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In Memory of Prof. Frank Albert Cotton

F. Albert Cotton
(1930-2007)

[Re,Clg]*, a Re—Re quadruple bond exists
The first complex containing a
metal-metal multiple bond characterized
(1964)

Cotton, F. A. et al., Science 1964, 145, 1305-1307
Photo courtesy: Wikipedia



Representative metal-metal bond containing complexes
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Prepared in 1844 R =H, OMe
Crystallographically 1964 1970
solved in 1970 Re—Re distance 2.27 A V-V distance 1.98 A

Cr—Cr distance 2.36 A
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Metal-Metal Bonds in Biology

Metal-metal bonds are rarely known in biology.

Cys‘ Cys Cys Cys
\ CO
Cys\ \\/\ /CO Cys\ \ /\ /
—Ni—F&— > s—Nl Fe—CN
S NI Fe—CN \ 7 \
Cys~s \:CN Cys~s H eN
@
Ni-Fe: 2.5 A

Proposed proton reduction by [NiFe]-hydrogenases

Some weak interaction between metals was also observed
in CO dehydrogenase and acety—CoA synthase
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Organometallic Elementary Steps

Oxidative additions.
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Organometallic Elementary Steps

Oxidative additions.
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Proposed mechanism of dimetallic oxidative addition
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Organometallic Elementary Steps

Oxidative additions on hetero metal-metal bonds
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Organometallic Elementary Steps

Oxidative additions forming a metal-metal bond
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Organometallic Elementary Steps

Oxidative additions involving a metal-metal multiple bond

oo oip MesN—P'Pr
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Organometallic Elementary Steps

Oxidative additions involving ligand reactivity

Ni-Ni: 2.50 A

Is _~
Br, ( W/\/N\/
— Me -
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Ni-Ni: 2.53 A Ni-Ni: 2.49 A

Uyeda, C. Inorg. Chem. 2014, 53, 1177011777
Uyeda, C. Angew. Chem. Int. Ed. 2016, 55, 6084—-6087



Organometallic Elementary Steps

B-H elimination
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Miscellaneous Reactivity
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Inorganic Reacztions of Small Molecules
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Inorganic Reactions of Small Molecules
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Catalytic Reactions

Carbenoid formation with dirhodium tetracarboxylates

Rh2(0AC)4
ROH + N,CHCO,Et W’ ROCH,CO5Et + N,

1
H :
D AN
HA [ A=

’ H 2 H
Figure 6. Kohn—Sham orbitals of V (a, LUMO; ¢, HOMO-19; and d. ,,p*“‘ H—C‘/
HOMO-3) and LO of TS-VIIa responsible for bond alternation (b). The A H e oy g’H
contour intervals are 0.025 e au™>. 2 \I (’-:-' . | G e | "
RhL--RAILLE,.. gt
= 'H Bh Rh
ATH TR 7
Reimlinger, H. et al. Tetrahedron Lett. 1973, 14, 2233—-2236 16

Nakamura, E. et al. J. Am. Chem. Soc. 2002, 124, 7181-7192
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0.5 - 0.7 equiv. (Method B)
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PhaC” YRi-g
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Flrstner, A. et al. J. Am. Chem. Soc. 2016, 138, 3797-3805 18



Catalytic Reactions

Palladium dimer catalysts Br |
’ /\
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4 THF (i) & 25°C, 4 81%

(ii) at 35°C, 20h 62%

|
N
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Schoenebeck, F. et al. Chem. Sci. 2013, 4, 44344439
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Schoenebeck, F. et al. Chem. Sci. 2013, 4, 44344439
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:HG“,F'I 2.0‘ 'Bu:? -Pd '—'Pd ’"Ptal.lj
+ + PhBr 15.2 1 2 n | :
21

Schoenebeck, F. et al. Chem. Sci. 2013, 4, 44344439



log(d[ArBr]/dt)

log{rate)

y=1,02x-0,31

log[Ari]o

y=1,02x-2,24

1,4

-1,6

_1' 82 1 L
0,5 0,7 0,9 11
log([Br-dimer],)

Schoenebeck, F. et al. J. Org. Chem. 2014, 79, 12041-12046 22



Catalytic Reactions

Palladium(lll) dimer

= Cyelopalladation
|

— Pd(OAC);
“ N CH.Cla/HOAC

34

M.
%chﬂ
l._.r"
%mhm
40 °C £
97% yield

Eﬁ),. Me

C@\ Pdill) Pd(ll)
Me

2

Oxidative
88% Addition

Pd(ill)-Pd(iI)
%pd:§>‘Me

OAc  X-ray

cat, Pd{OAc), Phi(OAc);
Phi(OAC), CH,Cl,
(Sanford, 2004) -35 °C
CH,Cl/HOAC o

B 20 equiv 1, 40 °C Pd~ o) Me
o IN 91% yield
% Reductive Elimination

4

3

Sanford, M. S. et al. J. Am. Chem. Soc. 2004, 126, 2300-2301
Ritter, T. et al. J. Am. Chem. Soc. 2009, 1371, 17050-17051
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Fd"'o HO,C CO,H

espH; (7)

D>>\ M i
e CH,Cl5, 23 °C

SN
ey
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L ]

cl
DMe Me
~=N—pg—
PhICI ke ~
, R« 4 B°)
CH,Cly, 30 °C - 0
(SN fdxo)
(:3“ Me Me
cl
8 3

98% yield from 6

Ritter, T. et al. Nature Chem. 2009, 1, 302—309 24



Turnover-Limiting
Acetate-Assisted
Oxidation

rate = k [14][NCS] [AcO -]

Ritter, T. et al. J. Am. Chem. Soc. 2010, 132, 14530-14536
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Energy

=

" 21.8 kcalmol!

AH = 18.9 kcal'mol*

1]
%ﬁ*d; T me AGog = 21.2 kcalmol c 2
(|:| 11.9 kcal-mol* S cr 90y Me
r D T i d?}_,
6.8 kcal-mol™ e Pd_ g Me
A g -
0 kealmal! .
cal-m E
" -6.8 keal-mol!
i

The longer Pd—Pd bond is the higher activation energy

Ritter, T. et al. J. Am. Chem. Soc. 2010, 132, 14092-14103
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Catalytic Reactions B) Hartwig (1995):

Cu—Fe catalysis

R'—H + hv R'—Bcat

NI

/
catB—Fe H—Fe
Y \™,
EDCD Cﬂcﬂ
(IPr)Cu=Fp {10 mol%)
hv (450-W Hg lamp)
inB—H = pinB—R + H i .
o R-H (neat), 25°C, 24 h ’ s R,B—H
W) W
_ . ,% L—M—H
Bpin Bpin L—M—Fe
\> %
Q\ \(;I: o R,B—Fg
Bpin 28— 9.%
Lo

1% 46% (80% @ 48 h) 6% (i) hv + R—H

== FiC MeO L—M—H % R'—BR,
\G—Bpin \@Epin \@Bpin H_F'f"%

83% 25% 41%
0:0.62:0.38 (o:m:p) 0:0.66:0.33 (o:m:p) 0.02:0.77:0.21 {(o:m:p)

Hartwig, J. F. et al. J. Am. Chem. Soc. 1995, 117, 11357-11358 27

Mankad, N. P. et al. J. Am. Chem. Soc. 2013, 135, 17258-17261



Catalytic Reactions
Ha (1 atm)

Ag—Ru catalysis (IMes)AGRp (20%) q

e i IR
150°C, 24 h > 5 4
conversion

entry R R’ (%)" 1:2:3"
1 Ph Ph 95.7" 90.2:4.2:1.1"
2 4-MeOC H, 4-MeOC,H, >99 71:24:5
3 4-F,CC.H, 4-F,CC.H, >99 72:20:8
4 4-(n-H,,C.J)C;H, H 91 91°:n.d.”
5 Ph nBu =99 nd.“
(a) +H, (b}

>«

L-M'—M M2 L-M-H
od o H_%

Mankad, N. P. et al. J. Am. Chem. Soc. 2015, 137, 14598-14601 28



Catalytic Reactions  Ni—Ni catalysis

-Pr
;)

Hydrosilylation

R:SiH,
P ey
—CeHg
[FNDIINB(CaHE) (1) (" NDIINiAR2SiHz)
R = Ph (2-Ph)
R = Et (2-Et)

[FPINDI-H]Nio(Ph,SiH) (3)

Uyeda, C. et al. J. Am. Chem. Soc. 2015, 137, 6104—-6110



catalyst SiHPh, [bpyNHCOD) (4)
(5 mol%) '

R—=——H + PhSiH; ——> .~ -
. rt, Cglig -Pr
(1.0 aquiv) {1.1 equiv) R
=N
R =Me (6-Me) R=Me (7-Me) Pr (\; ol
R =Ph (6-Ph) R =Ph (7-Ph) WN—Ni
HEGD
-Pr
["PrDAD]Nil:EGD] {5)
entry substrate catalyst yield of 7
1 6-Me 1 93%
2 6-Me 4 77%
3 6-Me 5 =1%
4 6-Ph 1 93%
5 6-Ph 4 < 1%
&} 6-Ph 5 <1%

Uyeda, C. etal. J. Am. Chem. Soc. 2015, 137, 6104—-6110
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Alkyne trimerization

(1)

(2.0 aquiv)

— | ! N

PhMeSi _1 [*PNDIINIs(CgHe) =—SiMe,

A

oM i : '
_,{',f,/f\‘ e ROe) o g PhMezﬁlmqgépn Mmmm
+ — +
e
[*F"NDIING(PhMe,SICCHY, CeDs Ohde
12} B6% yheld

(14)
Uyeda, C. et al. J. Am. Chem. Soc. 2015, 137, 8042-8045 31



Alkyne trimerization

AFD/N
Ar

Superior regioselectivity observed

1 (1-5 mol6) “:@/“
=—q »
CoD =

60°C, 8h 60°C, &h 60°C,1.5h 22 *C, 30 min
81% yield 83% yield 72% yield 82% yield
{17:1) (= 20:1) (> 20:1) (15:1)
Ga Bb i1 Gd
n-Hex n-Hex
FhO Ph
hQ
n-Hex
22 "C. 15 min 22 °C, 15 min 227G, 1h
7% yield B0% yield T9% yield
(= 20:1) (> 20:1) (> 20:1)

Uyeda, C. et al. J. Am. Chem. Soc. 2015, 137, 8042—-8045

32



Carbene Transfer

catalyst (5 mol%) CHa
m Zn (3.0 eguivy /@/Q
22°C, 24 h
Mel 1.8 DMACH,Cl,  MeO
Me
= _Ar
N Nﬁ” 2¢1© i
5 N Ch
me—C N N M)
/ [Cly COD

Ar 2 a8 Reduction  CXidative

[ -PDINCE (4 (FIPINICOD) (6)  [BPYINKCOD) (T)  ["PDADINI(COD) (8) S

(PPDINICI {5} e ) AR
Ar = 2 B-diisopropylphenyl F,'l’..‘-l fCHzf:I

"N M
Entry Catalyst Conversion [%] Yield [%]
: Methylene
] [*NDIJNi,(CsHs) (1) > 99 69 Transfer
2 — 0 0 ’
3 Ni(COD), 35 2 <y B R
4 [ "PDINICI, (4) > 99 19 o o ¥
5 ["PDINICI (5) > 99 20
6 ["IP]Ni(COD) (6) 52 19
7 [BPY]Ni(COD) (7) 82 8
8 ("DADJNi(COD) (8) 38 2
9 [*NDINi,CI (2) ~99 76
10 [NDINi,Cl, (3) 99 64

Uyeda, C. et al. Angew. Chem. Int. Ed. 2016, 55, 3171-3175 33



Nitrene Transfer (a)

.'n'erg,
; {1.0 equiv)
[F'NDINiz(CeHg) ——»
(1) CeDa
L {1.0 equiv)
[PNDINi(uNAY) ——
(2)
P
/ ."? L = +-BuNC (3)
i L = pyricine (3)
LBuNC (excess)
22 °C. 5 min 80 °C. 5d 110°°C. 24 h
L = -BUNC L = BuNC L = Pyridine

(,

T+48

Ph «—
| 4% + 48% Yield PP
e ™ s
. | O (23% + 49% Yiekd i
™ NHesu { Nt-Bu at 110 °C for 20 h)
601% Yield B9% Yield

Uyeda, C. et al. Chem. Eur. J. 2017, 23, 7694—-7697
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Vinylidene Transfer

I cl catalyst (5 moi%) =
+ * 0
0. cl Zn (3.0 equiv)
Et,O, DMA, Fh
2 3
Ri HE
AT

R’ b i R
N N

e | T T M mi-ipRE=HE
2 R'=Ft R =H(8)

[FFNDIINIZCsHg) (1)

— Mex
Ar
N 7 et n—ar =N
M -9}( Cl/\ I
2 T =t
N:"M L # ~cob

["FPDIJNICI; (8) HrMPNCOD) (9) [BRY]NHCOD) (10)

Ar = 2 B-gdiisopropylphany

entry catalyst
[""NDI]Ni,(CH) (1)
[FPNDI]Ni,Cl, (4)
*P'NDI (5) + Ni(DME)CI,
ENDI (6) + Ni(DME)Cl,
MeNDI (7) + Ni(DME)Cl,
[*"PDI]NICl, (8)
[IPINi(COD) (9)
[BPY]Ni(COD) (10)
[F""DAD]Ni(COD) (11)

L

L o

L= L T R

yield
94%
87%
92%
50%
<2%
<2%
<2%
<2%
<2%

R'=R? = Me (7)

H,Ar
|

N=—Mi

AT ~coD

[""DADINHCOD) (11)

E/Z ratio
1:5
1:5
1:5
1:1

Uyeda, C. et al. J. Am. Chem. Soc. 2017, 139, 11686-11689
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Vinylidene Transfer

(b} Proposed Catalytic Cycle

Gl

112 ZnCly

1f¢ Zn

Cl

2 R

H ::-----..-.-.-----------------.-.--.------.---.-:
12Zn  U2ZnCl ; :

P
R

stepwise
vinplidansa
fransfer

-
<

(e} Structural Model for the Oxidative Addition Product

F‘h@ar

{1.0 equiv)
1 R
—CgHg

Uyeda, C. et al. J. Am. Chem. Soc. 2017, 139, 11686-11689
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Strain Release C—C activation

co H
(1 atm}
—_—
teue M
g
95% Yield

Uyeda, C. et al. J. Am. Chem. Soc. 2017, 139, 13672-13675
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Azoarene Formation

_— 1h,22°C, CgDg

Catalyst (5 mol%)
SR/ » [ < > M
N CF,

2 3
.e N Ar N,Ar
Are N\~ AT CN(\N ) i
— AT NI —Ni
\=/ ~cob Ar” ~cob
IPr [*IPINi(COD) (4) [BPYINI(COD) (5)  ["'DAD]Ni(COD) (6)
Ar = 2 6-diisopropylphenyl
entry catalyst conversion yield
1 none <2% <2%
2 Ni(COD), 24% <2%
gk Ni(COD), + PPh, 35% <2%
4 Ni(COD), + IPt 32% <2%
5 ["MIP]Ni(COD) (4) 24% 13%
6 [BPY]Ni(COD) (5) 23% 13%
7 ["""DAD]Ni(COD) (6) <2% <2%
8 ["*NDI]Ni,(CsHg) (1) >98% 90%
9 ["P*NDI]Ni,(CH,) (1) >98% 96%

Uyeda, C. et al. J. Am. Chem. Soc. 2018, 140, 4110-4118 38



Azoarene Formation
(a)

+Pr i-Pr
Ny 35

["F"NDINis(CsHa) (2.0 equiv) .

(1)

(b)

Uyeda, C. et al. J. Am. Chem. Soc. 2018, 140, 4110-4118
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Catalytic Reactions ()

0
) 'Pr '
_ [ RN—R 2 R'Jl‘R NW—FR"
Zr—Co catalysis { N—p Py R
THF—ZH" Gn” -N; %— %A G—Z{H;Foﬂ-mz
— F‘"F'r2 =} N——PPr;
- THF
O,smh/
H R'3SiH
R R
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Catalytic Reactions

Zr—Co catalysis

o-SiR
N
H7p N

m—— radical coupling product
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Catalytic Reactions
Mo—Mo catalysis

£ rgy  +CCl

Mo- cat.

Al
=N, ’_Ar
,:q"r:_“* N CCly
Mo |SN-Ar (45 equiv.)
Tl M
L | toluene
Ar-Na N 60°C, 3 h
“Ar

(Ar = 4-MeOCgH,)

L L = OAc (1a)
OTf (1g)

solvent, 80 “Er

‘”""’N*‘*t:ﬁﬂ
4 “Ar

£ ~N=
Mo=_ |SN-Ar (45 equiv.)

(Ar = 4-MeOCgH,)

L = OAc (1a)
OTf (1g)

CCl4

pyridine
80°C,5h

Mashima, K. et al. Inorg. Chem. 2017, 56, 634—-644
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. . NA\NEAr
Catalytic Reactions ANy A
0L | =Mo
Mo—Mo catalysis R ]
ArT N
13 Ar
CCly
2
HACT0CCK
Ar
el NAY, AT
T
1"lle(“’\’/L“"Eu ErTN=T%N r
MoSmo &Cl,
I:..:'|| |
AN, cal,
A Ar
— - Ar.
Ar. ¥ TNEY, AT
CCFE Nﬂwr—"a‘r ﬁr%H=N—\
LNl _Mo= ISN-Ar
o, oy MO “N—Ar Cl —~Mo
CliN—Mo | +-cal
. S ol AN 3
Ar” =N, 4 Ar
r

e 2 il o
Mashima, K. et al. Inorg. Chem. 2017, 56, 634—644
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