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Ac acetyl 

AFC alkaline fuel cell 

BINAP 2,2'-bis(diphenylphosphino)-1,1'-binaphthyl 

bpy 2,2!-bipyridine 

Bu 1-butyl 

cat. catalyst 

cod 1,5-cyclooctadiene 

cp cyclopentadienyl C5H5
 

cp* pentamethylcyclopentadienyl C5Me5
 

Cy cyclohexyl 

dbu diazabicyclo[5,4,0]undecene 

DFAFC direct formic acid fuel cell 

dmf dimethylformamide 

DMFC direct methanol fuel cell 

dmso dimethylsulfoxide 

DOE Department of Energy 

dpen 1,2-diphenylethylendiamin 

dppb 1,4-bis(diphenylphosphino)butane 

dppe 1,2-bis(diphenylphosphino)ethane 

dppf 1,1"-bis(diphenylphosphino)ferrocene 

dppm bis(diphenylphosphino)methane 

dppp 1,3-bis(diphenylphosphino)propane 

ee enantiomeric excess 

en ethylendiamine 

Et ethyl 

L ligand 

M metal 

Me methyl 

m.p. melting point 

MAK maximale Arbeitsplatzkonzentration – workplace exposure limit (Germany) 

MCFC molten carbonate fuel cell 

n.a. not available 

NMR nuclear magnetic resonance 

PAFC phosphoric acid fuel cell 

PEMFC polymer electrolyte membrane fuel cell 

Ph phenyl 
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Pr 1-propyl 

2-Pr 2-propyl 

ppm parts per million 

pta 1,3,5-triaza-7-phosphadamantane 

R hydrogen or organic rest 

r.t. room temperature 

RF perfluorinated organic rest 

SOFC solid oxide fuel cell 

TEAF triethylammonium formate (5HCO2H·2NEt3) 

Tf trifluoromethylsulfonyl 

TOF turnover frequency 

TON turnover number 

tppms mono-m-sulfonated triphenylphosphine sodium salt, or 3-(diphenylphosphino)-

benzenesulfonic acid sodium salt 

tppts tris-m-sulfonated triphenylphosphine trisodium salt, or 3,3!,3!!-phosphinidynetris-

(benzenesulfonic acid) trisodium salt, 

X leaving group, (pseudo) halide 

WGS water gas shift  

#G° difference of standard Gibbs! free enthalpy 

#H° difference of standard enthalpy 

#S° difference of standard entropy 
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6">1%6, #), *B", )+%4, I;/, B+>1%,+)"J, *B", )+%, #), 1, %"1/23, "8"/21)*#%A, "%"/A3, );+/<"J, 1%6, #*,

<+//"%*23,N/;8#6"),rKJKKK, *#>"),>;/","%"/A3, *B1%, <;%)+>"6,$3,B+>1%)4]J, rL, (%*"/")*#%A,

;N*#;%),-;/,);21/,"%"/A3,<;%8"/)#;%,1%6,)*;/1A",#%,*B",-#"26,;-,<B">#)*/3,1/",NB;*;8;2*1#<)J,

HB#<B,N/;8#6","2"<*/#<12,"%"/A3JrLJ,rP,1%6,NB;*;<1*123*#<,B36/;A"%,A"%"/1*#;%4,?#/"<*,);21/,

H1*"/, )N2#**#%A, B1), $""%, 1<B#"8"6,H#*B, B"*"/;A"%";+), #%;/A1%#<, <1*123)*)4OKJ, Or, (%, B;>;'

A"%";+), <1*123)#)J, >1#%23, NB;*;<1*123*#<, B36/;A"%, N/;6+<*#;%, -/;>, H1*"/, $3, N/;*;%,

/"6+<*#;%,H#*B,1,)1</#-#<#12,6;%;/,B1),$""%,)*+6#"6J,1),H"22,1),B36/;A"%,A"%"/1*#;%, -/;>,

;*B"/,)+$)*/1*"),)+<B,1),12<;B;2),;/,12=1%")4OO'OL,

Z;%)#6"/#%A,*B",)"<;%6,*1)=J,/"'*B#%=#%A,;+/,H13,;-,)*;/#%A,1%6,6#)*/#$+*#%A,"%"/A3J,);>",

12*"/%1*#8",c"%"/A3,"<;%;>#")q,B18",$""%,N/;N;)"64,\B#),>"1%),*B1*,1,%"H23, #%*/;6+<"6,

"%"/A3,<1//#"/,H#22,/"N21<",*B",<+//"%*,;%")J, 2#=",<;12J,A1);2#%"J,%1*+/12,A1)J,;/,"2"<*/#<#*34,

W/;$1$23J,*B",B36/;A"%,"<;%;>3,#),*B",>;)*,H"22,=%;H%J,#*,H#22,$",6#)<+))"6,-+/*B"/,12;%A4,

!#="H#)"J,1,>"*B1%;2,"<;%;>3Ov,1%6,1,-;/>#<,1<#6,"<;%;>3OT,B18",$""%,)+AA")*"64,,

797 :)!"#$%&'();6%(%/"))

X3,6"-#%#*#;%J,#%,1,B36/;A"%,"<;%;>3J,B36/;A"%,#),+)"6,1),1%,"%"/A3,<1//#"/,*B1*,>+)*,$",

N/;6+<"6J,)*;/"6J,*/1%)N;/*"6J,1%6,>16",/"16#23,181#21$2",*;,*B","%6,+)"/,DI#A+/",OE4,\B",

*"/>,B1),$""%,<;#%"6,#%,*B","1/23,rPsK)J,1,6/1-*,;-,1,B36/;A"%,"<;%;>3,H1),N+$2#)B"6,$3,

X;<=/#),#%,rPsO4r,uB#2",#%,*B",rPsK)J,%+<2"1/,N;H"/,H1),)+AA")*"6,1),>1n;/,"%"/A3,);+/<",

-;/, B36/;A"%, N/;6+<*#;%J, N/#;/#*#"), B18", <B1%A"6, )#%<"J, 1%6, X;<=/#), 2#%=), *B", <;%<"N*,

<2;)"23,*;,/"%"H1$2","%"/A3,);+/<"),#%,1,>;/",/"<"%*,)+/8"34Os,,

,
B2)0$*&3C&M<B">1*#<,/"N/")"%*1*#;%,;-,1,B36/;A"%,"<;%;>3O,

production    distribution     storage      distribution  use

HH22 HH22

solar energy
wind energy
hydropower

thermochemical
cycles

nuclear energy
solar energy

H2O
fuel cells
(stationary, mobile
& portable)

engines

fossil fuels
renewable resources

 jet engine
internal 
combustion 
engine

reforming 

photocatalytic 
water 

splitting

hydrogen
 storage
 material
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?#)<+))#%A,1,B36/;A"%,"<;%;>3J,#*,#),"))"%*#12,*;,/">">$"/,*B1*,B36/;A"%,#),%;*,181#21$2",

;%,"1/*B,#%,"2">"%*1/3,-;/>4,(*,#),*B"/"-;/",%;*,1,);+/<",;-,"%"/A3J,+%2#=",<;12J,;/,;#24,X"#%A,

1%, "%"/A3, <1//#"/, ;%23J, B36/;A"%, B1), *;, $", N/;6+<"6J, HB#<B, #), 1%, "%"/A3'<;%)+>#%A,

N/;<"))4,

(%, 1%, #6"12, B36/;A"%, "<;%;>3J, B36/;A"%,H;+26,$", A"%"/1*"6,+)#%A, )+%2#AB*J, 6#)*/#$+*"6,

8#1, 1, )1-", #%-/1)*/+<*+/"J, 1%6, /"16#23, 181#21$2", -;/, 6#--"/"%*, 1NN2#<1*#;%), 2#=", N/;8#6#%A,

"2"<*/#<#*3,-;/,>;$#2",NB;%")J,N;H"/#%A,-+"2,<"22,8"B#<2"),1%6,-+"22#%A,21/A",)B#N)J,1),H"22,1),

)1*#)-3#%A, *B", "%"/A3, %""6), ;-, #%6+)*/34O, (%, ;/6"/, *;, 1NN/;1<B, *B#), 8#)#;%J, *B"/", 1/",

<B122"%A"), -;/, <B">#)*), #%, *B/"", >1#%, 1/"1)V, \B", N/;6+<*#;%, ;-, B36/;A"%J, *B", +)", ;-,

B36/;A"%J,1%6,B36/;A"%,)*;/1A",1),H"22,1),6#)*/#$+*#;%4Ob']K,

(%,OKKsJ,B36/;A"%,H1),N/;6+<"6,>1#%23,-/;>,-;))#2,-+"2)J,1<<;+%*#%A,-;/,PTx,;-,*B",*;*12,

8;2+>",DLbx,-/;>,%1*+/12,A1)J,]Kx,-/;>,/"-#%"/3w<B">#<12,;--'A1)")J,rbx,-/;>,<;12E4]r,

\B", /">1#%#%A, Lx, H"/", ;$*1#%"6, >1#%23, $3, "2"<*/;23)#)4, \B", *B/"", >;)*, <;>>;%,

N/;<"))"),-;/,B36/;A"%,N/;6+<*#;%,-/;>,-;))#2,-+"2),1/",)*"1>,/"-;/>#%AJ,N1/*#12,;_#61*#;%J,

1%6, 1+*;*B"/>12, /"-;/>#%A4, \B", <1/$;%,>;%;_#6", N/;6+<"6, #%, *B")", N/;<"))"), >13, $",

<;%8"/*"6,#%,1,H1*"/,A1),)B#-*,/"1<*;/,DM<B">",rE4]O,

,
D18*E*&,C&W/;<"))"),-;/,B36/;A"%,-;/>1*#;%,-/;>,B36/;<1/$;%),Z>[%,1%6,>"*B1%;2]O,

X1)"6, ;%, #*), 1<*+12, N/;6+<*#;%J, B36/;A"%, #), <+//"%*23, %"#*B"/, 1, );2+*#;%, -;/, 1, )B#-*, -/;>,

-;))#2, -+"2)J, %;/, #), #*, N;))#$2", *;, N/;<21#>, *B", B36/;A"%, "<;%;>3, 1), 1, <2#>1*", )18"/4, X+*,

*B"/", 1/", ;*B"/J, )>122"/, $"%"-#*)V, [36/;A"%, -+"22"6, 8"B#<2"), ;/, -#_"6, N;H"/, )+NN23, +%#*),

>13, /"2#"8", <#*#"), -/;>,N;22+*"6,1#/J, 1%6, #>N;/*1%*,=%;H2"6A", #), A1#%"6, #%,N#2;*,N/;n"<*),

+%6"/,/"12#)*#<,<;%6#*#;%)4,(%,N1/122"2J,*B"/",#),;%A;#%A,/")"1/<B,-;/,12*"/%1*#8",>"*B;6),*;,

N/;6+<",B36/;A"%4ObJ,OPJ,]O']v,\B")",>"*B;6),#%<2+6","2"<*/;23)#),H#*B,)+)*1#%1$2","2"<*/#<#*3J,

/"-;/>#%A, ;-, $#;>1))J, DNB;*;'E$#;2;A#<12, B36/;A"%, A"%"/1*#;%, -/;>, $#;>1))J,

NB;*;"2"<*/;<B">#<12, 1%6, NB;*;<1*123*#<, H1*"/, )N2#**#%AJ, 1%6, *B"/>;<B">#<12, B36/;A"%,

A"%"/1*#;%,H#*B,);21/,"%"/A34,

CmHn + m H2O

CH3OH + H2O CO2 + 3 H2

m CO + (m + 1/2n) H2
steam reforming

CmHn + 1/2m O2

CH3OH + 1/2 O2 CO2 + 2 H2

m CO + 1/2n H2
partial oxidation

CmHn + 1/2m H2O + 1/4m O2

4 CH3OH +3 H2O + 1/2 O2 4 CO2 + 11 H2

m CO + (1/2m + 1/2n) H2
autothermal refoming

CO + H2OCO2 + H2
water gas shift reaction
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,

\B",)"<;%6,<B122"%A",#),*B",+)1A",;-,B36/;A"%,#%,-+"2,<"22)J,HB#<B,<;%8"/*,<B">#<12,"%"/A3,

*;,"2"<*/#<12,"%"/A3,%""6"6, -;/,>;)*,1NN2#<1*#;%)4,Q), *B",N/;<")),;-,"%"/A3,<;%8"/)#;%, #),

N+/"23,"2"<*/;<B">#<12J,1, -+"2,<"22, <1%,$",>;/","--#<#"%*, *B1%,1,<;>$+)*#;%,"%A#%"J,HB#<B,

2#>#*"6,$3,*B",Z1/%;*,"--#<#"%<34ObJ,OP,\B"/",1/",)"8"/12,-+"2,<"22,*3N"),=%;H%,*B1*,H;/=,H#*B,

B36/;A"%, 1), 1, -+"2, D\1$2", rE4, Q>;%A, *B">J, *B", N;23>"/, "2"<*/;23*", >">$/1%", -+"2, <"22,

DW@FIZJ, "%*/3, vE, #), 1, 8"/)1*#2", <B;#<"J, 1%6J, #%, -1<*J, *B", 6#/"<*,>"*B1%;2, -+"2, <"22, D?FIZJ,

"%*/3,TE,1%6,6#/"<*, -;/>#<,1<#6, -+"2,<"22),D?IQIZJ,"%*/3,sE,1/",W@FIZ,;N*#>#&"6,-;/, -+"2),

;*B"/,*B1%,B36/;A"%4,

F?5>*&,C&M"2"<*"6,<;>>;%,*3N"),;-,-+"2,<"22)ObJ,OP&

 name abbrev. fuel oxidant operating temp. /°C 

1 solid oxide fuel cell SOFC H2 / CO O2 / air > 800 

2 molten carbonate fuel cell MCFC H2 / CO O2 / air 600 – 700 

3 phosphoric acid fuel cell PAFC H2 O2 / air 150 – 220 

4 alkaline fuel cell AFC H2 O2 / CO2-free air 60 – 90 

5 polymer electrolyte membrane 
fuel cell PEMFC H2 O2 / air 40 – 90 

6 direct methanol fuel cell DMFC CH3OH O2 / air 60 – 120 

7 direct formic acid fuel cell36 DFAFC HCO2H O2 / air r.t. – >100 
,

W/;>#%"%*, 1681%*1A"), ;-, 1, W@FIZ, 1/", #*), 2;H, ;N"/1*#%A, *">N"/1*+/"J, *B", B#AB, N;H"/,

6"%)#*3,1%6,*B",;N*#;%,;-,;N"/1*#%A, #*,H#*B,1#/4]s,\B"3,1/",12);,"1)#23,)<121$2",*;,<;>N1<*,

)#&"J,1%6,>13,$",>1))'N/;6+<"6,1*,2;H,<;)*4,I;/,W@F,-+"2,<"22)J,*B",a+12#*3,;-,*B",B36/;A"%,

-+"2,A1),#),1%,#>N;/*1%*,#))+"4,Z1/$;%,>;%;_#6",#),1,N;#);%,-;/,*B",%;$2",>"*12,DA"%"/1223,

N21*#%+>E, <1*123)*J, 1%6, <+//"%*23, $"*H""%, rK, 1%6, K4O, NN>, #), 1<<"N*"6, -;/, -+"2, <"22,

B36/;A"%4]b'Lr,[36/;A"%,)+2-#6",12);,1<*),1),1,<1*123)*,N;#);%4,S*B"/,N;))#$2",#>N+/#*#"),1/",

A1)"),)+<B,1),<1/$;%,6#;_#6"J,;/,>"*B1%"4,?"N"%6#%A,;%,*B"#/,<;%<"%*/1*#;%J,*B",;N"/1*#%A,

<;%6#*#;%),;-,*B",-+"2,<"22J,1%6,*B",-+"2,<"22,<1*123)*,">N2;3"6J,*B")",A1)"),<1%,/"1<*,*;,-;/>,

<1/$;%, >;%;_#6"V, >"*B1%", $3, ;_#61*#;%J, 1%6, <1/$;%, 6#;_#6", 8#1, *B", H1*"/, A1), )B#-*,

/"1<*#;%4,(*,#),)*#22,6#)N+*"6J,B;H"8"/J,*;,HB#<B,"_*"%*,*B")",)#6"'/"1<*#;%),;<<+/J,1%6,#-,*B#),

<1+)"),#//"8"/)#$2",N;#);%#%A,;-,*B",-+"2,<"224LO'LT,(%"/*,A1)"),)+<B,1),1/A;%,;/,%#*/;A"%,6;,

%;*,<1+)", #//"8"/)#$2",<B">#<12,6"1<*#81*#;%,;-, -+"2,<"22,<1*123)*)J,$+*,1%3, #>N+/#*3, #%, *B",

B36/;A"%,A1),6"</"1)"),*B",-+"2,<"22e),N"/-;/>1%<",6+",*;,>1)),*/1%)N;/*,2#>#*1*#;%),1%6,

<;>N"*#*#;%,-;/,16);/N*#;%,)#*")4]b,
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,

\B", *B#/6, <B122"%A", #), B36/;A"%, )*;/1A"J, HB#<B, #), 2#%="6, B36/;A"%, 6#)*/#$+*#;%4Ls'LP, \B",

"%"/A3,<;%*"%*,;-,B36/;A"%J,*B",2#AB*")*,;-,122,"2">"%*)J,N"/,>;2",;/,N"/,>1)),+%#*,#),8"/3,

B#AB,DM<B">",OEJ,$+*,+%-;/*+%1*"23J, #*),6"%)#*3, #),12);,8"/3, 2;HJ,"8"%,#%,<;%6"%)"6,NB1)",

DK4KbPP,=A,>'],-;/,*B",A1),1*,Os]4rv,0,1%6,r,1*>y,sK4sb,=A,>'],-;/,*B",2#a+#6,1*,*B",%;/>12,

$;#2#%A,N;#%*,Or4O,0E4OP,,,

,
D18*E*&3C&\B",<;>$+)*#;%,;-,1,B36/;A"%,>;2"<+2"OP,

I;/,*B#),/"1);%J,#*,#),#>N;/*1%*,*;,-#%6,)*;/1A",>"*B;6),H"/",B36/;A"%,#),)*;/"6,#%,1,6"%)",

-;/>4, Q%, ;-*"%, a+;*"6, *1/A"*, -;/, B36/;A"%, )*;/1A", #%, 8"B#<2"), B1), $""%, )"*, $3, *B", 74M4,

?"N1/*>"%*,;-,@%"/A3,D?S@E,#%,OKKvJ,/"a+#/#%A,PK,A,[O,N"/,=#2;A/1>,)*;/1A",)3)*">,1%6,

br,A,[O,N"/,2#*"/,)*;/1A",)3)*">,$3,OKrv4vK,\B",B36/;A"%,)*;/1A",>"*B;6),#%8")*#A1*"6,*;,

/"1<B,*B#),*1/A"*,<1%,$",;-,NB3)#<12,;/,<B">#<12,%1*+/"V,(%,NB3)#<12,)*;/1A"J,N+/",B36/;A"%,

#), )*;/"6, #%, <;>N/"))"6, 1%6, 2#a+#6, -;/>JLsJ, LP, ;/, $3, 16);/N*#;%, ;%, N;/;+),>1*"/#12), "4A4,

&";2#*"),;/,>;2"<+21/,;/A1%#<, -/1>"H;/=)4vr'v], (%,<B">#<12,B36/;A"%,)*;/1A"J,B36/;A"%, #),

<B">#<1223, $;+%6, *;, ;*B"/, <;>N;+%6)4, F;)*23, B36/#6"), B18", $""%, "_N2;/"6J, #%<2+6#%A,

<;812"%*,B36/#6"),)+<B,1),$;/1%")J,)12*),)+<B,1),>1A%")#+>,B36/#6"J,>"*122#<,B36/#6"),;-,

*B", F[_, *3N"J, 1%6, <;>N2"_, B36/#6"), )+<B, 1), !#DQ2[LE4LPJ, vOJ, vL'Tr, (%, /"<"%*, 3"1/)J, );>",

;/A1%#<, >1*"/#12), B18", ">"/A"6, -;/, <;812"%*, B36/;A"%, )*;/1A"J, 1%6, ")N"<#1223, 2#a+#6,

<;>N;+%6),1NN"1/,*;,$",8"/3,N/1<*#<124TO,

79< =->5-#)?$&+(-6)@%/A%5(#4).%$)!"#$%&'()B,%$+&')

!#a+#6, ;/A1%#<, <;>N;+%6), B18", /"<"#8"6, <;%)#6"/1$2", 1**"%*#;%, -;/, B36/;A"%, )*;/1A",

/"<"%*234vvJ, vTJ, TO, (%, A"%"/12J, *B"3, -"1*+/", *B", B36/;A"%1*#;%, ;-, 1, <1//#"/, <;>N;+%6, -;/,

B36/;A"%,)*;/1A"J,HB#<B, #),6"B36/;A"%1*"6,1*, *B", *#>",;-,B36/;A"%,+)1A"4,@_1>N2"), -;/,

B36/;A"%1*"6, <1//#"/), 1/", 12<;B;2)J, ")N"<#1223, >"*B1%;2J, -;/>#<, 1<#6J, <3<2;12=1%"), 1%6,

B36/;A"%, )1*+/1*"6, B"*"/;<3<2#<, <;>N;+%6)4, Q2<;B;2), 1/", 12);, 181#21$2", -/;>, $#;>1))J,

HB#<B, #), 1%, #%6#/"<*, H13, ;-, );21/, "%"/A3, )*;/1A"4, T]J, TL, \B", >1#%, 1681%*1A"), ;-, *B")",

)3)*">),1/",*B1*,*B"3,1/",/"21*#8"23,"1)3,*;,B1%62"J,1%6,)*1$2",*;,1#/,1%6,>;#)*+/",#%,>;)*,

<1)")4, ?+", *;, *B", <;812"%*, %1*+/", ;-, B36/;A"%, -#_1*#;%, #%, *B")", )3)*">)J, 1%6, *B", 2#>#*"6,

1>;+%*,;-,<;812"%*,$;%6),-;/>"6,H#*B,<1/$;%,1%6,;*B"/,%;%'>"*12)J,*B",)*;/1A",<1N1<#*3,

/">1#%), /1*B"/, 2#>#*"6J, $+*, <;>N;+%6), ;--"/, 1, H"22'$121%<"6, /1*#;, ;-, 8;2+>"*/#<, 8)4,

G!
"#$%&'()*

H°
"#$%&'()*

S!
"$%&'()*%+)*

),-. )/01 2-3/%4%*"/%5/ 3/5
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A/18#>"*/#<, B36/;A"%, 6"%)#*34, (%, I#A+/", ]J, *B#), /1*#;, #), 6"N#<*"6, -;/, )"8"/12, B36/;A"%,

)*;/1A",)3)*">)4,M;>",B36/;A"%,)*;/1A",)3)*">),;*B"/,*B1%,;/A1%#<),B18",$""%,#%<2+6"6,

-;/,<;>N1/#);%J,1),H"22,1),);>",<;>>;%,-+"2)4,

,
B2)0$*& ;C&G;>#%12, "%"/A3, <;%*"%*, ;-, 6#--"/"%*, B36/;A"%, <1//#"/), U, ;*B"/, -+"2), A#8"%, -;/, <;>N1/#);%4, I;/,

B36/;A"%,)*;/1A",>1*"/#12)J, *B","%"/A3,<;%*"%*,H1),<12<+21*"6,-/;>,*B",>1))x,B36/;A"%,/"2"1)"6,$3,"1<B,

<;>N;+%6J, #*),6"%)#*3, 2;H"/J, 1%6, *B", 2;H"/,B"1*#%A,812+",;-,[O, DOLO,=Y,>;2'rE, 1))+>#%A,rKKx,<;%8"/)#;%,

H#*B;+*,1%3,2;))4,I;/,61*1J,)"",/"-)Tv'Ts,

@8#6"%*23J, );>", ;/A1%#<, B36/;A"%, <1//#"/), -122, )B;/*, ;-, *B", ?S@, *1/A"*J, $+*, *B"3, ;--"/, 1,

B#AB"/, "%"/A3, 6"%)#*3, *B1%, 1, B#AB, <1N1<#*3, $1**"/34, \B#), >#AB*, $", +)"-+2, -;/, N;/*1$2",

6"8#<")4, (*, #), B;H"8"/, "))"%*#12, *;, )*1*", *B1*, -;/, I#A+/", ], ;%23, *B", %;>#%12, *B";/"*#<12,

"%"/A3,6"%)#*#"),;-,*B",)+$)*/1*"),B18",$""%,<;%<"/%"6J,1%6,N"/#NB"/3,1),H"22,1),N;*"%*#12,

2;))"), B18", $""%,%"A2"<*"64, (%, <;%)"a+"%<", I#A+/",], <1%, ;%23, )"/8", 1), 1, /;+AB, A+#6", *;,

")*#>1*",*B",1<*+12,"%"/A3,;+*N+*,;-,*B",/")N"<*#8",)3)*">)4,

Q66#*#;%1223,6#/"<*,-+"2,<"22),-;/,B36/;A"%,<1//#"/),2#=",>"*B1%;2,D?FIZETbJ,TP,;/,-;/>#<,1<#6,

D?IQIZE]T, B18", $""%, N/;N;)"64, \B")", -+"2, <"22), "2#>#%1*", *B", B36/;A"%, A"%"/1*#;%, )*"NJ,

HB#<B, #), */16"6, #%, -;/, ;*B"/, <B122"%A"), )+<B, 1), </;))';8"/, ;-, *B", -+"2, *B/;+AB, *B",

>">$/1%",1%6,+%6")#/"6,)#6",/"1<*#;%),1*,*B",-+"2,<"22,<1*123)*4sK'sO,

(%, *B", -;22;H#%AJ, )"2"<*"6,>"*B;6), -;/, B36/;A"%, A"%"/1*#;%, 1%6, B36/;A"%, )*;/1A", +)#%A,

2#a+#6,;/A1%#<,<;>N;+%6),H#*B,N1/*#<+21/,#>N;/*1%<",-;/,*B#),*B")#),H#22,$",6#)<+))"64,
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,

79<97 !"#$%&'()*'('$+,-%().$%/):36%C%34))

Q2<;B;2), 1/", 21/A"23, 181#21$2", -/;>, /"%"H1$2", /");+/<"), )+<B, 1), N21%*)J, 1%6, *B"3, 1/", 1%,

1**/1<*#8", /1H,>1*"/#12, -;/, "%"/A3, A"%"/1*#;%4, \B",>;)*, N/;>#%"%*, "_1>N2", <"/*1#%23, #),

"*B1%;2J, $+*, 12);, A23<"/;2, #), 181#21$2", #%, 21/A", a+1%*#*#")4, S*B"/, 12<;B;2), 2#=", >"*B1%;2J,,

O'N/;N1%;2J,;/,A23<;2,>13,12);,$",;$*1#%"6,-/;>,$#;>1))4T]J,TL,\B;+AB,*B"3,1/",*"<B%#<1223,

%;,12<;B;2)J,)+A1/),1%6,;*B"/,<1/$;B36/1*"),12);,$"2;%A,*;,*B#),A/;+N,;-,<;>N;+%6)J,-/;>,

HB#<B, B36/;A"%, <1%, $", ;$*1#%"6, #%, 6#--"/"%*, H13)4, \B", )*"1>, /"-;/>#%A, ;-, 12<;B;2), #),

)#>#21/, *;, N/;<"))"), +)"6, -;/, B36/;<1/$;%)J, 1%6, 1a+";+), NB1)", /"-;/>#%A, ;<<+/), 1*,

*">N"/1*+/"), B#AB"/, *B1%, OKK, zZ4]O, \B")", <;%6#*#;%), 1/", A"%"/1223, *;;, 6/1)*#<, -;/, )>122J,

N;/*1$2", 1NN2#<1*#;%)4, F#26"/, <;%6#*#;%), 1/", N;))#$2", -;/, *B", B;>;A"%";+)23, <1*123&"6,

6"B36/;A"%1*#;%,;-,12<;B;2)4,,

\B",6"B36/;A"%1*#;%,;-,12<;B;2),B1),$""%,=%;H%,#%,;/A1%#<,<B">#)*/3,-;/,1,2;%A,*#>"4,(*,#),

;%", B12-, /"1<*#;%, ;-, *H;, H"22, =%;H%, )*;#<B#;>"*/#<, /"1<*#;%)V, \B", F""/H"#%, W;%%6;/-,

5"/2"3, /"6+<*#;%, 1%6, *B",SNN"%1+"/, ;_#61*#;%4s], (%, $;*B, /"1<*#;%)J, *H;,B36/;A"%, 1*;>),

1/",1$)*/1<*"6,-/;>,1%,12<;B;2,;/,1>#%",;,1%6,*/1%)-"//"6,#%,1,$1)"'1))#)*"6,N/;<")),*;,1%,

1<<"N*;/J,HB#<B,<1%,$",1,<1/$;%32,A/;+N,;/,1%,#>#%",,4, (%,*B",F""/H"#%,W;%%6;/-,5"/2"3,

/"6+<*#;%J,O'N/;N1%;2,3,#),*B",>1#%,B36/;A"%,6;%;/J,HB"/"1),#%,*B",SNN"%1+"/,;_#61*#;%J,

1<"*;%", @, 1<*), 1), B36/;A"%, 1<<"N*;/4, Q%, 12*"/%1*#8", <1*123*#<, /"1<*#;%, #), *B", */1%)-"/,

B36/;A"%1*#;%4sLJ, sv, (*, #%8;28"), *B", "2#>#%1*#;%, ;-, B36/;A"%, -/;>,1, 6;%;/J, A"%"/1223, $3, 1,

*/1%)#*#;%, >"*12, <1*123)*4, (%)N#/"6, $3, *B")", /"1<*#;%), #*, B1), $""%, */#"6, *;, N"/-;/>, *B",

6"B36/;A"%1*#;%,;-,1%,12<;B;2,G,*;,1%,126"B36",;/,="*;%",H,H#*B;+*,1,B36/;A"%,1<<"N*;/,#%,

;/6"/, *;, A"%"/1*",>;2"<+21/, B36/;A"%4, S%, ;%", B1%6J, *B#), #), 1, N/;>#)#%A, 1NN/;1<B, -;/, 1,

)#>N2", )"2"<*#8",;_#61*#;%, #%,;/A1%#<, )3%*B")#),H#*B;+*,$3'N/;6+<*),;*B"/, *B1%,B36/;A"%,

A1)4,S%,*B",;*B"/,B1%6J,#*,<1%,$",+)"6,-;/,B36/;A"%,A"%"/1*#;%,-/;>,12<;B;2),6"/#8"6,-/;>,

/"%"H1$2",/");+/<")J,*B;+AB,%;*,"8"/3,B36/;A"%,1*;>,#%,*B",12<;B;2,#),/"2"1)"6,D"4A4,;%23,

*H;,;-,"#AB*,#%,O'N/;N1%;2E4sT,,

,
D18*E*&;C,[36/;A"%,*/1%)-"/,1%6,B36/;A"%,A"%"/1*#;%,/"1<*#;%),

X

R'R R R'

XHOH O
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Meewein Ponndorf Verley reduction (left to right)
Oppenauer oxidation (right to left)
transfer hydrogenation

hydrogen generation(R and R' = H, organic)
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,

["/"J, *B", 6"8"2;N>"%*, ;-, 12<;B;2, 6"B36/;A"%1*#;%, H#22, $", $/#"-23, )+>>1/#&"6J, 1, >;/",

6"*1#2"6,/"8#"H,<1%,$",-;+%6,#%,*B",#%*/;6+<*#;%,;-,*B",N+$2#<1*#;%,#%,<B1N*"/,]4]4,(%,rPTsJ,

ZB1/>1%, N/")"%*"6, *B", 6"<;>N;)#*#;%, ;-, O'N/;N1%;2, H#*B, /B;6#+>D(((E, <B2;/#6", #%, *B",

N/")"%<", ;-, 2#*B#+>, <B2;/#6", 1%6, B36/;<B2;/#<, 1<#64ss, \B", /+*B"%#+>'<1*123&"6,

6"B36/;A"%1*#;%,;-,12<;B;2),H#*B,1,-2+;/#%1*"6,;/A1%#<,1<#6,1),<;'<1*123)*,H1),/"N;/*"6,$3,

?;$);%, 1%6,:;$#%);%, #%,rPss4sb,Q2<;B;2), )+<B, 1), "*B1%;2J, O'N/;N1%;2J, $"%&32, 12<;B;2, ;/,

<3<2;B"_1%;2,H"/",6"B36/;A"%1*"6,H#*B,<1*123)*),;-,*B",{FDSZS:IEODZSEDWWB]E]|,DF,},S)J,

:+y,,

:I,},ZI]J,ZOIvJ,ZTIvE,I,*3N",1*,*+/%;8"/,-/"a+"%<#"),D\SI)E,$"*H""%,rK,1%6,OK,B'rJ,H#*B,*B",

"_<"N*#;%,;-,$"%&32,12<;B;2,D\SI,},brsO,B'rE4,[;H"8"/J,*B"#/,/")+2*), -;/,N/#>1/3,12<;B;2),

B18",$""%,)+$n"<*,;-, <;%*/;8"/)3J,1), *B"3,<;+26,%;*,$",/"N/;6+<"6, 21*"/4sPJ, bK, (%,<;%*/1)*J,

*B", /")+2*), -;/, )"<;%61/3, 12<;B;2), H"/", #>N/;8"64br, S*B"/, /+*B"%#+>, <1*123)*), 2#=",

{:+ODSQ<ELZ2|, <, w, NB;)NB#%"JbO, :+Z2], ~, A, [OSJb], ;/, , :+Z2ODW:]E]bL, 1/", 2")), 1<*#8"4, (%, *B",

6"B36/;A"%1*#;%,;-,<3<2;B"_1%;2J,*B",#%#*#12,/1*",-;/,{:+DSZSZI]EDZSED6NN"E|,J,H1),\SI,},

OvO,B'r,+%6"/,/"-2+_,#%,*B",N/")"%<",;-,*/#-2+;/;1<"*#<,1<#6,#%,1,rv,>#%+*",/"1<*#;%4bv,

QNN/;_#>1*"23, 1*, *B", )1>", *#>"J, Z;2"'[1>#2*;%, "*, 124, #%8")*#A1*"6, *B", $1)"'1))#)*"6,

<1*123*#<,12<;B;2,6"B36/;A"%1*#;%,1%6,NB;*;'6"B36/;A"%1*#;%,-;/,B36/;A"%,A"%"/1*#;%4,(%,

rPbO, *B"3, /"N;/*"6, *B1*, +N;%, #//16#1*#;%, ;-, {:B[DZSEDWDO'W/E]EO|, ,A, #%, O'N/;N1%;2,

B36/;A"%,#),"8;28"64bT,7%6"/,%;%'#//16#1*#;%,<;%6#*#;%)J,*B"3,1<B#"8"6,\SI),+N,*;,1/;+%6,,

rOK, B'r, -;/, O'N/;N1%;2, H#*B, /B;6#+>, $#N3/#632, 1%6, NB;)NB#%", <;>N2"_")4, \B", 12<;B;2),

#%<2+6",>"*B1%;2J,"*B1%;2J,O'N/;N1%;2J,A23<;2J,A23<"/#%"J,1%6,OJ]'$+*1%"6#;24bsJ, bb,u;/=#%A,

H#*B,/+*B"%#+>,NB;)NB#%",<;>N2"_"),1*,rvK,zZJ,*B",\SI,<;+26,$",#%</"1)"6,*;,1/;+%6,OKK,

B'r,-;/,O'N/;N1%;2J,1%6,1/;+%6,vKK,B'r,-;/,;*B"/,12<;B;2)4,I;/,/+*B"%#+>,B36/#6",<;>N2"_"),

)+<B, 1), {:+GO[ODWWB]E]|, ,,, *B"3, ;$)"/8"6, 1A1#%, *B1*, *B", /"1<*#;%, #), )#A%#-#<1%*23,

1<<"2"/1*"6,$3,#22+>#%1*#;%4bPJ,PK,,



r!(%*/;6+<*#;%! ! ! c!

,

,
D18*E*&@C&M"2"<*"6,<1*123)*,N/"<+/);/),-;/,*B",6"B36/;A"%1*#;%,;-,12<;B;2),

:+*B"%#+>,<;>N2"_"),2#=",*B",MB8;'<1*123)*,,;J,;/,F#2)*"#%e),/+*B"%#+>,<;>N2"_,,3,H#*B,1,

WGW,N#%<"/, 2#A1%6,B18", 12);,$""%,+)"6, #%, *B",$1)", 1))#)*"6,12<;B;2,6"B36/;A"%1*#;%4vJ, Pr,

I;/,1NN2#<1*#;%,#%,;/A1%#<,)3%*B")#)J,u#22#1>),"*,124,/"N;/*"6,*B",1NN/;1<B,;-,;_#61%*,-/"",

;_#61*#;%,;-,)"<;%61/3,12<;B;2),*;,="*;%"),H#*B,1,{:+Z2ODK'<3>"%"E|OwWWB],,G,<1*123)*,;/,1,

r)*, A"%"/1*#;%, C/+$$)'<1*123)*, ,H4, I;/, $"%&32#<, 12<;B;2)J, +N, *;, PK, x, <;%8"/)#;%, H"/",

;$*1#%"64PO, Z;+N2#%A, *B", 6"B36/;A"%1*#;%, ;-, 12<;B;2), H#*B, )+$)"a+"%*, "%1%*#;)"2"<*#8",

B36/;A"%1*#;%, ;-, *B", <1/$;%32, <;>N;+%6J, *B", 6"/1<">#&1*#;%, ;-, $"%&32#<, 12<;B;2), H1),

/"N;/*"6, H#*B, +N, *;, sL, x, "%1%*#;>"/#<, "_<")), D""E4, \B", /"1<*#;%, H1), N"/-;/>"6, H#*B,

{:+[ODWWB]EL|,,IJ,DFE'X(GQW,DOJO�'$#)D6#NB"%32NB;)NB#%;E'rJr�'$#%1NB*B32E,,<J,1%6,DFJFE'

6N"%, DrJO'6#NB"%32"*B32"%6#1>#%E, ,J, +%6, rK, $1/, B36/;A"%, N/"))+/"4P], \B", %"1*,

<3<2#&1*#;%, ;-, rJL'$+*1%"6#;2, *;, d'$+*3/;21<*;%", H#*B, 6#--"/"%*, /+*B"%#+>, <1*123)*), B1),

$""%,/"N;/*"6,$3,[1/*H#A,"*,124,H#*B,+N,*;,a+1%*#*1*#8",3#"26)4,7)#%A,{:+Z2OD"%EDWF"]EO|,3A,

#%,rJL'$+*1%"6#;2J,rsJKKK,*+/%;8"/),DPP,x,<;%8"/)#;%E,H"/",1<B#"8"6,1*,OKv,zZ,H#*B#%,Lb,

B;+/)4PL,

(%, ;+/, /")"1/<B, A/;+NJ, H", B18", 6"8"2;N"6, /+*B"%#+>, NB;)NB#%", <1*123)*), -;/, *B",

6"<;>N;)#*#;%, ;-, O'N/;N1%;24Pv, Q-*"/, *H;, B;+/), ;-, /"1<*#;%J, *B", B#AB")*, 1<*#8#*3, -;/,
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r!(%*/;6+<*#;%! ! ! Z]!

,

B36/;A"%, A"%"/1*#;%, -/;>, O'N/;N1%;2, H1), 1<B#"8"6, H#*B, :+Z2]~A[OSw6#'*&,*'

$+*32NB;)NB#%32'r'NB"%32'r8'N3//;2",3,, 1*, PK, zZ, D\SI,},rvv,B'rEJ, $+*, )3)*">),B18",%;*,

$""%, -+223, ;N*#>#&"64PT, !1*"/J, H", 6"8"2;N"6, 1, <1*123)*, )3)*">, <;%)#)*#%A, ;-, {:+Z2ODK'

<3>"%"E|O,1%6,%#*/;A"%,<;%*1#%#%A,2#A1%6)4Ps,Q%,;N*#>#&"6,)3)*">,H#*B,{:+Z2ODK'<3>"%"E|O,
w*>"61,33,H1),1<*#8",-;/,>;/",*B1%,OvK,BJ,H#*B,1,\SI,;-,vrP,B'r,1-*"/,O,B4,(%,;/6"/,*;,N/;8",

*B",1NN2#<1$#2#*3,;-,;+/,1NN/;1<BJ,H",12);,#%8")*#A1*"6,*B",N+/#*3,;-,*B",N/;6+<"6,B36/;A"%4,

G;, ZS,H1), 6"*"<*"6, *B/;+AB;+*, *B", "_N"/#>"%*)J, 1%6, */1<"), ;-, O'N/;N1%;2, 1%6, /"1<*#;%,

N/;6+<*)J,>1#%23,1<"*;%"J,<;+26,$",/">;8"6,$3,)#>N2",-#2*"/#%A,;-,*B",A1),)*/"1>,*B/;+AB,1,

$"6,;-,1<*#81*"6,<B1/<;124,Q66#*#;%1223J,$3'N/;6+<*), -;/>"6,#%,*B",6"B36/;A"%1*#;%,;*B"/,

*B1%, 1<"*;%", H"/", #6"%*#-#"6J, HB#<B, 1/", 6+", *;, $1)"'<1*123&"6, 126;2'*3N", ;/, C+"/$"*,

/"1<*#;%),;-,1<"*;%"4Pb,

Q-*"/, 122J, *B", 6"B36/;A"%1*#;%, ;-, 12<;B;2), N/;8#6"), /"21*#8"23, <2"1%, B36/;A"%J, 1%6, *B#),

B36/;A"%,<1%,$",+)"6,#%,)>122, -+"2,<"22),1),1,N/;;-,;-,N/#%<#N2"4,Z1*123)*,N"/-;/>1%<",B1),

$""%, #>N/;8"6, )+$)*1%*#1223, )#%<", *B", "1/23, 613)J, $+*, );, -1/, +%-18;/1$2", /"1<*#;%,

<;%6#*#;%), 1%6, *B", 181#21$#2#*3, ;-,>;/", "--#<#"%*, 12*"/%1*#8"), -;/, "%"/A3, A"%"/1*#;%, -/;>,

*B#), -""6)*;<=J, ")N"<#1223, *B", 6#/"<*, >"*B1%;2, -+"2, <"22JTP, N/"8"%*, *B", 1NN2#<1*#;%, -;/,

B36/;A"%,A"%"/1*#;%4,?"B36/;A"%1*#;%,;-,<;>N;+%6),<;%*1#%#%A,>;/",*B1%,;%",B36/;_32,

A/;+NJ, 2#=", A23<"/;2, ;/, )+A1/)J, #), )*#22, 1%, #%*"/")*#%A, <B122"%A"4, \B", 1%12;A3, ;-, 12<;B;2,

6"B36/;A"%1*#;%),*;,*/1%)-"/,B36/;A"%1*#;%J,")N"<#1223,<;%)#6"/#%A,O'N/;N1%;2J,>13, 2"16,

*;, *B", +)", ;-, 1%;*B"/, <;>>;%,B36/;A"%,6;%;/, #%, */1%)-"/, B36/;A"%1*#;%), -;/, B36/;A"%,

A"%"/1*#;%),',-;/>#<,1<#64,

79<9< D%$/-6):6-#)+(#)D%$/+,')B+3,4)

X1)"6, ;%, -;/>#<, 1<#6, 1%6, <1/$;%, 6#;_#6", 1, )+)*1#%1$2", <3<2", -;/, "%"/A3, )*;/1A",>13, $",

<;%<"#8"6,DI#A+/",LE4,@%"/A3,#),)*;/"6,$3,<;%8"/)#;%,;-,<1/$;%,6#;_#6",*;,-;/>#<,1<#6,;/,1,

-;/>1*",6"/#81*#8"J,HB#<B,>13,;<<+/,"2"<*/;<B">#<1223,;/,$3,<1*123*#<,B36/;A"%1*#;%4,\B",

/")+2*#%A,>1*"/#12,#),%;/>1223,1,2#a+#6J,"#*B"/,N+/",-;/>#<,1<#6J,1%,166+<*,<;%*1#%#%A,-;/>#<,

1<#6J, ;/, 1%, #%;/A1%#<, -;/>1*", #%, 1a+";+), );2+*#;%J, 1%6, <1%, *B+), $", B1%62"6, 1%6, )*;/"6,

"1)#234,@%"/A3,#),/"2"1)"6,"#*B"/,#%,1,6#/"<*,-;/>#<,1<#6,-+"2,<"22J,;/,*B/;+AB,6"<;>N;)#*#;%,

#%*;,<1/$;%,6#;_#6",;/,B36/;A"%4,\B#),A1),>#_*+/",<1%,$",+)"6,6#/"<*23, #%,1%,1NN/;N/#1*",

B36/;A"%,;_3A"%,-+"2,<"224,\B",B36/;A"%,<;%*"%*,;-,N+/",-;/>#<,1<#6,#),L],Aw=A,;/,vO,Aw!J,

#*),/"2"1)",-/;>,-;/>#<,1<#6,#),*B"/>;63%1>#<1223,6;H%B#22,$3,ÄBz,},']O4b,=Yw>;2,1*,/;;>,

*">N"/1*+/"J,);,*B",B36/;A"%,)*;/1A",N/;<")),#),+NB#224PP,



r!(%*/;6+<*#;%! ! ! ZZ!

,

,
B2)0$*&@C&Q,<1*123*#<,<3<2",-;/,B36/;A"%,)*;/1A",#%,-;/>#<,1<#6,

[#)*;/#<1223J, *B", "2"<*/;<B">#<12, /"6+<*#;%, ;-, <1/$;%, 6#;_#6", *;, -;/>#<, 1<#6, 1%6, #*),

)+$)"a+"%*,6"<;>N;)#*#;%,;%,W6wZ, -;/, "%"/A3, )*;/1A",B18",$""%,N/;N;)"6,$3,u#22#1>)J,

Z/1%6122J,1%6,X2;;>,1),"1/23,1),rPsb4rKK,Q,)3)*">,-;/,);21/,"%"/A3,<;%8"/)#;%,$3,/"6+<*#;%,

;-,1a+";+),<1/$;%1*",H1),N/;N;)"6,$3,[12>1%%,#%,rPb]4rKr,(%,rPbTJ,1,)#>#21/,<;%<"N*,B1),

$""%,21#6,;+*,$3,u#"%"/J,M1));%J,1%6,X2+>4,\B"3,12);,)N"<#-3,1,W6wZ,<1*123)*,*;,6"<;>N;)",

1a+";+),-;/>1*",);2+*#;%),*;,;$*1#%,B36/;A"%4rKO'rKL,X;*B,1NN/;1<B"),1NN1/"%*23,B18",%;*,

2"6, *;, 1NN2#<1*#;%4, :"<"%*23J, *B", +)", ;-, <1/$;%, 6#;_#6", -;/, "%"/A3, )*;/1A", B1), $""%, /"'

6#)<;8"/"64rKv'rKs,uB#2",*B",1<*+12,"%"/A3,)*;/1A",<3<2",#>N2#"),*B1*,-;/>#<,1<#6,#),N/;6+<"6,

#%, *B", "%"/A3, ;/, B36/;A"%, )*;/1A", N/;<"))J, 1%6, )+$)"a+"%*23, 6"<;>N;)"6, -;/, B36/;A"%,

/"2"1)"J,>;)*,/")"1/<B,A/;+N),B18",-;<+)"6,;%,;%23,;%",;-,*B")",*H;,)*"N),#%,/"<"%*,3"1/)4,

\B",-#/)*,)*"N,#),*B",)3%*B")#),;-, -;/>#<,1<#64, (%,%1*+/"J, -;/>#<,1<#6, #),N/")"%*, #%,1%*),1%6,

;*B"/, #%)"<*)J,1%6,12);, #%,)*#%A#%A,%"**2"),1%6,);>",;*B"/,N21%*)4,S/#A#%1223,6#)*#22"6, -/;>,

<B;NN"6,1%*)J,-;/>#<,1<#6,H1),-#/)*,)3%*B")#&"6,$3,C13'!+))1<4,(%,rbvv,X"/*B"2;*,#%8"%*"6,

*B",-#/)*,N/;<")),*B1*,H;+26,"8"%*+1223,$",+)"6,#%,#%6+)*/#12,-;/>#<,1<#6,N/;6+<*#;%4rKb,[",

+)"6, );6#+>, B36/;_#6", 1%6, <1/$;%, >;%;_#6", *;, ;$*1#%, );6#+>, -;/>1*"J, HB#<B, A#8"),

-;/>#<, 1<#6, 1%6, );6#+>, )+2-1*", +N;%, */"1*>"%*, H#*B, )+2-+/#<, 1<#64, Z+//"%*23J, *B", >1#%,

#%6+)*/#12,N/;6+<"/),;-,-;/>#<,1<#6,1/",XQMI,M@,DOvvJKKK,>"*/#<,*;%)w3"1/ErKP,1%6,0">#/1,

S3n,DÅ,rKKJKKK,>"*/#<,*;%)w3"1/E4rrK,,

(%6+)*/#12,N/;<"))"),*;613,)*#22,/"23,;%,1,>"*B;6,)#>#21/,*;,X"/*B"2;*e),DM<B">",vEV,I;/>#<,

1<#6,#),A"%"/1223,N/;6+<"6,$3,*B",*H;,)*"N,>"*B32,-;/>1*",N/;<"))J,HB"/",-#/)*,>"*B1%;2,#),

<1/$;%321*"6,*;,-;/>,>"*B32,-;/>1*",#%,1,$1)",<1*123&"6,/"1<*#;%4rrrJ,rrO,F"*B32,-;/>1*",#),

*B"%,B36/;23&"6, *;, -;/>#<,1<#6,1%6,>"*B1%;2J, -;/>#<,1<#6,1<*),1),1%,1+*;'<1*123)*, #%, *B#),

/"1<*#;%4,Q*,XQMI,-;/>#<,1<#6,#),*B"%,N+/#-#"6,$3,2#a+#6'2#a+#6,"_*/1<*#;%,-/;>,*B",1a+";+),

NB1)"4rr], (%, rPbO, *B#), N/;<")), /"N21<"6, 1%, ;26"/, ;%", HB"/", >"*B32, -;/>1*", H1), -#/)*,

<;%8"/*"6,*;,-;/>1>#6"J,HB#<B,#),*B"%,B36/;23&"6,H#*B,)+2-+/#<,1<#6,DsK,xE,*;,-;/>,-;/>#<,

Catalytic
Release

Catalytic
Storage H2

from Renewable Resources

H2
Usage

CO2 

HCO2H (derivative)



r!(%*/;6+<*#;%! ! ! Z[!

,

1<#6, 1%6, 1>>;%#+>, )+2-1*"4, \B#), 6"*;+/, H1), %"<"))1/3, #%, ;/6"/, *;, <#/<+>8"%*, *B", /"'

")*"/#-#<1*#;%, #%, *B", 6#/"<*, B36/;23)#), ;-, >"*B32, -;/>1*"4, \B", N/;<")), H1), B1&1/6;+), *;,

H;/="/)J,1%6,B1),-#%1223,$""%,)+$)*#*+*"6,H#*B,/")N"<*,*;,-122#%A,6">1%6,-;/,*B",<;'N/;6+<*,

1>>;%#+>, )+2-1*"4rr], I;/>#<, 1<#6, #), 12);, -;/>"6, 1), 1%, +%6")#/"6, $3'N/;6+<*, #%, %;%'

)"2"<*#8",;_#61*#;%,/"1<*#;%)J,$+*,#*),)"N1/1*#;%,#),#%"--#<#"%*,#%,>;)*,<1)")4rrO,

,
D18*E*& GC& I;/>#<, 1<#6, )3%*B")#), 8#1, -;/>1*")V, 1E, <1/$;%321*#;%, ;-, );6#+>, B36/;_#6", 1%6, B36/;23)#), ;-,

);6#+>,-;/>1*",$E,>"*B32,-;/>1*",N/;<")),<E,>"*B32,-;/>1*",8#1,-;/>1>#6",1%6,B36/;23)#),

Q),*B")",N/;<"))"),/"23,21/A"23,;%,-;))#2,/");+/<")J,1,>;/",)+)*1#%1$2",N/;<")),#),/"a+#/"6,

-;/, *B", 1$;8"'>"%*#;%"6, <3<2", -;/,B36/;A"%, )*;/1A", #%8;28#%A, -;/>#<, 1<#64,S%",;N*#;%, #),

*B", )3%*B")#), ;-, -;/>#<, 1<#6, $3, B36/;A"%1*#;%, ;-, <1/$;%, 6#;_#6"J, HB#<B, 6"N"%6), ;%, *B",

181#21$#2#*3, ;-, cA/""%q,B36/;A"%, 1%6, cA/""%q, "%"/A34,Q%;*B"/, ;N*#;%J, *B", "2"<*/;<B">#<12,

/"6+<*#;%, ;-, <1/$;%, 6#;_#6", #%, H1*"/J, <1%, 12);, $", N"/-;/>"6, H#*B, /"%"H1$2", /"',

);+/<")4rrLJ, rrv, Q), 12/"163, >"%*#;%"6, 1$;8"J, $;*B, N/;<"))"), <;+26, /"23, ;%, )+%2#AB*, 1), 1,

);+/<", ;-, "%"/A34rKK'rKTJ, rrv, I;/, *B#), H;/=, *B", B36/;A"%1*#;%, ;-, <1/$;%, 6#;_#6", #), ;-,

N1/*#<+21/, #%*"/")*J,1), #*, #), *B",/"8"/)",/"1<*#;%,;-, -;/>#<,1<#6,6"<;>N;)#*#;%,*;,B36/;A"%,

1%6,<1/$;%,6#;_#6",)*+6#"64,

Q,>1n;/,<B122"%A",#%,*B",B36/;A"%1*#;%,;-,<1/$;%,6#;_#6",*;,-;/>#<,1<#6,#),*B",+%-18;/1$2",

*B"/>;63%1>#<)J, 1%6, -1)*, =#%"*#<),H#*B,>;)*, <1*123)*), <;>N2#<1*", *B", #);21*#;%,;-, -;/>#<,

1<#64, uB#2", *B", )"N1/1*#;%, ;-, 1, <1*123)*, #), 1, <B122"%A", -;/, 12>;)*, "8"/3, /"1<*#;%, #%,

B;>;A"%";+), <1*123)#)J, #*, #), ")N"<#1223,6#--#<+2*, -;/, -;/>#<,1<#6,6+", *;, #*), 1<#6#*3J,N;21/#*3,

1%6, /"21*#8", *B"/>12, #%)*1$#2#*34, I;/, *B#), /"1);%, #%,>;)*, <1)"),1, -;/>#<, 1<#6,6"/#81*#8", #),

*1/A"*"6,#%,*B",B36/;A"%1*#;%,;-,<1/$;%,6#;_#6"4,(%;/A1%#<,-;/>1*",)12*),1/",-;/>"6,#%,*B",

N/")"%<", ;-, B36/;_#6")J, -;/>1*", ")*"/), #%, *B", N/")"%<", ;-, 1%, 12<;B;24, M"<;%61/3, 1>#%"),

2"16, *;, *B", -;/>1*#;%, ;-, -;/>1>#6"J, HB"/"1), *"/*#1/3, 1>#%"), -;/>, -;/>#<, 1<#6, 1>#%",

166+<*)4,(%,M<B">",T,)*1%61/6,"%*B12N#"),1%6,"%*/;N#"),-;/,);>",/"1<*#;%),1/",A#8"%4,\B",

+)", ;-, <1/$;%, 6#;_#6", 1%6, *B", 6#--"/"%*, B36/;A"%1*#;%, /"1<*#;%), B18", $""%, /"8#"H"6,

/"N"1*"6234PPJ, rrT'rOr, M;>", )"2"<*"6, "_1>N2"), ;-, */1%)#*#;%,>"*12, <1*123&"6, B;>;A"%";+),

CO + MeOH HCO2Me
HCO2H + MeOH

(b)

CO + NaOH
HCO2H + Na2SO42 HCO2Na + H2SO4

HCO2Na

HCO2Me + H2O

(a)

base

CO + MeOH HCO2Me

HCONH2 + MeOHHCO2Me + NH3

base

HCO2H + (NH4)2SO42 HCONH2 + H2SO4

(c)
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,

B36/;A"%1*#;%), ;-, <1/$;%, 6#;_#6", H#22, $", )B;H%J, #%<2+6#%A, "1/23, "_1>N2"), 1%6, /"<"%*,

6"8"2;N>"%*)4,

,
D18*E*&HC&\B"/>;63%1>#<),;-,B36/;A"%1*#;%,;-,ZSO,*;,-;/>#<,1<#6,1%6,6"/#81*#8"),1*,OPb,0PP,

M<#"%*#)*), -#/)*, -;<+)"6, ;%, *B", B;>;A"%";+), B36/;A"%1*#;%, ;-, <1/$;%, 6#;_#6", H#*B,

*/1%)#*#;%,>"*12,<1*123)*),#%,*B","1/23,rPsK)4,I;/>1>#6"),H"/",)3%*B")#&"6,$3,0;B%2","*,124,

#%,rPsKJ, 1<B#"8#%A,rOKK, *+/%;8"/),H#*B, {(/DZSEZ2ODWWB]EO|,3;JrOO, 1%6,X"B/, /"N;/*"6, *B1*,

*H;,3"1/),21*"/,5;2eN#%,"*,124,;$*1#%"6,-;/>1*",")*"/),H#*B,{(/[]DWWB]E]|,3@&#%,*B",N/")"%<",

;-,*"*/1-2+;/;$;/1*"4rrbJ,rO],Z;>N2"_"),;-,/+*B"%#+>,1%6,/B;6#+>,H#*B,NB;)NB#%"J,B36/#6"J,

1%6,-;/>1*",2#A1%6),B18",$""%,)3%*B")#&"6,$3,5;2eN#%,"*,124,1),H"22,1),$3,Ç1>1>;*;,"*,124J,

>;)*,%;*1$23,*B",{:+[D[ZSOEDWWB]E]|,<;>N2"_,3G,DM<B">",sE4rOLJ,rOv,\B",+%+)+12,$"B18#;/,

;-, *B#), <;>N2"_, #%, );2+*#;%, U, "4A4, *B1*, %;, >"*B32, -;/>1*", #), -;/>"6, +N;%, 166#*#;%, ;-,

")*"/#-3#%A, 1A"%*), )+<B, 1), >"*B32, #;6#6", U, B1), 2"6, *;, *B", 1))+>N*#;%, ;-, 1%, "a+#2#$/#+>,

$"*H""%, *B", B36/#6", -;/>1*", <;>N2"_, 1%6, *B", 6#B36/#6", <1/$;%, 6#;_#6", <;>N2"_,

{:+[ODZSOEDWWB]E]|,3H4rOT,u#*B,*/#"*B321>#%",1),$1)"J,1,*+/%;8"/,%+>$"/,D\SGE,;-,bs,H1),

1<B#"8"6,H#*B#%,OK,B,#%,H1*"/,H#*B,{:+[ODWWB]EL|,,I,1*,/;;>,*">N"/1*+/",1%6,N/"))+/"),

;-,B36/;A"%,1%6,<1/$;%,6#;_#6",;-,Ov,$1/,"1<B4rOs,Q<<;/6#%A,*;,/"8#"H"/)JPPJ,rrb,\1="&1=#e),

N12216#+>, <B2;/#6"'<1*123&"6, -;/>#<, 1<#6, B36/;A"%1*#;%, #%, H1*"/, H#*B, N;*1))#+>,

B36/;_#6",1),$1)",B16,$""%,*B",;%23,)3)*">,1<B#"8#%A,1,\SG,Å,rJKKK,-;/,1,-;/>1*",+%*#2,*B",

"1/23,rPPK)J,HB#<B,B1),;%23,$""%,N+$2#)B"6,#%,Y1N1%")"4rOb,Q66#*#;%1223J,1*,2"1)*,;%",N1*"%*,

B1),$""%,A/1%*"6,-;/,*B",/+*B"%#+>'<1*123&"6,N/;6+<*#;%,;-,-;/>#<,1<#64rOP,

,
D18*E*&IC&\/1%)#*#;%,>"*12,<;>N2"_"),+)"6,#%,*B",6"8"2;N>"%*,;-,<1/$;%,6#;_#6",B36/;A"%1*#;%,

(%,*B",rPPK)J,H#*B,*B",H;/=,;%,B36/;A"%1*#;%,;-,)+N"/</#*#<12,<1/$;%,6#;_#6",$3,"4A4,Y"));N,

1%6, G;3;/#J, ;/, !"#*%"/J, %"H, ">NB1)#), H1), A#8"%, *;, *B#), -#"264, Y"));N, 1%6, G;3;/#, -#/)*,

!"#$%&'$($)#$%&' )!"#)$%*'

!"#$%&'$($)#$%&'$($+),$%-.' )!"#
/$%-.'$($+)0

($%-.'

!"#$%&'$($,$)#$%&' ),!")$%*'$($)#"

!"#$%&'$($)#$%&'$($+)12#$%*3.' )!%"'+12#$%*3.'$($)#"$%*'

G4
567$89*/:

H°
567$89*/:

S4
57$89*/:$;/:

,#<= /,:<# /#:>

/=<> /?0<, /#>@

A<-< /#,= A<-<

/=<> /:,: /0@=

Ru
H

PPh3

PPh3

PPh3

O
O

H

Yamamoto et al., 1972
Vol'pin et al., 1973

Ru

PMe3

Me3P H
Me3P

HMe3P

Jessop and Noyori, 1994

Rh
H

Rh
Rh

Rh

H
H

Hcod

Ph2P

PPh2

/

Leitner et al., 
1994

25 27 29
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,

/"N;/*"6,*B#),/"1<*#;%,#%,*B",N/")"%<",;-,*/#"*B321>#%"4,u#*B,{:+[ODWF"]EL|,3I,DM<B">",sE,

1*,vK,zZJ,\SI),1/",+N,*;,rLKK,B'r,H#*B#%,*B",-#/)*,B;+/4,\B",N/;6+<*,#),1%,1NN/;_#>1*"23,]VO,

>#_*+/", ;-, -;/>#<, 1<#6, 1%6, */#"*B321>#%"4r]K, X3, ;N*#>#&1*#;%, ;-, /"1<*#;%, N1/1>"*"/), 1%6,

*B",166#*#;%,;-,1,);28"%*J,*B")",/")+2*),H"/",#>N/;8"6,*;,\SI,Å,LJKKK,B'r,166#%A,>"*B1%;2,

;/,6#>"*B32)+2-;_#6",D6>);E,1),1,<;');28"%*4,Z;%<"/%#%A, *B",)+N"/</#*#<12, )*1*",;-,<1/$;%,

6#;_#6",#%,*B",/"1<*#;%J,#*,H1),</+<#12,*;,<2;)"23,>;%#*;/,*B",NB1)",$"B18#;/,1),*B",166#*#;%,

;-, *B", ;*B"/, /"1<*1%*), B1), 1, )*/;%A, "--"<*4, uB#2", NB1)", )"N1/1*#;%, #), %;*, 6")#/"6, -;/,

/"1<*1%*)J, #*, #), $"%"-#<#12, #-, 1, N/;6+<*, NB1)", )"N1/1*"), 1))#)*"6, $3, 1, <;');28"%*4, S*B"/,

N/;6+<*),;$*1#%"6,$3,*B#),1NN/;1<B,1/",>"*B32,-;/>1*",1%6,-;/>1>#6")4,I;/,GJG'6#>"*B32'

-;/>1>#6", D6>-EJ, 1, \SG, ;-, LOKJKKK, H1), 1<B#"8"6, H#*B#%, sK, B4r]r, I+/*B"/, )*+63#%A,

166#*#8")J, 1, \SI, ;-, PvJKKK, B'r, H1), 1<B#"8"6, +)#%A, {:+Z2DSQ<EDWF"]EL|, 3<, H#*B,

*/#"*B321>#%", 1%6, N"%*1-2+;/;NB"%;2, #%, )+N"/</#*#<12, <1/$;%, 6#;_#6", 1*, vK, zZJ, bK, $1/,

B36/;A"%,N/"))+/",1%6,rOK,$1/,<1/$;%,6#;_#6",N/"))+/"4,\B",N/;6+<*,H1),#);21*"6,1),1,]VO,

>#_*+/",;-, -;/>#<,1<#6,1%6,*/#"*B321>#%"4,Q<<;/6#%A,*;,*B",1+*B;/)J,"8"%,B#AB"/,1<*#8#*#"),

<1%,$",1<B#"8"6,+)#%A,rJb'6#1&1$#<3<2;{vJLJK|+%6"<"%", D6$+E,1),1>#%"J, 1%6, */#-2#<, 1<#6,1),

166#*#8"J,$+*,*B#),H;+26,B18",)+/N1))"6,*B"#/,#%-/1)*/+<*+/"4r]O,

(%,N1/122"2J,!"#*%"/,"*,124,B18",#%8")*#A1*"6,*B",B36/;A"%1*#;%,;-,<1/$;%,6#;_#6",#%,);28"%*,

>"6#1, H#*B, 1%, 1+_#2#1/3, $1)"4, Q%, #%, )#*+, <1*123)*, N/"N1/"6, ;-, *B", *"*/1%+<2"1/, /B;6#+>,

<;>N2"_, D:BLDe'[ELD<;6EL|, 3J, H#*B, r4O, "a+#812"%*), ;-, 6NN$, DM<B">", sE, B36/;A"%1*"6,

<1/$;%,6#;_#6",1*,1,\SI,;-,]sv,B'rJ,1%6,H1),)*1$2",-;/,+N,*;,OOKK,*+/%;8"/)4,\B",1+*B;/),

N/;N;)",*B1*,{:+[D6NN$E|,;A,#),-;/>"6,1),*B",1<*+12,<1*123)*4,uB"%,N/"))+/",H1),/"6+<"6,

*;,)*;N,*B",/"1<*#;%J,)1>N2"),B16,*;,$",-/;&"%,$"-;/",1%123&#%A,*B">,#%,;/6"/,*;,)2;H,6;H%,

*B",/"8"/)",/"1<*#;%4,(%*"/")*#%A23J,!"#*%"/,>"%*#;%),*B1*,*B#),)N;%*1%";+),6"<;>N;)#*#;%,

;<<+//#%A,1-*"/,6/;NN#%A,*B",N/"))+/",#%,*B",/"1<*#;%,8"))"2,<;+26,$",+)"-+2, -;/,B36/;A"%,

)*;/1A"4r]]J,r]L,,

u#*B#%, *B", 21)*, 6"<16"J, *B", 6"8"2;N>"%*, ;-, B#AB23, 1<*#8", H1*"/, );2+$2", */1%)#*#;%,>"*12,

<1*123)*),B1),$""%,1%,#>N;/*1%*,6"8"2;N>"%*,#%,*B",B36/;A"%1*#;%,;-,<1/$;%,6#;_#6",1%6,

<1/$;%1*")4, I;/, "_1>N2"J, *B", A/;+N), 1/;+%6, YÉ;J, 01*BÉJ, 1%6, !1+/"%<&3, B18", 6"8"2;N"6,

)"8"/12,H1*"/');2+$2",<1*123)*, )3)*">),<;%*1#%#%A, */1%)#*#;%,>"*12),1%6, *NN>),D>;%;'''

)+2-;%1*"6,*/#NB"%32NB;)NB#%",);6#+>,)12*J,;/,]'D6#NB"%32NB;)NB#%;E$"%&"%")+2-;%#<,1<#6,

);6#+>, )12*E, ;/, N*1, DrJ]Jv'*/#1&1's'NB;)NB1161>1%*1%"E, 1), 2#A1%6)4, u#*B, *B", /"21*#8"23,

)#>N2",<;>N2"_,{:+Z2OD*NN>)E]|,;,,\SI),+N,*;,PTKK,B'r,H"/",1<B#"8"6,1*,bK,zZ,1%6,Pv,$1/J,
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,

HB#2",1*,>#26"/,<;%6#*#;%), DvK, zZ,1%6,rK,$1/EJ,]v'vK, *+/%;8"/),N"/,B;+/,H"/",;$)"/8"64,

{:+[D[ZSOED*NN>)E]|,;3, H1), -;+%6, 1), 1%, #%*"/>"6#1*", #%, *B", /"1<*#;%4r]v, \B", 1a+";+),
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>#%,1*,sK,zZ,H#*B,1,W6wZ,<1*123)*,DrK,H*4x,W6E4rKO,\B"3,+)"6,1,$1/#+>,B36/;_#6",);2+*#;%,
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H Pt
H

H
Pt

PEt3

PEt3

PEt3

PEt3

BPh4
-

Rh

PPh2Ph3P

Ph3P

Strauss et al., 1979 Trogler et al., 1982
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Ru

Ph2P
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Ru

PPh2

CO
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Puddephatt et al., 1998
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124, #%,OKK]4,Q**">N*#%A, *;,"_N2;/",6#--"/"%*,1<#6#*#"),;-,:+'[,1%6,F;'[,;/,u'[,B36/#6")J,

*B"3, )3%*B")#&"6, B"*"/;$#%+<2"1/, $#)NB;)NB#%", <;>N2"_"),@G, <;%*1#%#%A, /+*B"%#+>, 1%6,

>;23$6"%+>,;/,*+%A)*"%,-;/, *B", #%*"/<;%8"/)#;%,;-,<1/$;%,6#;_#6"wB36/;A"%,1%6,-;/>#<,

1<#6, DM<B">",rrE4, (%,GF:, )*+6#")J, *B"3, #6"%*#-#"6, 1, <;>N2"_,$"1/#%A, 1,$/#6A#%A,B36/#6"J,

HB#<B,H1),%;*,)*1$2",1),1,-;/>1*"J,$+*,<;+26,$",#);21*"6,1),1,*"*/1-2+;/;$;/1*"4,[;H"8"/J,

*B", 1<*#8#*3, ;-, *B")", <;>N2"_"), 6;"), %;*, "_<""6, 1, \SI, ;-, ]K, B'r, -;/, <1/$;%, 6#;_#6",

B36/;A"%1*#;%,1%6,O,B'r, -;/, -;/>#<,1<#6,6"<;>N;)#*#;%4rs],SA;J,I+=+&+>#,"*,124,;$)"/8"6,

)*;#<B#;>"*/#<,B36/;A"%,"8;2+*#;%,*/"1*#%A,{:BD(((EDrJLJs'*/#1&1<3<2;%;%1%"ED[ZSOEO|DS\-E,

@H,H#*B,);6#+>,-;/>1*"J,1%6,*B"3,;$*1#%"6,1,6#B36/#6",<1/$;%32,<;>N2"_4rsL,7)#%A,r[,GF:,

1%6, >1)), )N"<*/;)<;N3, *;A"*B"/, H#*B, 6"+*"/1*#;%, "_N"/#>"%*), 1%6, ;*B"/, )N"<*/;)<;N#<,

)*+6#")J, *B"3, <;%<2+6"6, *B1*, B36/;A"%, #), A"%"/1*"6, -/;>, *B", 6#-;/>1*", <;>N2"_, @H, $3,

N/;*;%1*#;%4, \B"3, 6">;%)*/1*"6, *B1*, *B", B36/;A"%, #), #%, -1<*, "8;28"6, -/;>, *B", -;/>1*",

2#A1%6)J, 1%6, *B1*, 1, /+*B"%#+>, <1/$;%32, <;>N2"_, #), -;/>"64, X1)"6, ;%, *B"#/, -;/>"/,

#%8")*#A1*#;%), ;%, <1/$;%, 6#;_#6", B36/;A"%1*#;%JrsvJ, rsT, I+=+&+>#, "*, 124, +)"6,

{:BD<NÜED$#N3ED[OSE|DMSLE, @I, 1%6, )#>#21/, <;>N2"_"), -;/, *B", B36/;A"%, A"%"/1*#;%, -/;>,

1a+";+), -;/>#<, 1<#6, H#*B, 1, >1_#>12, \SG, ;-, ]K, 1-*"/, O, B, 1*, N[, }, ]4b4, Z;>$#%#%A,

)N"<*/;)<;N#<, )*+6#"), 1%6, ?I\, <12<+21*#;%)J, *B"3, 6">;%)*/1*"6, *B1*, -;/>#<, 1<#6,

6"<;>N;)#*#;%,;<<+/),8#1,1,-;/>1*",<;>N2"_,1%6,1,B36/#6",<;>N2"_4rss,,

,
D18*E*&,3C&Z1*123)*,N/"<+/);/),-;/,*B",6"<;>N;)#*#;%,;-,-;/>#<,1<#6,OKK]'OKKb,

(%,OKKbJ,!1+/"%<&3,"*,124,1%6,;+/,A/;+N,#%6"N"%6"%*23,/"8#)#*"6,*B",<;%<"N*,;-,-;/>#<,1<#6,

1),1,B36/;A"%,)*;/1A",>1*"/#124,X1)"6,;%,*B"#/,"_N"/*#)",#%,*B",B36/;A"%1*#;%,;-,<1/$;%1*"J,

!1+/"%<&3, "*, 124, B18", 6"8"2;N"6, 1, H1*"/');2+$2", /+*B"%#+>, *NN*), D*/#)''')+2-;%1*"6,

*/#NB"%32NB;)NB#%", */#);6#+>, )12*J, ;/, ]J]eJ]ee'NB;)NB#%#63%"*/#)D$"%&"%")+2-;%#<, 1<#6E,

*/#);6#+>,)12*J,GAE,#%,)#*+,<1*123)*,)3)*">J,HB#<B,)+NN2#"),B36/;A"%,-/;>,1a+";+),);2+*#;%),

;-, -;/>#<, 1<#6, w, );6#+>, -;/>1*", DPVrE, -/;>, /;;>, *">N"/1*+/", +N, *;, rOK, zZJ, 1%6, 1*,

N/"))+/"),$"*H""%,r,1%6,OOK,$1/4,G;,2;)),;-,<1*123*#<,1<*#8#*3,#),;$)"/8"6,+N,*;,svK,$1/4rsb'

rbK, 7%6"/, *B#), /1*B"/, B#AB, N/"))+/"J, <1/$;%, 6#;_#6", B36/;A"%1*#;%, *1="), N21<"),H#*B, *B",

Ru M

R

Ph2P PPh2

OC
CO

Lau et al., 2003

M = Mo, W
R = H, Me

Rh
O

HN

NH

NH
H

O

O

H
O

OTf-

Ogo, Fukuzumi et al., 2005

Rh OH2

N

N

SO4
2-

Fukuzumi et al., 2008
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/">1#%#%A, N/;6+<*, A1)"), HB"%, *B", /"1<*#;%, *+/%), )2#AB*23, $1)#<, 1-*"/, -+22, <;%8"/)#;%, ;-,

-;/>#<,1<#6,6+",*;,*B",N/")"%<",;-,-;/>1*"4,:">1/=1$23J,%;,<1/$;%,>;%;_#6",H1),6"*"<*"6,

#%, *B", A1), NB1)", $3, B#AB, N/"))+/", #%-/1/"6, )N"<*/;)<;N34, (%, 1, <;%*#%+;+), )"*+NJ, HB"/",

-;/>#<,1<#6,#),-"6,*;,*B",1+*;<218",1),N/;6+<*,A1)"),1/",/"2"1)"6,-/;>,#*J,1,\SI,;-,LTK,B'r,

H1),;$*1#%"6J,1%6,*B",<1*123)*,H1),)*1$2",-;/,>;/",*B1%,PK,BJ,/"1<B#%A,>;/",*B1%,LKJKKK,

<3<2")4, [#AB, N/"))+/", GF:, N/;8#6"6, #%-;/>1*#;%, -;/, N/;N;)#%A, 1, >"<B1%#)>, H#*B, *H;,

<;>N"*#%A,N1*BH13),;-,-;/>#<,1<#6,6"<;>N;)#*#;%J,;%",#%8;28#%A,1,>;%;B36/#6"J,*B",;*B"/,

1,6#B36/#6",<1*123)*,)N"<#"),DM<B">",r]E4,,

,
D18*E*&,;C,F"<B1%#)>,;-,-;/>#<,1<#6,6"<;>N;)#*#;%,<1*123&"6,$3,*B",:+w*NN*),)3)*">,DW,},*NN*)y,<B1/A"),

1/",;>#**"6,-;/,<21/#*3ErbK,

M*1/*#%A,-/;>,*B",$#)NB;)NB#%",*"*/1a+1,/+*B"%#+>,<;>N2"_,@<J,-;/>1*",/"N21<"),1,H1*"/,

2#A1%6, *;, -;/>, <;>N2"_, @<?4, Q, )"<;%6, H1*"/, >;2"<+2", #), 2;)*, HB"%, f'"2#>#%1*#;%, ;-, 1,

B36/;A"%, 1*;>, -/;>, -;/>1*", ;<<+/)J, -;/>#%A, *B", <1/$;%, 6#;_#6", B36/#6", <;>N2"_,@<54,

Z1/$;%,6#;_#6",#),/"N21<"6,$3,H1*"/,*;,A#8",*B",>;%;B36/#6",<;>N2"_,@<14,Z;%<2+6#%A,*B",

>;%;B36/#6",>"<B1%#)>J,-;/>#<,1<#6,/"N21<"),1,H1*"/,2#A1%6,1%6,N/;*;%1*"),*B",B36/#6",

*;, -;/>,6#B36/;A"%, #%,@</J,HB#<B, #), )+$)"a+"%*23,6#)N21<"6,$3,H1*"/, *;, /"-;/>, -;/>1*",

@<?4,F;%;B36/#6",@<1, #),12);, *B",)*1/*#%A,N;#%*, -;/, *B",6#B36/#6",>"<B1%#)>4, (%)*"16,;-,

-;/>#<, 1<#6J, 1, -;/>1*", #;%, <;;/6#%1*"), *;, A#8", *B", B36/#6", -;/>1*", )N"<#"),@J?4, \B"%,f'

"2#>#%1*#;%,;-,B36/;A"%,-;/>),*B",<1/$;%,6#;_#6",<;>N2"_,@J5J,HB#<B,"2#>#%1*"),<1/$;%,

6#;_#6", *;, -;/>, @J14, I/;>, *B#), <;>N2"_J, B36/;A"%, #), "2#>#%1*"6, +N;%, 166#*#;%, ;-, 1,

>;2"<+2",;-,-;/>#<,1<#64,\B",1+*B;/),)+AA")*,*B1*,*B",/"1<*#;%,>1#%23,;<<+/),8#1,*B",-1)*"/,

6#B36/#6",>"<B1%#)>4,
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(%,;+/,;H%,H;/=J,H",B18",-;<+)"6,;%,1,6#--"/"%*,1NN/;1<BJ, #%#*#1223,+)#%A,*B",-;/>#<,1<#6,

*/#"*B321>#%", vVO, 166+<*, 12);, =%;H%, 1), */#"*B321>>;%#+>, -;/>1*", D\@QIE, 1),

)+$)*/1*"w);28"%*, -;/, B36/;A"%, A"%"/1*#;%4rbr, \B#), )+$)*/1*", #), 12);, H"22, =%;H%, 1), 1,

B36/;A"%, 6;%;/, -/;>, */1%)-"/, B36/;A"%1*#;%, /"1<*#;%)JsLJ, svJ, rbO'rbL, 1, -#"26, #%, HB#<B, ;+/,

A/;+N, B1), <;%)#6"/1$2", "_N"/*#)"4rbv'rbP, (%, /+*B"%#+>', ;/, /B;6#+>'<1*123&"6, */1%)-"/,

B36/;A"%1*#;%), H#*B, -;/>#<, 1<#6, 6"/#81*#8")J, B36/;A"%, #), );>"*#>"), "8;28"6, 1), 1, $3'

N/;6+<*J,#%,166#*#;%,*;,*B","_N"<*"6,<1/$;%,6#;_#6"4rbOJ,rPK,I;/,*B",)"2"<*#8",6"<;>N;)#*#;%,

;-, -;/>#<, 1<#6, -;/, B36/;A"%, A"%"/1*#;%J, H", B18", #%8")*#A1*"6, )"8"/12, B;>;A"%";+), 1%6,

B"*"/;A"%";+), <1*123)*, N/"<+/);/)4, :+*B"%#+>,gT'1/"%", <;>N2"_"), B18", )B;H%, *B", $")*,

1<*#8#*3, 1%6, )*1$#2#*3, 1>;%A, NB;)NB#%"'-/"", <1*123)*)4rPr, (%*"/")*#%A23J, 1, W6wZ, <1*123)*J,

HB#<B,B16,$""%,N/;N;)"6,-;/,;*B"/,)3)*">)JrKKJ,rKO,H1),6"1<*#81*"6,1-*"/,1%,#%#*#12,NB1)",;-,

B#AB,1<*#8#*34,[36/;A"%,A"%"/1*#;%,12);,6"N"%6),;%, *B", *3N",1%6,*B",1>;+%*,;-,1>#%", #%,

*B", )+$)*/1*", );2+*#;%4, \B", #%*/;6+<*#;%, ;-, 1, NB;)NB#%", 2#A1%6, #%, 1, /+*B"%#+>,

*/#NB"%32NB;)NB#%", <;>N2"_, #%</"1)"6, *B", 1<*#8#*3, ;-, *B", <1*123)*, $3, ;%", ;/6"/, ;-,

>1A%#*+6"4,@_N2;/#%A, *B#),B#AB,1<*#8#*3,;-, *B",/+*B"%#+>,NB;)NB#%",<1*123)*J, 1,N/;<"6+/",

-;/,#%,)#*+,<1*123)*),H1),")*1$2#)B"6,1%6,)"8"/12,NB;)NB#%",2#A1%6),)*+6#"64,(%,<;>$#%1*#;%,

H#*B,1%,;N*#>#&"6,)+$)*/1*"J,1, -#/)*,1NN2#<1*#;%,H1),6"8"2;N"6V,Q),1,N/;;-,;-,<;%<"N*J, *B",

A1),;+*N+*, -/;>,v[ZSO[wL["_GF"O,6"<;>N;)"6,H#*B, {:+Z2OD$"%&"%"E|O, w,T,WWB],G,, 1*,

/;;>,*">N"/1*+/"J,1%,"a+#>;21/,>#_*+/",;-,<1/$;%,6#;_#6",1%6,B36/;A"%J,H1),<;+N2"6,*;,1,

-+"2,<"22,DI#A+/",vE4,7%*#2,-+22,<;%8"/)#;%,;-,-;/>#<,1<#6J,OT,>u,D1*,]sK,5E,H"/",;$*1#%"6,-;/,

LO,B;+/)4rPO,Q-*"/,-+22,<;%8"/)#;%,;-,-;/>#<,1<#6J,*B",)3)*">,<1%,$",/"'1<*#81*"6,)#>N23,$3,

166#%A, -;/>#<,1<#6J,HB#<B, #),1,N/;;-,;-, *B",/"21*#8",/;$+)*%")),;-, *B",<1*123)*4, (%,N1/122"2J,

B18#%A, )*+6#"6, 1, 21/A"/, %+>$"/, ;-, $1)")J, 1, /"21*#;%)B#N, $"*H""%, *B"#/, $1)#<#*3, 1%6, *B",

N"/-;/>1%<", ;-, *B", B36/;A"%, A"%"/1*#;%, )3)*">, H1), ")*1$2#)B"6J, $+*, %;*, 122, $1)"), 1/",

<;>N1*#$2",H#*B,NB;)NB#%",<;%*1#%#%A,<1*123)*)4,X")#6")J,*B",+)",;-,1,B#AB"/,$;#2#%A,$1)",#),

6")#/1$2", *;, >#%#>#&", #*), 2;)), #%, *B", /"1<*#;%4rP], \B", 1<*+12, /")+2*), ;-, ;+/, H;/=, 1/",

6#)<+))"6,#%,*B",N+$2#<1*#;%)J,<B1N*"/,]4,
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,

B2)0$*&GC&Q,)"*+N,<;+N2#%A,B36/;A"%,A"%"/1*#;%,H#*B,1,-+"2,<"22,

(%, ;+/, >;)*, /"<"%*, <;>>+%#<1*#;%J, H", )B;H"6, *B1*, 1, <;%*#%+;+), )3)*">, -;/, *B",

6"<;>N;)#*#;%, ;-, -;/>#<, 1<#6, <;%*1#%#%A, 1%, #%, )#*+, <1*123)*, G3, N/"N1/"6, H#*B,

{:+Z2OD$"%&"%"E|O, 1%6, 6NN"J, 1%6, 6#>"*B32B"_321>#%", 1), 1>#%", H1), )*#22, 1<*#8", 1-*"/,

OTKJKKK,<3<2")J,H#*B,1%,18"/1A",\SI,;-,PKK,B'r4rPL,G;,<1/$;%,>;%;_#6",H1),6"*"<*"6,#%,*B",

A1),NB1)",$3,CZ,1%123*#<)4,Q,$1*<B,/"1<*#;%,;-,1,)#>#21/,)3)*">,H1),12);,<;+N2"6,*;,1,-+"2,

<"22, -;/, 6">;%)*/1*#;%, N+/N;)")J, 1%6, *H;, )>122, N/;*;*3N", >;6"2, <1/), N;H"/"6, $3, 1,

B36/;A"%w;_3A"%, -+"2, <"22, H"/", 6")#A%"6J, ;%", -"1*+/#%A, ;%'$;1/6, B36/;A"%, A"%"/1*#;%,

DI#A+/",TE4,Q),1%,#>N/;8">"%*J,1,B"*"/;A"%";+),;/,B"*"/;A"%#&"6,<1*123)*,#),6")#/1$2",-;/,1,

/"12,H;/26,1NN2#<1*#;%J,$+*,-;/,*B",-;/>#<,1<#6,1>#%",)3)*">J,*B")",)*#22,)+--"/,-/;>,"#*B"/,

2;H,1<*#8#*#"),;/,2"1<B#%A4rPv,

,
B2)0$*&HC&1E,*B",-#/)*,N/;*;*3N",>;6"2,<1/,<;+N2"6,*;,1,)*1*#;%1/3,B36/;A"%,A"%"/1*#;%,-1<#2#*3,$E,*B",)"<;%6,

>;6"2,<1/,-"1*+/#%A,;%$;1/6,B36/;A"%,A"%"/1*#;%,

\B",A/;+N,;-,u#22),B18",)*+6#"6, *B",B36/;A"%,A"%"/1*#;%, -/;>,\@QI,H#*B, *B"#/, *"*B"/"6,

B12-')1%6H#<B, <;>N2"_"), ;-, /B;6#+>, G;& 1%6, /+*B"%#+>, G@, 1*, /4*4J, ;$*1#%#%A, 1, \SI, ;-,

1/;+%6, LPK, B'r4rPT, (%, *B", )1>", N+$2#<1*#;%J, *B"3, 12);, N/")"%*"6, )*+6#"), H#*B, 6#--"/"%*,

*/1%)#*#;%,>"*12, <;>N2"_"), 1*, rOK, zZJ, 1>;%A, *B">, {:+Z2OD6>);ET|,GG4, \B#), #), 1%, 1<*#8",

<1*123)*, D\SI, }, rbJKKK, B'rEJ, HB#<B, #), 12);, )*1$2", 1%6, /"<3<21$2", D\SG, }, OvJKKKJ, 1-*"/, L,

<3<2")E4, Q66#*#;%, ;-, ;%", "a+#812"%*, ;-, NB;)NB#%", 2"6, *;, 6"1<*#81*#;%J, 1%6, *B", -;/>1*"'

$/#6A"6, $#%+<2"1/, <;>N2"_, {:+OD[ZSOEODZSELDWWB]EO|, GH, H1), ;$)"/8"64, Q, )#>#21/,

H2/CO2

air

reaction vessel
(H2-generation)

fuel cell

cleaning unit
(charcoal)

humidification
(H2O)

energy

a) b)
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*"*/1%+<2"1/, <;>N2"_, H1), </3)*122#&"64, (*), N/;N"/*#")J, ")N"<#1223, GF:, 61*1J, 1/", 6#--"/"%*,

-/;>,61*1,-;+%6,-;/,1,:+Z2]~A[OSwWWB],<1*123)*,N/"N1/"6,#%,1,H13,)#>#21/,*;,;+/)4,\B",61*1,

/"N;/*"6, -;/, *B", 21**"/J, B;H"8"/J, #), )#>#21/, *;, ;+/, ;H%, ;$)"/81*#;%)4rPs, \B",>"<B1%#)>J,

*B+)J,#),)*#22,)+$n"<*,;-,#%8")*#A1*#;%)4,

,
D18*E*&,@C&Z;>N2"_"),$3,u#22),"*,124,-;/,*B",6"B36/;A"%1*#;%,;-,-;/>#<,1<#6,

Q%;*B"/, #%*"/")*#%A, 1)N"<*, ;-, *B", <1*123*#<, 6"<;>N;)#*#;%, ;-, -;/>#<, 1<#6, #), #*),

NB;*;<B">#<12,1<<"2"/1*#;%4,(%,*B","1/23,rPPK)J,*B"/",B18",$""%,*H;,#%6"N"%6"%*,/"N;/*),

;-, 2#AB*'1<<"2"/1*"6, /"1<*#;%), ;-, -;/>#<, 1<#6, 1%6, */1%)#*#;%,>"*12, <;>N2"_"), #%, );2+*#;%4,

S%#)B#,/"N;/*"6,*B1*,#//16#1*#;%,H#*B,1,LKK,u,[A,81N;/,21>N,H#*B,W3/"_,-#2*"/,1<<"2"/1*"),

*B",/"1<*#;%,;-,-;/>#<,1<#6,H#*B,{[Z;DWBWD@*EOEL|,GIJ,N"/-;/>"6,#%,\[I,1*,]K,zZJ,-/;>,K4KP,

*+/%;8"/),*;,r4T,*+/%;8"/),H#*B#%,*B/"",B;+/)J,1%6,]4r,#%,)#_,B;+/)4rPb,\B"3,12);,;$)"/8"6,1,

)B#-*, ;-, *B", B36/#6", )#A%12, #%, r[,GF:, -/;>,1,H"22, 6"-#%"6, a+#%*"*, 1*, &'rL4sT, NN>,;-, *B",

;/#A#%12,<;>N2"_,*;,1,$/;16,)#%A2"*,'rO4Ls,NN>,+N;%,*B",166#*#;%,;-,-;/>#<,1<#6J,HB#<B,6#6,

%;*,<B1%A",%"#*B"/,1-*"/,1A"#%A,*B",<;>N2"_,-;/,T,BJ,%;/,1-*"/,)+$)"a+"%*,#//16#1*#;%4,Q*,*B",

)1>", *#>"J,0#%A, "*, 124, )B;H"6, *B1*, B36/;A"%, #), "8;28"6, -/;>, 1a+";+), -;/>1*", );2+*#;%),

H#*B, <B/;>#+>, B"_1<1/$;%32, +%6"/, #//16#1*#;%, H#*B, 1, \SG, ;-, rb, 1-*"/, r, B, #%, 1, )"*+N,

)#>#21/,*;,S%#)B#e)4rPP,\B"3,N/;N;)"6,*B1*,;%",<1/$;%,>;%;_#6",2#A1%6,6#));<#1*"),-/;>,*B",

<B/;>#+>, <"%*"/, +N;%, NB;*;23)#)J, HB#<B, #), /"N21<"6, $3, 1, H"1=23, <;;/6#%1*"6, );28"%*,

>;2"<+2",D>"*B1%;2E4,uB"%,-;/>1*",H1),166"6J,B36/;A"%,H1),"8;28"64, (%*"/")*#%A23,*B#),

/"1<*#;%,#),#%B#$#*"6,$3,*B",166#*#;%,;-,N3/#6#%"4,

uB#2", #%8")*#A1*#%A, *B", 6"<;>N;)#*#;%, ;-, \@QI, H#*B, /+*B"%#+>, NB;)NB#%", <1*123)*)J,,

Q4,X;66#"%,#%,;+/,A/;+N,;$)"/8"6,*B1*,*B#),N/;<")),#),12);,1<<"2"/1*"6,$3,#22+>#%1*#;%,H#*B,

)+%2#AB*4OKK, \B;+AB, *B", NB;*;<B">#)*/3, ;-, /+*B"%#+>, NB;)NB#%", B36/#6"', 1%6, <1/$;%32,

<;>N2"_")OKrJ,OKO,1%6,/+*B"%#+>,gTU1/"%",<;>N2"_")OK]'OKT,#),H"22,=%;H%J,*B#),$"B18#;/,B1),

)"26;>,$""%,"_N2;/"6, -;/, <1*123)#)4bPJ, PK,["%<"J,HB"%,;+/,N/"8#;+), /+*B"%#+>,NB;)NB#%",

<;%*1#%#%A,<1*123)*,)3)*">),H"/",#//16#1*"6,H#*B,8#)#$2",2#AB*,A1),"8;2+*#;%,#%</"1)"6,+N,*;,

rr,*#>")4,\B#),"--"<*,<1%,12);,$",*/#AA"/"6,)H#*<B#%A,;%,1%6,;--, *B", 2#AB*,);+/<"4,\B",$")*,

<1*123)*,N/;6+<*#8#*3,H1),;$)"/8"6,H#*B,1,{:+Z2OD$"%&"%"E|Ow6NN",<1*123)*,G3J,HB"/",A1),

Rh ClN
Ts

N
Ph

Ph

H

Ru ClN
Ts

N
Ph

Ph

H Ru Ru PPh3Ph3P

O

OC CO CO CO

O

H

O O

H
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r!(%*/;6+<*#;%! ! ! [`!

,

"8;2+*#;%, #%</"1)"6, -/;>, LKs, *;, ObKL, *+/%;8"/)J, HB#<B, #), 1%, 12>;)*, s'-;26, #%</"1)"4,

(//16#1*#;%,-#/)*,A"%"/1*"),1%,1<*#8",)N"<#")J,1%6,*B"%,1<<"2"/1*"),*B",1<*+12,/"1<*#;%4,\B",

-#/)*, "--"<*, H1), 12);, 1<B#"8"6, #//16#1*#%A, *B", N/"'<1*123)*, );2+*#;%4, X1)"6, ;%, ;+/,

;$)"/81*#;%)J,1%6,;%,GF:')N"<*/;)<;N#<,#%8")*#A1*#;%)J,H",N/;N;)"6,1,>"<B1%#)>,-;/,*B#),

2#AB*,1<<"2"/1*"6,6"B36/;A"%1*#;%,;-,-;/>#<,1<#6,DM<B">",rvE4,

,
D18*E*&,GC,Q,>"<B1%#)>,-;/,*B",2#AB*'1<<"2"/1*"6,6"<;>N;)#*#;%,;-,-;/>#<,1<#6,$3,X"22"/,"*,124,OKK,

?"N1/*#%A,-/;>,*B",{:+Z2OD$"%&"%"E|O,N/"<+/);/J,1,/+*B"%#+>,B36/#6",NB;)NB#%",<;>N2"_,

G<?, #),-;/>"6J,HB#2",*B",gT'$"%&"%",2#A1%6,#),<2"18"6,+%6"/,#//16#1*#;%4,I;/>#<,1<#6,166),

*;,*B#),<;>N2"_J,N;))#$23,8#1,#%*"/>"6#1*")J,1%6,1,6#B36/;A"%,-;/>1*",/+*B"%#+>,<;>N2"_,

G<5, #), -;/>"64,?#B36/;A"%, 2;)), -/;>,G<5, #), 1<<"2"/1*"6,$3, 2#AB*J, 1), #*, #), *B", )+$)"a+"%*,,

f'"2#>#%1*#;%, ;-, <1/$;%, 6#;_#6", -/;>, *B", -;/>1*",G<1, *;, /"-;/>, *B", /+*B"%#+>, B36/#6",

NB;)NB#%", <;>N2"_, G<?4, Q66#*#;%1223J, #//16#1*#;%, N/"8"%*), *B", <1*123)*, -/;>, $"#%A,

6"1<*#81*"64,

u#*B, *B")", 21*")*, 6"8"2;N>"%*)J, *B", A"%"/1*#;%, ;-, B36/;A"%, -/;>, -;/>#<, 1<#6, #), %;*, -1/,

-/;>,1NN2#<1*#;%J,1%6,<;+26,>1=",#*),H13,#%*;,%#<B",>1/="*)4,Q,<+//"%*,<;';N"/1*#;%,;-,;+/,

A/;+N, H#*B, *B", I1<BB;<B)<B+2", M*/12)+%6J, 7%#8"/)#*3, ;-, QNN2#"6, M<#"%<")J, #%<2+6"), *B",

6"8"2;N>"%*,;-,1,-;/>#<,1<#6,N;H"/"6,/1<"<1/,-;/,*B",N/")*#A#;+),MB"22,"<;,>1/1*B;%4,S%,

*B",;*B"/,B1%6J,>1%3,/")"1/<B,A/;+N),1/",<+//"%*23,#%*"/")*"6,#%,1,$"**"/,+%6"/)*1%6#%A,;-,

-;/>#<, 1<#6, 6"<;>N;)#*#;%, 1%6, <1/$;%, 6#;_#6", B36/;A"%1*#;%, >"<B1%#)>)4, (>N;/*1%*,

6"8"2;N>"%*),>#AB*, <;>",+N, #%, *B", %"_*, 3"1/), #%, *B#), -#"264, Q%;*B"/, #%*"/")*#%A, <21)), ;-,

<;>N;+%6),*B1*,B1),$""%,N/;N;)"6,1),2#a+#6,B36/;A"%,)*;/1A",>1*"/#12),1/",<3<2;12=1%"),

1%6,)#>#21/,B"*"/;<3<2#<,<;>N;+%6)4,

Ru

deactivated species

HCO2H

HCO2H

[RuCl2(benzene)]2

PAryl3
LnRu + ...

CO2

H2

O

O

H

(PAryl3)mLn-1

Ru

O

O

H

Ln

RuLn

H

L

L

L = H-, Cl-, benzene
m = 1-3
n = 1-3

h·

H H
(PAryl3)m

h·

h·

h·

(PAryl3)m

58a

58b

58c



r!(%*/;6+<*#;%! ! ! [_!

,

79<9E @"63%+3F+('4)+(#)!','$%6"63-6)@%/A%5(#4)

\B",N/#%<#N2", ;-, B36/;A"%, )*;/1A", #%, <3<2;12=1%"),B1),$""%,N/;N;)"6, 12>;)*, -;/*3,3"1/),

1A;,DM<B">",rTEJOKs,1),)*1*"6,$3,Y"));N,"*,124,#%,1,/"<"%*,N1N"/4OKb,(%,*B",%""6,;-,1,B36/;A"%,

<1//#"/, H#*B, B#AB, B36/;A"%, <;%*"%*J, "4A4, -;/, -+"2, <"22, N;H"/"6, 8"B#<2")J, *B#), <21)), ;-,

<;>N;+%6), B1), $""%, )+AA")*"6, 1), ;/A1%#<, B36/#6"), -;/, B36/;A"%, )*;/1A"J, 1%6,B1), $""%,

/"8#"H"6, #%, *B#), /")N"<*, )"8"/12, *#>")4LPJ, vvJ, vTJ, TO, \B", N/#%<#N2", #), $1)"6, ;%, *B", <1*123*#<,

B36/;A"%1*#;%, 1%6, 6"B36/;A"%1*#;%, ;-, 1/;>1*#<), 1%6, *B", <;//")N;%6#%A, B36/;A"%1*"6,

<;>N;+%6), )+<B, 1), $"%&"%", HA& 1%6, <3<2;B"_1%", GJJ, %1NB*12"%"w6"<1B36/;%1NB*12"%"J,

N3/#6#%"wN#N"/#6#%"J,#%6;2"w;<*1B36/;#%6;2"J,<1/$1&;2"w6;6"<1B36/;<1/$1&;2","*<4,

,
D18*E*&,HC&?"B36/;A"%1*#;%,;-,<3<2;B"_1%",*;,$"%&"%",-;/,B36/;A"%,)*;/1A"OKs,

(%,N/1<*#<"J,*B",B36/;A"%,<B1/A"6,<;>N;+%6,H;+26,$",6"2#8"/"6,*;,*B","%6,+)"/J,A"%"/1223,

-;/,+)",#%,8"B#<2")J,-;/,"_1>N2",1*,N"*/;2,)*1*#;%)4,\B",6"B36/;A"%1*"6,1/;>1*#<,<;>N;+%6,

<1%,$",<;22"<*"6,1*,*B",)1>",N21<"J,1%6,*B"%,$",/"<3<2"64,\B",)3)*">),;--"/,1,/"21*#8"23,B#AB,

)*;/1A",<1N1<#*3,;-,+N,*;,s4O,>1))x,D6"<12#%EJ,1%6,8;2+>"*/#<,)*;/1A",<1N1<#*#"),+N,*;,Tv,

Aw!4LP, M"2"<*"6, "_1>N2"), 1/", A#8"%, #%, \1$2", O4, I;/, B36/;A"%, /"2"1)"J, A"%"/1223, 1,

B"*"/;A"%";+),*/1%)#*#;%,>"*12,<1*123)*,#),+)"6,1*,*">N"/1*+/"),1/;+%6,rKKU]KK,zZ4,Q-*"/,

/"<;22"<*#;%J, *B", 1/;>1*#<, <;>N;+%6, H;+26, $", /"'B36/;A"%1*"6, 1*, )N"<#12#&"6, N21%*), 1*,

"2"81*"6,B36/;A"%,N/"))+/"J,6"N"%6#%A,;%,*B",)3)*">J,1%6,*">N"/1*+/"),#%,*B",)1>",/1%A",

1), -;/,6"B36/;A"%1*#;%4vv,Q,>1n;/,6/1H$1<=,;-, *B")",)*;/1A",>1*"/#12),1/", *B",/"21*#8"23,

B#AB,"%*B12N#"),;-,6"B36/;A"%1*#;%J,HB#<B,>"1%), *B1*,B#AB, *">N"/1*+/"),1/",%""6"6, -;/,

B36/;A"%, /"2"1)"4, (%, 166#*#;%J, *B", B#AB, >"2*#%A, N;#%*, ;-, );>", ;-, *B", >;)*, N/;>#)#%A,

>1*"/#12),<;+26,<1+)",)"/#;+),N/;$2">),#%,;N"/1*#;%4LP,

catalyst + 3 H2

59 60



r!(%*/;6+<*#;%! ! ! [a!

,

F?5>*&3C&M"2"<*"6,<3<2#<,<;>N;+%6),-;/,B36/;A"%,)*;/1A"J,1%6,"%"/A3,;-,6"B36/;A"%1*#;%,Ä8/_%&&

 hydrogenated 
form 
 m.p. /°C209 

dehydrogenated 
form m.p. 

/°C209 

!Hrxn  
/ kJ mol-1 of H2 
released 

mass%  
releasable H2  

ref. 

1 
 

7 
 

5.5 68.6 7.1 55 

2 
 

-126 
 

-93 68.3 6.2 55 

3 
 

68–69210 
 

88–91 54.8 5.5 62 

4 

 

-13 
 

-42 80.0 7.1 62 

5 

 

152-153 
211 

 

154–
155212 n.a. 5.0 208 

6 
 

liquid  
at r.t. 

 
51–54 57.5 6.4 208 

7 
 

-43 cis 
-32 trans 

 
80–82 64.0 cis 

66.3 trans 7.2 55 

8 

 

48 cis  
(4aS, 8aS) 
213  

-17– -13 69.9 7.2 62 

9 

 

73 – 74.5214 

 

246 52.8 6.7 208 

&
Q, /"<"%*, "_1>N2", -;/, *B#), >"*B;6, #), *B", 6"B36/;A"%1*#;%, ;-, L')+$)*#*+*"6, N#N"/#6#%")J,,

;<*1B36/;#%6;2"),D"%*/3,TJ,\1$2",rEJ,1%6,6;6"<1B36/;'r8'<1/$1&;2"),D"%*/3,PJ,\1$2",rE,$3,

Y"));N, "*, 12OKb4, Q<<;/6#%A, *;, *B", 1+*B;/), *B", >;)*, N/;>#)#%A, "_N"/#>"%*12, /")+2*), H"/",

;$*1#%"6,-;/,L'N#N"/#6#%"<1/$;_1>#6",D"%*/3,vJ,\1$2",rE4,\B#),#),"_N21#%"6,$3,*B",6"</"1)",

;-, *B", 6"B36/;A"%1*#;%, "%*B12N3, #%, <;>N1/#);%, *;, N#N"/#6#%", 6+", *;, *B", "--"<*, ;-, *B",

)+$)*#*+"%*, #%, L'N;)#*#;%4, L'W#N"/#6#%"<1/$;_1>#6", 6"B36/;A"%1*"), *;, L'N3/#6#%"'

<1/$;_1>#6",;%,W6wM#SO,1*,rsK,zZ,#%,1%,;N"%,8"))"2,H#*B,1,B12-'2#-",*#>",;-,rT,>#%4,?+/#%A,

/"'B36/;A"%1*#;%J,L'N3/#6#%"<1/$;_1>#6", #),<;%8"/*"6,a+1%*#*1*#8"23,H#*B#%,>1_4,OL,B,1*,

rTK,zZ,;%,1,:BwZ,<1*123)*,1*,sK,$1/,B36/;A"%,N/"))+/"4,,

HN NH N NH

N
H N

HN

O

NH2
N

O

NH2

N
H

N
H

N
H N

N
H

N
H



r!(%*/;6+<*#;%! ! ! [\!

,

Z;%<2+6#%AJ, 6")N#*", );>", 6#)1681%*1A")J, ")N"<#1223, %#*/;A"%'<;%*1#%#%A, B"*"/;<3<2"), 1/",

1%;*B"/,;N*#;%,-;/,B36/;A"%,)*;/1A"4,,

79E @%(6354-%()

(*,B1),$""%,)B;H%,*B1*,12<;B;2)J,-;/>#<,1<#6J,1%6,<3<2#<,;/A1%#<,<;>N;+%6),1/",#%*"/")*#%A,

>1*"/#12), -;/, B36/;A"%, )*;/1A"4, (>N;/*1%*, 6"8"2;N>"%*), 1%6, N/;$2">), #%, *B", B36/;A"%,

A"%"/1*#;%,-/;>,*B")",)+$)*/1*"),B18",$""%,)+>>1/#&"6J,1%6,/"<"%*,1681%<"),B18",$""%,

/"N;/*"64,uB#2",/"1<*#;%,<;%6#*#;%),-;/,B36/;A"%,A"%"/1*#;%,-/;>,-;/>#<,1<#6,1%6,12<;B;2),

1/",)#>#21/J,<3<2#<,;/A1%#<,<;>N;+%6),%""6,B#AB"/,*">N"/1*+/",*;,/"2"1)",B36/;A"%4,\B+)J,

*B")",)*;/1A",>1*"/#12),1#>,1*,6#--"/"%*,1NN2#<1*#;%),*B1%,-;/>#<,1<#6,1%6,12<;B;2)4,

F1%3,12<;B;2),<1%,$",;$*1#%"6,#%,1,)+)*1#%1$2",H13,$3,-"/>"%*1*#;%J,$+*,*B",B;>;A"%";+),

<1*123*#<,6"B36/;A"%1*#;%,#),%;*,<;>N"*#*#8",H#*B,/")N"<*,*;,/"-;/>#%A,N/;<"))")J,;/,6#/"<*,

12<;B;2,-+"2,<"22),*;,61*"4,\B",6#/"<*,>"*B1%;2,-+"2,<"22,#),12/"163,;%,*B",>1/="*J,1%6,;*B"/,

12<;B;2), 1/", >;/", "--#<#"%*23, +)"6, $3, /"-;/>#%AJ, ;/, "8"%, #%, <;>$+)*#;%, "%A#%")4, \B",

B36/;A"%,N/;6+<*#;%, -/;>,;/A1%#<, <;>N;+%6),<;%*1#%#%A,>+2*#N2",B36/;_3,A/;+N)J, )+<B,

1),A23<"/;2J,)+A1/)J,)*1/<BJ,;/,H;;6J,$3,B;>;A"%";+),6"B36/;A"%1*#;%,;/,2;H,*">N"/1*+/",

/"-;/>1*#;%,/">1#%),1,/"H1/6#%A,<B122"%A",);,-1/4,

I;/, -;/>#<,1<#6J, #%, *+/%J, )"8"/12,>"*B;6), -;/,B36/;A"%,A"%"/1*#;%,1/",181#21$2",1H1#*#%A,

1NN2#<1*#;%4, ?#--"/"%*, <;%6#*#;%), /"N;/*"6, $3, /")"1/<B, A/;+N), N"/>#*, B#AB, N/"))+/",

B36/;A"%, A"%"/1*#;%, 1), H"22, 1), )3)*">), H;/=#%A, 1*, 1>$#"%*, <;%6#*#;%)J, 1%6, 1*, 2;H,

*">N"/1*+/")4, (*,B1),$""%,)B;H%,*B1*,)3)*">),#%8"%*"6,#%,*B",21$,<1%,$",1<*+1223,+)"6,#%,

/"12,H;/26,1NN2#<1*#;%)J,1%6,*B1*,)<12"'+N,#),8#1$2"4,Ç"*,1,2")),"_N"%)#8",<1*123)*,)3)*">,#),

6")#/1$2"J,1%6, #%8")*#A1*#;%),1/",;%A;#%A4,[36/;A"%,<2"1%#%A, #),"1)3J,$+*, -;/,1,N/;2;%A"6,

-+"2,<"22,2#-"*#>"J,B36/;A"%,1%6,<1/$;%,6#;_#6",)B;+26,$",)"N1/1*"64,I;/,*B",N/;6+<*#;%,;-,

-;/>#<,1<#6J,1,)+)*1#%1$2",N/;<")),-;/,*B",6#/"<*,<1*123*#<,B36/;A"%1*#;%,;-,<1/$;%,6#;_#6",

*;,%"1*,-;/>#<,1<#6,6;"),%;*,)"">,*;;,6#)*1%*4,,

Q2<;B;2), 1%6, -;/>#<, 1<#6, ;$*1#%"6, -/;>, )+)*1#%1$2", /");+/<"), >#AB*, $", ;-, <;%)#6"/1$2",

#>N;/*1%<",1),B36/;A"%,)*;/1A",>1*"/#12)4,uB#2"J,6+", *;, *B"#/, #%*/#%)#<,N/;N"/*#")J, #*,B1),

%"8"/,$""%,2#="23,*B1*,1%3,;-,*B">J,>13$","_<"N*,>"*B1%;2J,>#AB*,N213,1,>1n;/,/;2",-;/,;+/,

-+*+/", "%"/A3, %""6), /"N21<#%A, <+//"%*, "%"/A3, <1//#"/)J, *B"3, <1%, $", 812+1$2", 1), 1%,

#%*"/>"6#1*",);2+*#;%,;/,-;/,%#<B",1NN2#<1*#;%)J,)+<B,1),)>122,N;/*1$2",6"8#<")4,



r!(%*/;6+<*#;%! ! ! [b!

,

79G 0'.'$'(6'4)

r4, Y4S4F4,X;<=/#)J,JO-&9O&!,JI3K,Z\aJ,r]O]4,

O4, C4u4,Z/1$*/""J,F4M4,?/"))"2B1+)J,F454,X+<B1%1%J,/4()7!T0?3(!3AA@K,_\,DrOEJ,]P'LL4,

]4, G4M4,!"H#)J,?4C4,G;<"/1J,/,0O7!G3*%7!=O3?7!JO-7!h7!J7!=7!3AAHK,Z]^,DL]EJ,rvsOP'rvs]v4,

L4, Y0,%?!L9&,<(!i.*%00:![]]by,,(%*"/%1*#;%12,@%"/A3,QA"%<3V,W1/#)J,3AA<4,

v4, Y4[4,ZB;#J,G4,0#>J,Ç4Y4,MB#%J,Y4[4,W1/=J,Y4,W1/=J,T&*,34&?,09!"&**7!3AA@K,`_,DOLEJ,LTKs'

LTrK4,

T4, Y4,:;)"%-"26J,Y4,:">")J,!4,F"%6;%<1J,u4,[+J,M4,W121%#J,74,M"*B#J,M4,G3a+#)*J,(4,X;&;%J,S4,

:;"2;-)"%J,W4,[11)J,04,5"/>"2*-;;/*J,C4,\"/&#1%,=M&,*-9<!*4&!9&A*!&9&,<(!O,-)-)j!T4&!

?&'39?!O43%%&9<&y,F<0#%)"3,C2;$12,(%)*#*+*"V,M1%,I/1%<#)<;J,3AAJ4,
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