e F R T

ACTA CHIMICA SINICA DOI: 10.6023/A24020054

Ru/NiPOx S 3 FE LB 1T SR B 1L 2 N AV B 53
3

AE REFAT F X|BREE*  EHT
CERTT KM T TR TUMAHRN it bR S TS0 % i 200237)

BE AL R — R ERE A0 TR & &4, A AR T — S EL 2Ru/NIPOx B AR A AL K HY AN
O A 28 SR A S R 2R, 1244 R AT LA AR A3 95.1% K N-"RILFR O™ 2, PASZ 64.7%I15 R 55 200%, FHrp
AL LT A(DMSO)IE AL 5 DMSO [ B e W2 [] HA7 HH UG E 35 1 A S BILAE 1) B e A 00 SR i AL ) R B d i,
18 S S 2L A M B AR HO G T (DRIFTS)RAE . H A ZRICH AT DMSO-D6 [A A RARC IR R 1 RS
KEEE  HEE AL N-REIA O Ru AR, BEIRER, B iy

Efficient Electro—catalytic Reductive Amination of Aldehyde over
Ru Deposited on Nickel Phosphate

Liu, Hao' Xu, Xulif Guo, Yong Liu, Xiaohui* Wang, Yanqin
(Shanghai Key Laboratory of Functional Materials Chemistry, Research Institute of Industrial Catalysis, School of Chemistry
and Molecular Engineering, East China University of Science of Technology, Shanghai 200237, China)

Abstract Electro-catalytic reductive amination is an environmentally friendly and sustainable route to synthesize amines. In
this paper, we prepared the 2Ru/NiPOx catalyst by incipient wetness impregnation using nickel phosphate as a support with
Ru loading of 2% (w) and applied it for the electro-catalytic reductive amination of benzaldehyde and cyclohexylamine. The
reaction was carried out in an undivided cell with tetrabutylammonium bromide (TBAB) as electrolyte and dimethyl sulfox-
ide (DMSO) as both H donor and solvent. When 2Ru/NiPO;x on carbon paper was used as the cathode and Pt sheet as the
anode, N-benzylcyclohexylamine was obtained in 95.1% yield with a Faraday efficiency of 64.7%. The Faraday efficiency
started to decrease when the loading of Ru exceeded 2% (w), which is due to the fact that the excessive Ru accelerated the
self-reaction of DMSO, thus decreased the Faraday efficiency. Electrochemical impedance spectroscopy (EIS) results showed
that loading Ru on NiPOy could significantly improve the electron transfer rate during the reductive amination reaction. The
cyclic voltammetry (CV) test showed that —4 V was the optimal potential for the 2Ru/NiPOx catalyst as the cathode during
the electro-catalytic reduction of amination, which the paired anodic reaction was the oxidation of DMSO. The diffuse re-
flectance infrared Fourier transform (DRIFT) results showed that the self-reaction of DMSO by 2Ru/NiPO; was weaker than
those of the other Ru-based catalysts, resulting in its high Faraday efficiency. The C=N adsorbed on 2Ru/NiPOx had a higher
electron cloud density, which was favorable for the attack of N by the H" generated from water splitting, thus promoting the
reductive amination. Free radical trapping experiments proved that free radicals were involved in the reaction process. Iso-
tope labeling experiments confirmed that DMSO is the H atom donor of the radical intermediate. Finally, a possible reaction
mechanism was presented: the imine from benzaldehyde and cyclohexylamine reacting spontaneously was adsorbed on the
surface of the 2Ru/NiPOx catalyst at the cathode, and then was attacked by H" and electrons to generate a free radical, which
abstracted H from DMSO to produce the N-benzylcyclohexylamine product and one DMSO free radical, and the DMSO free
radical gets H" and electrons at the cathode to regenerate DMSO.

Keywords electro-catalytic reductive amination; N-benzylcyclohexylamine; Ru-based catalyst; nickel phosphate; free radi-
cal reaction
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Table 1 Reductive amination using Ru catalysts with different supports

NH
-
+ _—
1a 2a

o0 oy

1b
TEALT] 2b 72K /Y% FE/%
2Ru/NiPO, 95.1 64.7
2Ru/Nb,Os 82.9 54.4
2Ru/Co30;4 87.2 51.5
2Rw/ALO; 86.0 60.3
2Ru/C 76.4 50.6
Cp 65.6 59.0
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Table 3 Reductive amination activity of 2Ru/NiPO, in different solvents

sl 2b FEE/% FE/%
DMF 74.7 52.3
MeOH 443 5.6
Acetone 27.5 10.3
Toluene — —
p-Xylene — —
THF — —

SBLA M BRI, E=—4 V, 1a (1 mmol), 2a (2 mmol), TBAB (1
mmol), (10 mL), #EALFIE mg), 25554, 4 h.
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E=-4YV, 8 h
TBAB (1 mmol)

DMSO (10 mL)
undivided cell
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SEARRUR UL & PPl T — R %1 Ru Z4E1077H
TR HEEAER CEAE DMSO H (1] HAL 23258 JR i A 5 i
DMSO ¥R A # R o P E k. ] 2RwNIPO, {E
RARGHEAT ORI, N-R3E3R R IF2 R A 95.1%, 14
P UE N 64.7%.

DRIFT S5 45 5% 8, 2Rw/NiPO, % DMSO i1k
RS9, 1859 7 DMSO I HE &8, Kbk b 88085
= BHTE 2RuNIPO, L) C=N A ESHHET =%
B, AR TR H B N, AL 3EE JE i ik
AT, BRI T HHES S TR
e Ak J Bi . Itk A, DMSO-D6 [ fir & A ic 52 56 I 52
DMSO & H 3t Al k) H JR AR, gt a] DU,
W 7E 2Ru/NIPO, AR H A& T B 52 B H AN
WP BT, AR R E R R A A, g e TR A 2
DMSO H1f#) H i+, A=) N-"FE:3F A DMSO
H 2. )5, DMSO F 57 A 8 S5 A i T4k 5
A,

4 SERSY

41 RF

JRZ(ZHRE 99%) IR B (ZERE 99.5%) 7S/K A SR
BRI 99.9%)FIEALET (LESE 99%) H gk fz T 4=
R RR AR, — F AR (ZEE 99%) A1 2,2,6,6-P0 H
FLURE E A (ZESE 98%) I H il 2R IR A TR 2
Al AR AN (ZEE 99.8%) I [ 17 Hi /R SL 6 B A
(AR AF. FREEEGEE 99%). VU T IR 2
£ 98%) A 1,1- 2K LW (L6 97%) 53 5l i v AF
MIBHEARAR . LSRRI R A =R i
BB R A A BEIRE k(20 AR). Nb2Os.
Co304+ ALO; Fl C ¥ H EH 25 B =R T AR, Frfs
RN ARZ L — DA b 2.

Nafion 117(7EA& fig B AK TR &9 i J ik 4
N 5%) I E PR I B B A (TR S IRA ] Bk
B E A BB CRE) R A IR A AL BT s Al
F Barnstead E-pure 7K 4tk R 45774 10 25 B F /K (LB
> 18 MQecm)ft .
4.2 ELFIFIERAIEIR

ol R A% P 7 B — B K Gl &, BAR T 9%
T. HEL0.6 g /SIKHEERELAN 0.59 ¢ Ji E%%J»aﬁﬂf 40 mL
EBEFKPH%& AR FREL0.268 g BEIR A - Hin fiE
30 mL 2@ oK, il B AW '3 B RIRA S
5 min, %% 100 mL RIS LGN, 28 AAEEN
Ahserh, T 105 CHEFHLRYF 6 h. frk#ce BARVAAD
ZERE, HEEFRKZREFEITTEBR KR, 3T
60 CHEFE I T 115 2 Nis(PO4),.
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i FHYIBIR BUEH % RwNIPO, AL, fESET
{8 FH RuCls 7K MIR i ) 46 17 1 NiPO,, Ru A& A
0.5%~5% (w). BHEUGMEARLE 60 C T T, RISETE
10%[%) Ho/Ar S8 T 150 “CiEJR 3 h, 5% yRu/NiPO,
A7), oy FoR Ru (RS 5. fEERIERE N
400 C, HAWFTA KRB R T, M H 7 HMm%
FhEAR(ND,Os. Co304 ALOs A1 C), #ill% T AHR Y Ru
A IIHEAL ).

¥ Ru B8 mg)¥) 543 BUTE £ FE(1900 pL)F!
Nafion 117 ¥##(100 pL)FREY+, 8 b3 515 2]
BIST K. K8k (1 mL)BIAIMAERRAS(CP, 1 cmX 1
cm) b, FRRBRACT 4S5 AR TAE Ak,
4.3 fEHFIFRMERAR

AT ET s b & il il 2 [ Agilent 2]
ST TR R B IEA(ICP OES) I 5E 19 3 f. i i 4 [
A5 8\ BT AE P2 1) XS RATIX (25 D8 Focus) X} fi
TEF S AR 54T RAE, BARS W F: RA Cu Ka
(A=0.15406 nm)Js, M LA 40 kv, WL BETA 40
mA, A ETEE A 10°~80°, FHHEHE AN 6 (°)/min.
D T 75 W R S B B AR Ho-TPR A0 s 56 FH 1 2
1 DAS-7200 ALER B, BRI BT, FHES
7E 150 ‘CRME 1 h CATHBRAD RN A 30 B 1) 5 0.
AL H e, R EIR, FETE 10%0) Hoy/Ar <R T LA
10 “C/min FIFHEERTFE 600 C. Wit FEER KA = FT
AP AR BB 5 Helios G4 UC) ML T 18
TR AL R BEARTESRAFAE, IR BT A P 1 HL A 2.0 KV
HADDF-STEM /& ZE 2R % A 7] 42 7 [ Talos F200X, /&
H1 R A 200 kV, H3EAT T EDS JTTE M. 18 AL AME
FLIH AR 1 (DRIFTS) 7E BE % MCT/A Kl 28 9 Nicolet
Model iS50 FT-IR Y4 FREA TR, #Fih3H ZnSe
& . R T s B2 1, B e AR T b
1 h RIEJEHELLFI T Ru, a4 HESETRE. A
AR AT Sk AT, FEPL 4 em™! IR EET
732 IR,
4.4 BAEFEMNR

Fr A7 2 AE CHI 660 AL 2 TAE G % H A%
= AR KRBT, TAERMN. X AR S LR
MR MEAF AN cm X 1 cm) . 41
Ag/AgCI(N 7 MRS AR, L) DMSO A,
FEAT N4 (R 2 FR RS R O k) RN TG S S R A L
PL 10 mV/s P45 8 2 70 B R LA 27 I Rt R EA T T 106
IR ZR(CVYIR. Bk 2= BABTIE(EIS) & 7E —4 V(AT
T Ag/AgCHIHET, LA 1 3] 10° Hz FIAR I £ 7).
4.5 fEEFEMEITEN

HE AT ) FEL A 27 30 I e A Sz I 1% 3 3o i R o7 52
AT 2L AR A = F R A 2R R A Ak 2 s
5 Cv MRS FRAT AR R, RN 1 mmol 2K H
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%, 2 mmol ¥A %, 1 mmol PU T JEIR1L4% (TBAB)I 10
mL DMSO WIRAW, 7E1EE L N3 TR, RNV
FEFF A i dE. KA AH (03— s 1 H (GC-MS) X A L
AHIEAT B AT, SR SA GRS (GO)X A MUAHREAT & &
GRT, WARYIN 1,4- 58N, S i EA8RIF LR
W FIVER B RCE, W N PoRES F R ERET
47 96485 C/mol):

7K S 1) % 40 2 (1a%) = [(JH #E 10 245 FF I 19 9 o 1

/R RE IR TR )] X 100% (1)
A7 P 3 (2b%) = [(F 740 £ S5 B 0 R £ )/
B br =P 3 P05 1) )] X 100% ()
EHL B B (FE%) = [( B AR B 5 (1) & X 2 X F)/(3@
L) LA )] X 100% 3)
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