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Abstract Atom-efficient [2+242] cycloaddition reaction of alkynes in green solvent supercritical carbon dioxide (ScCO,)
is an environmentally friendly reaction process that conforms to the principles of green chemistry. Cyclotrimerization of
terminal alkynes catalyzed by Co,(CO);g in pure ScCO, has been studied to obtain 1,2,4-trisubstituted benzene derivatives with
excellent selectivity. The reaction conditions for the cyclotrimerization were optimized, such as concentration of catalyst, CO,
pressure, reaction temperature and time. The solubility and phase behavior of the reaction materials and catalysts in ScCO,
medium were discussed, and the mechanism of Co,(CO)g catalyzed cyclotrimerization of terminal alkynes was assumed. The
reaction substrate was extended from C=C (alkyne) to C=N (nitrile), and the alkyne-nitrile cycloaddition reaction in ScCO,
was preliminary explored. Our optimized catalytic system for the cyclotrimerization of terminal alkynes exhibited wide sub-
strate scope and high product selectivity, in which no organic co-solvent or additives were added. It provided a green synthetic
method for 1,2 4-trisubstituted benzenes.
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AT, I T RDE VG B SN A AL R
PESE = AR R, I — G s 2 B il 45 2R
MLk P T A4 0388 R 7 P

BEAE NAIIRE R W &, SR b 228k T4
BFE 2] T RE R & B, YA R B, R
FHARH EENBEANER, KB HRA0 SR 6 i FE
FAEAWIER T TR BEIT 250 ARETFR AL 2 i &
b A= = v K B A AR oA L 7 2 3 R 55 5 5
KAMEHIG RN FERN R —. B, EHRE K
U S AL G A LA 7 O & R 2% Bl 5k e 1) B
27 AP Il A S AL % (supercritical carbon dioxide,
ScCO)EA BN TodE AR BIEIELF. 5 575
BEAERR i, REAR A A A . DU I
T AE SN R BORIE T R R i 22 A LA s
LN WSITANIE =R I TANIE /& Y AR b iAs R 3
s A BT BRI [2 4 2 203 0 AR R LRI 4
TR, AH 3 AN PR IR = R M EAT T
g,

B PR = R OB H 22 R 1,3,5- = AUAROR R
1,2,4- = HUARZR B T 2R 0 B S B =40, 3 et 326 B0 )
AL SN AR 22 SR A2 i PP Dk B 1 — B AL FAT G IE

AL, ScCO, A NI, FH A B 7 () S o 2% A
T, SEELT PR =R, R R B %R, T
PRI UL 51%~97% 7= A5 BIAHM A 1,3,5-=HL
RIRATAEY). ZMEA RN R 7B AR, N
BRI REE g tth, WARRRRAER IR =Kk
o7, 25 4 tE IR AL DR 7 T LAl ScCO, N R AT R,
PdBr, JUMEALF BB R IE = BB, ST 45 R0, 1E
ScCO, A H Ao M BE i 16 PdBr, fiEALF, AT SEELK
Ly N FRIEIR 2B AN 1- PR IR R = R,
FEYIN 1,3,5-ZBURZRATAE. Z AR R AL &
B, RN K. Avilés 25294558 T 7E ScCO, Hrik
FH ZBRIEIA TR IS CpCo(CO)(Cp=H TR I3 A
HEAL TR IR = B OB, 7E il R SO EEAL
TERE, 2K CHRALLL 22% 1 577 2645 31 W e S A 44 (1) VR
G, Ho 1,2,4-=ZBUCEEAT 1,3,5-=ZBURIE I LA
5101 HEHRREKZ BIEBIRCNT 20%). 5TABHIT
ZERRA, /E ScCO, T IIREIR =R v, Feik
PRVE SR O, ik F AR ER(PACL, PdBr,)
TRFAE, P B A B 1,3,5- B, 24 A Bk
SEEEHEALTT] CpCo(CO), B, TTFFE] 1,2,4-=HURH A E
FEVI SRR G, AR E A AR 1,2,4- =R
A 1,3,5- = HURZR I LU 7E 3~5 Z ).

B JE T 25 R IR R[22+ 23R I R e v 5
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Table 1 Optimization of reaction conditions

|
@CECH Catalyst O ]
ScCOo, + O
1 ) 70O
1a'
1a

. b
Entry Catalyst (mol%) Pco/MPa T/C  Time/h Y‘:fl‘i ; %

I CoClLe6H,0 (15 8 80 10 16
2 Co(l5) 8 80 10 21
3 CpCo(CO) (15) 8 80 10 47
4 CoyCO)s(15) 8 80 10 62
5 Coy(COg (5) 8 80 10 15
6  Coy(CO)g (10) 8 80 10 25
7 Coy(CO)g (20) 8 80 10 52
8 Coy(CO) (15) 8 60 10 19
9 Coy(CO) (15) 8 70 10 43
10 Coy(CO)g (15) 8 90 10 59
11 Coy(CO)g (15) 10 80 10 45
12 Coy(CO)g (15) 12 80 10 16
13 Coy(CO)g (15) 8 80 6 38
14 Coy(CO)g (15) 8 80 8 Py
15 Coy(CO)g (15) 8 80 12 46

© 2019 Chinese Chemical Society & SIOC, CAS

“Reaction conditions: PhAC=CH (Ph=phenyl) 1.8 mmol; *Isolated yicld, 1a'
was detected by TLC and GC-MS technology.
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T JR AR e T AT AL S 28, N PR A
AT A 1 B S S FE AR AR A EAT T WS 50 #t

TE4E ScCO MM, FRATTER T VUM A F &L (10
#): CoCly*6H,0. &t CpCo(CO), Al Coy(CO)g AT I
CIRIR =B B IC. SEIR S5 R K, £ CO, KN
N 8 MPa, HEALFIFIE A 15 mol%, KMiRE 80 C,
JRZESF ] 10 h (RI26AE T, DUAR R Ak 77035 REASE S 2 R AR B0
SN, FEYILL 12, 4-=F I FEa)y N E, PR
A 1,3,5- =K F 2K (1a)R D>, HEglid GC-MS faill 2.
ToWLER CoClye6H,0 BAS KR AL, 1a F=ZA m (R
1, Entries 1, 2); HRIEE ML EH CpCo(CO), il Cox(CO)g
TEMEALFINT, 1a 720 425, o Coy(CO)s AL LA
IR 62%I0 7 %43 3 1a(% 1, Entries 3, 4).

P SR AT, XA R B R RN PR
FUTE ScCO, H A AR ARG U EAT T W82, 25
VIR, TERNZAIET, RMNYIZE OREAET ScCO, H
TERE — AR R, 7790 1a R¥ET ScCO,, TEHLEL
13 CoClye6H,0 FIEKITE ScCO, H LA, HrItsh
4L 7 CpCo(CO), H1 Cox(CO)s #E g AR 4 Hb ¥ iRt T
ScCO,, IR AR R, LI S5 LR, ToHL
£k CoCly*6H,0 BN K TEMEALTIRT, 1a P22 A, AT RE
RTCHLEREE R 7E ScCO, VR FEIRAK, A RES )RR
CIRFE A R R, FEUS N R ik
16 ScCO, " ¥ fift M1 B 4 19 Bk 2L & CpCo(CO), 5K
Cox(CO)g (AR, 1a PRI BFEm. T UL EHFA4s R,
AR BN S Cox(CO)s 1EN ScCO, Hisifkk
=R IR,

SR FH B DR 35 S 300 SR 2 A iR AT T AR, AL
FHE N 15 mol%It, 724 1a (K72 2 5w, & 62%, 0
SE DT RS S 1a 2R EK(E 1, Entries
4~7). RMNIREHRER TR, SR E N 80 CHY,
la =% & (% 1, Entries 5, 8~10). ¥ & bHRIE 1M
8 MPa F+ i £ 12 MPa, 1a P~ KIEF#{K (3 1, Entries 4,
11, 12). M7 REEEIR, 7F ScCO, H, i N i
(Tt R, AT Coy(CO)g A MRS Z TG K, £ 80 C
U 52 =V i, R R E2EIH ISR B, 8 THE,
R IR, {HE, AT Cox(CO)s A AR 52
JEFSEmER. 24 CO, 78N 8 MPa i, 1K R 2SI
ZLth, CO, 14k Tt im, AT Cox(CO)s NIATH, 7E
RN EAE b, ATWEE R LT Coy(CO)g FUkE, [FIH 14
REPUEAL IRV, X TTRER A R 77380, ScCO, %%
HR, FE Cox(CO)g ¥ BEREAR, AT A S B 7= 26 (5
. MBS 6 h 303 10 h B, 1a 7= 2Z 81
K, AREERIN [ N 8], 1a 77 3R S0 PR AR (SR 1, Entries 4,
13~15), XAJRER H T 779 1a 54E4LF] Coy(CO) K 2E
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TEALEN R TR, sp s LRSS AR, A Sei ik
[13E B R B AR 17 Coy(CO) A& 15 mol%-
CO, J& /] 8 MPa. Vil g 80 °C. VS [A] 10 h.

ATt 38 I TR S S8 AR A A TR R S N R
AT TS KRR S HFIMEAL ] Coy(CO)s TR IR
Mg, F Ar 8, AR EINE 50 C, FR
EPREZEN_FNR BT EE ). GRER, BE
CO, FEIHEI, TR CHAFEALTT] Coy(CO)g BT
filt. keI R NIEEE 80 C, R RFICIBH B
AR, ik B R B IG, R R BB TR
LA —E RS, BEE R SR =R I BT,
FEA W E R, BRI =R =T ScCO,, AT HLELE]
SN SRR BT AN B I RORL ) 7 1. RV R, 2%
BRI CO, &, WTE RN 28T A BIK & A AR ks
). HEE L, ARG SRR, I\ AR
U R R 78 53 R E SRt T ARt BT
FEIANEE T ScCO,, LG, F=¥) B I Stk R
AT, B RIT RSk S 54k,

1.12 JRAEREE &K

TERAL N ZAE T, FRAT & G R AT 7%
%, ERFTR 2. — RIS UK 2 e & A3
SR, PP, 1,2,4-=BURE N (F 2, Entries
2~~5). R BN BRI 1) H - 20 R X e B PR A —
TE RS, RIS 5] N5 B IR L (CH;, OCH)Y,
SN RIS AT AR (2a: 52%, 3a: 58%); M4EUACHE Ad i
TH(Br, F)I, &R [FKda: 40%, 5a: 34%);
K S B T B 12 h, BT 4-30K 3 ZRTE ScCO, H
BRKMERIE, ZBR7RPG, 4- 8K ORI =5
SN 72 23R M 34%38 TN F 67%(F 2, Entry 5). 243075 %
Uit 4R i RN B i i i R R SIS, L RE LA
PR FIMPNI 1,2,4-ZBURER, (B AR E) 5044k
1,3,5-=HUXF (R 2, Entries 6~8). A MNAK R AL
3 TS SR R (GE 2, Entries 1~3, 5~6, 8), tH[H
FEIE H T [ 2 v UK P (3R 2, Entries 4, 7).

TEAL G B WA T Coy(CO)g HEALAS IR
SRR = SN A R RO Y, {of F AR 3 R
TEFRE 1L4-ZE AT E, =R RN 1,2,4-F
1,3,5- = HURFAT AR S, JF0L 1,2,4-= BTN
FY). CHRE A WL R I RLK 22 77 B8 rh 5
(46%~T72%), (HAEHR Ry L BE Je JE K Jse B B[] 1) 2%
PR, DNAEYRAE T Bmre R0 A SR B Ak
SR F 5 R GG HUB IR RAH L, BfRih = B 1)
PR T EAE AT, R B ScCO, FEMEAL [ B fAk & i 32 35
TR BIE H.
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Table 2 Substrate scope

Co,(CO)g (Co, 15 mol%) R
R—C=CH +
ScCO, (8 MPa), 80°C, 10 h
1~8 R R
R
a a'
Yield’/%
Entry Alkyne Product =< . ;
a
1 HCEC—@ la 62 Trace
2 HCECOCHg 2a 52 Trace
3 HCECOOCH3 3a 58 Trace
4 HCECOBr 4a 40 Trace
5° HC—COF 5a 67 Trace
6 He=c— 6a 44—
=N
Hc=c—<42>
7 Fe Ta 53 —
8  HC=CCHy(CHy)sCHg 8a 57 —

“Isolated yield. ®Reaction time: 10 h, yield of 5a: 34%; reaction time: 12 h,
yield of 5a: 67%.

1.13 JRimie/E 52

Pl 5E MWL AT 224+ 23R s s B A& & i %
B 8 205k, BEWENE TS5, a0
TR R NI B A B R T2 N, AR RS B I 71
ScCO, HHEAT IR~ JIE FA I B Js B2 3 o WLARIE . FRATIER
FRLZH LA R 9 7R, BL CpCo(CO), B Coy(CO)g(pa-
n-FcC=CH) (Fc= —/%8k3E) AL, FIH =8k
LR (FcC=CH) S H MM AT 2+ 22 SR B, 1%
Thi3RS T 4 FhZ BUCIE e A AU, e ph3tnt b, Ik
AR =R RN C=C B2 C=N #.
ARILLL ScCO, TERNRMNA R, RIS NAELLT, Kb
G2+ 22PN AT T A, SR ILER 3.

MF 3 ATLUE H, 2K LRI =5 AL H
I8 AR FH 2 29 5 28 FE RS A 0 B B, A
2 R e P2, RAS 2T 2K LRI =R BT
la (3% 3, Entry 1). HBHEIR R KBk LR, A7)
W2 RAIEH =R S =) Ta (35 3, Entry 2). 5%
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HRH B RV AL R (3 2, Entries 1, 7), 1a
Al 7a [17E A RS, XU IR = R M A AL
HHEALT] Cox(CO)y FEAIE G HR-IEFA IR L. T4
R T F AN RERIEEE 1T CpCo(CO), Al Coy(CO)s
(1> FcC=CH), 7E ScCO, /M Fi 1 #4LiEH FeC=CH
5 CeHsC=N BTN, & 75 RE1S BIEUAR L e
PEW. 24 CO, [k 119 10 MPa, MR N 110 °C, Hitdk
10 h JE, IR T WA IR e T A 2-2K
Be-4.6- 7 TR BRIEMENE (D) R 2-ZEHE-3,6- Rk L
WE(b"), [FIIT 70 B H BURORATAEY) 1,2,4- = R ERER
(7a)(3 3, Entries 3~4). {EHR-FEI NN N BT3RS (1)
Pl v AT AE ) AR R, T 2,4,6-BUAR L e (b) Ll
2,3,6-HUAR I e (b") B A5 5 /N 2 TR A2 B, IR 1T 7= S A 5
. KA HLAT R S 4 a7 ScCO, H1F 3 k-
Ji A0 S 92 485 SR 3E AT T X E (3 3, Entries S~7)1'), AT
DLE H, OB A e 6 B e T (AL 7 R b 2
TG, TV AR N 2 PR R S A K

TE AR HE e 5 2R R [2 42+ 2030 0 s = JBL
o, SRR AR B T AN E s .
TBAE ScCO, 1L & 1E RV 71, CpCo(CO), FBXT - R
TR s B 22 0t e v AR A 1, P DA e AT 2E N
T FATAEMINEL & Coy(CO)(ua- NP-FcC=CH)
PE AT, RIETE Y2 I I S p L F A5
HHAT C=NINR N, LC=CH =B RN AE, HEAE
PR RERT AR R KT 301 ik A
Coy(CO)s AT, Rt =R, 724
Ht U R ZEAT A, B R 0 B s B 38 1AL
TEPE. UER ScCO, AE F AR =i 20 I pl S 7 i
FUB, RATAEV =R A A A RRE NS, X —453
LI, JEFE ScCO, N M, AFITF AT eI ¥R
FNE, T B R 34T B R = 5 R
1.2 WREF=BRRHIE

TE A SCAR AL H B B R 3R = A AL e B AR R o,
Coy(CO)s NHEATIRTHA, I T — AR R S A
FH, AN 75 BB 5 A B A 7). MR SCik s>
K BATI s g5 B, AR AT 8 S HLER WL Scheme 1.

T4, Cox(CO)g FIIPIA CO Hi— o FHIEEURIE
IRECEY) A, BLEY) A 55— T HERMZERLAL, [
2 —AN CO, TE AR aA B, SR JG & E 5T PR AR
FRBCAL SN, A3 B ASKEFR ST FR G FA IR s e &4 C
5 C. BB C B C'TS 5 =AM s 1A T Ol B e
fr, R E— CO, Rk D 5% D'. F[al{k D
=) ST BN AR VAP oA el o e el A )50 W A A
P =Mk E. E'B E". B, Zidil 5 RN,
B EE E A1 B33 1,2,4-ZBURERTAY) a, B 1A]
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Table 3  Alkyne-nitrile cycloaddition reaction

Catalyst R A R R
_ _ (Co, 15 mol%) X |
R—C=CH + C=N —MMMMMM | + R N +
ScCO; or toluene o>\ R
. R
b b a
(CO)3Co——Co(CO)3
R = Q , :Fe . Catalyst: Co,(CO)g , CpCo(CO), or @C"\CH
= Fe
=
Yield/%
Entry Alkyne" Catalyst Solvent S

b b' a
14 1 Co,(CO)g ScCO, — — 29
24 7 Co,(CO)4 ScCO, — — 36
3¢ 7 CpCo(CO), ScCO, 30 10 17
4° 7 C0,(CO)¢(r-n*-FcC=CH) ScCO, 8 2 51
5/ 7 Co,(CO)g Toluene — — 55
¢ 7 CpCo(CO), Toluene 51 22 10
7 7 C0,(CO)g(pa-n*-FcC=CH) Toluene 9 4 38

“ Reaction conditions: FcC=CH, PhC=CH (0.48 mmol); PhCN (3.0 mmol); catalysts: (Co, 15 mol%), Cox(CO)s (0.035 mmol), CpCo(CO), (0.07 mmol),
Co05(CO)g(2-1*-FcC=CH) (0.035 mmol); solvent: ScCO, or toluene. * Alkyne 1: PhAC=CH, alkyne 7: FcC=CH. “Isolated yield. * ScCO,, 80 ‘C, 8 MPa, 10 h.
ScCO,, 110 °C, 10 MPa, 10 h./ Toluene, 110 °C, 5 h'\

oc R ] co
RN H—=-R cs
Co, oc™ Y
1°co co
oc B R— H
R—==H/-CO c c' -CO

Q2
c_C
oc. /><1 _co
oc-CGo——Co-co
co €O

B 1 Cox(CO)g AV H 3 IR A — 5 S5 W ATLIEHE I

Scheme 1 Mechanistic assumption of the Co,(CO);g catalyzed cyclotrimerization of terminal alkynes
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WESR T 1,3,5- = HURIEATADY) a', [F]F i pRIEE,
B5W T CO M—orFHIEmih, [ERAT A i,
T I 46 B — 56 10 18 4 95 BR . AR 8 AT HE B
Cox(CO)s AMEALFITTAR, HaE A AT AL TS
H.

S BE BN R R, TR &) C LA
Yy C' AT HEAFAE =R A EVE'EE B, 3
R AR E R EYREAE AR 1,2,4- = HURZE =, HA
—Fp R B AR R AR 1,3,5- U, 1,2,4-=HUAR
PP LRECR, X — B S =5 N B )
& 1,2,4- = HURR I SE5 45 R — 3

2 Zhig

ARLLL Coy(COY AMALTISZIL T 7ESlR I 7 — 4
At i SRR I = RO, LT — R AR 1,2,4-
ZHURSEATAEMIR T . AT H L SN AR 2R
BAMATIBEN 515 RS FIAEE AT R IE B
UF PRk REER . B E . RS EAE A NS
FUR S R B AN 2. RS 1 FOAR S0 BT 52
SRR, IR AT RSO R A R R T
A BRIE R, R AL FILE ScCO, A1 I H [ i
PRI 1 L5 SR KA = e B PR AR K, AN [H]
RN 7= R S R AR B VR A AR G, IR
JErug g R, £ ScCO, /i #', CpCo(CO), Fl
Cox(CO)g(a-n*-FeC = CH) E fb 5 2 3 1h = P Bk 3k 20 b
55K IS R FRIN RS RE A AR, % Cox(CO)g
AT BETF BB IR ATAEY), ARE1F BB BE £ 2R
Y. ScCO, M5 AT IR =5 [ B i ASF -3t
AT R 0 B S
3 IS
3.1 X5

WA THENEAIRA T SGCX-4 BAUA HAX (IR
FERAZIE); £ Nicolet FT-IR £LAMEIHA(KBr &)
H 4% Shimadzu LCMS 2020 ¥ AH €4 i i A, S
Thermo Fisher Polaris Q GC-MS S A5 -5 5 156 F 4%
£[E Agilent 500 MHz DD2 #BILIRI(TMS 18 W AE);
FE Agilent 7200 Q-TOF GC-MS =i/ HR A, #F2
BRI CES A IR 2 =] $2 4 i e O %2(50 mL, 40
MPa) FIAIL T [ % 45(120 mL, 30 MPa).

SEIGERAE I ERRUER) Schlenk HA(TIERIA )T
SER EABRIAIE Dy 99.99%, AT IR K R <,
REBRAE; B a1 >97%, T Figbs T
RAAF]; CpCo(CO)L (L1 >97%) I F Bl iL R 5 A w;
Cox(CO)s(4liFE > 98%) I T v B R} 2% Bt 22 SN Ak 2 1) BRI
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FEHT; Cox(CO)o(o-n’-FeC = CH) ¥ [ Sk 5 12 2 ),
ali 5 >98%. Fit A WLIE I N Hr 4, B R ALk
FEAnALE] SRt TS TR AR AL EE. K E AT
FT F A I (200 ~ 300 H ) F1 il £ 7 )2 2 A A RE AR
(GF254)¥) 7 B e TAH R A " $2 4L,

32 ZLWHE

32.1 BBRFR=ZRERFE®T &

] 50 mL A7 A BB T I mEE RN E I 1.8
mmol ikt 1~8, 0.14 mmol Coy(CO)s (47 mg, Co: 15
mol%), 18 Schlenk FA DA 4G 3=k, KRB
£HT 50 CHIMBH T 20 min 5, FEALL CO, Sk,
iR MR /1% 8 MPa, HHEMHAZE 80 C, &M 10 h.
RNGER G, WHIE SR, 4825 /1. L CHL.CL ¥
filt S NS R L, R RR BVE RS, RS RO
TR A3 B AL = L R D A I K/ CHLCL, VIV=2/1],
BRI 1,2,4- =R 1a~8a.

1,2,4- =K K1) AEalEE, % 62%. mp.
95~96 °C; '"H NMR (CDCls, 500 MHz) o: 7.58~7.55
(m, 4H), 7.42 (d, J=17.5 Hz, 1H), 7.36 (t, J=7.0 Hz, 2H),
7.27 (t, J=7.0 Hz, 1H), 7.13~7.08 (m, 10H); °C NMR
(CDCLs, 125 MHz) o: 140.43, 140.06, 139.94, 139.53,
139.31, 138.50, 130.06, 128.86, 128.83, 128.38, 127.79,
126.89, 126.86, 126.39, 126.09, 125.55, 125.48, 125.08;
FT-IR (KBr) v: 3080, 3054, 3025, 1598, 1472, 1453, 757,
701 cm'; MS (70 eV) m/z (%): 306.0 (M", 100), 289.1
(27),77.1 (4).

1,2,4- = (4- I HE R 3 ) 2 2a): (1 (0 A, 7 %
52%. m.p. 90~91 C; '"H NMR (CDCl;, 500 MHz) o:
7.61~7.55 (m, 4H), 7.46 (d, J=17.5 Hz, 1H), 7.25 (s, 2H),
7.10~7.03 (m, 8H), 2.40 (s, 3H), 2.32~2.31 (m, 6H); °C
NMR (CDCl;, 125 MHz) §: 140.77, 140.02, 139.14,
138.74, 138.34, 137.80, 137.12, 136.10, 136.00, 131.08,
129.72, 129.68, 129.51, 129.25, 128.66, 128.63, 126.93,
125.69, 21.14, 21.12; FT-IR (KBr) v: 3025, 2920, 2853,
1517, 1450, 1379, 810 cm ™ '; MS (70 eV) m/z (%): 348.0
(M", 100), 333.1 (35), 91.1 (13).

1,2,4-=(4-FHEUE A EE) K ) (G i, =3
58%. m.p. 102~104 ‘C; '"H NMR (CDCl;, 500 MHz) ¢:
7.66 (d, J=1.5 Hz, 1H), 7.65~7.60 (m, 3H), 7.49 (dd, J=
1.5, 7.5 Hz, 1H), 7.19 (d, J=2.0 Hz, 1H), 7.17 (d, J=2.5
Hz, 1H), 7.16 (d, J=2.5 Hz, 1H), 7.15 (d, J=2.0 Hz, 1H),
7.05~7.03 (m, 2H), 6.86~6.82 (m, 4H), 3.89 (s, 3H),
3.82 (s, 6H); “C NMR (CDCls, 125 MHz) d: 159.17,
158.28, 158.20, 140.34, 139.54, 138.41, 134.10, 133.69,
133.15, 130.96, 130.88, 130.83, 128.85, 128.04, 125.32,
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114.20, 113.39, 113.37, 55.27, 55.11, 55.10; FT-IR (KBr)
v: 3032, 3006, 2958, 2932, 2831, 1603, 1509, 1439, 821
em'; MS (70 eV) m/z (%): 396.5 (M", 22), 3954 (M—
H', 100), 91.3 (7).

1,2,4-=(4-IRFH) K 4a)?: AEEE, 78 40%.
m.p. 168~170 ‘C; '"H NMR (CDCls;, 500 MHz) &: 7.62
(dd, J=2.0, 8.0 Hz, 1H), 7.60~7.58 (m, 2H), 7.56 (d, J=
2.0 Hz, 1H), 7.53~7.50 (m, 2H), 7.46 (d, J=8.0 Hz, 1H),
7.41~737 (m, 4H), 7.07~7.00 (m, 4H); *C NMR
(CDCls;, 125 MHz) 6: 139.83, 139.82, 139.68, 139.49,
139.11, 138.53, 132.03, 131.40, 131.38, 131.35, 131.34,
131.14, 129.04, 128.65, 126.37, 121.99, 121.29, 121.21;
FT-IR (KBr) v: 3025, 1588, 1465, 806 cm '; MS (70 eV)
mlz (%): 541.6 (M, 100), 543.5 (M +2H, 93), 381.8
(90), 383.8 (80), 302.0 (60), 77.1 (13).

1,2,4-=(4-FAI)FEGa)? ) AEEE, 77E 67%.
m.p. 146~148 °C; '"H NMR (CDCl;, 500 MHz) J: 7.63~
7.57 (m, 4H), 7.46 (d, J=8.0 Hz, 1H), 7.17~7.09 (m,
6H), 6.97~6.94 (m, 4H); *C NMR (CDCl;, 125 MHz) 6:
163.61, 162.85, 162.81, 161.64, 160.89, 160.85, 140.02,
139.63, 138.50, 137.13, 137.10, 136.77, 136.74, 136.48,
136.45, 131.38, 131.34, 131.32, 131.28, 131.07, 129.17,
128.70, 128.63, 126.16, 115.85, 115.68, 115.13, 115.10,
114.96, 114.93; FT-IR (KBr) v: 3035, 1601, 1505, 1479,
815 cm™'; MS (70 eV) m/z (%): 360.2 (M", 100), 338.0
(28), 250.9 (10).

1,2,4- = (3-ME g 5E) 7K (6a): (1A, 72K 44%.
m.p. 134~136 ‘C; '"H NMR (CDCls, 500 MHz) 6: 8.95 (s,
1H), 8.67 (s, 1H), 8.52 (s, 4H), 7.99~7.96 (m, 1H), 7.75
(dd, J=2.0, 8.0 Hz, 1H), 7.67 (d, J=2.0 Hz, 1H), 7.59 (d,
J=8.0 Hz, 1H), 7.48~7.42 (m, 3H), 7.22~7.19 (m, 2H);
C NMR (CDCl;, 125 MHz) §: 150.26, 150.23, 149.01,
148.43, 148.32, 148.21, 138.30, 138.06, 137.13, 137.11,
136.97, 134.46, 131.59, 129.51, 127.27, 123.81, 123.08;
FT-IR (KBr) v: 3032, 1565, 1465, 802 cm™'; HRMS (ESI)
caled for Cy H N3 [M+H]" 310.1339, found 310.1331.

1,2,4-= KB R 2E (7a)': B AR, P2 53%.
m.p. 255~257 ‘C; '"H NMR (CDCls, 500 MHz) 6: 7.86 (s,
1H), 7.59 (d, J=7.5 Hz, 1H), 7.34 (d, J=7.5 Hz, 1H), 4.73
(s, 2H), 4.38 (s, 2H), 4.19~4.08 (m, 23H); “C NMR
(CDCls, 125 MHz) J: 136.83, 136.14, 134.98, 131.21,
128.87, 123.59, 88.20, 87.97, 85.44, 70.89, 70.63, 69.71,
69.63, 69.56, 68.91, 67.51, 67.40, 66.27; FT-IR (KBr) v:
3091, 1609, 1505, 1434, 1110, 1025, 817 cm™'; MS (ESI)
m/z: 630.0 (M ").
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1,2,4-=(1-1%FE)#(8a)*?: LWk, 7°&K 57%. 'H
NMR (CDCls, 500 MHz) §: 7.04~6.81 (m, 3H), 2.55 (s,
6H), 1.55 (s, 6H), 1.35 (s, 12H), 0.90 (s, 9H); *C NMR
(CDCl, 125 MHz) &: 140.32, 129.21, 128.93, 125.68,
35.58, 32.75, 32.31, 32.04, 31.67, 3127, 31.10, 22.61,
22.58, 14.06; FT-IR (KBr) v: 3025, 2920, 2853, 1517,
1483, 1450, 1379, 809 cm ™ '; MS (70 eV) m/z (%): 288.2
(M", 49), 287.2 (M—H", 100), 175.3 (18), 119.6 (19),
91.3 (7).

322 B-MEIHmR RS KR Tr ik

AT 50 mL @k R M EFIA 048
mmol %8k 26100 mg), 3.0 mmol 4 H 5300 pL),
0.07 mmol CpCo(CO), (10 uL, Co: 15 mol%) 5% 0.035
mmol Co,(CO)g(u,-n*-FcC=CH) (18 mg, Co: 15 mol%),
{8 Schlenk FEA A4l A =k, =i FARA 10
MPa ff14l CO, S A, IIFAE 110 °C, K10 h. V4,
WG, AHARER, LK. B CHCL R B
(RE i, kR B VAR, RONTR A SR R v AL AR
(200~300 E)#EATHEE M7 B Al b (i K/ LR L1,
VIv=20/1), 1324t E¥) b, b', Ta.

2-KFH-4,6- — TR nE (b)Y FEEE K, mop.
172~174 °C; '"H NMR (CDCl;, 500 MHz) J: 8.17~8.15
(m, 2H), 7.59 (d, J=1.5 Hz, 1H), 7.54~7.51 (m, 2H),
7.46~7.43 (m, 1H), 7.41 (d, J=1.5 Hz, 1H), 5.07 (t, J=
2.0 Hz, 2H), 4.83 (t, J=2.0 Hz, 2H), 4.46~4.42 (m, 4H),
4.10~4.09 (m, 10H); "C NMR (CDCl;, 125 MHz) J:
158.71, 156.38, 148.73, 139.90, 128.76, 128.61, 126.95,
115.38, 114.38, 84.59, 82.05, 69.98, 69.80, 69.71, 67.64,
66.94; FT-IR (KBr) v: 3131, 1598, 1489, 1401, 1107, 1003,
820 cm™'; MS (ESI) m/z: 524.1 (M"+H).

2-IKFE-3,6- = TR BRIEMEIE (b)) A E A, m.p.
181~183 °C; 'H NMR (CDCl;, 500 MHz) §: 8.02 (d, J=
8.0 Hz, 1H), 7.43~7.41 (m, 2H), 7.38 (d, J=8.0 Hz, 1H),
7.31~7.30 (m, 3H), 4.98 (s, 2H), 4.38 (s, 2H), 4.17 (t, J=
1.5 Hz, 2H), 4.12 (t, J=2.0 Hz, 2H), 4.10 (s, 5H), 4.06 (s,
5H); C NMR (CDCl;, 125 MHz) 6: 156.17, 156.03,
140.99, 138.80, 129.96, 129.38, 127.57, 127.54 117.92,
85.54, 84.41, 70.04, 69.78, 69.67, 69.58, 68.15, 67.57;
FT-IR (KBr) v: 3123, 1582, 1494, 1460, 1402, 1106, 1002,
821 cm™'; MS (ESI) m/z: 524.1 (M"+H).

i B A1 ¥} (Supporting Information) & R 7 #1) 'H
NMR. "C NMR . BRI AT s
Bl Fr. X epbREaT BLA 2 AT I 35 (http://sioc-journal.
cn/) B ER
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