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Abstract : Various types of MOFs (metal-organic frameworks) were prepared via hydrothermal and post-grafting methods and
applied as catalysts for the synthesis of jasminaldehyde, one of the representative perfume intermediates, by Aldol condensation
of benzaldehyde with heptanal. Although both acid and base sites could catalyze the reaction, the catalytic performance was
strongly dependent on the physical properties as well as the nature of functionalization on MOFs. While the use of sulfonated
MOF catalysts led to decrease of jasminaldehyde selectivity regardless of MOFs used, the selectivity change was found to rely on
the MOF types in the case of the amine-functionalization. Among the catalysts tested, MIL-101 shows the best catalytic per-
formance, which may suggest that MIL-101 has suitable acid properties to promote the Aldol condensation and the large pore of
MIL-101 is also advantageous to alleviate the diffusion problem of bulky products.
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A 5 F5% U A2, MOF 1}7—4]7} TAAE =

M S0l w915t
I 8le = 2AE AAY B AAEHE e a54E
(coordinately unsaturated Sites, CUS)+= Lewis AP o2 24
o 4 glom, olelat B4 olgste] tharg whgol 4 4t
o) 2 2-gEjo] Sri{6-8]. HTole CUSO] FH S B4
715715 =AY, Tedt 715715 Z3teke 7] 2kt
2o} 348 ol8ste] 75718 Eekshe MOFE 44 49
A3 Wi e H s oh;].[ 0].

StH, Al WA ¥7 5 342l jasminaldehyde=
QAo b B FA7E Sl AHgshe] AATE T
o, oleit FUA Suhel A8 Ao ¥4 W kg

T 53} oA Y Hol B E= 2AE ket o
2}A], jasminaldehydeE 37 213}A Q1 WO 2 A 2517] ¢
off theFet T/ LA A7] Fufoll Thet A7t ZdE of
A FreH11-14]. &2 04?01]*1“ TEEAE Be FAE S
ol 4t B= H7lee UEE thde 72 MOF =25
A %35}, jasminaldehydeES 1433} 7] 9]%t benzaldehyde®}
heptanal©] oH& &39WES-0] = 2851512 n, MOF9| =
ARl B 715719 =9 o 57F S 2o A= 9

Foll Hisf skt

2.4

oo
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EH
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2.1 A

Zirconium(IV) chloride (ZrCly, >99.5%), 1,4-benzene- dicar-
boxylic acid (H.BDC, 98%), cysteamine (>98%), chromium(III)
nitrate nonahydrate (Cr(NOs)3*9H,0, 99%), chromium(VI) oxide
(CrOs, 99%), tin(Il) chloride dehydrate (SnCl, 98%), &EAF
(hydrofluoric acid, HF, >47%), &4k hydrogen chloride, HCI,
37% aq.), benzaldehyde (CsHsCHO, >99%), heptanal (C¢H;3CHO,
95%), tetradecane (Ci4Hzo, >99%) 52 Aldrich A| &2 A}8-3}
At} Mono sodium 2-sulfoterephthalate (H,BDC-SOsH, 98%),
monosodium 2-sulfoterephthalate (H.BDC-SOsNa, 98%), 2-nitro-
benzene-1,4-dicarboxylic acid (H.BDC-NO,, 98%), 2-amino-1,4-
benzenedicarboxylic acid (H,BDC-NH,, 99%)+ TCI A|&&
ARESETE L, oM EAY (>99.5%), &5 229kt (am-
monium fluoride, NH4F, >99.9%), of&t-&(ethanol, C;HsOH,
>99.5%), W EF-2(methanol, CH;OH, >99.5%), t]H € Eo}u]
= (dimethylformamide, DMF, HCON(CH3),, 99%), &Ak(sulfu-
ricacid, H,SO4, >96%), 1}AF3+=2x(hydrogen peroxide, H,O,
34.5%) 52 AHsiet AES AMESATH

2.2. =0 =

A 235 7|99 MOF(zirconium terephthalate metal-organic
framework) ¢l UiO-66= £3 o BH1H A2 Z=xsto] A
23 TH15]. AFeofl Al ZrCly (0.227 mmol)T H,BDC (0.227
mmol)S DMF (340 mmol)ol W1 wHl &, 393 Kol 4] 2447

S FEsAT ke TR A" 2R 1A= 2

| o107 - 57] TEA H0hE o] 83 AE 2wk 117

B 5ol g & tuazFotn| =g A|Hsta, o] %
of 393 K @2oflA A=x3}3At

FAb717F = E Ui0-662 3 2] 1R (Ui0-66-SOsH, gra-
fting) T} =G4 HH(UI0-66-SO3H, solvothermal) & 2 A=
sholTH16]. A 2o &gt fH4br] 9] =Y Ui0-66 %9
CUSo cysteamine% A3}t &, A A S o] 83 AkshE

S} A A7 52 3 AR89 Ui0-66-SOsH (Solvoth-
ermal)-2 ZrCly (1.137 mmol), H,BDC (0.933 mmol), H,BDC-
SOsH (0.205 mmol) 5= 50 mLe] tjH g X Eolu| B/l E
AH9 1 viv)oll Y Il wHE 3, 393 KojlA] 40417t S0k 43}
Aotk A E s AR E Bl £k, HHd
Egolu|E, opE Fo2 AH ¥ Azsc

A& 7)4HEe] MOF (chromium terephthalate metal-organic
framework, MIL-101)= 7] o] otefxl WS e} #2519
tH17]. WA, chromium(IIl) nitrate nonahydrate (Cr(NOs);, 4
mmol), HbBDC (4 mmol), E4K1 mmol) 5 $HF4(19.2 mL)
o ol muksheltt. ol o] AT W7ol B §oAE
931 493 KolA] 8417 5ok SagAsieTh We FR ¥ A
HE SA0) DA BEY F SR, R, FRomse
W, R4 A3 T Az,

A7) 7F =1E MIL-101-SO3;HS} ofnl 7] 7} =9l & MIL-
101-NH,2= Cr(NOs);9l| H,BDC-SO;H E= H,BDC-NH,Z %
At v &8 T3ste] MIL-1017} §AFSE B o8 4d3H4
3t 10,18]. A7) 9} o}ul 7| & M= ZESH= MIL-101-
NH-SO;HE oFal 414 eyl H,BDC-SOsNa®} H,BDC-
NO»Z ol g5te] WA 841719} Lol E =77} =l MIL-101-
NOx- SO.HE A% o] Fo] #el W88 Ea o|ER 1
2 obyl 1FoR WHAGTHI9L TAHORE, Cr0s (5
mmol), H,BDC-SO;Na (2.5 mmol), H,BDC-NO, (2.5 mmol),
12 M HCI (20 mmol)Z 25 mL9] Z24=0] Wil 323 Koj|A &
8] GofjE s sttt of2fdt it §de
/4 Hhg7] AL 453 KojA 6 ¢k =5kt A H
e MY AP ES SR, MES, ogE 5= AH +

343 Kol A 2918 o] Azslet,

(‘IVF

Az 2] v EHAT AT Fuoj= F{ EA7|(surface
analyzer, BELSORP-Max, BEL, Japan) & ©|-83}o] 77 Koﬂfﬂ
A TS 23 2140}011:} TS Ao, N 2%, I
&= 718kl MOF Zulj &2 Z+7} 393, 423 KojlA] %%% 3}

12474 5 A S Seich WEWAT AT )= 2
BET (brunauer-emmett-teller)2} MP (micropore analysis) ¥
of &Jsfl AAtstek Zrfoll F-E Fat Ao Yot
(elemental analysis, FlashEA 1112, Thermo)& ©]-&3}o =235}
St A z3 &9 & (morphology)+= HitachiAlF2] S-4800
A AALE FAFE u] Z(field emission scanning electron micro-
scope, FE-SEM)S o|-g-5to] prakatglom, 9128 43 1x
+= energy-dispersive X-ray spectroscopy (EDS) 4% 535}
2918} tHEX-250, HORIBA).
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Benzaldehyde®} heptanal @] &5 Z3HE-3-2 AFQF 270 A
SMAbgo.% Saslc So) 4 Bk Aol MOF %
393 Kol A 4AIZE 59F ARAIA 32 i 5ol s 9iskal 3
2 BAE AASH: WAOE MOFS Lewis 4H8S 24}
KAk ST 25 mL 37 Gt ZehA 9870 ben-
zaldehyde (50 mmol), heptanal (10 mmol), tetradecane (internal
standard, 0.5 g)1} ZUH 0.05 g= Y1 293 Kof|A] 4A]17F &9t
WelelYth BhS T Eojl QA HEE B vk BT} Hals)
At vk WA ELS HP-5 7P E20]23) AE7](flame
ignition detector, FID)7} #A2t= 7124 = 2ulE 183 (gas chro-
matography, GC, HP-6890)E o]8-3}o] 2A3}%it} 3l
o olske Tt oliECR Al = AH7} sl
X}

3. 20 % n3E

i)

31. =0 ELEA
JasminaldehydeE §43}7] 93t benzaldehyde®} heptanal
of ot HuHgol A8T FUES A A2TE AL

1 %
Zuf)
MOF?! Ui0-669} 512 #| <1 9] MOFS] MIL-1010f Abd 3} &

Zr_Zr Zr r’
\?/ N/
(a) (b)

718& =Yshe WAl ez Alzskqith Figure 19 o ARE B)
9‘r Qol Ui0-66 lfqio Bole Aziew a5l A
APeHEg Bl A S 8 S =dsA Y
(U10—66-SO;H, graftmg) SIAL 7S ZEsts g 7tEE o] &5}
o] 213 $d3Adst= H41(Ui0-66-SOsH, solvothermal) & 2
Ui0-669] Brensted AFA-2 = <2]3}9it}h T3 Bronsted 7|
A& EFBH= Ui0-66-NHy = oFI7|E 236 2tEE o]
23to] 27 A3
MIL-101 A]2]2 9] 7$-ol+= Figure 29} 70| Brensted A
(MIL-101-SOsH)o| L} ¢4 7] 8 (MIL-101-NH,) 9+ 3t ALE,
Bronsted AHH Y} €7]18S SAlol 3ok FEi= AT
(MIL-101-NH>-SOsH). MIL-101-NH>-SOsH 2] Brensted AHd 1}
7] 0] H]-g-L AFE3 H,BDC-SO:Na®} H:BDC-NO, 27+

H&0] WAL Bl U 4 YOk, MILI01 27} 48
S oot v Agstett

A\ 23 MOF BUE9| 27558 54 M T2 W 7157
%9 ofi So] 8hele oju] B iIEGlom[19], v EHE L} A

1—%4 59| Bel 5l BAS Table 1] m SHEk. Ui0-66
zol FAILE okl B BYT B, BHAI AF 2
& Xﬂi ol 27 ozstoick $HeE F3) AxG UO-

SOzH NH,
° Q o Q
Zr§?72r Z\r?—%r
Zr Zr
(c)

Figure 1. UiO-66 and its sulfonated forms; (a) UiO-66, (b) UiO-66-SOsH (Grafting), (c) UiO-66-SOsH (Solvothermal), and (d) UiO-66-NHs.
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Figure 2. MIL-101 and its functionalized forms; (a) MIL-101, (b) MIL-101-SOsH, (c) MIL-101-NH,, and (d) MIL-101-NH>-SO;H.
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Table 1. Physical properties of various bifunctional MOF catalysts

Catalyst Surfage area Pore vg)lume
(m’/g) (cm’/g)
Ui0-66 1,511 0.64
Ui0-66-SO3H (Grafting) 275 0.12
Ui0-66-SOsH (Solvothermal) 975 0.44
Ui0-66-NH, 1,100 0.52
MIL-101 3,420 2.15
MIL-101-SOsH 1,870 1.48
MIL-101-NH; 2,090 1.69
MIL-101-NH,-SOs;H 2,320 1.39

Table 2. Elementary analysis of various bifunctional MOF catalyst

Catalyst Sulfur (Wt%) | Nitrogen (wt%)
Ui0-66 - -
UiO-66-SO3H (Grafting) 2.33 -
Ui0-66-SOsH (Solvothermal) 0.81 -
Ui0-66-NH, - 2.85
MIL-101 - -
MIL-101-SOsH 7.10 -
MIL-101-NH» - 4.06
MIL-101-NH,-SOsH 2.19 2.01

66-SO:H (grafting)2] 7ol W EH AT HF R/} we
27 astdd, ol FA2] oA Uio-66 0| W
© Ho] BIEYLS A SAF4e) Ao, B
07} 2 715710 9o R Qls) uEHA T} HF o] of
27t Q71 s, Uio-669] E S40] 4251
Aoz PerEch MIL-101 SEA59] Aol A
Fol ek oL, Ui0-66 A2 =0} vlisto] mu 23t A
o7k ARA e 27 e

=
fr 1o

ofr

of o ¥& AL
o)

4z

715 =she Aol s=aA el vis) &

% RS ZFHEl= Ui0-66 =4 9F Hlwsto] v EH 2 1}
Al Ful= 2v) oo A, F5dt £ 747 thE 7
718 ZFeka e AL & & slrh

MOF 2 Y 71%7] =922 215k Felj(morphology) H3t
£ Es7] Y4l FE-SEM 24 st on, 11 duts
Figure 33} 40 ofJAJsFGth. Ui0-66 F=4]9] 7, =234
Aol =UE 715719 FFoll Agle] Uio-661} AR 3
S fAskL dglev, A28 3 Aeole 72 Y=
e A er AA A= FEHE HEE A& Fst
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|ol71s F4-67] PRA S01E o] 7 2E Sgurg 119
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Figure 3. SEM images of UiO-66 and its functionalized forms;
(a) UiO-66, (b) UiO-66-SOsH (Grafting), (c) UiO-66-
SO;H (Solvothermal), and (d) UiO-66-NHo..

500 nm

Figure 4. SEM images of MIL-101 and its functionalized forms;
(a) MIL-101, (b) MIL-101-SOsH, (c) MIL-101-NH,, and
(d) MIL-101-NH,-SO;H.
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SO;HO] 7f-olli= 8A| -2 97 v|AlR 2L ei7} ¥z
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Figure 5. Aldol condensation of heptanal with benzaldehyde.

Table 3. Catalytic performance of various MOF catalysts for aldol
condensation of benzaldehyde with heptanal

Entry Catalyst Cg;l\zfe(ros/(i) ;)n Sel3ect1v1ty :%)

1 | Blank - - -

2 | Ui0-66 42.6 78.8 | 21.2
3 | Ui0-66-SO;H (Grafting) 132 73.5 | 26.5
4 | UiO-66-SOsH (Solvothermal) 28.5 66.8 | 33.2
5 | UiO-66-NH, 65.1 85.1 | 149
6 |MIL-101 64.6 914 | 8.6
7 | MIL-101-SOsH 384 70.1 | 299
8 | MIL-101-NH, 514 833 | 16.7
9 | MIL-101-NH,-SO;H 42.6 80.0 | 20.0

o oA EE 7 2R S0) 488 o 4 9]
o, Zuo] A7 EAe] uhet AL L HeEst a7
Hlsl= Zlo g el A QltH13]. Jasminaldehyde AJA] w2

A A2 benzaldehyde ] carbonyl group< protonationA|

=

7| benzaldehyde S T4 3}A]7]31, ¢7]) -2 heptanal enolate S
P S ?FH12,20]. whetbA], jasminaldehyde ] Al
s Fol7] fsliAl= S 4k |7 54 2 AlE 271
59 =23 EAS A3 24sto] Figure 59 SA1H vhg
742 % heptanal @] self-condensationg Z| gt oA sfjoF gt}
olglgk ZHAA 2 AFol= AET Ui0-667F MIL-101 -
LA E-& benzaldehydeQ} heptanal®] &= &¢HES 0] |2
285kl 0w, Table 3] oAt HEQ} ZHo], A eha-3} jasminal-
dehyde A= mF Zufo] Eej2|Ql 541} 7]57]9 &¢) o
Ko =A oEskTh

Lewis AFEWHS 71421 Q1= Ui0-662} H|1.3}6{(Entry 2),
Bronsted AFH-S 712 E33= Ui0-66-SOHE 02 AL
83 Aol S Alx ol Aakglo] heptanal®] A gH&
o] ZF45}F 3 th(Entries 2 and 3). 53], +22] 537} @Wol o
o]\t Ui0-66-SO:H (grafting)®] A< Msh&o] A 72435
=Hl(Entry 3), 0|23t A= =771 & FA7]9] EQdof 9

+ H,0

g AE A7) Fa W 2 YR QY vHeEY 24 AY
Aol AR A& AARRITE E=3, FAkr|9F 2 o]
ZAE 79, jasminaldehyde®] AEw=7} ZhAditt= AL &
T Stk 5 o] EAShE Lewis AM I} 2ft=o] =
Bronsted 73S FAlol 7FA 1L 9l= 7% heptanal o] Heh&
¥} jasminaldehyde®] AB =7} A F715E 22 o] &gt Au=
b8l EtHEntry S).

MIL-101 F=4& FolAl= MIL-1012] Sujf &-do] 7}
© 2=3} 9 cHEntry 6). MIL-101-SOsHS] 7%, A €] ofo]ut A]
71e Skt e, A77F & 4719 =y s <l
el 24dols Aol S7lsto] 235]d Hehgo] Ha
oz FAHY, B3 Al W 24ols Aol 57
2 heptanal thH] Atz o2 7|7} £ benzaldehyde 2]
A Ho] © o]E A 2L, heptanali} benzaldehyde®] =3
S5t} heptanal 9] self-condensation ¥H-&=7) of W2 H 2,
jasminaldehyde®] A =7} 2 A TAsh= Ao2 JoEctH
[13]. Climent 52 H-Beta (SAR =25)5 AR&8F 49 735t A
A71& 218l 2}7]ZE(self-condensation)o] Z7}al1 Zuf H]g
437t w27 APkl skt 13]. MIL-101-SO;H O] 75
o= whE Zuf BjES7) e o] Bl WA UEbtE
7t e Yo, BEEAIE 5 Aok HEEol S
she ZAom Hol, Fuled A ol fAE= Aer wtt
Frt.
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HER e, ol BH0kE ARl A1 £
Rt AstE ey, oty S B Aeuts 20,
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Figure 6. Recycle test of MIL-101 for aldol condensation of ben-
zaldehyde with heptanal.

ol A 42|35}, heptanal, benzaldehyde 52| V-5 A&
] jasminaldehyde7} 7|7} & AL 13T o], g3k AHA
715 7ML gled, Al A717F 7P wlol A717F 2 e
o) BolFol| felgk MIL-1019] Zuj 24o] 7bg 953t
Uepd gloz g,

2] FAo] §4] GRZ RISl ) 714 BAlo] St
MIL-101 Z0lj&] ARG F7HS =331tk Figure 691 | AR
uke} o), 3 9] AJAE Bk heptanau A2+23} jasminal-
dehyde®] A&7} 2 ¥3} §lo] fA = glomn, ojzgh A}
L Zo|7} "L A A oMt AL qu_'_q.

Hol9] QPgY Fle WS BF Fu) Hel B ues AL
=]

0

r

ARAE FA 02 AWt ShE el o] Fol W
Sol o ol AAHA] Fgkow], ol WhE Fol =T A,
@7] 189 §&0] Aolupx gtk AL AAREI

4. 2=

T2 Yo Lewis AH T+ Bronsted Ak, @7|H- 0] FA]f
ERjst thrat 70 olR)% Fé-57] F2A BAL
A|Z3}o] benzaldehyde®} heptanal®] &= Z¢HES-0] 2
8Tk AF Ak A EL Q7] wEolx ZauSol
sEgo, Zu) AS 75710l B9 o 9 £Rel 3

e}

Z
457] TaA] BelHel B4 2A JEsheth FAV]
5 =% ARole As W Edols Aol AXA AekE
of gadhi Rukgo] Z7hahe Aol aE Yk obwl]
£ EU% Aols 5577 24A9 Sl ohet AdRkE
BFE HER I Ui0-669] 3 --ol= -2 W |75 9] =
Qo2 ol A3} jasminaldehyde A= H5F Z7151%
oh ¥, MIL-101 20 oFfl7] 5 =3t 4ol Ak
o] et A7IHE FURE sl S =Ue A-Hoh
4ol S4=51¢ o, MIL-101 Hohs Zuf o] 9=
Uebtet

@] o715 Fh-f7] FRA ZohE ol 43 LE Fhurs 121

H7bek o 2 MIL-1019] Zuf gH4o] 7%* 3k
, o]# 3t ¥k AT} jasminaldehyde A|2E 93+ U=
ok} A7) HAEt 9 +ﬂH7P He e

pul =

ghar, REET S Wl 93 A= 371
7} 2 AL 1 o, MIL-1010] A3t 44712 7421

2‘1] A& 3717P 71 wol 2717 & A= “Z‘Olic’ﬂ
2 g AxE e 3ue) A Bot
heptanal ©] A &H-&-3} jasminaldehyde®] ABIE=7} 2 W3} §lo|

Ao, WS F §Eo] WS gtk oleid Ak
So)7h kg 2N QPS4 4 S AT
& Al

o] RS 013U % HIIEH)O] POz AT A
o] XYL wro} e 7] 2ATAFI (No. NRF-2013R1A1A4
A01006480).
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