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Recent Developments of Homogeneous Transition-Metal
Catalysts for Low Temperature Dehydrogenation of Methanol

Zhang, Xiang  Guo, Caihong™  Wu, Haishun
(Key Laboratory of Magnetic Molecules, Magnetic Information Materials, Ministry of Education,
School of Chemical and Material Science, Shanxi Normal University, Linfen 041004)

Abstract It is extremely urgent to develop green energy and find alternatives to fossil fuels since the energy shortage and
environmental pollution become the worldwide concern. Methanol has emerged as a promising carrier for hydrogen storage
owing to its high hydrogen density, simple structure and environmental friendly substance. The methanol reforming has trig-
gered great efforts on the development of homogeneous catalysts, and the aim is to decrease methanol dehydrogenation reac-
tion temperature and improve the selectivity. This review summarizes the recent research progresses in the homogeneously
transition-metal catalyzed thermal dehydrogenation of methanol and aqueous methanol reforming. It mainly focuses on the
structural characteristics of Ru, Rh, Ir, Fe and Mn-based complexes, catalytic reaction conditions, the reaction yield, and the
catalytic reaction mechanism. The differences in the reactivities of these catalysts are analyzed and compared. Not only a
summary is given, but also some perspectives and inspiration for improving the performance of aqueous methanol reforming

catalysts for future research are discussed.
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TERNE BB FEZ G LT UM SR, MR
BB ow). SRR MM BAA kg/m® )R
M, B ERIE M E R A SR A . &IRE
W& & EEMEL. N S
AR (LOHCS) F E AR it VA R &
P O RO R el 2- R ey P R L)
RS b RN S EEN 12.6%, ST 1 m’F
BT 2544 99.77 kg &R, MEMZEL) 90%LL b thahH
A b A0 B, 7 =R N ONERE AR, IRES S IR
VAR VARRTELT, B8 A S Ak AS H i
AREPE, BRI, 2&—FIRA N A i iEE
BRBE AE 1 KW, Asinger™ 2 H T R £ 5% MR
B 1), B A AR N AU R DL R R S —
FALBR BT R e, ARIEAE R 7 A R 2R 2L (1
SURT, FEE AU BT LAY R =2 B — 2R A
HRERI SR 7, A R B ER(E 1, M
1); S8 SRR TSR T 45080, 1 mol AR
2N 1 mol —EALBREAT 2 mol EA(E 1, M 2 Al
3N = IONKP AR IR S RN, XEE 1
mol HEEILZN 1 mol CO, F1 3 mol Hy(FE 1, MK 4 Fl
5), Hr 1 mol Hy R E /K. PAEFTH I N2 W 44 B
I PR 1 R O AU R, BT BAE O
1 EASFIH R, MR 2 f1 3 275G MR COo,
Fr CASONE 1~ 3 R AN TTERR). ol 4 5 & AT 7L

co,

(P12) 1)
® ®
storage release

step step
H,O H,O
CH3OH

B 1 BT HIE/CO, [l it S AE R
Figure 1 Reversible hydrogen storage cycle based on the
methanol/CO,; couple

F 1 BT HEE/CO, T U H T 2 HdiE )
Table 1 Thermodynamic data for reversible H, storage based
on methanol/CO,

No. Eq. AH%/(kJemol ")
(1) CH;0H (1)»>HCHO (g)-+H, (g) +129.8

(2) CH;0H (g)—CO (g)+2H, (g) +94.6

(3) CH;0H (1)—CO (g)+2H, (g) +127.9

(4) CH;OH (2)+H,0 (2)—3H, (2)+C0, () +533

(5) CH;0H (1)-+H,0 (1)>3H, (g)+CO,(g) +130.7

Har, Tk b &seil 74 H 2 M AE A R
g E BN E T 2. LA CuO/Zn0O/ALO; 2 FEAL ) NAR
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R O A 7, AR SRS . 1k
Pk, DLRORASEIE, ERMTFHE 300 CLL LR
I, XefEEmbedi RiEIE A, V-5 6 S L7
AR 4 8 FEHE AL IS L AR B AL U R e, ER
PEFAK. Dumesic 2Py YkaliE 18 F 2 ML Py
ALO; (EIEEE N 200~225 CHHEAL H /K M 2. 2017
4, Lin B8R H—Fh Pva-MoC XL INEEfEAL 7, 1%
AL AT DA R KA A EE 150~190 C R AL, HiE
AL F] 18046 h™', a-MoC % F/K S, £ AL 7]
BARAT UL R KRB A, (HA A AMF 2
B ERY, 3ot B A e R R N R B, JE T RE
FAAEKEA M COPY, RULASE Tkl i, fr L
RN =R R G OCNIRIRE R SL(<150 C). iT
SRR, TEIRAN &AL P S5 AR PR AT A R e gt P T
FHAR TIR KM, RSO ZEAAE B 8K B
RIS R AR AR FR o e I 7 T A B2

1 SHREWLH

1.1 §TEBLF

TR E A, Ru AL B AT R
2~ BOREAN. AHLE T AR SR SR S, AT AR
FEARHE . Ak RE ) FLAE 1985 4, Maitlis 2049 Ik
A [Ru(PPhs);Cly] (1) A FE B B 422 i S A Ak R
B, 30k nT FE e ot S A3 1 A e B T P I g sk i
1E 150 CHF R 18 h A M HAECH 65(3% 2). Hik
R AL 7 25 7% N [(PPh;s),Ru(CO)(u-H)(u-Cl1),(CO)-
(PPhy), | S LS5 A, A 40 150 C 3R B ARF T AL
HIFasE. fEFR—4E, Saito ZPHESE T Hi[Ruy(OAC),CIH
PEt-PPh, % E I [Ru(OAc)CI(PEtPPh,);] (2)7] LA
W RE E AN P, ZRBGRIF=Y). 1 66 CF,
BN 2 equiv. 2, [ 90 h 5 BB 343 2), V)
RFEALITA Y 0.96 b, SPIHALSIACN 038 h ', WA
MR, YGRS 0.60 h'. B, %8
LICVSEH T [Ru(OAC)CI(PEPPhy)s] 2 fiEfH KB 1 [
RiHLEL(Scheme 1). &G, FEESHOEBEIRTEE,
4115 LR AR AR R B i T 2a. B S, FHRERCAR L
AR QIR b, 15 CIREE. A5, FAEE
F Cc—H B, A5 0BErgs, EREranem
2c. FJa, AN SREN CRE G, AT IR
AR AT, T W, %R N A2 R —
SRR AN e S SRS Yo, R i 8 FP e i S A0k ) T
REHR IR R B e 7 RSy &ah. RE
[Ru(OACc)CI(PEtPPh,);] 2 BEMS7E FAKIE B T 15 HF 1 Jid
A, (AHBBCERIB, RSEZRRE.
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Table 2  Active homogeneous ruthenium catalysts for methanol thermal dehydrogenation.

Catalyst (mmol) MeOH/mL  Additive (mmol) 7/'C Time/h TOF/h™" TON®  Ref.
[RuCl,(PPh3)3] (1) (0.08) 10 — 150 18 3.60 65 [34]
[Ru(OACc)CI(PEtPPh,)5] (2) (0.1) 400 CH;COOH (0.2) 66 90 0.38 34 [35]
[Ru(H),»(N,)(PPh3)s] (3) [(1~5)X 1073] 5 NaOH (5) 150 2 6.40 12.8  [37]
[Ru(H),(PPhs)s] (4) [(1~5)X107%] 5 NaOH (5) 150 2 7.50 15 [37]
RuCl;+3H,0 (5) (1) 200 MeONa (610) 79 n.r. 1.68¢ — [38]

“ Average TOF referred to overall reaction time. ” TON is referred to hydrogen production. °n.r. not reported. ¢ Initial TOF.
* PRS2 S, o0 2 PR K 2
oo PP caon TR, - BIA BAMEWA] 6 TTEAE 90 CHEML
CHACOOH P IR/ iR, 1 min PYEEARATRT] S0k 24000 h'. &t —
A N RV IFAE LA S LI 5, $LH T 2SN T A f
_P o N
P;F‘a\a\,, v 0\\ ,U\O\CH LIEIR, 0 Scheme 2 ZEIRFIR. H—0, LA 6 K5
" o—el o P B S, T 5 5K S AR — A i S T T
oy n gl fetrn 6a, 2L | 4 AR 50, D
7 IR ViR  CHi000H S FHEESEC A 6a T Ru—N 844, IR
H N A5 —
| bl WAL 40 6b. S5 =25, LA 6b RLIAHY o-C—H 4t
2 NI p > M o A Ry
W ® 0w B, (AL 6b BRI I S T Y T A
B 1 HE AU R L ) 3 Ru(O)ELEY) 6¢c. SEIUL, BLAY) 6¢ A L —biE 1k
Scheme 1 Proposed mechanism for the dehydrogenation of

methanol to formaldehydel®

MBI R AR & =0 SR A 4
. fE 1988~1989 4F ], Cole-Hamilton ¥ A5 ZH 2 % Fi 4
FI[Ru(H)(N)(PPhs)s] (3)EL[Ru(H),(PPhs),] (4)7E 150 C
TN 8 e PR A I ON 5 PR T DK B AR v R A
W (F 2). BEJE Saito ZPY A I RuCly»3H,0 5 A 7 B
Bt m] DUEEAL PRI . 78 S SR 2 N 20% FF
Mk, AR B ORI 0.02 h 4R F) 1.68
h™'(# 2), Bi0 7T 84 £%. 2010 4F, Nicolas Fl Michael™®
RSB Fide H B AT LAFE G —F “HBhRCAR” , (ks
PEYIFD 2 TR H ST 8, 30 PR B AE (1 R e & ke
Ak EEAEA. Fa 05 s s SRR A 1R K
SO, SRR K e S I B, (H R
FE iR AR g, R 2 R RATTLLE ], K%
K L R ) R I S 2R 00 PR I R 3 3 R K AR

AR, B A A U 4 R A L R
B EUR N KB 7T, 2T 76 H R /KHH B 8 I & T
B8 T sttt . 2013 4F Griitzmacher™VF1 Beller™!
R A ZE R F P I D K A B o AR T — SR AR e A A
PR AR, SEI T AR AR BRI A, Griitzmacher #f
RO AL 6 (10X 107 mmol, 0.5 mol%), 7E
90 ‘CH}, MMAFEL2 mmol. 81 pL). 7K(2.6 mmol. 47
uL). ZK(1 mmol. 110 pL /E AW AR)F THF(1 mL), 7L
FFRGH, &M 10 h BLE, #40% TOF ATk 3] 540, #%
{kJi% TON 7] 5] 54 h™" (1 mol AL FMEAL A= B 1 mol
AN 3). 1% IR A A 2
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P A FE TR i 5 Ru(0)AC &4 6d FFREHUHE 55 BE /K
SR FIP, AR 6d SR AL YIAA HEAL T 6
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ik 6d. L&Y 6a F1 6¢ W LAEAL IS, 1 —EFal
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ALY 6¢). Jit it A I THC AR R B AT AL T L R A
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R=Ph X=CI 7
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Figure 2 Ru-based catalysts for dehydrogenation of methanol
2015 4F, Hall Z12 1 FiI %5 532 B0 BE1E(DFT) 15 23R
BT 6 ML TS I U 53— M S REALAD, 41 Scheme 3 it
. HY%G Ru ERIAFR BIGILRAL, BEE PR S
LG EENE, 25 N IERER, X2 —fMET
Be ATl AR W D e BB HLEE, 5 Scheme 2 H Griitzmacher
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Table 3  Active homogeneous ruthenium catalysts for methanol reforming

Cat. (10~ mmol; 0.001%o to MeOH)

MeOH/mmol H,O/mmol Solvent (mL) Additive (mmol)

7/°C  Time/hTOF/h ' TON’® Ref.

[K(dme),][RuH(trop,dad)] (6)

(10; 500) 2 2.6 THF (1) — 90 10 54 540 [40]
Pg‘;(gl,{)gl(co)(PNP"Pr)] ®) 890 222 — KOH (320) 91 576 613 353409[41]
[Ru(H)(BH,)(CO)(PNP-Ph)] (9a) .
(5:22.5) /[R“u (Hu(dppe)] (Ob) (5: 22.5) 222 55.5  Triglyme (4) — 935 192 22 4286 [50]
E?‘l;glg)Cl(CO)(NNP ~Bu)] (10) 20 111 Toluene (2)  KOH (40) 100~105 648 44 28661 [51]
“ Ave’rage TOF referred to overall reaction time.  TON is referred to hydrogen production. ¢ Initial TOF.
| K(dme)
VamY ~ 1 K(dme), y Q Y
@s L)y
base H,,OH - i H
}/{ N 2, K I-Ii \ 2\0
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H—R -
P, %\'\/N 002 + 2H2
&Ru ) Z 6b CH3 w
HiC=0 2. H,C(0H) 59
B 2 Griitzmacher U2 H2 H A S ML EER
Scheme 2 Proposed reaction mechanism by Griitzmacher’s group
B ZH B S B H I W B S AT O R T4 A LB AR —~ H
R, GTPESCRTRR LR 5. 2016 4EH BT 2L hydrogen ﬁkm OO ool
{#/H DFT HEFF T Gritzmacher 2 ALEE A4, &/ ! \) &Ru ) &/ \/}
RIAE N FE R, trop,dad FCAA R FR KR 43 v DA
R MK e () SR T A R S ORI R, AR BIE SR ba':;j H,
. B8, ATRHZ 2 G5 1 5 24 R K (W, ST H".;'C\OT
3 I A AT B K % R LI RS . 2018 4R H\)_QH_‘ HCHO HH ) /}—‘<H/|‘4
Griitzmacher i DFT J7¥EKAE T Ru 048 &N ) & ) & N) ]
JRFFFAAGE “FME” |, dad BLAAH S 5 Ru 3% (

[ BRAR T RO P S I RE 22 (Scheme 2, 47 3F),
XAALEE W AT, T B R R A R LS A T AN 2

AR, iR A B E — B AR R GLiR E, BIY
iﬁfﬁﬁ.

BT & B S5HAAEE 0 EEAEER, HE Ru-
PNP L] 7 1 8 4 & Bt A T ALEs (7)™ L &
A P AA 4 T 52 AR e it S0 I 7 (8)19), Beller i 411
RIX PR BB T E A 0t mT DU b F I /KORH R, (H 5
TERRPE S R T, T 49.3 umol. 250 mg/L 4L
7, f£72 ‘CF, A 8 mL MeOH. 2 mL H,O. 0.1 mol/L
NaOH, 4k FEEILE ] ORI Hy A1 CO,. A 1.58
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B3 Hall 52 H1 S RLER

Scheme 3  Proposed reaction mechanism by Hall and

co-workers

umol. 6.4 mg/L 44558, 7£95 ‘CF, I 10 mL HFEE.
8 mol/L KOH, [ 3 h J&, Ak H B Mt &~ 38 Ak At
AL 4723 h'. BTN ) CO, S PR
W, HILFEAF=4E CO 154, Frbha] LIS EIR 4l
AR LT 8 EAEL P AUR N 3 NMEBIZE,
SAREALBOT RIE 350000, TR ) 24 h ISR
BIEALAIZ A 200 h (& 3).

it = B 1 ¥ G AT 0 o B B A, MR AR TR PR T T R
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Beller™, #3511 B2 1425 P 32 BR FRAR I S0 R 1,
5 45 JBE IR PR s N A4 T DAASE L A Dl LA M A T 1 1
WERZIL &%) 8a. PR R A SBZ &) 8a
BN &4, o-C—H # LRE S OE R R T48E
{H45 e A % —E ALY 8b (Scheme 4). HLAI L, BEi%

Be &40 8a A & ALW) 8b 2 FIEE . R AR — e Mt &
Sk A,
P'Pr,
H<NTR|uiCI
<H_/ | o co
8

<—F|”Prz H,CO + H,0 —> H,C(OH),
N-Ru—CO l
CH30H, H,C(OH),, or HCOOH

H,CO, HCOOH, or CO,

X 4 [Ru(H)CI(CO)PNP-Pr)] (8)HE 1k FF B K AR Bt S fRi 1k
TEAHLEL

Scheme 4 Simplified catalytic cycle for the aqueous dehydro-
genation of MeOH catalyzed by [Ru(H)CI(CO)(PNP-"Pr)] (8)

8 P AL 7 R0 8 EAT F I IO S B K AR
LR VR P BB H TR VR R R B T ) R A,
FIT DA ey ¥R 55 BB RT R ig: FR = S 6. (R it v PAIAE
R IO AEAL T P B, PGS F R 20 B A D 5 — b
AL 8 B g AUVA 7R AT AYE JCB A 1 T k4T
fii &, Beller U020 3ok ot (AL AR VA 7 Gk, HRIE T
— ML 2 48, Ru-MACHO-BH, (9a)F1[Ru(H),-
(dppe).] (dppe=1,2-bis(diphenylphosphino)ethane) (9b)7E
= R A R R R AT DA T R 2 S v
PR st SR A R P 0. a2 9 e A5 B e P
WA, TG PERRAR, ER S eI RN R Bk R, H
B A P R IR PR . R 5 pmol #EALFT] 9a A1 5 umol
4L 9b, 7E 93.5 CHF, MMA 9 mL MeOH.1 mL H,O.
4 mL = HEE HEE, P EEBEUR R 7 h S, A
FAN93h ', 8d ZJERMLEHR, M 4286(3K 3).

E 2014 4F, Milstein 820 P HIE S2— R 45 PNN 4
TE AR B ET AL 10 7T DL AL B K 2SI 7
100 ‘CF, A 2 mol KOH, f#H] 0.025 mol%f#1L 7] 10
AL BB AU 7 d J5, A5 R AL 70%; 9 d /5,
FERTLE] 90%, FIIFALAIER RN 50 il 45 h(FE
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3)U I s R LR AT ML R AT ARSI B 4 A v
FrUA 2 mL FRZR 0N A2 F RS A 0 i i k. 1%
A FIA T E BT ai s v] LEE 2 AEH, Hark
B—ANZ . BEARLE R AR R R TR R AR, e 2
fEfEAL T 10 ZEBPEIAEE T A A JIE AL TE P
i 10a, LAY 10a 55T B, 15348451
B — M A SR, AR RIET &4 10b, [F
i R i &L (Scheme 5).
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Scheme 5 Possible key-intermediates in the aqueous dehydro-
genation of MeOH catalyzed by complex 10
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Scheme 6 Crucial steps in the homogeneously catalyzed aque-
ous-phase methanol reforming
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AL 5 A aE C—H #E L R R A48
O, TWEEESNEGEE, M5 E KA R SR SR
[FIE S REATLA, BT AL e 22 A1, A4S s B B 2%
SyiEAT, W T AR X B e 0, i e R A
FIFE 60~100 CYEHEINIIKRE, SV ELIE R
BB THRZE, HHM S SR T F KA E R
AP 1F 2015 4E, Prechtl Z0URiE T —Fh =i NAEWH
S KRR B &L i X R v & R [RuCly(p-
cymene)], 11 S%EAEEAE ANERGSLFEH, ERR
2B VAR LA 3.2 pmol/mL A FHEAT F I I AL
il 7 S A AL R B A B P, AR R AT 11 3 —
LA, 1R N RETE Z R T .

2016 4E Olah H1 Prakash 2057 5A 7 —Fh FH i
TR, BDRIH e 5 e R MU AR, 4
i R LAWR AT B S R R = ) — AR, SRR S R
N-F R A NN R R, I PR AT AR i A
9 F RN g . XN IROSLAS F A AR Ru-PNP 8,
ZAMEAGFIBE AT LA T B & s A T LR T &l s B A
120 CF, i NN-ZH3E 2 A H I RFREE N 12
4 LB A, N S mol%Is N KsPO,, K5 F KA
RNEEF, FIFH 1 mol%f#1L7] 8, HEALBEI M 24 h /5,
BRIE S EA 90% (Eq. 6). X4 R2GME 3] 40 bar
AT DA AT I R B, £33 92%1) NN-—HH
Jiz. M RGEA] LA e CO,, T LAAS 75 BN A AR 4R
gl sk R eT LA A SRR it

1 mol% 8

K3PO, (5 mol%) CHO

H PhMe, 120 °C, 24 h
SN CHGOH et T AN 21, (6)

N
H 1 mol% 8 H
40 bar H,
PhMe, 120 °C, 24 h

2016 4 Reek i1 F ] Ru(salbinapht)(CO)(P-
'Pr;) [salbinapht=(R)-2'2'-bis(salicylideneamino)-1,1'-
binaphtyl] 12 {14 75% A EE A K L R EEKARFA L R 9 -
D5 25% 14-ZF OB, MA 8 mol/L KOH, fE
82 CHF AT LA B e = B A% 55 h! %R Gk
TRBMHER, o E TR ERFIRRER &L, AR B
PREE AR S R F(KOH B H,O)HE AL i R 21
AR, EERS MBI A 12 (02— P L aT 4,
TE SRR 4 0] LAY i E A A TS M Fh. 78
A S S 22 i R 00t A B D [ R LA A PR I I S0
P fI[RuH,(CO),(P-iPr3),] (12a) (TOF=50 h ™).

B UL b ¥A% Ru-2E{#46 7 LAAE, Shinoda T Yama-
kawa ZFPRGE TR AW & R AR R A AR
Ru(ID-Sn(I) M 4 J& & & [Ru(SnClL)s(PPhs)]*~ 13 13
LR BB SN CBRFFEE. LR MAETE 65 CF N,
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THHTHI, MeOH F1 MeNO, UL 1 1 1 FABURA, KV
100 h 5 (AL ECN 157, BARIE IR, B IZRN AT
BATATAINF, M BANBA. B 2 0T i & B
MIMLERAT Fo R B, 28 — 25 H I ot A A ol P IS 2 e T 20
9%, Uk, BT Ru(ID)-Sn(ID X 48 R S8 fH15 H ig
FBE AN 2R 5 — R W & 8 R 42 R
[CpRu(PPhy),(SnF;)] (Cp = #°-CsHs) 14, 7£ 140 C
MeOH 1 MeNO, P 1 © 1 BUEA I, &40 h
JEREARBTIE 12011, 5 SURC Ak b 2 SRR A 3 1
Wi, BRRFET Sn—F S8 & HL AN 7 Ru 47 1E HL A
HIRES], F 5 BN p-H B iEE, AFIT C—H 1)
FRES.
1.2 REBELF

ITAER, BRIEL AP i T R 7 T B i
VEG ik, 227 AT, 2015 4, Crabtree
SEPMRE T — R e R E b PP I R U 24 3
FEEAEAL A 15, 16 F117. R = AP N 2435
MIEAREEAT, AT DA IS T AN, AR A S
PL R=Me>Et>"Bu JiFFFAK. fH 0.0013 mol% f#
tbif 15, 7€ 91 CHF, I 6.7 mol/L KOH ¥ A1 3 ml
FH i (L P B B OB SO 7)), B 40 h g, H
i it S PR B A K mT LU A 800013, T B, AE 1% N
JUPEAF4 CO.

FE[A—4E, Yamaguchi 2o sz il 1 FI A1k
T FR B 7K VA R . A AT D2 s L R Pk e
ERACR IR B TERIC &9 18 VRN, AHLLT 200
FIRNAR R, ENRGATFEMA 0.046 mol/L NaOH,
FEEAIKARRLE A 104, M 15 h 5, FPPERAIA
64%, ALK 10510, FHFEGEREMAE, %KM pH HTH
BEHITE 8~12 1], DARALRBA & AL AR e i,
1E pH (EEAKIIIEOLT, BB 548 R i 55 FIBH 25
T, AR, ERBIRI%M T, RS I
T AT FR RN 1 S SR A T DK B =

R 7+ -
(\N/ 17 BF;
R/Nij<|r/co
R~N=( CO 15:R=Me

=

N-g 18:R=Et
17: R="Bu

_—|+ Cl—

http://sioc-journal.cn/ 2463



BIKE

£ 2017 4E, Beller YRR HRAE T —Fh Ir-PNP 48 &
) 19 wI LA K AH B S5 Ru-PNP 1 Fe-PNP
R, BeEP0 19 FEARR B v Ve B iy, v P
rhfa e tEE . ] I-PNP #4657, A 0.5 mol/L
KOH PAK 10 mL AFIA 901 1) MeOH Ak, 7E
70 CHE, M 1h 5 TOF 326 h', N A[HESE 16 h,
TON & 1400. 2 KOH HIMREEFER] 0.1, M 1 h J5H
TOF 4 525 h™"; 42 KOH [k FE T+ E 8.0 mol/L,
A[FES: 60 h, TON 2N 1900. LRI A H, Bk itk
PTG PR AS 52 M A B .

FEFEYNE T ITE, 2017 4R /NGRS OMRGE T o
A 750 A 3 A R R AT DL ] PR fofF PP e R L
A. ZRGTEAFEHANLRE: CH;OH—~HCOOH—H,
F CH;OH—~NADH—H,. it FH i S Bk R e 7] i 4
16 R 1 NADH, B Ji5 F H A 44 55 [Cp*IrCly(ppy)]
(ppy=" ML )20 FI[Cp*IrCl(phen)]Cl 21 i1k FF R A1l
NADH B it &< (Scheme 7). 1% N A f# 400 mmol/L
H VA (pH = 8.05)7E 30 “CI M 32 h J5 Ak 4 pmol
AN

Cp*IrCly(ppy) 20

—— HCOOH

enzymes

—®

CH40H

> NADH
B 7 B ABRAE AL TRIIL R AR P ) A 75 5 P i B B 7 ik

Scheme 7 Bioinduced approach for methanol reforming based
on a combination of enzymes and iridium catalysts

1.3 FEEAEN

1987 4, Cole-Hamilton 841 i [Rh(bipy),]Cl
(bipy=2,2'-BEHELIE) 22 $5 5 D Ak FH -5 7K S R AR
TEABRFIE/S(FE 1 Eq. 4). BT A S 2R A
WD, R RN ER ST, A 5X10° mol
[Rh(bipy),]Cl, 7E 120 CLARARFILL A 95 @ 5 MIBE//KIE
EVEmR, TN 0.25~5X 107 mol EEALEN, 7EEH R
iR N 3 h JE R RIS N 7 b SRR A
MKTER A% EEARTREME, RINEE 25 FEA
AT KR AN 0. F LR TR Z 5, (U
BT — R LA R AL F R R A 2017 4R /NG
26 (ST 31] B 35 #H f# £k 771 [Cp*Rh(NH5)(H,0),]* © 23 7
70 CPFBA, HEMHEIA 83 h " iz MAL 4
FEMATIRIG I CO, H HR S BA TR pH I HI7E 6
T ARG M e . A2 A R — D BN T RIR
it S A0k 1) % .

2464 http://sioc-journal.cn/

© 2019 Chinese Chemical Society & SIOC, CAS

2 ERARMEAbELT

B T T LA B4 @ AT « A8 ARMEAL MLk B I A
WEEL. ExAEh R EEE . SR FEPENEE
B AR 48 [ RE AT DUR T B EE R AL, 7E 2013 4E,
Beller 257V YifdsE 1R F (B Sl iR L &4 24
AL FE B = A i I EALR) 24, AFHEE A9 & 1 MeOH
Al H,O0 IR EVETR I 8 mol/L KOH, #£ 91 C, % 1
AN, BARSIER N 702 hY, 43 h )5 S AL BN 6270.
NI & ) HN(CH,CH,P-iPr,), Bt A& m] LA — 45 4 5
AT R e M, IER MR 13 F 5 iy, A5 36 3L
A LAIE ] 9184 (111 h). 2015 4F, Holthausen 257 4R 1
FAN LAY 25, 264 27 F128. 7E 4 1 1 MeOH
H,O VB &AW P INN LiBF,, {8 FE1L7) 27 46 T 461
T FERA, 2 ER, KM 94 h JEEAETIE
51000, X214 N IEEE—ik I R4 R A i A F g B
RIS B e e

<—||3iPr2 IIDRQ TRQ
BH, H OCOH
HN-F&_ N= e< HN-F&_
(wl-co (| co ¢ | >co
PIPFQ PR2 PR2
24 25R="Pr 27R="Pr
26R=Cy 28R=Cy
HsC M
NV H Br
HZT 0 \N/_\jP"Pr
/ m & 2
X SIS
1IN pE" | Tco
o H co
/ N\
H CHs 30
29

2016 4 Chang " # ] tran-[Fe"(apH),(MeOH),]
(apH=o0-aminophenolato ligand) 29 Y& {#: 1k 77I7E == i T 5
BT AL TG K Y B R ) SO, I B AN 75 LA AT
AT GRBGRI R AT LARE T8 R RO A B TR R 4.

BRI AR, P2, (R E A g
FMEALFILT. SRR Crabtree 511 H i 4 BN 5
WHRANE N AR AT PRI bR e, T84 Bk 5
WHIEE 2 O E. XA R EE - E RS R
AT . Beller RN HRE 7 1 B0 1k 771
30 7E R ARORE e S i 2R b g S . B R G B A FH
PEECAS Bk i 477, H 72 m il & HN(CH,CH,P-
iPry), Ji, MRWIERIL &Y 30 IR et i, I LLER
Li—AHZA, FEHSEI T Ak 20000 FIEALEL. 2018
0, B EREATISCTR A 30 A6 A EEKAHBLE
SRE R BR A 70 3 B AE SRR S% A 7R 2 o IR ) R g
AT TCHaRAt, 31X 3 it B PP e S e I
TR, AN, ZMEA AT DU T Ol 25
FH e AT Y R it .
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3 HitERE

N R A ERREIR T SR AN TG, 1A D) E R
FE e ot S A A R P R R R B F AR U AR, ASCE RN Z
Pk 4 SR AT 50 . O kA PR RATIR |
SN ATV ST T T 4808, b B B 4 e 458 FH 1R T
BEHFREREEY, NEE—RIITFREE |2
fith, WA AR HEBHEC AR AT F I A
BAVEME EE T RRIIR . AR, XN T
R VAR P R R SR (AL R PRV P 67 A, DT AT A R
AR, B R 3T 28 AR TTNE, 187 2800
AW s e, PRI A4S SR A BRI, BTCL R —
U 5 BLE AT B T TR AN I NAT AT 0 7 BB I A
AR X80 AE IV 4 M A P I /KR T A N B T
(AT, ZAR I T OME TAEOTFRE T 5 A4, B
TR IE 1 i AL Bk T 300000, (B4R EEAA R fa
SE 8BV &8 AR X T T 2 24 B AE Tolk -
B, BEBEATAER 77 e atg s N ariin 4R
BT BE. ARFMIHE BLAER. dR5EE R, BARETE
A&, ERAFFEE S AT, A EIR R
JRUER FE T O 1) A AR e 590 1 9 e R 7 R0 iz i
RSB S BRI B R, HAR B 03 B4 561X — 41,
ML R IR 2. 3 WF 7 LRSS 1, M
BIEAA AR A ST KD
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