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Abstract

Leveraging the inherent confinement effect and high specific surface area of ordered mesoporous
materials, the supported catalysts enable the synergistic enhancement of active site utilization and
reaction mass transfer. In this study, an MCM-41-supported FeCl; catalyst was successfully applied
to the Friedel-Crafts alkylation of indoles with enamides. This strategy afforded a series of indole-
amide compounds incorporating bis-alkaloid scaffolds with high efficiency and remarkable regi-
oselectivity, achieving yields of up to 99%. Furthermore, the catalytic system demonstrated ex-
cellent stability, maintaining its activity without significant loss over five consecutive reaction
cycles.
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1. 518

WM - T NEER R EE W S ERINE R, | ZAAETAZ BA B EVEERI R = 52
Yoy H[1]-[4]. FXBMERA ARG T [ — 214, nTE G 2RISR A, H
TEVE R BRI 2 2 G (ADHD) (O R R G S5 G AE S50 BVRTT R IS J3[5]. IR, R & il
LR ITIE G S S5 M FE 25 WA 22 AU R AT L B

N Wi 5 s T M 140 P80 9. Jo A S5z 7 R J G 2 S M PRI AR 2 — o AR G AT Ay S e A, e B 22 R
BT E b AR, iR T s s I I, AR D e B A ) PR 2 ) 1 B 3 1 A
TPk [6]. TR, FFARFENIMYI R T 2 PR R DSEIUX — 54k, B4 5 HiR[6]-[8]. A i
FERR[9]-[13AA[14] AR o SRR B8 VRIS T B A RCR , (B AEAE — 28 RER, Bl s id )8
MEALF AT Re SBUWE B R . R B A2 b FR ERE A HUE AT AL, DURCOR 2 B A7 A LA ]
WCHFRI RS, Bk, PR R R miGte. mak stk SR8 U BB LR T G 303 B (8 B ALk R
ATh 2 Wi FE B B H AR

LR, BB TH FA L0 107 (i MCM-41) ) R AL 7], B % 15 Wb Uk S R AL 7 s
VS Z AT 5 T B R AR S G, R SISk (S TR A I AR R 2 — o AR AT
WX P Lo 1 fE 4L Knoevenagel condensation [15]. [3 + 3] cycloaddition [16]F122 4143 s N [17] [18]
ST TRRTE, JREUE T RGF IR . IR b, AR R IR T MCM-4L Sk kiR, H T
R IR ST TG R 5 0 T e A S e B SRS o AR AR AR TR S T R Y X R S R
TR Ra s M, A B I P AT e AT A P 1) B At T — 2% A L IS 98 0 PB4

2. SLRERSY
2.1, WHISNF
IR - 205 FE e -2 B HATAE WA 2 S BRI T Adamas-Beta BRI A ), I TR 2405
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GF254 nm & 2 E MR AE ZE 8 F AL (200~300 H)WE T Bl T .

SN P I € B (TLC) HEAT WA I . 48 F INOVA-400 Y RZ G LR MEAY , 38 it SRR HER (C*H NMR)
SRR (SC NMR) 1S B RAE =P 4574 o AZHEMRIE 7 CDClso *HNMR 22400822 TMS (5 0.00)
5i# CDCl3(8 7.26), *C NMR {b*#hi#827% CDCl3(8 77.16), b #hife 547 ppm.

2.2. MCM-41@FeCl; 4L $1 &

PLELEG = H HI Y MCM-41@ KA F M, @R 5L 713 FeCls, #17F MCM-41@FeCl; AL,
AN & 1 TR B R ) £ AR B0 R - 4 0.5 g MCM-41@ 5 Bl 4 it A Z 4 F 1 mmol FeCls-6H,0
] 40 mL ZBEER, BEEAERSARY TR 6 /. £ MEA S =R EEE, s EER K 2
Ve BRI E LA, DIGRERBMH SRS T, 215152  BAMENT] MCM-41@FeCls.

—OH —OH
-0 FeCl36H,0 |-o0
N NN Na NN
—0-si N= —> |-0-si “N=
-0 EtOH, reflux |—qo” Fe
—OH HO —OH 0
MCM-41@75 Fhik MCM-41@FeCl;

Figure 1. Preparation of the MCM-41@FeCls catalyst
& 1. MCM-41@FeCls 4L 57 B &7 A2

2.3. MCM-41@FeCls HEHIBIBRGTAE 4 5 1 Bt B oY 8 52 I L

PAbRHE S M UK MCM-41@FeCls #EAL77(10 mg) . M51(0.2 mmol). 1- Z 4Bk it i Je-2-fif (0.2
mmol) 1 Z.E(0.5 mL) I B BARE i o KR EYT =R FHisk 2.5 /N, JFiad 32 il (TLC) Wl
SR . RN SRR, DA 208 2B A, I R A R TR S AT 4k, 153 B bR
P HASE R LR A ("H NMR) B «

1-(1-(1H-P5|B-3-25) Z Bk g 4e-2-Bd  (3a) [6]. M 44, m.p. 164~165°C. *H NMR (400 MHz, CDCls,
TMS) §8.89 (s, 1H), 7.62 (d, J = 8.0 Hz, 1 H), 7.37 (d, J = 8.0 Hz, 1H), 7.16~7.20 (m, 1H), 7.12 (s, 1H), 7.05~7.09
(m, 1H), 5.79 (q, J = 6.8 Hz, 1H), 3.22~3.28 (m, 1 H), 2.83~2.89 (M, 1H), 2.38~2.51 (m, 2H), 1.73~1.91 (m, 2H),
1.58 (d, J = 6.8 Hz, 3H).

1-(1-(5- 8- 1H-15] W-3-3) 2. 3L ) itk & % -2-B  (3b) [10]. M B[ 44, m.p. 174°C. 'H NMR (400 MHz,
CDCls, TMS) § 9.07 (s, 1H), 7.57 (d, J = 4.0 Hz, 1H), 7.30 (d, J = 8.0 Hz, 1H), 7.17 (s, 1H), 7.13 (d, J = 8.0 Hz,
1H), 5.71 (g, J = 6.8 Hz, 1H), 3.24~3.30 (m, 1H), 2.83~2.88 (M, 1H), 2.46 (t, J = 8.0 Hz, 2H), 1.78~1.96 (m, 2H),
1.57 (d, J = 6.8 Hz, 3H).

1-(1-(5-YR-1H-M8| Wk-3-3k) 7, B8 )itk k- 2-Bd  (3c) [6]. [ 7[E 44, m.p. 167°C. 'H NMR (400 MHz, CDCls,
TMS) 88.90 (s, 1H), 7.72 (s, 1H), 7.27 (s, 2H), 7.15 (s, 1H), 5.70 (q, J = 6.8 Hz, 1H), 3.24~3.30 (m, 1H), 2.83~2.89
(m, 1H), 2.46 (t, J = 8.0 Hz, 2H), 1.79~1.96 (m, 2H), 1.57 (d, J = 6.8 Hz, 3H).

1-(1-(5- B JE-1H-15[ Wk-3-3k) Z 3 ik & 4%-2-BF  (3d) [12]. B HPIRY. *H NMR (400 MHz, CDCls,
TMS) & 8.15 (s, 1H), 7.25 (d, J = 8.0 Hz, 1H), 7.11 (d, J = 4.0 Hz, 2H), 6.86 (dd, J1 = 8.8 Hz, J2 = 2.4 Hz, 1H),
5.75 (q, J = 7.2 Hz, 1H), 3.82 (s, 3H), 3.24~3.30 (m, 1H), 2.84~2.90 (m, 1H), 2.37~2.51 (m, 2H), 1.78~1.94 (m,
2H), 1.59 (d, J = 6.8 Hz, 3H).
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1-(1-(5- FA - 1H-M[WE-3-3) Z. 3 itk & e -2-BF (3e) [6]. 5 (AR 4. TH NMR (400 MHz, CDCls, TMS)
88.78 (s, 1H), 7.29 (s, 1H), 7.18 (d, J = 8.8 Hz, 1H), 6.99 (s, 1H), 6.92 (dd, J1 = 8.4 Hz, J2 = 1.2 Hz, 1H) , 5.67
(9, J = 6.8 Hz, 1H), 3.13~3.19 (m, 1H), 2.75~2.81 (m, 1H), 2.38~2.34 (m, 2H), 2.32 (s, 3H), 1.63~1.86 (m, 2H),
1.48 (d, J = 6.8 Hz, 3H).

1-(1-(4- B -1 H-15 - 3-35) Z 30 bk g e -2- W (3F) [12] 2 2. [l 44, m.p. 180~181°C. *H NMR (400 MHz,
CDCls, TMS) & 8.84 (s, 1H), 7.22 (d, J = 8.4 Hz, 1H), 7.18 (d, J = 4.0 Hz, 1H), 7.07 (t, J = 8.0 Hz, 1H), 6.85 (d,
J=6.8 Hz, 1H) , 5.87 (q, J = 8.0 Hz, 1H), 3.18~3.24 (m, 1H), 2.85~2.90 (m, 1H), 2.60 (s, 3H), 2.43 (t, J = 8.0
Hz, 2H), 1.77~1.92 (m, 2H), 1.59 (d, J = 6.8 Hz, 3H).

1-(1-(6- B ZE-1H-M5[ Wk-3-38) 2, 36 )Mk g e -2-BA - (39) [12]. ¥ (il iR#. *H NMR (400 MHz, CDCl3, TMS)
8 8.87 (s, 1H), 7.49 (d, J = 8.0 Hz, 1H), 7.15 (s, 1H), 7.03 (s, 1H), 6.91 (dd, J1 = 8.0 Hz, J2 = 1.2 Hz, 1H) , 5.76
(9, J = 6.8 Hz, 1H), 3.21~3.27 (m, 1H), 2.82~2.88 (m, 1H), 2.42~2.46 (m, 5H), 1.70~1.93 (m, 2H), 1.56 (d, J =
6.8 Hz, 3H).

1-(1-(7- B H-1H-P5[Bk-3-3E) 2.3 b & be-2-F  (3h) [12]. B fE44&, m.p. 182°C. 'H NMR (400 MHz,
CDCls, TMS) 8 8.84 (s, 1H), 7.45~7.47 (m, 1H), 7.12 (s, 1H), 6.99~7.02 (m, 2H), 5.77 (g, J = 6.8 Hz, 1H), 3.21~3.27
(m, 1H), 2.82~2.88 (m, 1H), 2.50 (s, 3H), 2.41~2.46 (m, 2H), 1.70~1.94 (m, 2H), 1.57 (d, J = 7.2 Hz, 3H).

1-(1-(1- B 3 -] We-3- 3% ) 7. 3 e & e -2-FF - (3i) [6]. 25 itk #0. *H NMR (400 MHz, CDCls, TMS) § 7.60
(d, J=8.0 Hz, 1H), 7.28 (d, J = 8.4 Hz, 1H), 7.21~7.24 (m, 1H), 7.07~7.11 (m, 1H), 6.79 (s, 1H) , 5.76 (9, J = 6.8
Hz, 1H), 3.76 (s, 3H), 3.23~3.29 (m, 1H), 2.85~2.91 (m, 1H), 2.36~2.49 (m, 2H), 1.72~1.95 (m, 2H), 1.58 (d, J =
7.2 Hz, 3H).

1-(1-(1H-15| Be-3-F5) Z. B R FF BEke-2-F  (3]) [6]. #OHPIRY). 'H NMR (400 MHz, CDCls, TMS) 8
8.46 (s, 1H), 7.60 (d, J = 8.0 Hz, 1H), 7.36 (d, J = 8.0 Hz, 1H), 7.19 (t, J = 7.6 Hz, 1H), 7.13 (s, 1H), 7.08 (t, J
=7.2 Hz, 1H), 6.30 (g, J = 6.8 Hz, 1H), 3.01~3.17 (m, 2H), 2.61 (t, J = 6.0 Hz, 2H), 1.90~1.96 (m, 1H), 1.58~1.70
(m, 4H), 1.51 (d, J = 7.2 Hz, 4H).

N-[1-(1H-F5|BR-3-%8) Z 2] Z.BER% (3K) [8]. PR *H NMR (400 MHz, CDCls, TMS) 6 8.49 (s,
1H), 7.64 (d, J = 8.0 Hz, 1H), 7.37 (d, J = 7.6 Hz, 1H), 7.23 (t, J = 7.2 Hz, 1H), 7.12 (t, J = 7.2 Hz, 2H) , 5.80 (s,
1H), 5.46 (m, 1H), 1.96 (s, 3H), 1.62 (d, J = 6.4 Hz, 3H).

3. /R5WiE
31 REFHHESHL

AT FE N (0.2 mmol) AT 1- £ 4 B it g Joe -2- 1 (0.2 mmol) VE AR RY IR, JA3kAS H ARl 5 S b
M R AR, AT R G R FF VPAS T AR . VA R RO OGRS 55 2 AN RS L.
SRR RGE T3 11 5, FATHE IV o6 LIS T MCM-41 §7 3RS [+] 8% 5 J I8 1 14 44 4 R (entry
1-3). iR EIR, MCM-41@CrCls il CM-41@ZnCl, 75 1% B H L JEiG P, 1 MCM-41@FeCls M 31
ARSI EALPERE, FRA A 99%, I Fe(11) & 2% S N 1 iy R0 1 ol o 25 SV 791 056 I I 1)
SN, FRATTE E £ 10 mg MCM-41@FeCls AL, 7E 2.5 /NI s SIS [i) 38 1 AN [5) 7 77 (entry 1, 4,
5) KW, WHCHERIRE, 7755 99%., BATHE— B T HATIH E(entry 1, 6, 7). 4810,
AT R 10 mg F#{K % 5 mg I (entry 6), 7= FEEE 85%. MBI, AL H Rt
Bz 15 mg i (entry 7), BIAE S LN (A4 K 22 2.0 /NI, P2 24T RRIA S 99%. 2R &% BN AR 5 A5
P, I 10 mg AT SORE 2.5 /NI A3 5 e I 2% A AR DRAIE 1 7 22 1) [R) IR 38 5 17 A7) B0 o 2 A
M.
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Table 1. Optimization of reaction conditions?

%=1 REEMHKe
[o] [o]
m . MCM-41@FeCly) N
N MeCN, r.t. |
HN
3a

la 2a
Entry Catalyst Solvent Time (h) Yield (%)°
1 MCM-41@FeCls (10 mg) MeCN 25 99
2 MCM-41@CrClz (10 mg) MeCN 2.5 trace
3 MCM-41@ZnCl (10 mg) MeCN 2.5 0
4 MCM-41@FeCls (10 mg) EtOH 25 15
5 MCM-41@FeClz (10 mg) toluene 25 40
6 MCM-41@FeCls (5 mg) MeCN 25 85
7 MCM-41@FeCls (15 mg) MeCN 2.0 99

vE: 20.2 mmol 5Kk, 0.2 mmol 1-ZJ&FEMESE-2-0, 1.0 mL &), =if. PHENT=ER. <&M 6 h.

32. [EER
Table 2. Substrate scope?
=2 RYAR e
Ry
AN 0 - X
R _ A\ . %NJ( MCM 41@FeCl3= \\ /[(
N b Ra MeCN, r.t. R
R, 3 ,N 3 ,‘
3a (99%) 3b (99%) 3¢ (98%)
3d (99%) 3e (99%) 3f (87%)
3g (99%) 3h (99%) 31 (89%)
3j (90%) 3k (98%)

H: 20.2 mmol M, 0.2 mmol 1- )R =M LE-2-00, 1.0 mL 3&#), =i, KB 25h, HEEHE,
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TER R SR LS5 J5 , FRATTRE S I 9 1 W5 Wiy A6 42 5 47 ok i A8 5 SR B2 (2 2) o TEMSIRRAITAE S 1-
LI BENE g - 2- el (R s ROBE R, AT 5 H 2R (L BryBImI W e R 4T He 28 OB, el 33 LA 99%
1 98% IR U AT 21 B ARF=Y)(3b F1 3c); Mgl ah iy B oo ok s BRI (R A . FER )R
RIFIERERAT H AR 3d~3i. WAk, FIEELENI ORI B EUARAL SO SRS PR AR AR I« 4- Eﬁﬁ'ﬁ
N-FF LA 5| W R4S H S5 RS, 3 ] REJR T FEL T 200 45 25 () 38R R R4 FH (3, 3i). 4ff A 1-
CIGFER I PEE-2-T A1 N- 2755 B E B AR 1- 20 s Joe-2-FRIss, 43 13848 90%-5 98% [ (3],
3K).

3.3. fE{LIEIFSCLE

WIS 1- 20 HE g St 2- TR R AR ik S BT MCM-41@FeCls (1 AT F PEREREAT T PPl .
JSE5E RS, I 0 B RIS, 2 S bk DL K 60°C IR 12 /NI S, FERRHESRAE TN
—HRERNL. AZMETUIEIAE A 5 A AR CRAF DL S AL TS P (P 2)

100

MH

Number of runs

Yield (%)

Figure 2. Recycling of the catalyst
[ 2. L IBIFseIs
3.4. REHIIRHER

AR M e 5 s I e A8 L 5 0 14 S 2 [ 7R ] 28 S A R AR AL AT LS MEATL AR (19, BRATTHHEIN 4 R s 114
SNALEL(E ). FEER SR Fe(N)KITERIT,  1- ZJf 2R it mede-2- i (La) Fe A I % 17 R R4 (1), - i
(] A A 0 e e A S AL S5 M R S Bz, 45 31 e 47 1) B

1a |

Figure 3. Plausible mechanism

3. R BZATLEEHEN
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35. SEREENERIMEREXI LS4

NV A AR A K] MCM-41@FeCls 75 15| W 5 47 BE & A0 & 1 R s e A0 S 8 T I £ P, 3T

B L5 SR TP R IE ) JUMAR R AR R AT T RGN EL (3 3). AEFE A1) MCM-41@FeCly ELA L5+
FIMEACTE M, T EL AT ATRIUSCR )

Table 3. Comparison of catalytic performance
= 3. L MERERTLE

Entry Catalyst Reaction conditions Yield (%)° Ref.
1 PWA H20,r.t,4h 76~98 13
2 Fe(NOs)s + TBAI H20,r.t, 7h 31~89 6
3 FeCls CH2Clz, 40°C, 0.5 h 78~99 7
4 TBPA*-ShCls™ CHCls, r.t.,0.5h 61~85 8
5 MCM-41@FeCls MeCN, r.t.,25h 87~99 This work
4. #ig

ARSI LA A BE NGRS PRI TIRL, A P fL2 T MCM-41 S EkfiEAL FI (MCM-

41@FeCla) AL T, PR A A Al T — R UM R B R AL 51 . Rz, JATAHA MCM-
41@FeCls LT, BROERIME, MMM, AEAFITERERE H T [BCA .

B O

U8 T M ¥ 22 Bt 1 H (No. QL2401, ZL1908).
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