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Dinuclear Ni Complex with
Redox Active Ligand
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redox active ligand: charge -2
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Chemical Species Including Metal-Metal Bond

covalent (or dative) interaction (d orbital interaction)
—electronic state should be changed

—different reactivity compared to mononuclear metal?

-examples of complexes with covalent M-M bond"?
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Additional Parameter Space in
Catalyst Design

If a compound with matal-metal bond can be utilized as a catalyst, we might optimize following parameter:

Metal-Metal Bond Order Ketal-Metal Bond Polarity
Cr=Cr vs. Co—Co Ni=—Hi vB.  Fr=—Ir
Terminal vs. Bridging Coordination Monomer-Dimer Equilibria
I? .fp' it .-::':':'}'; 1+
Hxh ¥8. Rh==—=Rh==-C Pd—Pd . 2 Pd—X
Fe—Fa [

Powers, |. G.; Uyeda, C. ACS Catal. 2017, 7, 936. >



Two-Electron Oxidative Addition
at Metal-Metal Bond

Metal-Centered Redox (a-Bond)
cleavage of meltal-melfal bond
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Redox Active Ligand

redox active ligand (non-innocent ligand)
—compounds with extended n system R
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Mononuclear Catalyst with
Redox Ative Ligand
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Dimetal Species with Redox Active Ligand
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("P'NDI)Ni(CgHg) (1) redox active ligand
author's description —ligand-centered redox might stabilize metals
in several oxidation states
—new reactivity?

incorporation of 2 metals in close distance
—forming metal-metal bond
—new reactivity?

Zhou, Y.-Y.; Hartline, D. R.; Steiman, T. J.; Fanwick, P. E.; Uyeda, C. Inorg. Chem. 2014, 53, 11770. S



Synthesis of (*P"NDI)Ni,(CsH)

i-Pr

Ni(cod), (2 eq.)
CeHe, r't, 24 h

j 92% \ i-Pr )
i-Pr i-Pr l-Pr@/ i-Pr ‘ 2.496 A

*P'NDI)Ni,(CgHg) (2)
ligand: -2, Ni(l)-Ni(l), S=0
DFT calculation (BP86/6-311G(d,p))

{a) HOMO (a;) (b) LUMO + 1 ()
LY

PNDI (1 eq.)

X-ray structure

ligand-based orbitals

(c) HOMO — 6 (a,) (d) LUMO (b,)

c-bonding c-antibonding :
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Zhou, Y.-Y.; Hartline, D. R.; Steiman, T. J.; Fanwick, P. E.; Uyeda, C. Inorg. Chem. 2014, 53, 11770.



Analysis of (“P"NDI)Ni,(C¢H)

ligand charge analysis
1.322 A

1.279 A" i-Pr i-Pr

PINDI (1 eq.)

ligand charge
0 -1 -2
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S is determined by magnetic moment.
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Zhou, Y.-Y.; Hartline, D. R.; Steiman, T. J.; Fanwick, P. E.; Uyeda, C. Inorg. Chem. 2014, 53, 11770.




Analysis of Radical Character

DFT caluculation w .

metalloradical character ligand radical character

(d)

EPR spectra

hv = gpH

Enxgpanmuenéal

h: Planck constant
v: frequency
B: Bohr magneton
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metalloradical character Figure 6. Calculated spin-density plots for (a) 3 and (b) 5. Mulliken ligand radical

spin population for 3 Ni, = 0.90; £ over 1iga.:1d atoms = 0,07, Mulliken character

spin population for 5: Ni, = 043; £ over liga.nd atoms = 0.57. Frozen

solution EPR spectra (125 K) for (¢) 3 and (d) 5. Simulated

parameters for 3: g = 2037, g, = 2097, g, = 1.157. Simulated

parameters for 5: g, = 2,050, g, = 2037, g, = 2.029.

Zhou, Y.-Y.; Hartline, D. R.; Steiman, T. J.; Fanwick, P. E.; Uyeda, C. Inorg. Chem. 2014, 53, 11770. 2



Synthesis of Ni-Ni Complexes with Different
Oxidation States
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Zhou, Y.-Y.; Hartline, D. R.; Steiman, T. J.; Fanwick, P. E.; Uyeda, C. Inorg. Chem. 2014, 53, 11770
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Application to Carbene Transfer Type Reaction
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Catalytic Reductive Cyclopropanation

eredox neutral cyclopropanation

R’ EWG Rh,(OCOCF3), (cat.)
Wl - X

N,

ereductive cyclopropanation - Simmos-Smith reaction -

CH,l R’
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Zhou, Y.-Y.; Uyeda, C. Angew. Chem. Int. Ed. 2016, 55, 3171.



Stoichiometric Cyclopropanation

i-Pr
e
*stereospecific reaction
CH,Cl,
P _ X-M€ (solvent)
(""'NDI)Nix(CgHg) + —_— M
ligand: -2, Ni(l)-Ni(l) i-Pr wMe
MeO
(1.0 eq.) (20 eq.)
MeO
(“P'NDI)Ni,Cl, 55%

ligand: 0, Ni(1)-Ni(l)
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. | ,
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MeO MeO

(1.0 eq.) (20 eq.) 34%

+("P"NDI)Ni,CI acted

CH,Cl,
. | .
(PNDINi,CI X (solvent) ("P'NDI)Ni,CI,
ligand: -1, Ni(1)-Ni(1) . ligand: 0, Ni(l)-Ni(l)
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(1.0 eq.) (20 eq.) 34%

Zhou, Y.-Y.; Uyeda, C. Angew. Chem. Int. Ed. 2016, 55, 3171.



Catalyst Optimization

Catalyst (5 mol%)

Zn (3 eq.)
AN DMA/CH,CI, = 1/8
-
MeO MeO
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Entry Catalyst Conversion [%] Yield [%5]

1 [FNDINi,(C.H,) (1) =99 69

Z 0 0

3 Ni{COD), 35 2

4 [PPDI|NICL, (4) =99 19

5 [*EDIINICI (5) =99 20

b [*IE|Ni(COD) (6) 52 19

7 [BEY]Ni [COD) (7) a2 8

8 [“DAD|NI{COD) (8) 38 2

g [FNDINI,CI (2) =99 76
10 [FNDINI,CL, (3) =99 64

Zhou, Y.-Y.; Uyeda, C. Angew. Chem. Int. Ed. 2016, 55, 3171.

17



Substrate Scope

(“P'NDI)Ni,(CgHg) (5 mol%)

Zn or CH,Cl,
R DMA/CH,CI, = 1/8 R
—\ > y
R? R3 22-50 °C R2 R3
33 examples
55-99%
Ph”™ N
Ph
Me
(o]
84% (Zn) 64% (Zn) 83% (EtyZn)
D D
~Ph
(> "y
o o
Cl
93% (Zn) 66% (Zn) 72% (Zn)

(CD,CI, instead of CH,Cl,)

16% (not Ni, but CH,l,, Zn conditions)
<5% (not Ni, but CH,l,, Et,Zn conditions)

Zhou, Y.-Y.; Uyeda, C. Angew. Chem. Int. Ed. 2016, 55, 3171.
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Uncertain Reaction Mechanism

sactive species: unclear
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Ni-Ni Carbene Complex

S =1, ligand: -1
Ni(ll)-Ni(l) or Ni(1.5)-Ni(1.5)

(“P'NDI)Ni,(CgHg)
ligand: -2, Ni(l)-Ni(l)

+
Ph,CN,

tBuNC

(3) did not react with alkene.
—Due to steric hinderance?

LBuN=C=CPhs

* B %% Yield a0
+ +#

[ NDINIS(CgHi )
(1)

XRD

Maity, A. K.; Zeller, M.; Uyeda, C. Organometallics 2018, 37, 2437. 20



Strategy for Carbene Transfer Type Reactions

eactivation of 1,1-dichloroalkene

(Ml
_Im> mono activation
Cl monometal
< Cl
¢ NI_NI =<| di activation
dimetal —surrogate of carbene
CF;
sreactivity with alkenes of dimetal species )\
example O’<

<] =<j| . i-Pr
i-Pr i-Pr ‘@

side to side

Johnson, K.; Weix, D. Science 2019, 363, 6429.



Optimization of Catalyst
for Methylenecyclopropanation

0\ Cl
(1.05 eq.)
entry catalyst
1 [ NDING, (C H,) (1)
) [**NDINi,CL, (4)
3 “NDI (5) + Ni(DME)CI,
4 EngDI (6) + NiI:I)f'rl]-_':ll'.':]l
5 “NDI (7) + Ni(DME)CL
4 [F*PDINICL (8)
v [**IP]NI(COD) (9)
g [BPFYINi(COD) (10}
9 [**DAD]NiI(COD) (11)

Yields and E/Z ratios were determined by

Cl

catalyst (5 mol%)

Zn (3 eq.)
Et,0, DMA
+ 2 ph > 0
Ph
(1eq.)
yield EjZ ratio A2
948 1:5 i
BET% 1:5 M
i
92% 1:5
0% 1:1 W& R = iPr R e H (5
- R'=EL R*=H{8
<X - R" = R ps (T)
<X =
<X = L
=N
. B -
<% -__N_"'.I‘H
<2% - ar e
J . . .
H NMR integration. [FRDIINCI (8] [FPIPINKCOD) (8) [EFYINICOD] (10} [FDADINICO0) (11,

Reaction conditions: 2 (0.21 mmol), styrene (0.2 mmol), catalyst (5

mol %), 24 h, 22 °C. PReactions were conducted with 5 mol % of the
NDI ligand and 10 mol % of Ni(DME)Cl,.

by = 2. 8-digooroowinheny!

Pal, S.; Zhou, Y.-Y.; Uyeda, C. J. Am. Chem. Soc. 2017, 139, 11686. 22



Substrate Scope

(“P'NDI)Ni,(CgHg) (5-10 mol%)

Zn (3 eq.) R3
1
RVYCI . o E0.0MA R %V/
2
Cl R R2
(1.1 eq.) (1eq.) 29 examples
50-99% vyield
O’>
(o)
FsC Ph o]
71% (E:Z=1:4) 83% (E:Z = 1:6) Cl 50% (E:Z = 8:1)
EZ selectivity is unclear.
WO Hindered alkenes did not
MeO MeO work well.
79% 95% (E:Z = 1:6)

Pal, S.; Zhou, Y.-Y.; Uyeda, C. J. Am. Chem. Soc. 2017, 139, 11686. 23



Mechanistic Study

[P TRDH i CegHg ) (1

(o - 19 malfe)
R . DN, >
cl Zn (3.0 equk
. Et;03, DA

[‘ T P (s Ha ) (1]

I::I.‘-I:'.'-:.;HF . r-'"”-n‘\.lllu' (9 malf)
= o Zn (3.0 equiv)
Ar = o-hbeDIPh- Et;0, DA

.40

? s Trans

JE-Z-dy

Ph

W |

//Ll-} Cls/Trans

3-?—2' -y

incomplete retention of stereochemistry (alkenes were not isomerized under reaction conditions)

—stepwise mechanism
—metallacycle intermediate?

Pal, S.; Zhou, Y.-Y.; Uyeda, C. J. Am. Chem. Soc. 2017, 139, 11686.
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Dinickel Catalyzed [4+1] Cycloaddition

! . AR -&4
' [4+1] ; . e, lone-pair
""""""""" * 5 ? repulsion

>

Zhou, Y.-Y.; Uyeda, C. Science 2019, 363, 857. 25



Optimization of Catalyst
for [4+1] Cycloaddition

Cl
| 7
Me +
il
Me OM

(2 eq.) i (1eq.)
Binucleatfing L igands
2 Ni{dme)Brz

Steric Hindrance

of Catalyst Yield 2
R = Me (L1) 129,
R =Et(L2) 090,
R = i-Pr (L3) 529
A = e-Pent (L4) =39%

important for reductive elimination?

> W
o Zn (3.0 equiv) h“)

catalyst (5 mol%:) Ma

24 h, rt, NMP '

Mononucleating Ligands: no cycloaddition

Mi{dme)Bra
+
Al A, N
| | |
N = N
= . ==
LG LG L7
Al AT

Ar =2 6- “"Pr:lzcE;Hg

Zhou, Y.-Y.; Uyeda, C. Science 2019, 363, 857.
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Application

Ni(dme)Br; (10-20 mol%)

(c-PentND|) (5-10 mol%)

R! R4 R! 4
~ Zn (3 eq.) R
+ Cl >
N %Rs 5
R? NMP, rt R? R
R3 Cl R3
(2-3 eq.) (1 eq.)
Br OMe
Me Q O
[ ) S
(cat: (“P'NDI)Niy(CgHg))
O o O
- o BnQ, BnO,
o W »'Z | / / BnQ |
— . — 6 —_ 1 —_—
< )ﬁ'a’ % Me }l Jﬁ? BnO \.:b {f

Bni Ma Mz
1-substiuied 2-zubsituted Me 1, 2-disubstiufed Me F-disubsiifuted Me

32 62% Yield" 33 98% Yield® 34 62% Yield" 35 74% Yield*

136 16 B 1:5 B o:1 B
(cat: ("P'NDI)Ni,(CgHg)) (cat: (“P'NDI)Ni,(CgHg)) (cat: ("P"NDI)Ni,(CgHg)) (cat: (“"P'NDI)Ni,(CgHg))
27

Zhou, Y.-Y.; Uyeda, C. Science 2019, 363, 857.



Application

Ni(dme)Br, (10 mol%)
(S,S)-L10 (5 mol%)

)i/ cl ? Zn (3 eq.) 0]
+ > ~
)M S NMP, rt

Cl 70%
(3 eq.) (1eq.)
Cl Cl Ni(dme)Br; (20 mol%)
(S,S)-L10 (10 mol%)
Zn (3 eq.)
TSN X 65% (90%ee) H
Chiral Dinickel Catalysts
I"é-'la (L]
%\N h’<v/>
I NN I
Me | e Me .
m T
(5,5)L10 (S,5)-58

Zhou, Y.-Y.; Uyeda, C. Science 2019, 363, 857. 28



No Vinyicyclopropane [1,3]-Rearrangement

AT (P'NDI)Ni,(CgHg) (5 mol%) oh Ar
| Zn (3 eq.)
Me x >
Ph Et,O/NMP, rt
-
- - Me
. Ar /
AN Ve )
Ph )
— ) Ar = —g—@—OMe
A\ ("P'NDI)Ni,(CgHg) (5 mol%) oh Ar
Ph Zn (3 eq.) |
HK—>
Et,O/NMP, rt
Me
Me

Zhou, Y.-Y.; Uyeda, C. Science 2019, 363, 857.



Mechanistic Study

. Zn :
(*P'NDI)Ni,Cl, - (*P'NDI)Ni,CI
ligand: 0, Ni(l)-Ni(l) ligand: -1, Ni(1)-Ni(1)
B Mll:Pr
— '-f N
ﬁ @ ci |
, N .
Me—G MNIHH':I:' PY : m N e
i-Pr . My Me
@/ 62 (nequiv) (1.0 equiv) (20 equiv)

A

act as 1e” reductant
—twice 1e” reduction to obtain product

Zn

X 3 no further reduction

Me
_[NDI]Ni-Cl (63) = Q
> ()
1h, it, NMP 2 Me
Med

with n=2.0: 7% Yield
with m = 3.0: 49% Yield

Zhou, Y.-Y.; Uyeda, C. Science 2019, 363, 857.
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Proposed Mechanism

oxidative addition oxidative addition
& &
one-electron reduction one-electron reduction -
Ma
total: +1 \ 2 Y
ligand: -1 'ZI’JI\E' . SN %L"HN
. R e
Ni(I)-Ni(l) \__ » M hﬁ,,,m‘_‘m't P
o or v total: +2 VA er “ total: +3
ligand: 0 1/2 ZnCl, 64 12 ZnC 65
Ni(0)- N|(I) s '
- ligand: 0, Ni(ll)-Ni(0) ligand: 0, Ni(ll)-Ni(l) S
”~ ,-f' or or
~ i ligand: -1, Ni(ll)-Ni(l) ligand: -1, Ni(ll)-Ni(ll)
Py :r +PT +PT !
: — iz —— kg "
! reductive =3\’ Sn migratory =N SN :
T | elimination >, NS insertion SN, J_:NIL"'F !
: Me—x _—MNI" 3 2 FF — Me—% NI “~";r P !
I N - N=7%, 4 .
: LPT L, I-Pr R ..,) "
1 -Pr - DFT Calculations: Her = 1
[>= : é’j’ 67 Moe-L/6-31G(d.p) ﬁ 66 :
ligand: 0, Ni(lll)-Ni(0) ligand: 0, Ni(ll)-Ni(l)
or or
ligand: -1, Ni(lll)-Ni(l) ligand: -1, Ni(ll)-Ni(ll)
total: +3 total: +3

Zhou, Y.-Y.; Uyeda, C. Science 2019, 363, 857.



DFT Caluculation

AL e, 1¥
—4, /Y (™ >, f}
: B0 = 2 sq!llﬁ:;f _
Me—G H 4 e Me—G ﬂ\.{" ,f’:' TE
M -y R
ME.". Me T Mjlf""-'m cl
i i
y 'I_.- Sdruciure B & Siryaine
-4 +7.1 kcal/mol

+2.6 kcal/mol

— 0 kcal/mol

e ;
_{: }—4\] > - {ME
y an""- ig [ Phe
o, Y | -
Me a*::r"‘-}. M Mﬁ"—é e
T L Y il 2
W Me I ¥ ‘EI
ég' -20.8 kcal/mol M
o / Struciure A y Me '{' Biruciure E
]
N S=1/2
S=112 --‘h‘_wg‘:}
. . . . SN ligand: -1, Ni(l)-Ni(l)
ligand: -1, Ni(ll)-Ni(ll) _— d__,:Ni"--ﬂ'_-_:;} . -34.7 kcal/mol
or me I
ligand: 0, Ni(ll)-Ni(l) A Me Cl
".__. Struciure S=1/2
ligand: -1, Ni(lll)-Ni(l)
or MO06-L/6-31G(d,p)

ligand: 0, Ni(1l)-Ni(0)

Zhou, Y.-Y.; Uyeda, C. Science 2019, 363, 857. 32



Plausible Explaination of EZ Selectivity

C
+ 122N ,
Cl ci 12 Zn
\..- 1\- > %.
‘ 142 ZnCl, 1/2 ZnCl,
1P
. . Me
N
S w,-*’
Ma— ‘ulf'\ 1P
N""’rr "“'-,_‘.H P e A e A R A e A R e e e e e e e e
EPY ) i LR
-Pr 62 i Rf Mo
T ! reductive <« N Q migratory
! glimination N,/ R insertion
: Mia—3 rr#_,_,rqr'f II'.;' 4:' —
v N
: -pr G DFT Calculations:
/[>=\ : 67 Mos-L/s-31G(d.p)
R R e e 1 [ A

Zhou, Y.-Y.; Uyeda, C. Science 2019, 363, 857. 33



Summary

redox active ligand: charge -2
metal-metal bond: Ni'-Ni'

(“P'NDI)Ni,(CgHg)

redox flexible catalyst
cooperative effect of two Ni atoms

Y

novel reactivity

34



