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Copper(l)-Catalyzed Aerobic Oxidative Condensation of Biomass-
Based Platform Compound Furfurals with Straight-Chain Alcohols

Shi, Jing Guo, Pengfei Li, Wei* Sun, Haijing Meng, Lingwu Tong, Xinli*
(School of Chemistry and Chemical Engineering, Tianjin University of Technology, Tianjin 300384)

Abstract In the face of the continuous consumption of fossil energy and the increasingly serious ecological damage, the
synthesis of liquid fuels and high value-added fine chemicals from biomass-derived furfural has become one of the research
hotspots in the field of energy and chemical industry. In this work, a highly efficient and selective aerobic oxidative
condensation of furfural with straight-chain alcohol is achieved with simple copper(I) chloride as the catalyst. Therein, 3-(2-
furanyl)-2-methyl-2-acrolein was synthesized by the oxidative condensation reaction of furfural with n-propanol under the
mild conditions. As a result, it is found that the conversion of furfural and the selectivity of main product reached 94% and
more than 99.9% in the presence of molecular oxygen, respectively. Moreover, the effects of basic additive, reaction time and
temperature were further investigated in detail. In addition, oxidative condensation of different substrates was also successfully
performed. This catalytic method provides a promising, green and sustainable technology for the valorization of biomass and

biomass-based platform compounds.

Keywords furfural; oxidative condensation; halogenated copper salt; oxygen
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B2 R DA I 110 406 5 s I B 8 B 1 S YR B2 AT
563 BRAh, S48 A s N A — B 250 K
77 3, MGk Ab 2R AT KRS0 22 10 A FE Ok, AR
it — I — S  = oAk R AT RE I SRR B 4 A R
LAY, AR = ORI O AR T R ) RS AT 5. 28
M, WEERXAN =TGR TS/ 2 NRMAEE, Filin,
PRI T DA B2 R 73 - A= e 4 8 B 4 A Je S 1ot A,
Ak, KRR R I A BRSO A PR R e S B, R IR
Fot JE T A6 K 40 Ak 2 Tk R 288 9 A & B & R R
43020 Lin ZWIRF 5 T L Au/Fe,O,-HAP A i 1k 71,
KoCOs MBI, 75 “REME-HEE-0,” 7 R H R A BRI 4
BRI B, TE B ) S5 A T R A A 26 VBRI PR s 17
BEEETE D BN 93%F 99%. EIRZEIIHIF T Co-N-
C/MgO R4k 73— 48 R AR TS v 235 S A T A 1 e e Y
(FIRNE, HREE DI R FH R L LR 93.0%, JEFRIME N
98.5%. i —J7H, FEES AR SAE T ek
A A4 A B R SN (Scheme 1), WRIRG 356 79 45 & 4
BRI AN E BERE 2 SE 40 S TR B B =, e ek
HE— D3R, AT DUE S A R i) B R A, 7 AR IR
S B R R N A U S-1el,

O o 2 O N+ O on
0*R ()”\/* /| OH
\ 0, Ho
(6]
(0]
WO,R + Others

B 1 RS R 0 A A O
Scheme 1 Oxidative condensation reaction of the furfural and
straight-chain alcohols

162 BRI, BATR @IS TP E 2 4RIE T
F Pt, Pd AT Au 9K RIS R £ BE40 A A AL 771
R AL mTReREMERRA S, TR HZR;
AT A LUK RN E TR R JER), DA GAk S 4 4 fHE Ak 771,
SAEMNEAERF, EERAAET, 60 CRRFL 2 h, RIS
Wz N s AT, Foh, 3-(2-RIR 3L )-2- H 3k -2- 15
S T A A BT A I TR 8 0 SR A 4 5 T2 1T EL 2729,
BRI — DI KIRF] 8 NERIE T, T LAE IR AR
B E b R R, AT R R RS
1 ZBR5TR
1.1 S55ETHREBESEABRNELES R
1.1.1 1B 69 i ik

o, A RIS S I E AR A A N
RRERIHEATRE T, A3 nn @ AR BRI NI 7
LRI RAGEE 1), SRR LRSS A
RRZH AR 2R 22 A, ] Ak A R A IR
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UF, SR e 30 I 0] A ER A AR T EARER 7T, CuCl st
EPE, 76 CuCl ML PR L FIE 94%, Hbsr~
Yk EEEREE 100% (Bntry 1). 42507 LUETE HFRP=4
PR, TEJCH AT B AR =4 PE RN 36%
(Entry 9); 75 % B 1 B 7 (55 B0 R R R80CR A 4
(Entry 10). 7 4M2S FISLEGR W, 7EICHEA A BhF 1) 4%
T, REJLFTEIEE R A (Entry 11), XRBIHAEL
FFAE B 7 iy [ 2 1 e RLdEA T
R 1 OBRES ERBEALG & N BT T

Table 1 Preliminary study on the oxidation condensation reac-
tion of the furfural with n-propanol

\0/ No + ~OH CuCl, LiOH \0/ N
0O, o
1 2 3
©)
W\OH + Others
4
" . Pyt Product’/%
Entry Catalysis Conv.”/% 3 4 Others
1 CuCl+LiOH 94 99.7  — —
2 CuClL+LiOH 61 74 26 —
3 FeCl3+LiOH 25 14 6 80
4 MnCl2+LiOH 11 92 8 —
5 CuBr+LiOH 94 96 4 —
6 CuBr2+LiOH 84 67 33 —
7 Cul+LiOH 95 87 13 —
8 CrCl;+LiOH 23 62 34 4
9 LiOH 76 36 64 —
10 CuCl 32 — — 100
11 None 20 — — 100

“Reaction conditions: 0.1 g of FUR, 5 mol% catalyst, 0.01 g of additive, 10
mL of n-propanol, 0.3 MPa of O,, 80 ‘C, 4 h. * The conversion and selectivity
were obtained from GC analysis with internal standard technique.

1.1.2 IR 7t BALLE & R 6T R
AL, BT T A BT R R R 2 [
AT LAE H, ERIRAI 4T (0.3 MPa O,, 80 C, 4
K2 AEBFIX AL G R

Table 2 The impact of various additives on the oxidation con-
densation reaction

Entry? Basic additive  Conversion?/% Seleg';;)ty of
1 LiOH 94 99.7
2 NaOH 95 90
3 KOH 65 62
4 Ca(OH):2 0 —
5 Na>COs3 8 —
6 K2COs 7 —
7 CaCO; 23 —
8 Li2CO3 15 —

“Reaction conditions: 0.1 g of FUR, 5.1 mg of CuCl, 0.01 g of additive, 10 mL
of n-propanol, 0.3 MPa of O,, 80 ‘C, 4 h. ® The conversion and selectivity
were obtained from GC analysis with internal standard technique.
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h)HEAT RS 5 1E R ) S 6 B, T el 2 55 1) B
N ) 34 8, {E 3R LiOH, NaOH, KOH 1
T, MR SE A, BAR Rk, SR 6
PEELTS BRER Ha 5 S SR HEAE FH R A IR, [Rltk, LiOH
WA A I 55 1 R SR A4 B S S A 2 P R AR
PEBHF.
1.1.3  BFE, BE A SRR

BN OR, JEHETE TS TR s B iR B S A 5 1E
FREEAL GG BRI (R 3). G5 REB M, Bk RN N
60 C, EE M A 2 h. Bk, AL G SO 418
R HH CuCl (5 mol%)EANMEALTI, LiOH £ A7,
60 CFAE 10 mL ¥ IE P4 BV v Rt AT BRI i A &
S

R3 RPBKMAA

Table 3 Optimization of reaction conditions

Entry ¢  Temp./C  Time/h Conversion®/% Szlfe gzl/t;)ty

1 100 4 94 99.1

2 80 4 94 99.7
3 60 4 94 99

4 40 4 58 9

5 20 4 35 69

6 60 0.5 68 86

7 60 1 69 >99.9
8 60 2 94 >99.9
9 60 6 95 99

“4Reaction conditions: 0.1 g of FUR, 5 mol% catalyst, 7.5 mg of LiOH, 10 mL
of n-propanol, 0.3 MPa of O,. ® The conversion and selectivity were obtained
from GC analysis with internal standard technique.

1.2 ERPEEMHAR
1.2.1  T~F) G 7 B 5 MR % 64 48 & R

YT WEAE O BE 2 R R SR T, B8 T AR
T e K< P52 I 1 A 1) e B2 AR 0 (Scheme 2). B 56, LLHH
BRI, BT HREAE oH, SRR &7,
FEA . A RO 2 1 CREAT A AR A
NI, BREE AL RN 66%, A R4E & =ik Bt N
86% (Scheme 2, 3a). 7 —J5 1, LS B NI,
(AR 65%, (AR B ARr=Y), A=
VIRREE I B 25 4R v, IX T R A2 DA N S TR I O I
(MR o) R AR B8 SO, A A i I B T 22 078 KT i
AL Aa A I AR, ANITAE A (%) S8 4B B = P e v
AR ELBE G BRI G, R 1 A 1 R FR AR R FR,
SN RRAME, W e 2 OB 5K B T S R 1
R RS, AR R 4GSR 4
fi%(3a, 57%)~ 1EAEE(3b, 94%). 1E T HE (3¢, 47%)- 1EK
I (3d, 75%).
122 FRBEL5ERBOOL4 SR

T SRz R0 0 R IE M, R T

Chin. J. Org. Chem. 2022, 42, 905~909

© 2022 Chinese Chemical Society & SIOC, CAS

AFEES ENEER S &, 45590 Scheme 2
Fs. B 1A L R IR, I 5-FR R
NI B -4a S T IR 73% /5 44 (Scheme 2,
3e). BJE, ik 7 AN[E] AR AN g -2- FH | 2-PgE gy T
ne e -2- S, I S I0 R B, 7E Lo A B R e -2-
M [ B 5E 4, (HSRIFTC HARAE G 7=, T 2-MEmy g )
A5 B S AT TR A 5-HH BRI, IX AT RE AR A D IX Ltk
3567/ il R N i B S P S R - S A A N E A S R A S T N
R a-hr FETE R A X, HEiszm a6
MR, AL R PR R SNLELLF . BeAl, 5
WRIEF 05 FEER R RS, PRk At BN
TR IR RE -2- R N KPS, B T s ISR

CuCl, LiOH 3
—_—

OH
+ R~ 0, or

X

/

1

or
Y\ AN 2
~

1 3
(0] (0] o}

/ N ~o Wo @/\(\\o

3b 3c

57% 94% 47%

O S
WY U
3d 3e 3f

75% 73% 54%
N
Y
3g 3h

57% 22%

o}
TNy,

B2 EEE

Scheme 2 Universal research of substrate

1.3 HESERENENGESRNERR
AR TR 5 1E T I S A 4 0 SOSLEE, aad 4
I SEBBEAT TR TE. W 4 Fow, AT CuCl7E J B
I F SR IE TR L R IR T, BOF) LiOH MIIAE
B 5 1E R A R TR SR I, R A A E
PRI, 24 IR SLAE Ar U R EAT IS, BT i Ak e
ARTTEE, (A 3-(2-MR e 2 )-2- Y -2 P A7 e P e B
RENIER 55%, FEEEE KRR VBRI A . ARYE
P SR U 5 S DA R M A SR B, B2 HRR R 5 I A I O ) A
-85 [ SLRT BEA PRI EAR: 5, S IENE 2
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M, BRI 5 AL A I IR TN B 48 & (Scheme 3). X HL,

HRPER 4 o] Seme ¥ 45 B (Entries 3~5)7n R,

BER] LA IE B R A 4 6 N S I e ) )

BREER P2 A, RPRA T SR PO RE, PRt aT DA

Wr, SR R AL AR 2 B ) TE A I S e R AR

&, REMTAE R HARF=H) 3-(2- Wk )-2- 1 BE-2- TR A6 .
R4 BRI IE YR 246G RS LB 7T ¢

Table 4 Investigations on reaction mechanism of the oxidative
condensation of furfural with n-propanol

Catalytic . Selectivity of

Entry systems Reactants Conversion®/% 3%
FUR

1 CuCl+LiOH UR+ 94 99.7
n-propanol

2¢ CuCl+LiOH FUR+ 68 55
n-propanol

3¢ CuCl+LiOH FUR+ 89 >99.9
propanal

44 LiOH FUR+ 86 >99.9
propanal
FUR+

54 CuCl v 50 —
propanal

4Reaction conditions: 0.1 g of FUR,5 mol% catalyst , 7.5 mg of additive, 10
mL of n-propanol, 0.3 MPa of O,, 80 °C, 4 h. ® The conversion and selectivity
were obtained from GC analysis with internal standard technique.  The reac-
tion was performed under an Ar atmosphere. ¢ The reaction was carried out in
methanol where the molar ratio of FUR and n-propanal is 1 : 2.

.............................

(a) E- / o 02

/™0 LiOH, CuCl 0. /9 5
NOH o>~ +E _ OH}

(b)

~OH AP

0, LiOH w
N~ O
CuCl + LiOH FUR Z

B3 A sh AR 5 I Y IR -4 5 S BB 532
Scheme 3 Schematic diagram of oxidation condensation reac-
tion mechanism between furfural and n-propanol catalyzed by
copper salt

2 #ig

A, DAEBEREIE NI, S B A AR AT A
AR R MR R, SEBL T BRI S BRI 1 R A
AM-gE RPOIFE. SR RM, RERMNKMN: 03
MPa S E T, 60 CTFRM 2 h, BREEMEALRIAS]
94%, FEEFEH 3-(2-WR MR 3 )-2- FH 2 R O ek 1) e 3 T

908 http://sioc-journal.cn/

© 2022 Chinese Chemical Society & SIOC, CAS

5 99.9% VA b SKHL T AR AL S R BE e %
WK, A BTG AT AR, RN R
GeXY/IDRE S35l AR N ATy e A A EE S P
A R EITT .

3 SINEs
31 B 5IE

AN 77 = P38 (K& T B S50 B 48 2B Ab);
BRI S(E TR AR R R AR, #7
AR (LR RIS IR A A, 7245 i 3 B2 i
HP-5 B4HEFE 30 mX0.25 mmX 1.0 um FIEE T KIE
Ror il %, A58 A - BT i B FH A (Aglient 6890/5973,
GC-MS) It 4R 1 (Bruker 400 MHz, NMR 3247 4 i
W YR, BT ERE. IR 57 R 42 2R 35 43 B 40 1)
P, BRI B AR BT R TR A = K TE 7R
— k. B AL A YR RS A 200 mm X
200 mm FIRERSAR, ¥ 7A HBECKE) 5 LR CERCRTR).
NMR A HRA TMS, ¥ 5H8AR FEIEH(DMSO).
32 FWHE

RIS 5 IE N EE S0 & OB, T8 & B R N 5
AT R I JEE IR 0.1 g, #4L7) CuCl (5.1 mg, 5
mol%), BI7| LiOH (7.5 mg), 7 EARE(10 mL). JBA
YITE 60 °C, 0.3 MPa O, [¥% P [ N 58 PRI S 64 2 h,
RN SERG, mESAHEER, b RN
G FRRE T, A AR [A] SRR AT SO B o0 B (B A
PRl RNARTERFEENEFE T, BRI, 5
IR RN P22 15 1B A, W EA YT REfT
1E— 58 M.
3.3 othEE

7 Thermo Fisher A &[] Trace 1300 Z < AH A8
fEF FID KEDUES 0T, o s NP E kAT e AT 7
i F 45 K38 GC/MSS % BRI NMR BEAR BEAT R, B
HIFEAL R (x), AHRPERT 3-(2-Ph e 25 )-2- F L PR A B 11 77 %6
(V) LA 3-(2- Wi 35k )-2- FFY 366 R 0 % 1) a3 4 ()l it A
AN &

o SIS BREREE N — J 57 B ) )

- X100%
SN RIS N &
o ﬁ%[g_(z-w@%)-z-@%ﬁiﬁﬁl )= % 100%
SN T REBE NN =
. FEYD[3 - (2 - TeMR ) - 2 - FR R TR A g ] 72 R % 100%
MR 5 AR

3.4 YIRS BEIRA
S N DAE SRS 25T R BR 2R, IR 2
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TR CBRAEEN, & I A WUAH 208 W 40 Ja LA A g/ £
TR Sl B, SrERAEENT, 153154 3b.
3-(2-MR I 45 )-2- HY BE DU AR 1 (3b): % B (0 IR VR AR
'H NMR (400 MHz, DMSO-ds) 6: 9.47 (s, 1H), 7.96 (s,
1H), 7.26 (s, 1H), 6.99 (s, 1H), 6.72~6.69 (m, 1H), 1.97
(s, 3H); C NMR (101 MHz, DMSO-d) J: 194.9, 151.5,
146.9, 135.8, 135.4, 134.3, 117.9, 113.5, 10.7; HRMS
caled for CsHoO, [M+H]" 137.0564, found 137.0597.

3-(2- Tk W 368 ) T 445 1 (3a): ¥ B R WAk, H
NMR (400 MHz, DMSO-dg) J: 9.60 (d, J=8.0 Hz, 1H),
7.63~7.55 (m, 1H), 7.11 (d, J=3.5 Hz, 1H), 6.74~6.68
(m, 1H), 6.63 (dd, J=15.5, 8 Hz, 1H), 6.50~6.40 (m,
1H); B3C NMR (101 MHz, DMSO-ds) J: 192.8, 150.5,
145.8, 137.7, 125.9, 116.6, 112.8. FAL4E R 5 Hk[24]F
FAR—3; HRMS caled for C;H,0, [M+H]" 123.0414,
found 123.0441.

2-(2-WR MR W7 L) T WS (Be): 3 (R k. 'H
NMR (400 MHz, DMSO-d) 6: 9.46 (s, 1H), 8.01 (d, J=
1.3 Hz, 1H), 7.24 (s, 1H), 7.05 (d, J=3.5 Hz, 1H), 6.74
(dd, J=3.4, 1.7 Hz, 1H), 2.65~2.44 (m, 2H), 0.98 (t, J=
7.5 Hz, 3H); 3C NMR (101 MHz, DMSO-ds) 0: 194.8,
151.1, 147.2, 140.1, 135.3, 118.1, 113.5, 17.9, 13.2; HRMS
caled for CoH; O, [M+H]" 151.0726, found 151.0754.

2(2- 1 g 55 0 RS ) I (3dD): B AR AR TH
NMR (400 MHz, DMSO-ds) 6: 9.47 (s, 1H), 8.03~7.97
(m, 1H), 7.25 (s, 1H), 7.02 (d, J=3.5 Hz, 1H), 6.73 (dd,
J=3.5, 1.8 Hz, 1H), 2.56~2.47 (m, 2H), 1.38 (h, J=7.4
Hz, 2H), 0.88 (t, J=7.4 Hz, 3H); *C NMR (101 MHz,
DMSO-ds) 0: 195.0, 151.2, 147.1, 138.6, 135.8, 118.1,
113.4, 26.4, 21.7, 14.3; HRMS calcd for C;oH 30, [M+
H]" 165.0878, found 165.0910.

2- F 3R -3 (5- F 2 -2- R MR 356 ) T 6 15 (Be): o € IR
K. "H NMR (400 MHz, DMSO-de) : 9.45 (s, 1H), 7.22
(s, 1H), 6.94 (d, J=3.2 Hz, 1H), 6.38 (d, J=3.1 Hz, 1H),
2.37 (s, 3H), 1.97 (s, 3H); 3C NMR (101 MHz, DMSO-ds)
J: 194.6, 156.6, 150.2, 135.9, 132.9, 119.5, 110.2, 14.0,
10.7; HRMS calcd for CoH,10, [M+H]" 151.0720, found
151.0754.

3-(2-MEWy J5)-2- H BL A 1 (36): "H NMR (400 MHz,
DMSO-ds) J: 9.51 (s, 1H), 7.97 (d, J=5.1 Hz, 1H), 7.74
(s, 1H), 7.60 (d, J=3.6 Hz, 1H), 7.28 (dd, J=5.0, 3.7 Hz,
1H), 1.97 (s, 3H); *C NMR (101 MHz, DMSO-ds) o:
194.8, 142.5, 138.8, 134.4, 134.1, 132.8, 128.7, 10.8;
HRMS caled for CsHoOS [M+H] ™ 153.0337, found
153.0369.
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3-(2- Mk g Bk )-2- FY R DY 0 I (3g): KR (AR, 'H
NMR (400 MHz, DMSO-d) 6: 9.59 (s, 1H), 7.95 (d, J=
4.9 Hz, 1H), 7.61 (d, J=1.6 Hz, 1H), 7.57 (d, J=15.7 Hz,
1H), 7.10 (s, 1H), 6.71 (dd, J=3.5, 1.8 Hz, 1H), 2.51 (s,
3H); HRMS caled for CoH;(NO [M+H]" 148.0720,
found 148.0757.

4 BI#1 kL (Supporting Information) L&) 3a~3h &
i G =) GC/MS 1% B, Wil 5 1 R A 4 &
YIi) "H NMR A1 3C ) NMR K3 il 5 1E R s w
TRIRTEE AR ST P15 S A G S 1R SR i P AU
156 FH ot P Y L AR s . X e L TT DA G B MAAS 1) R
(http://sioc-journal.cn/) I N #k.
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