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Bimetallic Active Sites in Enzyme

OH Tyrosinase o)
+ O o +H0
0]
Proposed mechanism at active site
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________________ Chem. Rev. 1996, 96, 2563 -
More active bimetallic sites examples: /O‘[rE%s
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[FeFe]hydrogenase Z/\ﬂ \f N/ Hase
N Eq14

Widely used in nature
methane monooxygenase

Bimetallic complex used in organic chemistry:

M-Substrate

backbone substrate

M--substrate/reagent

Activated both substrates and reagents Generated a new type of reagents

Topic not covered:

1. Separated bimetallic system.
For example: sonogashira reaction, wacker reaction

rev see: Multimetallic Catalysts in Organic Synthesis, Edited by
M. Shibasaki, Y. Yamamoto

2. Bimetallic intermediate was involved in mechanism which
starts from monomeric catalyst.
For example: Click chemistry, glaser coupling

3. Well- known dimeric reagents and related name reactions,
such as Rhy(AcO),, Coy(CO)g, Pauson-Khand reactions

4. Bimetallic complex used in inorganic chemistry, molecular devices, material science,
MOF, gas fixation.

Oxidative Coupling

v,V OO cat OH
—_—
OH O, on
MO
_N\\ /O V\O
VS
(O
10 mol %, 144 h 5mol% 94 h

94 % yield, 62 %ee (R)

93 % yield, 54 % ee (R
Org. Lett. 2001, 3, 869 oyie o ee (R)

Chem. Commun. 2001, 980
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5 mol%, air, 96 h, CCl,
58 % vyield, 60 % ee (R)
J. Am. Chem. Soc.
2007, 129, 13927

10 mol%, 168 h, CCl,
89 % yield, 89 % ee (R)
Angew. Chem., Int. Ed.

2002, 41, 4532

10 mol%, 144 h, CCl,
93 % vyield, 83 % ee (R)
Chem. Commun. 2002, 914
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OiPr OMe O

Total synthesis application:

OiPr OMe O

R
Angew. Chem., Int. Ed.
R 2011, 50,3730

R=CH,CH,OTIPS

(Xray) A OiPr OMe O
VO(acac 0 .
5 mol%, air, 72 h, CH,Cl, o (acac), 67 %, dr 76:24
quant, 91 % ee (S) 2.5 mol%, air, 72 h, CH,Cl, 5 m?)l %, air, 96 t‘ CH,Cl,
Tetrahedron Lett. 84 % yield, 82 % ee (S) 56 % yield, 97 /2 ::8(8)
2004, 45, 1841 Chem. Commun. 2008, 1810 Tetrahedron, ;

64, 3361
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<ox=0 87 %, dr 89:11
N
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Copper oxidation rev: Chem. Rev. 2013, 113, 6234
Copper asymmetric oxidative coupling: Chem. Soc. Rev. 2009, 38, 3193
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Cooaas o)
vanadium cat oxidative coupling rev: Z
Chem. Commun. 2008, 4113 ~ 10 mol%. 7d 19 % ee
binuclear vanadium cat regioselective coupling 85 % yield Oés % ce AllN, O, Cu atoms are in

study, see: Org. Lett. 2015, 17, 508 the same plane

Angew. Chem. Int. Ed. 2003, 42, 6008
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Rationale for the atropselectivity

Image taken from

2003, 42, 6008

Angew. Chem. Int. Ed.

Hydroxylation 1)2.2 eq CU(CH;CN);PF
2.4 eq (-)-sparteine

cu. e o (CH2)eCHs DIER (E;MpAP o o CH.)-CH

HO Z 78 °C to -10 °C Ny (CH2)eCHs

- Me= S Y
Me CHO 2) KH,PO,/K,HPO, HO
OH 2 steps, 84 % yield, 98 % ee 0
0 (CH2)6CH3

Key intermediate
2+

2PFg

Me
HSC(Hzc)e\n/ o}
O

0
S-15183a

NIl o I N
7N e -
,Cu-,éu.

Dioxygen-Copper rev: Chem. Rev. 2004, 104, 1047

J. Am. Chem. Soc. 2005, 127, 9342

OH

1.0 eq LiOHeH,O
2.2 eq Cu(MeCN)4PFg
2.3 eq (-)-sparteine

v

THF, O,
72 % yield,

(+)-cuparenol single diastereomer

(+)-aquaticol

J. Am. Chem. Soc. 2008, 130, 2738

Pd, Pd (\
’ N
M N
© Me  OH \{i\pdﬂ‘l“lq
O  5mol% cat o IR
—_— N’é‘-\l’)pd—NN\’)
Oy, THF, 12 h AN Q\N
*No hydroperoxide product was observed 77 % Pdzhppg

*No reaction with HCPh3

OB
*Cyclopropyl group at § position intact | ZN//\
eMore acidic carbonyl compounds afford higher yields ((\hl}l;ﬁd—ﬂ];:}
) ; L iy N
eReaction mixture has similar UV-vis to Pd(III) complex N’{N;Pld—N ;

J. Am. Chem. Soc. 2011, 133, 1760

First synthesized by Cotton,
J. Am. Chem. Soc. 1998, 120, 13280

diborylation, see: Chem. Eur. J. 2008, 14, 10648

Pd;hpp4(OB2);

Pd(lll)-Pd(Ill), X-ray;
Pd-Pd bond length:

240 A
C-H Activation
Pd, Pd S
’ Q N\Pd—‘o
O RS N
-AcOH OV
+PA(OAC); — o)>\
NN /Y
_ e
s}
Cl
Pd(ll) 96 %
Shod -0
PhICI,, CH,Cl, % Pd‘xoyMe 23°C, 2h O
_—
-30 °C ) Cl
SN o g i
C 94 %

Nat. Chem. 2009, 1, 302; J. Am. Chem. Soc. 2009, 131, 17050;

J. Am. Chem. Soc. 2010, 132, 14092; J. Am. Chem. Soc. 2010, 132, 14530;
J. Am. Chem. Soc. 2012, 134, 12002; Nat. Chem. 2011, 3, 949

For binuclear gold reductive elimination: Nat. Chem. 2013, 6, 159.
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=N, N= o o =N, N=
cr. cr.
71N\
tBu 0’0o OJ‘H’U\OQ:Q NSO Bu
n

AN o 0.25 mol% Ni(COD), 0 1-NthBu

0.25 mol% Ligand
Bn. Bn.
n NJ\H > N

N
K/\ toluene, 40 °C, 12 h [ ,P~OAIMe,
N N

96 %, 94 % ee 1_Np)"/tBu

o E tBu tBu tBu tBu
\/ :
R Ni(coD), ~Me2AlN oo J\ (Aal P\R : " timnamen |
N i '
P—OAIMe, > 2 ?,R K/\ Bn O )\ ' o4a(n=2) _Image taken from
R R Vo~ _ jacs 1998, 10780
LNi R K/\ ! a A4b(n=4)
\ E é X4c (n=5)
\/ N/ E % +4d (n=6)
AL R o’g‘o o PR ose=7) . J. Am. Chem. Soc. 1998, 120, 10780
NS Bn. B L3 X4 (n=8)
5 B® L SNZONIT R By .
N 'Ni—H ——»@ K)\/ ; 049 (n=10)
. H , © 5 (monomer)
N J. Am. Chem. Soc. 2013, 135, 11772 . 4
_____________________________________________________________________________________ ' 0.030 0.040
e e e e e e e o o o o o o
Lewis Acid OH /o)
Bimetallic Salen Complex @[ + 4\\ 2.2 equiv
recent rev, see: Hl'- Oallyl CH,CI
Chem. Commun.2010, 46, 2713
MS 3A, 4 °C

OH
O\)\CHZCI

: Oallyl

H e Monomer  Co: 4.4 mol%  48% yield, 84 % ee
@ Oligomer Co: 0.25 mol% 99 % yield, 98 % ee

J. Am. Chem. Soc. 2001, 123, 2687

N_
Cr, Cr
Y.
g 7 TMSN; 2 mol%

o Et,0, rt TMSO N;

Y: CH,, CH,CH,, CO, O 83-98 % ee
J. Am. Chem. Soc. 1996, 118, 7420; J. Am. Chem. Soc. 1996, 118, 10924

rate ~ k[cat]’[HN3]°

O
; ; O
B — 3 H
3
o \,GSD VAR A > @‘ZH
@:D ’ OH 23°C % on
N
3 Monomer  5mol% 8h 94% yield, 93 % ee
Oligomer 0.01mol% 6 h 89 % yield, 98 % ee

J. Am. Chem. Soc. 2009, 131, 2786
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OMe OMe OH
CHO 2 mol%
CH3NO,
—>
2mo% DIPEA
11 % yield, 55 % ee
dimer CH,Cl, 87 % yield, 96 % ee
dimer MeOH 89 % yield, 25 % ee

J. Am. Chem. Soc. 2008, 130, 16484
Angew. Chem. Int. Ed. 2012, 51, 1620

H tBu tBu
tBu tBu

: “‘,
T«}Q pﬂj
o _N N_

Monomer CH,Cl,

Selected example in polymer synthesis

o o  (RR)(salcy)CoBr 0 regioregular
atactic
A A i o O
R N CO, } /
J. Am. Chem. Soc. 2005, 127, 10869 n
0.1mol% cat,
fe) o) 0.2mol% [PPN](OAc) e} o
/Q AN - /ﬂ +
R R n R R Jn
~50 % conv > 99% ee 49 % yield
A [
B/ : O /0\.;“/
\i / o 8 7
Pl WL Ao
Optimal M-M Chiral Q
Separation Binaphthol ‘ Image taken from:
Linker
J. Am. Chem. Soc.

2008, 130, 17658;

Molecular Structure
of Complex 2

Enantioselective Epoxide
Polymerization Catalyst

mOZ

By J. Am. Chem. Soc.
2010, 732, 16520;
‘Bu R/Q
\ X - A
= N\y’l ; /Mbélsu
S__,:R N By
M= Co; 2
M=CoCl; 3

Ti, Ti Q
Hie H Hiy
=N, ¢! N= =N, N
Ti \
tBu o Lo tBu 1Bu \ Bu
tBuO @tBu
tBu 1 tBu tBu tBu,
0} OTMS 8 / B8
. _ TMSCN ren ! Y !
_— =N
0.1 mol%, rt, 24 h HGIH
2
1 anhydrous 42 % conv, 40 % ee
1 1 eq water/2eq Et3N 100 % conv, 86 % ee
2 anhydrous 100 % conv, 86 % ee
The order of reaction for 2 is 1.3 N ‘
J. Am. Chem. Soc. 1999, 121, 3968 ‘Tu

Other similar reaction:Helv. Chim. Acta 2002, 85, 3301; tBu O/ O
Org. Lett. 2003, 5, 4505, J. Am. Chem. Soc.

2005, 127, 11592;ChemCatChem 2013, 5, 2405. tBuO @tBu
Mechanistic studies: Eur. J. Org. Chem. 2000, 2655; tBu \/ tBu
Tetrahedron 2007, 63, 5287
Proposed Transition State: Bu o\ ° tBu
— IR
N N7 =N N=
=N 10 R j— 3
R—ngo// N N interesting cross-reactivity
RN = 2(0.1mol%) 100 % conv, 82 % ee
2 \ pﬁ; « 3(0.1mol%) 34 % conv, 0 % ee
T': HR 2+3 20 % conv, 34 % ee
R&%" I‘?O@'R eIndicated that heterobimetallix complex
TUNS formed in situ

Ti, Ti H
—N_ N=
- o oTMS
o\ tBu TMSCN .
\< _ /CN
@ tBBuo QtBu 0.005 mol%,
tBu tBu 25°C,1h

99 % yield, 97 % ee

/,/O \/
o o /optau
i
=N~ N=

Angew. Chem. Int. Ed. 2010, 49, 6746
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S B L
Hue H 0,
N N /HL 5 mol% 1 N Ph
Al . H
tBu o’/ \o:%}f R™ R
CN
tBuo  tBu R' = N3, OH, purine, _E_é
tBu tBu, H EWG

J. Am. Chem. Soc. 2004, 126, 14724;
J. Am. Chem. Soc. 2003, 125, 11204;
J. Am. Chem. Soc. 2005, 127, 1313;
Angew. Chem., Int. Ed., 2005, 44, 2393
total synthesis application:

J. Am. Chem. Soc. 2004, 126, 706;

| J. Am. Chem. Soc. 2006, 128, 6810

o N © 0O o o O
3*“‘5{3““ [ 3 A TMSCN N

iPr iPr I H Ph - ” Ph
nPr nPr” “’cN

J. Am. Chem. Soc. 2004, 126, 9928 1 <3 % conv

Investigated a series of 2 <3 % conv

heterobimetallic dinuclear complexes, 99 conv, 96 % ee

didn't improve the reactivities.
Angew. Chem. Int. Ed. 2008, 47, 1762

1 mol% 4
1 mol% BuyNBr )j\
9] 1 atm CO, 0~ o Eur.J.Inorg. Chem., 2007, 3323;
/Q - ) /. Angew. Chem., Int. Ed. 2009, 48, 2946
R g R
rate = k[epoxide]'[CO2]"[catalyst]'[Bu4NBr]?
e eI o
Al Co 0] 1 mol% cat o)
Hins H S R —_—
=N | N= [Co(CO),] 1 CO(900 psi)
@A 2 80°C, DME
tBu 9' L© tBu J. Am. Chem. Soc. 2002, 124, 1174
\Bu B For aziridine opening:
_ Angew. Chem. Int. Ed. 2002, 41, 2782
o L =THF Mechanist study:

J. Am. Chem. Soc. 2006, 128, 10125

(LaMIIM(CON LA
J. Am. Chem. Soc. 2004, 126, 6842
From epoxide to succinic anhydrides:

/4 (A) o)
: k -
R
co
LM Y\M(COJX J. Am. Chem. Soc. 2007, 129, 4948

(B) Regioselectivity: J. Am. Chem. Soc. 2013, 135, 10930
Synthes‘.ls of 1,3-oxazinane-2,4-dione: J. Am. Chem. Soc. 2007, 129, 8156

From B-lactone to succinic anhydrides:

Total synthesis application: J. Am. Chem. Soc. 2014, 136, 10814
ANHCHO

\NHCHO
\(j/\ 2mol% [CITPPAI[CO(CO),]
0% 0 - o079

SO0
~Q 900 psi CO, THF, 50 °C CiH /\/\f
C11H23/W 80 % 123 Cebira
CeH1sz
o tetrahydrolipstatin
Ar
Ar
Ar O
Ho Image taken from
Rcoz‘")—/_‘@”ﬂ J. Am. Chem. Soc. 2014, 136, 10814
CiiHzs - Co(CO)s

Dinuclear Schiff base complexes

Recent review, see: Chem. Commun. 2014, 50, 1044

transition
metal

rare earth metal

Heterobimetallic example

5mol% /=
N,Boc OH HO—Q BOC‘NH
EtNO
A 2 OH  HO Me
Ph™ “H : Ph
5mol% Cu(OAc),, NO,

1 mol% Smsg(O)(OiPr)43

5 mol% 4-MeO-phenol
without Sms(O)(OiPr)43 0% yield
without Cu(OAc), 14 % yield, dr 2:1, 29 % ee

93 % yield, dr >20:1, 95 % ee

J. Am. Chem. Soc. 2007, 129, 4900
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N% Image taken from
Ny

7

m

BINOL based ligands

Postulated complex

Rare earth: alkali metal: BINOL= 3:3:1

Chem. Commun. 2014, 1044. Recent rev: Acc. Chem. Res. 2009, 42, 1117

Mechanist study see:
J. Am. Chem. Soc.

2010, 132, 4925 Rare earth metal:

Ga, Y, La, Pr, Nd, Sm,
Eu, Gd, Tb, Dy, Yb

Alkali metal:
Boc Boc Li, Na, K
- CO,tB 1% cat ~
)le Me—( 28U Smol ca NH Group 13: alkali metal: BINOL= 1:1:1
—_
Ph” ~H NO,  THF, MS 4A Ph)%COZtBu OO OO Angew. Chem. Int. Ed. Engl. 1996, 35, 104;

0°C,12h Me”™ NO, oMz 1998, 37, 2223; 1996, 35, 104;
O O oMo J. Am. Chem. Soc. 1998, 120, 441;
7 O OO OO 1997, 119, 4783; ; 2000, 122, 2252;

1998, 120, 441

0”0
M .
OO M1:In, Ga, La, Zn, Y

95 % yield, 91:9 dr, 98 % ee 17 % yield, 68:32 dr, 3 % ee
J. Am. Chem. Soc. 2008, 130, 2170 O OMe
(0] R 0.1-10 mol%
Proposed mechanism: )L 2 T’
R H OH
O2N YCO2*’B“ Other ref: J. Am. Chem. Soc.
R 2009, 7131, 8384; 2009, 731, 9168;

2009, 731, 17082; 2010, 132, 1255; ee up to 99 %

) yield up to 97%
)

7 N7 N= : Linked BINOL rev,
AN Ni : O 0 OO Chem. Soc. Rev. 2006, 35, 269.
7N ' | . .
N 0" o ‘ Ol _0 More stable to air and moisture
o g : O M

(BINOL)Ti(OiPr), 14 % yield, 81 % ee
J. Am. Chem. Soc. 2003, 125, 1708

R /o\hif,—— 2010, 132, 3666; 2010, 732, 4925; e dr up to 98:2
4 o 2011, 133, 5791. Q O Image taken from
'...N Bu-O0 H Angew. Chem. Int. Ed L =thf J. Am. Chem. Soc. 2003, 125, 2169
imine- 2008, 47, 3230, 2009, 48, 2218; O Q _________________________________
seivaton | (] 2009, 48, 3353, 2011, 50, 4382 i TTTTTTTTTTTTTTTTTTmToomsosossosooomsoonsoooooos
0””‘ ) o ﬂ =7 2012, 51, 7007; :
Brransted Base| ;ﬁg‘ﬁgmon \T/.\ u ' OO i OO 10 mol% )\/\
Boc., >\ o ,‘Ni/N\ Image taken from Os g OPr RCHO * _A~\_-SnBug —>CH o R
A comu afodio Chem. Commun. 2014, 1044. : 07 0o, 2Ll
o <d o = 99 R= CH3(CH,)s
z BuO  H . dimer cat 85 % vyield, 99 % ee
5] '
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Bis(hydroxyphenyl)diamide : Me, I\N/Ie2
recent rev: Angew. Chem. Int. Ed. 2013, 52, 22° ! N_ N ,Et

: ZnEt prag
: Proposed mechanism: o ~— O\ /O,,/
s N Zn
5 OH ; Me Me g/ N\\'
HO " N ' Me, _— |\N/|62 Self-recognition Me,
, N (1= ) .
|1| o ' \ZnEt \ZnEt Selectivity
F~ F : o’ 0 100 ye=o
' ] =
' Zn- 2 ]
: Me Me ¢ Et g s obsd
! O & caled
; Me '
2-12 mol% cat /('Di/ : H N~ Et E °]
1-6 mol % NdO,5(OiPr); R Rz ; zn "'
o} R, /5 3/5 1 Y ' NSy - Me 3 g
ot 7 2-12mol% NaHMDS o 7 0, "M, I
R "H NO, isolated precipiate was used 2 ' T Ph # ]
> 75-99 % yield . 100 T v T
o 3.4:1 to 40:1 N J 100 50 §-X]1, %
THF’ -40 °C 77 -98 % ee H 0 50 100 [(Fﬂ X1, %
. J. Am. Chem. Soc. 1986, 108, 6071; 1995, 117, 4832
"cyclic T e omsssssssssssssssssseo
0/"4,' OH : Phy O
monometallic ( 2 ' N Ph
! +l'\J 9 R2 » R R ' Ph Ph\\ ,Zn /O O Ph
07 ; Ph“ Ph NN
R"TH s ' ZnEtz N O N \{"‘"‘»
o R2 H 20 : OH N P
I, + : Ty
R1 H NO, /M1 ' g\'»
0" c2\ OH ' «
H '
R1 H ﬁ*—.«,o RiJ\’/RZ : Me
heterobimetall H-<—R ; ;
eterobimetallic CI)’T‘O* 7——- an;\log ' 5 mol% ligand X-ray
2 NH ; 10 % ZnEt OH O
ﬂd—/ . . ! Q + o 2 = Chem. Eur. J. 2005, 11, 3668
Image taken from 0 amide-based ligand platform ! J]\ )]\ — R "
J. Am. Chem. Soc. 2009, 131, 13860  "extended" : R H Ar Me 4 AMS, THF 604,
' . up to o ee
 Proposed key intermediate: J. Am. Chem. Soc. 2000, 122, 12003;
___________________________________________________________________________________ : \( .,
h o) 74
Dinuclear Zinc Complex NMe, ' Ph_0f | o. Ph "
OH . PR ,Zr\1 Y Naph Other transformation:
o OH z : \ ,”\ J. Am. Chem. Soc. 2014, 136, 3016;
2 mol% Et ; 2009, 131, 4572; 2009, 131, 1674;
H o +Etzn —ae ; 2008, 130, 2438; 2006, 128, 8;
2 98 % yield : 2004, 126, 2660; 2003, 125, 2410;
99 % ee ' 2003, 7125, 338; 2001, 123, 3367;
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Miscellaneous Reaction

Hydrosilylation : .
; 2.0 equiv 1.0 equiv
R R R R . . =—SiMe
B / z , - N SiMe; 3
Chalk-Harrod H—é' e H é , -« -
mechanism '~r N '~r R ,R R /R ' Me
! N & .
HSi— H /s|\ s gy J-Am. Chem. Soc. 2015, 157,8042 jp,
R 1 | \M— / H benzonitrile trimerization, see:
% /R R R M—M Mol (X-ray)  Angew. Chem. Int. Ed. 2005, 44, 959
Tilley H’S' e é/ Dinuclear silane activation ' (X-ray)
mechanism ! b T e e e e e oS mmmooeooooooee
H\M’H \_ J o .
+ Hydration Me Me
i ivati v CeHipy CsH11 _
mononuclear silane activation J. Am. Chem. Soc. 2015, 137, 6104 : Q2. P_\( |N| ‘}H @NJ\P H
: N, Pd...Pd. N 'y pg > Pd Pd
! N 8" N Pd Pd
: | | L
! turnovers in excess of 4000 moles
X E J. Chem. Soc., Chem. Commun. 1988, 112
N AN RzSIHZ ' Me
\ E— I
iPr. iPr S - CGHG E
! Alkyne Dimerization __ 2.5 mol% —
1 (X-ray) R= Ph, Et ' 4 Ph——= °_> / Ph
5 mol% cat SiHPh : Ph benzene, 80 °C o
Ph—==—Ph + Ph,SiH, 2 ' R d PH 99 % yield
—_— SUH ; N Y~ /IJJ\ N/ propose
rt, CgDg R : —-—S|\ Lu L e \ mechanism R R
9 . u .
! 93 % iPr iPr R - N Si— Il N\ R
— — ; / ~ N ™
7\ : R P _I—R —
\ 7\ N N : ' Ly 1
N. _N <1% Ni <1% ; [Lul__ Ly —> [Lu = [tu
2 '\I“ iPrr CODipr 3 : J. Am. Chem. Soc. 2003, 125, 1184 N | |
COoD ! Similar reaction for Zr dimer:
""""""""""""""""""""""""""""""""""""""""""""""" i Chem. Commun., 2012, 48, 10609. R R

[2+2+2]
_ 1-5 mol% cat
=——PFPh

1 98% yield, rest cat yield < 5%




