KR, KAHZE DCM 20U, & AU, WAaE Kk
VeV, ToKBREREN TR 5, TelRiaA, M= i S i
ENT o B 193 143 mg HEALT=Y) Taa, 72 91%. 7))
FIE e IS B A5 &, PP AROS SEAAR KA B B X
SR AT .

7,7- 2K HE )\ - 1,4-M W7 H 5 25-6(2H)-BiF(7ab) ) i

Chin. J. Org. Chem. 2020, 40, 3327~3337
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ARTICLE

#%: FREL 4 mg AuCls (5 mol%) T 10 mL A% [ NI,
MM 2 mL 1,2- =5 Z5EF 79 mg 7aa (0.25 mmol),
FEim RN 5 h 5, BERRIE, M AR R
Wiy B35 66 mg 77 &, 77K 84%.

1-JR-2- 28 Fk )\ & -1H-4,7-HF T H JE i -2- B (R F )
fiil(7ad) ] & FREL 94 mg NBS (0.53 mmol, 2.1 eq.) T
15 mL #H8NEF, I 3 mL FEAE, FIA 78
mg 6ag (0.25 mmol, 1.0 eq.), JN#ZE 80 ‘C&M 2 h A,
RENER R, BEbRIE, =SSR A ZE T B AR 2
71 mg ;= i, FEE 72%. P IE QR A R A
LS, X SLAAR B B X R AT A E

2-3 )\ & -1H-4,7-HF 7 Ff 3 Bfi-2- 2 — 2K i (Tac) %
J\E-2H-4,7-H7 I 1 56 Bfi-2-Jl (7ae) 2 HH R 6ag HIK,
22 CHR[20, 56177 1) %
3.3 EMMTFEIE

9- FH %t -9- ZE JE 4.56,7,9,10,11,11a- )\ & -1H-2,11-
FH 4 -8, 10-( FH 48U 8 34 bt [e] & — R -1,12(3H, 8aH)-—
fifl(3ab): TR, 725 65%. '"H NMR (500 MHz,
CDCly) 6: 7.35~7.30 (m, 2H), 7.25~7.18 (m, 3H), 5.80
(s, 1H), 3.65~3.60 (m, 1H), 3.49 (dt, J=13.0, 4.0 Hz,
1H), 3.60 (dd, J=4.5, 2.0 Hz, 1H), 3.26~3.17 (m, 2H),
2.99 (dd, J=17.0, 4.5 Hz, 1H), 2.40~2.30 (m, 1H), 2.13~
2.02 (m, 1H), 1.85~1.75 (m, 1H), 1.68~1.52 (m, 3H),
1.48~1.38 (m, 1H), 1.30~1.25 (m, 1H), 1.21 (s, 3H); °C
NMR (125 MHz, CDCl;) d: 179.3, 179.0, 145.4, 142.7,
129.1, 127.3, 126.5, 125.7, 68.1, 57.1, 51.5, 47.6, 43.6,
39.4, 26.2, 23.9, 23.8, 21.8, 20.2. HRMS (ESI) calcd for
CHNO, [M+H]" 322.1807, found 322.1799.

3-((3-( 2R FE N H ) BA R 0 ) HH 4R 36 )-10,13- —
F-17-((R)-6- 1 3L P 5t -2- 38 ) + 75 & -1 H-34 K 3 [a] FF
(6ab): LRI, P7& 92%. 'H NMR (400 MHz,
CDCly) 0: 7.38~7.18 (m, 10H), 3.46~3.35 (m, 2H),
3.25~3.15 (m, 1H), 2.60~2.45 (m, 3H), 2.30~2.18 (m,
2H), 2.05~1.95 (m, 1H), 1.95~1.80 (m, 3H), 1.79~1.65
(m, 4H), 1.62~1.48 (m, 4H), 1.44~1.32 (m, 6H), 1.32~
1.22 (m, 5H), 1.20~1.02 (m, 9H), 0.98~0.85 (m, 12H),
0.82 (s, 3H), 0.68 (s, 3H); *C NMR (100 MHz, CDCl5) ¢:
143.4, 142.5, 133.7, 129.3, 129.3, 128.1, 126.2, 79.0, 71.8,
56.7, 56.4, 54.6, 45.1, 42.8, 40.7, 40.2, 39.7, 37.2, 36.8,
36.3, 35.9, 35.6, 35.0, 32.3, 30.0, 30.0, 29.0, 28.5, 28.4,
28.2,24.3, 24.0, 23.0, 22.7, 21.4, 18.8, 12.5, 12.2. HRMS
(ESI) calcd for C4HgO [M—i—H]+ 635.5192, found
635.5182.

((CEBLOTE 8 ) ) U (I T o3 - - 1 - S0 3748y ) XL 3
TR FE VD FK (6ac): TLEHARY), P2 72%. 'H NMR
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(500 MHz, CDCl) 6: 7.30~7.23 (m, 8H), 7.19~7.14 (m,
12H), 3.40~3.28 (m, 4H), 2.55~2.40 (m, 6H), 2.30~
2.15 (m, 4H), 1.90~1.80 (m, 2H), 1.45~1.35 (m, 2H);
BC NMR (125 MHz, CDCly) d: 143.3, 142.3, 133.7, 133.7,
129.3, 128.1, 126.2, 74.9 (74.8), 40.3, 36.7 (36.7), 32.3
(32.3), 29.9 (29.9). HRMS (ESI) calcd for C3sH300 [M+
H]" 511.3001, found 511.2995.

(-7 B 1R -1,5- — ) X (480) WL (TF PR 5 ) XL (R
IR K -3- 2 - 1- 37 7480 XU (FF 0 AR ) DY 2K (6ac'): LR
IR, 773 26%. '"H NMR (500 MHz, CDCl5) J: 7.31~
7.24 (m, 8H), 7.21~7.14 (m, 12H), 4.98 (s, 1H), 4.87 (s,
1H), 3.88 (s, 2H), 3.39 (t, J=6.8 Hz, 2H), 3.35~3.29 (m,
4H), 2.58~2.48 (m, 2H), 2.49~2.40 (m, 4H), 2.30~2.15
(m, 4H), 2.06 (t, J=6.8 Hz, 2H), 1.93~1.84 (m, 2H),
1.75~1.65 (m, 2H), 1.47~1.35 (m, 2H); >C NMR (125
MHz, CDCly) 6: 145.8, 143.3 (143.2), 142.3 (142.2), 133.6
(133.6), 129.2, 128.0, 126.1, 111.4, 74.6, 74.0, 73.8, 70.6,
40.3 (40.3), 36.7 (36.7), 32.3 (32.2), 29.9 (29.9), 29.5,
27.6. HRMS (ESI) calcd for C44H400, [M+H]" 609.3733,
found 609.3728.

2-( A FEY I N A -1 H-Bi-5(6H)- il (6ad): T
HEIRYD, 773 52%. '"H NMR (500 MHz, CDCl5) J: 7.34~
7.25 (m, 4H), 7.24~7.11 (m, 6H), 2.75~2.66 (m, 1H),
2.62~2.53 (m, 2H), 2.48~2.42 (m, 1H), 2.41~2.25 (m,
6H), 1.97~1.90 (m, 1H), 1.85~1.75 (m, 1H); *C NMR
(125 MHz, CDCly) §: 212.8, 142.9, 142.9, 140.1, 136.0,
129.2, 129.1, 128.2, 128.2, 126.5, 126.4, 43.0, 41.3, 39.0,
37.8, 37.7, 37.5, 28.0. HRMS (ESI) calcd for C,,H»0
[M+H]" 303.1749, found 303.1740.

8-( . F HE T FH 3L)-7,8,9,9a- I & -6bH- 31 ¥ [a] 25
(6ae): TLEOWARY, % 55%. '"H NMR (500 MHz,
CDCly) 6: 7.60 (d, J=8.0 Hz, 2H), 7.44 (dd, J=6.5, 8.0
Hz, 2H), 7.23~7.13 (m, 8H), 6.92 (dd, J=8.0, 1.5 Hz,
4H), 4.20~4.10 (m, 2H), 3.10~2.98 (m, 2H), 2.65~2.55
(m, 2H); ®C NMR (125 MHz, CDCl;) o: 149.3, 142.9,
141.7, 138.3, 134.9, 131.4, 129.5, 128.3, 128.0, 126.4,
122.8, 119.3, 48.3, 38.7. HRMS (ESI) calcd for CasHos
[M+H]" 359.1800, found 359.1791.

3,3- TR B \EUIRIA [ £ J5e-2,2'-[4, 714k 1. FH 2
Bi](7aa): A E A, 7% 91%. mp. 98~99 C; 'H
NMR (500 MHz, CDCl;) 6: 7.45 (d, J=7.2 Hz, 4H), 7.31
(t, J=7.6 Hz, 4H), 7.23 (t, J=7.3 Hz, 2H), 2.20~2.11 (m,
2H), 1.91 (s, 2H), 1.52~1.48 (m, 3H), 1.47~1.42 (m,
3H), 1.14~1.08 (m, 2H), 1.05 (dt, J/=10.2, 1.7 Hz, 1H);
C NMR (126 MHz, CDCly) d: 140.7, 128.2, 127.3, 127.0,

http://sioc-journal.cn/ 3335
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78.3, 68.5, 46.1, 41.5, 37.6, 32.3, 28.7. HRMS (ESI) calcd
for Co3H,s0 [M+H]" 317.1905, found 317.1898.

7,7- 2R F )\ -1,4-HF L H 2 25-6(2H)-Hi(7ab): TC
EHCRY, 7% 84%. 'H NMR (500 MHz, CDCls) o:
7.32~7.17 (m, 8H), 7.12~7.07 (m, 2H), 2.58~2.48 (m,
2H), 2.45~2.35 (m, 2H), 2.03~1.97 (m, 2H), 1.82~1.75
(m, 2H), 1.56~1.47 (m, 3H), 1.19 (dt, J=10.4, 1.5 Hz,
1H), 1.16~1.08 (m, 2H); *C NMR (126 MHz, CDCl;) §:
213.9, 144.0, 143.8, 128.4, 128.0, 126.8, 126.6, 61.1, 43.1,
42.7,41.9, 39.3, 38.8, 38.2, 33.0, 29.6, 28.7. HRMS (ESI)
calcd for Cy3H,s0 [M+H]317.1905, found 317.1897.

2-9 )\ S -1H-4,7-Hr 7. A L B -2- 5k — K F IE (Tace):
TR, 72 74%, dr.=84 : 16. '"H NMR (400
MHz, CDCl;) d: 7.70~7.49 (m, 4H), 7.38~7.23 (m, 6H),
2.81~2.69 (m, 0.3H), 2.64 (s, 1H), 2.22~2.04 (m, 3.7H),
2.00~1.89 (m, 2H), 1.64~1.57 (m, 1H), 1.54~1.39 (m,
3H), 1.20~1.03 (m, 3H), 1.00~0.88 (m, 1H); *C NMR
(101 MHz, CDCl3) o: 144.8, 127.8, 127.8, 127.7, 127.3,
127.3, 113.6, 111.8, 79.4, 79.1, 45.7, 40.6, 39.1, 38.9, 31.8,
28.5; YF NMR (376 MHz, CDCl;) §: —155.7. HRMS
(ESI) caled for CpHyyF [M+H-H,0]" 319.1862, found
319.1854.

1-JR-2-2R Fk )\ & -1H-4,7-HF T H JE i -2- B (R F )
fi(7ad): AEEAK, F=F 72%, B—FHE mp. 130~
131 °C; 'H NMR (500 MHz, CDCl3) §: 7.62~7.54 (m,
2H), 7.42~7.29 (m, 6H), 7.25~7.17 (m, 2H), 3.62 (dd,
J=93, 2.4 Hz, 1H), 2.74~2.62 (m, 2H), 2.31 (s, 1H),
2.13~2.01 (m, 3H), 1.58~1.52 (m, 2H), 1.48 (d, J=10.8
Hz, 1H), 1.26~1.19 (m, 1H), 1.17~1.08 (m, 2H); "*C
NMR (126 MHz, CDCLy) d: 199.3, 140.0, 135.3, 132.1,
130.4, 128.8, 127.9, 127.8, 127.2, 65.1, 61.6, 56.0, 44.9,
40.2, 39.0, 38.2, 32.8, 28.1, 28.1. HRMS (ESI) calcd for
Cy3HyBrO [M+H]" 395.1011, found 395.1001.

J\NE-2H-4,7-#5 0 F L B-2- i (Tae): Tothi% BRI,
F=Z 72%. "H NMR (500 MHz, CDCL3) 0: 2.53~2.42 (m,
2H), 2.31~2.22 (m, 2H), 2.05~2.01 (m, J=1.8 Hz, 2H),
1.96~1.93 (m, 1H), 1.92~1.89 (m, 1H), 1.55~1.49 (m,
2H), 1.31~1.26 (m, 1H), 1.24~1.21 (m, 2H), 1.10~1.19
(m, 1H); “C NMR (126 MHz, CDCl;) 6: 221.8, 44.0, 43.3,
42.9, 32.4, 28.9. HRMS (ESI) calcd for C,,H;s0 [M+H]"
151.1123, found 151.1116.

4 Bh# %L (Supporting Information) {L5%) 3ab. 6ab.

6ac. 6ac'. 6ad. 6ae. 7aa. 7ab. 7ac. 7ad Fl 7ae I
'H NMR Al PC NMR JFf 3, X eebtpla] DL 3 WA
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T vk (http://sioc-journal.cn/) N %K. 1b54) Taa Fl 7ad H
A XRD £5 4 CCDC % 5737379 2003757 A1 2004337,
AT IS M s AR B HR o0 X 35 (wwwe.cede.cam.ac.uk/data
request/cif) %K.
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