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Bis(3-indolyl)methanes (BIM) are highly valuable and appear in the core
structure of many natural products and pharmacologically active
compounds (anticancer, anti-inflammatory, antiobesity, antimetastatic,
antimicrobial, etc.). Herein, we have disclosed an air stable and highly
efficient CuFe,O4 heterogeneous catalyst for alkylation of indoles with
alcohols to give bis(3-indolyl)methanes in very good vyields. The
CuFe;Oy catalyst has been found to be magnetically recycled at least
five times without losing significant catalytic activity.

Gidi thiéu chung

Cau trdc indole la mot trong nhiing di vong quan
trong nhét xuét hién trong nhiéu loai thudc phé bién,
hda chat néng nghiép, vat liéu hitu co tién tién cling
nhu cac hgp chét thién nhién c6 hoat tinh sinh hoc.
Haon nita, ho indole cé vai tro rét quan trong trong héa
dugc, cd6 mat trong han 3000 san pham tu nhién va 40
dugc pham[2,3]. Pic biét, cac dan xudt bis-(3-
indoly)methane (BIM) rét quan trong do su ¢ mat cla
ching trong cau tric cla nhiéu alkaloid tu nhién c6
hoat tinh sinh hoc (Arundine, Vibrindole A, Arsindoline
A, Barakacin,...)[4-6]. Vi du, Arundine d3 dugc biét dén
co6 khd nang chéng ung thu va[4]. Vibrindole A da
dudc st dung thanh céng trong viéc diéu tri héi chiing
rudt kich thich, dau ca xc hda va mét mdi man tinh[5].
Ngoai ra, cac dan xuét clia BIM con ddéng vai trd quan

trong trong sy phat trién clia cac hgp chat co hoat tinh
Dugc hoc (chéng viém, chéng ung thu, khang vi
khuan,...) (Hinh )[7-12].
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Hinh 1: M6t s6 alkaloid quan trong trong tu nhién co
chra céu tric BIM
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C4u truc khung indole cé thé dugc téng hgp mét cach
hiéu qua tur cac chét dau don gidn dua trén cac phan
Ung s dung xUc tac kim loai[13-15]. Tuy nhién, viéc
téng hop céc phan tr 16n chra nhiéu han mét phan t
indole tir cac chét dau don gidn la mét van dé day
thach thitc. Do tdm quan trong clia cac dan xuét BIM
trong viéc phét trién cac hgp chét co hoat tinh sinh
hoc mdi, nén da co nhiéu nghién cltu vé cac phuacng
phép t6ng hop mdi dé€ téng hgp hiéu qua BIM bang
cach st dung tryc tiép cac dan xuét indole lam chét
dau[16-23].

Hau hét cac nghién ciu déu dua trén quéa trinh alkyl
hoa truc tiép indole vdi cac aldehyde hodc ketone
théng qua viéc si dung cac chét xdc tac acid Lewis
hoac Bronsted[16-23]. Vdi sy phét trién clia héa hoc
xanh, mét loat cac quy trinh mdi dé diéu ché BIM vdi
xUc tac la cac kim loai chuyén tiép da dugc cong
b&[24-33]. Grigg va cac cdng su 1an dau tién bao cao
su hinh thanh BIM nhu mét san phdm phu trong phan
ung alkyl hda indole va alcohol véi xtc tac Ir[24]. Vao
nam 2012, nhém Liu da cong bé nghién cliu qué trinh
t8ng hop cac dan xudt BIM thong qua phan Ung cua
indole va alcohol vdi xUc tac Ru rat hiéu qua[25]. Mot
nam sau, Ohta va cong su da phat trién qua trinh téng
hop BIM cling qua alkyl héa indole va alcohol benzylic
bang xUc tac Ru trong 24 gig & 110°C[26]. Nam 2020,
nhém Srimani codng bé nghién cliu qua trinh t6ng hap
cac dan xuat BIM sut phic ruthenium[27]. Hikawa va
Yokoyama d& béo cdo mét qua trinh domino dé diéu
ché céac dan xuét BIM lién quan dén sy benzyl héa C3-
H cuta indole va chic hda benzylic C-H trong nudc vdi
xUc tac Pd[28]. Vao ndm 2014, nhom Sekar da st dung
xUc tac FeCl/BINAM vai dicumyl peroxide lam chat oxy
hda dé t6ng hgp BIM vdi hiéu sudt kha t6t[29]. Mac du
céc xuc tac déng thé cho hiéu suét va dé chon loc cao
hon, nhung cac Ung dung thuc té cla chidng trong
codng nghiép con han ché do kho dé cé thé phan tach
va téi st dung céc chét xic tac sau phan Ung[30-33].
Ngoai ra, cac san phdm mong mudén co thé bi nhiém
cac kim loai chuyén tiép gay anh hudng nghiém trong
trong cac qua trinh hda dugc va sdn xuét hda chét tinh
khiét[30-33]. Trong nd Iuc gidi quyét van dé nay,
Babazadeh va cac déng nghiép da cong bd qua trinh
téng hap BIM trong khong khi bang cach st dung céc
vat liéu nano Ni mang trén silica cé vai tro nhu chat
xUc tac dj thé hoat tinh cao[34]. Gan day, mot phuang
phép t6ng hop BIM bang phan Ung alkyl hoa cla
indole va alcohol vdi viéc st dung Fe304@SiO,@TPP-
Cu lam chét xUc tac quang dudi anh séang xanh cla
den LED da dugc cong boé[35]. Nhin chung, cac quy
trinh téng hop cac dan xuét BIM thudng yéu cau cac

xUc tac dugc thiét k& phuc tap hodc diéu kién phan
Ung dac biét khdng thuén tién trong Ung dung thuc té.
Ngoai ra, cac xuc tac di thé nay chi co thé hoat dong
t6t v&i cac dan xudt cla benzyl alcohol nhung déi vdi
cac alcohol aliphatic van gap nhiéu kho khan (hiéu suét
thdp) trong viéc téng hgp cac san phdm BIM mong
muén.

Trong nhiing nam gan day, cac hat nano mang tu tinh
dugc coi la xtc tac di thé hiéu quéa trong cac chuyén
héa hitu co quan trong do nhitng dac tinh néi tréi cla
chiing chang han nhu, dé tai ché, lugng kim loai that
thoat it va hoat tinh xdc tac cao[36,37]. Cac hat nano
Cu d& dugc biét dén la mot xic tac di thé dugc sur
dung trong nhiing qua trinh chuyén héa hitu cg quan
trong nhu phan Ung chuyén hydro, C-N, C-O, C-S
coupling, phan Ung Sonogashira hay phan tng Click !
Mot uu diém khéc clia viéc st dung xuc tac t tinh nay
do la khd nang thu hoi xtc tac dé dang bang cach st
dung nam cham([36-42]. Do do, muc tiéu cla nghién
cltu nay la khédm phé ra cac dac tinh thd vi clia chét xic
tac nay trong phan Ung alkyl héa indole vdi alcohol.
XUc tac CuFe;O4 bén trong méi truang khong khi va
6 thé xuc tac cho qué trinh téng hop cac dan xuét cla
BIM tUr indole va cac benzylic alcohol mét cach rét hiéu
qua trong diéu kién ém diu.

Thuyc nghiém va phudng phap nghién clu
Héa chat

Cac hoa chét va dung méi dugc mua san tr cac cong
ty Hoa chét va dugc s&t dung nhu trong quy trinh ma
khéng can tinh ché thém. BE phan tach va tinh sach
san phdm bang phuong phép sdc ky cot, dung moi
dugc cét loai dé tinh sach bang méay cat quay da dugc
st dung. Céc phan Ung dugc thuc hién trén méay khudy
tUr gia nhiét va theo déi qua trinh phan Ung bang
phuong phép sac ky I16p mdong (TLC) st dung céc tém
ban mong Merck Silica Gel 60 F254. Viéc tinh ché sac
ky clia cac san phédm dugc thuc hién trén cot nhoi silica
gel.

Quy trinh chung dé téng hop cdc hgp chdt BIM (1-9)

Mot hdn hop gom indole (0,3 mmol), alcohol (1,2
mmol), CuFe>O4 (7,2 mg, 10 mol%) va LiOtBu (24 mg,
1.0 duong lugng) dudc nap trong binh cau. Binh cdu
nay dugc cdm sinh han hoi luu va ca hé théng duagc
nhung trong bat chifa dau silicon da dugc lam néng
trudc & 80 ° C va phan Ung khudy trong 24 gid. Sau khi
lam ngudi, hén hgp phan Ung dudgc loc qua celite
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bang nudc néng dé loai bod lugng alcohol du. Pha hitu
cg dugc ria bang etyl axetat, sau dé dugc lam kho
bang natri sunfat (Na,SO4). Can c6 dac dugc tinh ché
bang sac ky ¢t (hexan/etyl axetat).

Cdc phuong phdp ddc trung vat liéu xdc tdac va cau trac
ctia cac san phdm BIM

Phép do nhiéu xa tia X (XRD) dudc thuc hién trén may
do nhiéu xa Bruker D-8 Advance SWAX. Hinh anh kinh
hién vi dién tir quét (SEM) va quang phd tia X phan tan
nang lugng (EDX) dugc ghi lai trén may JEOL JEM
6700F. Phé NMR clia cac san phédm BIM dugc do trong
dung méi CDCl; bang cach st dung mét cryoprob trén
méay Bruker Avance 400 (400 MHz, 'H-NMR; 10TMHz,
BC-NMR). D6 chuyén dich hoa hoc & dugc tinh bang
don vi ppm so vdi tetramethylsilan (TMS) d6i véi phé
'H- va BC-NMR va cling dugc hiéu chudn theo peak
clia dung moi do phd.

Két qua va thao luan

DBang chu vy la khi chi sir dung xtc tac CuFe,O4 5 mol%
nhiing van tao thanh BIM vdi hiéu sudt 92% (Bang 1,
muc 7). Phan ng alkyl héa nay cling dugc thuc hién &
nhiét dé thép haon (60°C) thi chi cd mét lugng nhd san
phdm BIM dugc hinh thanh. Bac biét, khi rit ngan thoi
gian phan Ung xuéng 12 gid, lugng san pham BIM hinh
thanh thu dugc vdi hiéu sudt 1én dén 93%. Trong
nghién ctu nay, ching téi tin rang O, trong khéng khi
c6 vai tro la tac nhan oxy hoa alcohol thanh aldehyde
tuong Ung. M6t thi nghiém déi chiing da dugc thuc
hién trong khi quyén argon thi chi mang lai san phém
BIM & hiéu suét réat thédp (Bang 1, muc 12). qua trinh tdi
uu hda, mét s6 diéu kién véi cac ngudn mudi Cu khac
nhau (Cu(OAc),, CuCly, CuCly d& dugc thir nghiém va
chiing déu cho mét hdn hop gdm san phdm chuyén
hydro va bis(3-indolyl)phenylmethane (BIM). Tu két
qua nay co thé nhan thdy san phdm BIM dugc hinh
thanh & nhiét dé thdp hon. D€ t6i da hoa su hinh
thanh bis(3-indolyl)phenylmethane, cac nguén dong
khac nhau cling da dudc dudc dua vao thir nghiém.
Piéu thd vi 13 vdi su cd mat cla xdc tac nano CuFe>Oq
(10mol%), san phdm BIM thu dugc véi hiéu sudt lén
dén 96% & diéu kién ém dju (90°C). Sau doé, cac vat
liéu nano (CuO va Fe304) cling dugc st dung lam xdc
tac cho phan Ung nay nhung chi thu dugc BIM vdi hiéu
sudt thap (Bang 1, muc 1va 2). Do do, hiéu Ung tucng
hé 1an nhau clia cac kim loai Fe va Cu trong céu tric
spinel co 1& dd mang lai xtc tac nano CuFe;O4 cd hoat
tinh cao nhu vay. Anh hudng clia cac base ddi véi kha
nang hinh thanh BIM rét r& rang. Trong khi cac base

KOt-Bu, KOH, K,CO; khéng cho hiéu sudt nhu mong
mudn thi LiIOt-Bu dugc phat hién la base thich hgp
nhdt dé tao san phém BIM vdi hiéu suét cao nhét
(Bang 1, muc 3). Trong trudng hgp khéng sur dung
base, chi c& mét luong nhd san phdm BIM dudc hinh
thanh sau 24 gid (Bang 1, muc 8).

Bang 1: Bang t6i uu hda céc diéu kién phan ing téng

hap bis(3-indolyl) phenylmethane

H
N

A CuFe,0, cat. O {
AN — >
N S WO L Base, neat AL

H 90°C, 24 h O N
under air N
H

Muct! XUc tac Base Nhiét Hiéu
(mol%) (equiv.) do(eQ) sut (%)
1 CuO (10) LIOtBu (1) 90 29
2 Fes04 (10) LIOtBu (1) 90 21
3 CuFe204(10)  LiOtBu (1) 90 96
4 CuFex04(10)  KOtBu (1) 90 58
5 CuFex04(10) KOH (1) 90 72
6 CuFex04(10)  KoCOs3 (1) 90 25
7 CuFex04(5) LiOtBu (1) 90 92
8 CuFe>04(10) - 90 -
9 CuFex04(10)  LiOtBu (1) 70 12
10 CuFex04(10)  LiOtBu (1) 80 95
11 CuFe;04(10)  LiOtBu (1) 80 93 1l
12 CuFex04(10)  LiOtBu (1) 80 6

Bl Higu sudt. P! Phan Ung trong 12 gid 9 Phan Ung
trong argon

Pang chu y, khi ching téi ha nhiét dé xuéng 80 °C va
rdt ngan thai gian phan Uing xuéng 12h, sén pham BIM
van dudc tach ra vdi hiéu sudt 93% (Bang 1, muc 11).
Vdi diéu kién t6i uu hda trong tay, pham vi Uing dung
clia phan Ung nay vdi cac chét nén khac nhau dugc
nghién cltu. Dau tién, mot loat cac dan xudt clia benzyl
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alcohol dugc st dung trong qué trinh alkyl hda indole.
Nhin chung, cac dan xudt BIM déu dugc t8ng hap vdi
hiéu suét cao khi indole phan Ung vdi cac dan xudt clia
benzylic alcohol c6 cha nhdm cho hodc nhém hat
dién tir (Bang 2, hap chét 1-6). Pac biét la trong nhiing
san phdm nay, Turbomycin B moét hgp chat ¢d hoat
tinh khang viém da dugc diéu ché mot cach dé dang
vai hiéu sudt 1a 95% (hgp chét 1). Ngoai ra, xic tac
CuFe;04 cling cho thdy su hiéu qua trong qua trinh
alkyl héa cac dan xuét cua indole vai benzyl alcohol.
Indole chla cac nhém methoxy, bromine, hay nhém
hat dién t& manh nhu nitro déu cho cac san phém
tuong Ung vd&i hiéu sudt khé cao (hiéu sudt 1én dén
95%) (Bang 2).

CuFe,0, cat.

H
N
g Y
R A P
@ + HO™ R LiOt-Bu, neat R
H 80°C, 24 h

R O A\
under air

:é*:w:z#

1,91% 2,68% 3,74%

Turbomycm B)

4,65% 5,91% 6, 63%
v
MeO
MeO. O N
\ 2
O ; O )
7,95% N 8, 84% 9, 66%

Bang 2: Bang scope cla phan Ung alkyl héa indole véi
cac alcohol

TU cac két qué i) céc thi nghiém déi chiing trong Bang
1 (muc 8-12) da chiing minh vai tro thiét yéu cla base
va O, trong qua trinh chuyén hoa va i) mét luong lén
aldehyde dugc hinh thanh trong qué trinh phan Ung
dugc quan sat bang phuong phap GC-MS, bdi vay
chiing t6i manh dan dé xudt mét ca ché phadn Ung nhu
duagc trinh bay trong Hinh 2. Qué trinh chuyén hoa bat
dau badi sy hdp phu cla alcohol 1én trén bé mat cua
cac hat nano CuFe,O4 théng qua cap dién t& tu do
trén nguyén tr oxy cla alcohol (c&u tric A trong Hinh
2)[43-45]. Tuy nhién, do tuong tac yéu cla lién két
phdi tri nay, dé kich hoat dugc lién két OH yéu cau
phai vugt qua rao can néng lugng cao, nhu trong mot
s6 nghién clu trudc day véi mét s6 phan Uing oxy hda
khac trén xuc tac CuO[46]. Budc nay dugc thuc hién dé
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dang hon qua phan Ung chuyén proton véi base LiOt-
Bu. Sau khi cdu tric A dugc hoat hda bdi xic tac,
alkoxy dugc tao thanh c6 thé dé dang chuyén hoa trén
bé mat xUc tac oxide kim loai (chét trung gian B trong
Hinh 2)[47,48], tao ra aldehyde (Il) va hydride kim loai
C lién két manh véi bé mat clia CuFe,Os, nhung sau
do6 dugc chuyén thanh hydroxy kim loai (M-OH (M =
Cu hoac Fe) bang cach két hgp véi O, phan t[49,50].
Budc nay rét quan trong trong viéc 6n dinh cdu tric
clia oxide kim loai trong qua trinh phan Ung, vi su tich
tu cta hydride trén bé mat cla cac oxide kim loai
thuding dan dén sy khir nhanh cac oxide kim loai thanh
cac kim loai va lam mét hoat tinh xuc tac nhu da dugc
bao cao trong cac nghién clu trudc day[43, 48, 51].
Haon nita, nhédm hydroxyl clia hydroxy kim loai dé cling
o thé tao diéu kién hoat hoa lién két OH cua alcohol
ban dau thong qua viéc 1&y nguyén t& hydrogen &
muc hang rao nang lugng thdp (trung gian E trong
Hinh 1), téi sinh alkoxy kim loai trung gian va HxO[43,
44, 46]. That vay, viéc tao ra HxO cling da dugc dé
xugt bdi moét s6 bdo céo trudc day[44-46). Khi
aldehyde (ll) dugc tao thanh, n6 dé dang phan tng véi
indole dé tao ra chét trung gian (Ill), tiép dé tach H.O
tao thanh trung gian (IV).

[ Liomu

Gl .
G HH N R Homu N :
15 LoBu Homu X R
‘ H
B A /&644 RATH
—_— i
O OH leOtBu

=
o: T

R

A H0
H . HY V nuomu
+O O-H Y
H CuFe,0, | HOBu
R nanopamcles '.. +OH (E@
12 o2

.
H_H PN R
% ﬁ n° HN\ O

(" B@ RN\ ®
H H @
RXOH ©

Hinh 2: Bé xuat chu trinh xUc tac clia CuFe,O4 trong su
hinh thanh san phdm BIM

Cudi cung, budc quan trong nhat trong qué trinh
chuyén déi téng thé la phan Ung cong 1,4 gitta chét
trung gian IV va indole dé tao thanh san phdm BIM
(thdng qua trung gian F). Néu khdong cé chét xdc tac,
Cac rao can nang lugng cua loai phan Ung nay dugc
béo céo la rét cao ~ 46 kcal / mol trong cac nghién
cQu trudc day[47,48], can trd qua trinh phan Ung. Do
do, bé mat oxide kim loai c6 thé &n dinh trang théi
chuyén tiép clia phan Ung nay théng qua viéc tao phdi
https://doi.org/10.51316/jca.2021.057
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tri v&i cap electron duy nhét cda nguyén t& N va giam
rao can clia budc nay di 20-30 kcal / mol, lam cho
phan Ung nay kha thi hon nhiéu[47,48]. Su hinh thanh
chét trung gian G c6 thé xay ra khi n6 phan Ung vdi
mot alcohol khac dé tao ra san phdm BIM va alkoxide
kim loai (chét trung gian B). Vi vay, vai tro quan trong
clia xUc tac CuFe;Os4 la tao diéu kién thuan Igi cho viéc
hinh thanh andehyde va sau dé thuc déy phan Ung
cong 1,4 thdng qua con ducng cd nang lugng hoat
hoda thép han.

100

80
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3
2
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o

1 2 3 4 5 6

Catalytic cycles

Yield (%)
O O O o g

Hinh 3: Kha nang tai s& dung clia xtc tac CuFe;O4

Uu diém chinh clia xuc tac di thé so vdi xtc tac dong
thé do la tinh &n dinh va kha nang téi s dung. Dang
chd y, bang cach st dung mét nam chém ap bén
ngoai, CuFe;O4 cé thé dugc thu héi va tai si dung it
nhat ndm 1an ma van git dugc hoat tinh xUc tac kha
tét trong qua trinh alkyl hda indole vdi benzyl alcohol
(Hinh 3). Vi vay, mét s6 nghién cu vé dac tinh ctia xtc
tac va kha nang tai st dung la can thiét dé xac nhan
tinh 8n dinh cta xtc tac CuFe,Ox sau mdi phan Uing.

ﬁ (A) Fresh CuFe O,

«wwl MJWwMMMﬁ‘w

3 (B) Reused CuFe,04

“eo
511
#40)

P
WW“WMHI WWW-W‘%W\M

@1

440)

220
#00)
514

20 40 )
2-theta (deg)

Hinh 4: Cac dang XRD ctia CuFe>O4: (A) xUc tac ban
dau (B) xtc tac dugc téi str dung

Hinh 5: Anh SEM (AO, BO) & HRTEM (A1, A2, B1, B2) cla
CuFe;Oq: xUc tac ban dau (hang trén) va téi s&r dung
(hang dudi)

Céc nghién cdu XRD dugc thuc hién trén cac chét xic
tdc CuFe,O4 ban dau va xuc tac dudc téi st dung dé
phat hién nhiing thay déi trong céu truc tinh thé. Nhu
trong Hinh 3, pha CuFe;O4 hién thi cac peak dién hinh,
xudt hién ¢ 26 = 30,1°, 35,6 °, 43,1°,57,1°, 62,7 ° c6
thé dugc quy cho cac chi s8 Miller (220), (311), (400),
(511) va (440) phan &nh cdu trdc spinel 1ap phucng cla
CuFe;Qa4. Kich thudc hat trung binh cla xdc tac ban
dau dugc udc tinh bang céach sit dung phuong trinh
Scherrer la khodng 116 nm. Sau nam lan tai ché, xdc tac
CuFe;O4 tai st dung dudgc chup XRD va két qua cho
thay cac peak dac trung giéng vdi xc tac ban dau van
xudt hién trén gidn dé XRD. Tuy nhién, ngoai cac peak
dac trung nay, c6 thém sy xudt hién mét sé pha vo
dinh hinh trén dudng nén, ching té rang cdu tric
spinel tinh thé phan 16n dugc bao toan. Thém vao do,
kich thudc hat nano cua xUc tac tang nhe 1én khoang
157 nm, c6 thé do sy két tu cla cac hat nano trong
qué trinh phan Ung. Bay co thé 1a ly do chinh lién quan
dén su gidm hoat tinh cla xic tac sau mdi lan tai st
dung. Anh SEM va HRTEM cla c4c mau CuFe;O4 ban
dau va tai su dung clng dugc chup (Hinh 5). Mau
CuFe;O4 ban dau cho théy cac hat min, déu dan trong
khi mau tai st dung cho thay céc hat I16n hon va khong
dong déu, co thé la do su két tu clia cac hat nano tao
thanh cac cum cluster.

K&t ludn

Trong nghién cltu nay, ching téi bao céo viéc st dung
xUc tac di thé CuFe,O4 mot cach hiéu qua trong phan
Ung alkyl hoa cac indole v&i mét loat cac alcohol dé
tao thanh cac dan xudt BIM & diéu kién ém diu trong
khong khi. Oz trong khéng khi dugc xac nhan la tac
nhan oxi hda alcohol thanh aldehyde. Xdc tac CuFe,Oq
c6 d6 6n dinh cao va co thé dugc téi st dung it nhét
nam an ma van gitt dugc hoat tinh kha tét. Hé xuc tac
CuFe;Os da dugc Ung dung trong téng hop
https://doi.org/10.51316/jca.2021.057
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Turbomycin B, mét hgp chét ty nhién cé hoat tinh
khéng sinh vdi hiéu sudt cao. Mac du vai tro thuc su
clia cac vi trf tdm xUc tac Cu va/hodc Fe trong vat liéu
CuFe;O4 hién chua rd rang, nhung nghién cltu nay co
thé hitu ich trong viéc phét trién cac ing dung mdi cla
chét xdc tac nay trong téng hgp Htu ca hay téng hop
héa Dugc. Cac nghién clu sau hon dé hiéu ban chat
cla phan Ung nay va vai tro thuc sy clia cac tam xuc
tac trong cdu truc CuFe,Os4 bang cach st dung cac
phuang phép phéan tich tién tién (nhu EPR va XPS) két
hgp vdi tinh toan DFT dang dugc ching téi tién hanh
nghién clu.
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