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Metal—metal bond in biology

* redox transformations
* Ni-Fe hydrogenase
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Group 10 dinuclear complexes

Ni, Pd, Pt : M(1)-M(1), M(I11)-M(I11) dimer

(c) Well-Defined Dinickel Complexes for Stoichiometric Cross- Coupling Reactions
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(d) Dipalladium Intermediates in C—H Functionalization Reactions
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Group 10 dinuclear complexes
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Scheme 1 Synthesis of dinuclear Fe, Co, and Ni carbonyl complexes.

Agapie, T. et al., Chem. Commun. 2014, 50, 4427.

There are few examples of Ni(l)-Ni(l) complexes which are redox active.
Most dinuclear Ni, complexes ... nonredox-active, strong field ligands
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Redox-active ligands

One example of redox-active ligands

act as electron reservoirs in redox processes
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from mononuclear complexes

to dinuclear complexes

e

R !
& i-Pr P
S D | 17
DJ\Cj/Q weel] Nier
I N Me
Z I
IANZ
R—=N, R </:~>—</H (*NDY)
R R — R !
A representative sample of A binucleating
mononucleating redox-active ligands redox-active ligand
NDI = naphthyridine diimine
7




Ni, complexes using NDI ligand

(a) Synthesis of [P"NDINix(CgHg) (9)
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— redox flexibility
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MO dlagrams
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Redox process in transition-metal

Prototypical two-electron redox processes in transition-metal catalysis
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Two type reactlon

/Pr

["P'NDIINi2(CeHe) (18)
Ni-Ni: 2.496(1) A
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oxidative addition Ni-Ni: 2.5316(7) A Ni- N|.2.4917(6)ACyCOt erization,

. hydrosilylation, Pauson-Khand reaction

reactions involving carbenes,
vinylidenes, and C-C bond
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Catalysis at an intact M-M bond

explored unexplored
Stoichiometric redox Challeng_e_:s for catalysis
reactions, ) - Instability of metal-metal bond
Precatalysts or however, ... toward redox processes
transient intermediates - Lack of redox flexibility
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First M-M catalysis

Catalytic hydrosilylation reaction

18 (1-5 mol%)
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Alkyne cyclotrimerization 5@ _
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Stoichi t' tivity studi
PhMe,Si—== ["P'NDINi»(CgHg) SiMe, /OMe (20 equiv) 22 °C.1h PhMe5Si SiMe;Ph MeO OMe
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[4+2] cycloadditon HOMO-1
transition structure  the metallacycle intermediate

Regioselectivity
« Head-to-tail coupling (12) because of steric hindrance of iPr

« n?interaction : the second Ni & one double bond of diene
— Asymmetry results in a steric preference (C1-C6)

18
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Other cyclotrimerization

Co,(CO)g catalyzed cyclotrimerization

[ _c R
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Proposed catalytic pathway |

1,2,4-substituted arene

/1 : dicobaltacyclopentadiene intermediate

n* interaction : the second Co & dienyl 11 system

< n? interaction : the second Ni & one double bond of diene (Uyeda’s complex)
— Higher regioselectivity

Powers, I. G. and Uyeda, C., ACS Catal. 2017, 7, 936. 9



Spin crossover mechanism

DFT calculations considering multiple spin states revealed another mechanism —
a spin crossover mechanism.

- Regioselectivity
N Cyclotrimerization vs cyclotetramerization selectivity
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Ligand coordination

(D Ligand coordination
1— 2/3 spin-state intersystem crossing
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Uyeda, C. and Ess, D. H. et al., ACS Catal. 2017, 7, 4796.



Metallacyclopentadiene

(2 Formation of metallacyclopentadiene
Stepwise zwitterionic and diradical pathway — unfavored
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stoichiometric reaction
in the previous study
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Reaction with the third alkyne

(3 Metallacyclopentadiene intermediates + alkynes (™~
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Uyeda, C. and Ess, D. H. et al., ACS Catal. 2017, 7, 4796.

TS2 trans
6.3 kcal/mol higher
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Other cyclotrimerization

Tsai reported

& rr
| | N
Mo =Mo /
% || \
Ar/N\V/'N\Ar

Ar = 2,6-C6H3’P|’2
63 X Ar
Mo — —N/

Dinuclear molybdenum complexes
1, 3, 5-trisubstituted arene

Different cycloheptatriene intermediates
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Key intermediates
65 : [2+2+] cycloaddition

66 : [2+2+2] cycloaddition
dimetallacyclopentadiene

Mashima, K. et al., Dalton Trans. 2016, 45, 17072.

Tsai, Y. C. et al., Angew. Chem., Int, Ed. 2012, 51, 10342.
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Outline of the cyclotrimerization

A Oxidative CC Coupling
| XX T
Me rTl/ rﬂ N Me
ArN—Ni—Ni—NAr Migratory Insertion
\\-__/// | X t Ni1-C2 = 1.95
Me Me Ni2-C1=1.94
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5 -146.7
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Cyclotrimerization selectivity

cyclotrimerization vs cyclotetramerization selectivity

Ni1-C2 =1.95
Ni2-C1 =1.94

MECP TS4
Mig. Insert. m b) Mononuclear Ni complexes favors TS of trans.
7 N . . . . . . .
b) TS,kaca,/mo, —Ni—Ni—NAr — Migratory insertion instead of reductive elimination
Tthg”z’fﬁans U e occurs to form to metallacyclononatetraene.

. m M,g Insert. m w. L 11 .| This dinickel complex favors TS of
CONTONTS NN Red. Elim. NS '
cis (4—95).

ArN—Ni—Ni—NAr ArN—Ni—=Ni—NAr ArN—Ni—Ni—NAr

TS2 TS3 | ! . . . . .
0 TS2cis U ° < ¢ Reductive elimination is more
favorable than migratory insertion
Mig. Insert. | NN
oo 0 e L0 e (5—1).
T4 is>9 keatmol A‘“_“'/‘?”'\i_”’“ — cyclotrimerization selectivity
than TS3
26
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Mononuclear Ni-cyclotetramerization

Reppe reported

-2 s
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* Mononuclear Ni-catalyzed cyclotetramerization
« Favorable trans metallacycloheptatriene intermediates
* Another migratory insertion — metallacyclononatetraene

Straub, B. F. et al., Chem. Eur. J. 2004, 10, 3081.
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Regioselectivity

regioselectivity controlled by TS1 and TS2
Oxidative CC coupling

| XX ¥ | XX ¥ | N t
Me = Me Me Pz Me Me 7 Me
NN | N NS | NN
ArN—Ni—Ni—NAr ArN—Ni—Ni—NAr ArN—Ni—Ni—NAr
Ph—\ - Ph—\  »—Ph
AW " N
Ph Ph Ph
TS1a TS1b TS1c

Uyeda, C. and Ess, D. H. et al., ACS Catal. 2017, 7, 4796.

Migratory insertion

M06  (0.0)

X ¢ l\ X t

Me | N N X Me

ArN—Nl—Nl—NAr ArN— NAr
Ph(/ //\Ph Ph(// f/
TS2a TS2b

Lower by 1-3 kcal/mol l

l

1, 2, 4-isomer 1, 3, 5-isomer
major products  minor products



Short summary

« A unigue spin crossover mechanism
nonclassical bridging metallacyclopentadiene and
metallacycloheptatriene intermediates

 Cyclotrimerization selectivity
the metallacycloheptatriene of cis configuration

* Regioselectivity
Oxidative C-C coupling TS
& migratory insertion TS to the metallacycloheptatriene
intermediate
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Cyclopropanation

Alkene + Carbene — Cyclopropane

(c) Catalytic Reductive Cyclopropanations

2019 CH,C

(a) Catalytic Redox-Neutral Cyclopropanations M) e
R s & b
M=c 2¢9 Reduction ‘Z::;::’:
Transition-Metal R \EWG
R .-EWG Catalyst \.-EWG
C
N2 - N2 R intermediate ! /CHCl
M M1

Cl Cl

(b) Simmons-Smith Cyclopropanations
1 H, Methylene
R) - R:.,' fcl Transfer
R2 R3 = R’
CH;| \ / - R!
2 .
Zn + CHyl, =—> Zn( » Znl, p >=\
| R2 3 R2 R3
, _ reductive carbene transfer
(a) Diazoalkane : requirement of EWG

substituents
— diazoacetates ...
(b) Low generality

Zhou, Y. and Uyeda, C. Angew. Chem. Int. Ed. 2016, 55,

(c) This work : reductive carbene transformations

from CH,Cl,, [M] = [P'NDI]Ni5(CgHe)
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Vinylidene transfer

Vinylidenes as Reactive Intermediates

H
>=C=N2 —p
R =N R

Vinylidene Transfer

H
/
C
\
X

R

H
>=C: or

metal-halogen
M exchange H X

/

e C
\
R X

Fritsch-Buttenberg-Wiechell
Rearrangement

o For vinylidenes possessing a g-hydrogen, FBWrearrangement is the dominant reaction pathway

Catalytic Carbene Transfer
R R
\Ici/ R_"C,R
. Oxidati
N, N2 Extrusion cl” Sal A)zjldiiévne
R
R R Cing-R
|
Il
[M] [f\lﬂl
Cl
+ 2e®

Catalytic Vinylidene Transfer

R
Ch A H Oxidative
Addition
Cl
R
H R
Cl Zay = \n/
[nlnl [
Cl Vinylidene
+Ze®

Vinylidene transfer

vs Fritsch-Buttenburg-Wiechell

rearrangements

["P"NDINi»(CgHe) (1)
RPN Cl /\R3 (510 mol%)
5
Cl R? Zn (3.0 equiv)
t, 24 h
Et,0, DMA

Reductive vinylidene transfer

v" No FBW rearrangement

v" No vinylidene transfer was
observed using mononickel
complexes bearing related N-

donor ligands.

Uyeda, C. et al., J. Am. Chem. Soc. 2017, 139, 11686.
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Mechanism and dinuclear effects

(b) Proposed Catalytic Cycle

y

N, N A

/ 7
i-Pr

\\C

i-Pr. :
i-Pr
44
1/2 ZnCl,
12 Zn

j-Pr,

e
stepwise

i-Pr vinylidene
transfer

| - Reversible reduction of 4 are exploited
o ot | to close the catalytic cycle by using Zn as
5 a reductant.

(1.0 equiv)
1
- CeHs

+ 47 : n2 — coordination of the alkenyl system
to the second Ni
— [B-hydrogen constrained, no FBW
rearrangement

33
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Catalytic [4+1]-cycloaddition

A Cycloaddition Methods Using 1,3-Dienes B [4 + 1]-Cycloadditions are Disfavored for Reactions of Carbenes with 1,3-Dienes
D|enophlles mehdenes 2+1] R /63
2 z [4+2] %\O [4+1] %O
R R
Simple [4+1] 5 Té lone-pair
1,3-Diepes: | Gessseeskescsiestiess

’ owiiros’
g’ B 9 ‘E repulsion

C A Dinickel-Catalyzed [4 + 1]-Cycloaddition of Vinylidenes and Dienes

. . . | O~ catalyst (5 mol%) Me
« A:1,3-dienes + vinylidene from JY/ T oeeem n

1,1-dichloroalkenes [4+1]- 1 241, NMP

CyCI Oad d Itl O n th IS WO rk Binucleating Ligands Mononucleating Ligands: no cycloaddition
* B : Challenging synthesis of five- 2 Ni(ame)Br, Ni(cme)Br,

R + R X

membered rings (background) QL ﬁ "y My @

N |
R

| | R N e . Ny
. C: dinickel catalysts L4 with bulky ATy T AP S

= H =
H L5 L6 L7

NDI ligands afforded the products swettdes o e w e
. . . of Catalyst I | |
in the highest yield. ety W SANS

R=Et(L2) 229% Z Z

R = i-Pr (L3) 52% L8 L9

R = c-Pent (L4) >99% Ar = 2,6-(iPr),CgH3

Zhou, Y. Y. and Uyeda, C., Science 2019, 363, 857. 34



Mechanism analysis

« B : Chiral dinickel catalysts (S, S)-L10
high diastereoselectivity

A Adirect [4+1] cycloaddition or

1 3-rearrangerment

Cl
Cl
MeO

Ni, Catalyst 3 (5 mol%)
Zn (3.0 equiv)

»
>

24 h, rt, Et,O/NMP

76% Yield
>20:1 E/Z

1
+
Ph
hm
59

(5,5-L10

Chiral Dinickel Catalysts

Diastereoselective [4 + 1]-Cycloaddition Using a Chiral Catalyst

Cl Cl Ni, Catalyst (10 mol%) o
| Zn (3.0 equiv) Me><
Me_ O > me” o
>< NMP/THF
Me” o T 55 H
54
Ni(dme)Br, / L4 45% Yield (1:1 dr)

Ni(dme)Bry / (R,R)-L10  42% Yield (5:1 dr)
Ni(dme)Br, / (S,5)-L10  48% Yield (18:1 dr) - Matched

Me
OMe Ph
O Ni, Catalyst 3 (5 mol%) =
Ph Zn (3.0 equiv)
| < or
Q 24 h, rt, Et,O/NMP
MeO
Me \
no rearrangement
41
Me

Zhou, Y. Y. and Uyeda, C., Science 2019, 363, 857.

OMe

Ph
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Mechanism and dinuclear effects

B MI Pr
— . e
— / N
N 2N Me
N N _-INDINCL 63) \
Me N /Ni\\ Pr 2
i-Pr Cl 1 h t, NMP 2 Me
Pr MeO
il Bl
62 (nequiv) (1.0 equiv) (20 equiv) xlit:;‘ 112506‘74/;;“6;':” d
- U ‘o
’ L
+ 1/22Zn
oo : i ﬁ
> 4 f
IE N\ > /NI
Pr, LPrYCH
i
1/2 ZnCl, 64 1/2 ZnCl, .
i-Pr,
Me N
ﬁ
/NI ;~Pr ____________________________________________________________________________
: i-Pr, E
62 : __/ Me :
1 reductive migratory \~ 2\N /\N :
» elimination insertion ANy '
v — Me N //N.f\‘ / i-Pr E
' L iPr o H
: i-Pr DFT Calculations: FPr [
D: H 67 MO06-L/6-31G(d,p) 66 '
. .
' 1

[0 kcal/mol]

—20.8 kcal/mol +2.6 kcal/mol

Reductive Elimination

+7.1 kcal/mol —34.7 kcal/mol

Migratory Insertion

Fig. 4. Mechanistic investigations. (A) Distinguishing between direct [4 + 1]-cycloaddition and tandem [2 + 1]-cycloaddition/1,3-rearrangement
mechanisms. (B) Stoichiometric [4 + 1]-cycloaddition using an isolable low-valent [NDI]JNi,Cl complex. (C) Proposed catalytic mechanism.

(D) DFT models for the stepwise migratory insertion-reductive elimination pathway. Energies are relative to that of 66, and all structures

are fully optimized at the M06-L/6-31G(d,p) level of DFT (S = !/, spin state). $Transition state.

Zhou, Y. Y. and Uyeda, C., Science 2019, 363, 857.

Proposed mechanism

Ni, cooperatively stabilize
T systems in the diene
and vinylidene
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C (sp?) — H amination

Rh, Catalysis
C(sp®)-H Activation C(sp?)-H Activation

' 2 k\
Ts ~ ,—: T H
O—R’Itl‘né&/R —Rhéé\/R
R—(é/ /> —R

Concerted C—H Insertion Electrocyclization/1,2-Shift

Ni, Catalysis: C(sp?)-H Activation
i-Pr,

— Me
— 77N —
N Napat W
O : \

Me \Y Ni i-Pr —>» Me \
NN
i

Pr )
i-P

D

Rhy(0,CC3F7)4
H
39

enlileava

[Rh]O [Rh]®
37 38

4 -electron-5-atom
electrocyclization

ay

- <)
Ny
33

Ch

@

Gl

|
ON,”

a-34

/

[Rh]©
35

Electrocyclization / 1, 2-shift

Driver, T. G. et al., J. Org. Chem. 2009, 74, 6442. 38

Uyeda, C. et al., Chem. Eur. J. 2017, 23, 7694.
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C (sp?) — H amination

(a)

ArN3
(1.0 equiv)

["P"NDINix(CgHg) —————>

) CeDe

["P'NDI]Ni(1-NAr) (2)

t-BuNC
B ) (1.0 equiv)
[""'NDINiy(pu-NAr) ——>

()

; L (1.0 equiv)
["P'NDIJNiy(u-NAr) ~———>

(2)

L = t-BuNC (3)
L = pyridine (9)

t-BuNC (excess)
22 °C, 5 min 80°C,5d 110°C, 24 h
L = t-BuNC L = t-BuNC L = Pyridine

O GEEREE e
Ph | Ph O
- HN
8)

34% +48% Yield ~ Ph

O
o c ,
7 [ ®) [ (23% + 49% Yield (
@ NHt-Bu Nt-Bu at 110 °C for 20 h)
90% Yield 89% Yield

Figure 6. Thermal and tBuNC-induced reductive elimination reactions to
generate carbazole and phenanthridine products.

C-H bond activated by addition of an exogenous ligand
— C-N reductive elimination

Uyeda, C. et al., Chem. Eur. J. 2017, 23, 7694:°



Oxidation

[Cp,Fe]PFg (1.0 equiv)
»

states of imido complexes

OXI

idized

L

THF

Ni-centered radical

v

%/

Br\

<

N
N/N 30 °C, 16 h

i-Pr

* Me
=N, i-Pr
[FP'NDI]Ni»(CeHg) \
80 °C,16 h Y @)
c Ds 10% Yield
24% Yield (7)

91%

Oxidized (NDI)Ni,
complexes may serve as
more viable platforms for
catalytic C-H amination.

+ [P'NDIINio(u-NHAr) (8)

.

formed by H abstraction

+ ["P"NDIJNi,Br
(5)

2

40

Yield (7)

Uyeda, C. et al., Organometa///ics 2020, 39, 3794.



Catalytic C-H amination reactions

catalyst
(5-10 mol%)
—) Ph

yield (%)
entry catalyst 7 10
1 Ni, (4-NAr) 1 39 33
2 Ni,(4-NHAr) 8 44 39
3 Ni,(4-Br) 5 77 16
4 [Ni, (4-NAr)(thf)]* 4 89 6
s? [Ni,(u-NAr)(thf)]* 4 96 <2

“Reaction conditions unless stated otherwise: 10 mol % catalyst
loading at 80 °C for 72 h. Yields of 7 and 10 were determined by 'H
NMR integration against an internal standard. bReaction conditions:

S mol % catalyst loading at 110 °C for 24 h.

Uyeda, C. et al., Organometallics 2020, 39, 3794.

8 — 1 via H atom abstraction by
amides to generate free aniline 10
5 : Generation of (NDI)Ni,Br, by
disproportionation is a limiting
factor.

4 : halide-free cationic imido
complex

— highest yield
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Mechanism analysis

Kinetic isotope effect

O D Ni, catalyst 4 +

110 °C, 24 h
D D toluene-dg
-N,

Q
f

ku/kp = 4.3

* KIE — C-H cleavage is slow.

» Inaccessibility of an electrocyclization
mechanism

» A - The ester blocks the position of
C(sp?)-H activation

« B - E/Z difference of C-H bond
orientations

Uyeda, C. et al., Organometallics 2020, 39, 3794.

Electrocyclization or 1, 2-addition

® EtO,C
Rh2 Catalyst
) /
COzEt = N N CO,Et N
o |

(ref. 8) [Rhy] 14
‘ Ni, Catalyst 4
* > 0% Yield of 14
CO,Et 110 °C, 2 h, C¢Dg
N3
13

B
Ph
X
H
NL‘»
15-E N
H
H
= 16
N Bl from 15-E: 95% yield
15-7 from 15-Z: 93% yield
] Ph Ni, Catalyst 4
I N Ph
H i
110 °C, 2 h, CgD
Ns 0°C, : , CeDs u
L
15-E 16 >95% yield
H Ni, Catalyst 4
X
L % > 0% Yield of 16
N 110 °C, 2 h, CgDg

15-Z 42



DFT models

m-complex 1. Electrocyclization

TS (Electrocyclization)

\’
' \f‘/ (p

+11.8 kcal/mol +43.7 kcal/mol +31.3 kcal/mol
4A

.‘/'

4

2. C-H Oxidative Addition
TS (C-H Oxidative Addition)

Ni—Ni

Ph O O
[0 kcal/mol] Y / ™ N
4 o-complex o Ni N'\H/NI

O +19.3 kcal/mol +18.1 kcal/mol
E Ph g
tht g 3. C-H 1,2-Addition
ko AV
Ni Ni TS (C-H 1,2-Addition)
+13.6 kcal/mol
e
4B \ Ph g PH o Ve (
\ y th AH h H " :
ke cing > T N \ L7
Ni Ni Ni Ni p ~TX
+16.6 kcal/mol —2.0 kcal/mol _ <X

43
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C (sp?) — H bond chemoselectivity

v

Rhy(esp); (5 mol%)
I 60 °C, 16 h, N, Ph /
HN

66% Combined Yield

1.6:1 (18:19) 18
e = +
Ns 47
Pz

| Ni, Catalyst 4 (5 mol%) " Q I Catalvtic Cvcle
110 °C, 24 h, = N,
95% Yield 19

>20:1 (18:19) _'N|2(IJ'NAr) 4

Ni-Ni bond cleavage

C—N v
reductive 4B
amination

1, 2-addition

Vinyl C-H Activation Aryl C-H Activation v

+ 9.1 kcal/mol . . .
metalacyclic intermediates

High selective nitrene insertions into

olefinic C-H bonds ”
Uyeda, C. et al., Organometallics 2020, 39, 3794.
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Summary

* NDI ligands supports coordinately unsaturated Ni-Ni
bonds across a broad range of formal oxidation states.

 Ligand-centered redox activity enables various
catalytic transformations.

* The electronic properties of M-M bonds are exploited
for controlling regioselectivity.



