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1. Introduction



C(sp?) - C(sp?®) Bond Formation

C(sp?®) - C(sp?) Bond
— Ubiquitous in bioactive molecules

e C(sp?) rich compounds have ...

1. Three-dimensional structure
2. Increased water solubility <:> High probability of being drug
3. Low melting point

e Convergent synthesis

--------------------------------------------------------------------------------------------

SM; — 33— Fragment A i o C(sp3) - C(sp3) coupling
O e e 1y |  reactions available at the
. SM, —3»—3 Fragment B late stage are important.

--------------------------------------------------------------------------------------------

Humblet, C. et al.; J. Med. Chem, 2009, 52, 6752.



Conventional Cross Coupling Reactions

Example ...

Pd based cross coupling

(Suzuki-Miyaura coupling, Negishi coupling etc...)

.........................................................................

] Pd
: R-M+ X-R' ¥ R-R’
L Pd(0)
. reductive oxidative
elimination addition
’ L Pd(II) L Pd(II)

R’ X R’

M-X R-M

transmetalation

.........................................................................

Challenges

1. Expensive and toxic Pd cat

2. Rapid B-H elimination in Pd-alkyl
complex

— mainly used for C(sp?) - C(sp?) or
C(sp?) - C(sp?) bond forming




First-Row Transition Metals

Functionalization
R = R
Regulation
.

% R R—§—H--»®m>n —R' R—H ML R—\
R’

R’ Re M L
mm MnL
e o B CNTNk  Be R—SR'
R
N 0 R—OH
B X o
Characteristics ex
Ni(0) == Ni(l) == Ni(ll) == Ni(lll) =&= Ni(IV)
* Earth-abundant and less toxic Often paramagnetic
* Lower electron negativity than Pd Pd(0) > pall) = > Pd(V)

 Variable oxidation states (ex Ni( I )~ Ni(IV))

— single electron pathway RS W

Lan, Y. et al.;. Chem. Rev. 2024, 12, 10192.
Diao, T. et al.; Accounts Chem. Res. 2020, 53, 906.



Bimolecular Homolytic Substitution (S,2) Reaction

x  Su2 Reaction

R PLG e A"Y ' LG

y4

R

* A fundamental step in radical chemistry

» Past examples of synthetic applications were limited.
— Homolytic displacements at other centers are usually favored.

/\\ / )

° R. H. M\

R /\;" LG
addition to unsaturated bond withdrawal of hydrogen atom

Johnson, M. D. Accounts. Chem. Res, 1983. 16, 343.



Integration Transition Metal and S,2 Reaction (Past)

Example 1. Sanford Group

/\ - -
HB 5 CD.NO * High-valent Ni
Q 900(3: 1 ﬁl * Requires 1 equivalent of Ni
E/N wCF3 J\ O R ’ » Me—R °Limited substrate scope
NIIV R” "0 \"/
N‘N CF o
3
Me Sanford, M. S. et al.; J. Am. Chem. Soc. 2019, 141, 8914
Example 2. Zhang Group « Co(ll)-based metalloradical catalysis (MRC)
1 , 1R R? * Intramolecular reaction
NHSOR RIR [Co(Por)] o 3 ” * Need multi-step to synthesize cobalt porphyrin cat
+ b + 2
g g
: A

«— cobalt porphyrin cat

[Co(P6)]
(P6 = 2,6-DiPhO-Hu(Cg)Phyrin)

Zhang, X. P. etal.; J. Am. Chem. Soc. 2021, 143, 11121.




Integration Transition Metal and S,2 Reaction (Past)

Example 1. Sanford Group

A - =
HB 5 CD.NO * High-valent Ni
0 o 42  Requires 1 equivalent of Ni
E/N cr, J _o_ R 90°C, 1 h i
|v WP AN \ﬂ/ » Me—R °Limited substrate scope
N|
N.N Ncr,
e . 1. Chem. Soc. 2019, 141, 8914
Improvement potential
Example 2. Zhang Group  in metal catalyzation and substrate scope (adical catalysis (MRC)

ion
.~ H E R . n, ° Neea muiu-siep to synthesize cobalt porphyrin cat
N\ 2

X A
@ H 3R R4 base \\“ R3 o
A ol

NNHSO,R 'R ___R? [Co(Por s

«— cobalt porphyrin cat

[Co(P6)]
(P6 = 2,6-DiPhO-Hu(Cg)Phyrin)

Zhang, X. P. etal.; J. Am. Chem. Soc. 2021, 143, 11121.




Bimolecular Homolytic Substitution (S,2) Reaction

x  Su2 Reaction

N PLG » A"Y + LG

y4

R

Example ... Cobalamin dependent radical SAM (ex ... Poy C)

N N
i W N /Nm
X N
\/N . \/N methylcobalamin

Radical o ]
cluster ° OH

(Cys)S< S—Fe L- methlonlne ;"\ 5 -dA
|Fe | S N 2+
(Cys)S—s—_F¢ 4Fe-4S L-Val
S(Cys)

Shepard, E. M. et al.; Chem. Rev. 2014, 114, 4229.



S,2 Reaction in Biosynthesis

Biosynthesis of Cz-Me Val (PoyC) Points
1. Activate each coupling substrate independently

gl") 2. Weak Me — Co bond (BDE = ~37 kcal/mol)
o % — Rapid Sy2 Reaction

QILJ 3. Metal-alkyl bonds are in equilibrium. Forming Co -
OOH

methyl bonds are more favorable than forming methyl

radical. k,
CO(IHJ
m C” LM R >L M +R’
f) _..-:"\ - » —1
5dA g ) kL C E — heteroselective carbon-carbon bond formation
L Va' - CBMe Val E
N
oy &)\),:J
% 5.dA

Berteau, O. et al.; Front. Chem. 2017, 5, 87 .
Halpern, J. Polyhedron. 1988, 7, 1483.



Parameters to Consider for S;,2 Reaction

1. Selectivity of radical trapping cf. \i‘/op
a— /T'\N_
BDEs of R-Co bond ky o ‘
entry Cobalt alkyl BDE (kcal/mol) L"M_-R ‘U L"M + R [RCo(salophiL]
1 CH3;CH,CH,-Co(Saloph)(py) 25 ] ] ] ]
2 (CHs),CH-Co(Saloph)(py) 20 Radicals with less steric hindrance
3 (CHy)3CCH,-Co(Saloph)(py) 18 and less stability are more trapped.
4 CgH5CH,-Co(Saloph)(py) 22
Halpern, J. Science, 1985, 227, 8609. Halpern, J. Polyhedron. 1988, 7, 1483.

Metal =
(F) B-Hydride Elimination L2= HB N
: + 14 kcal/mol + + 7.6 keal/mol + 12N ' =N L
lLZN'/\H — [ LN N e LPd Y | =—= L2Pd/\\ : :E\N b
H ki N : Ar ! N-N7 |
"""""" &/ R
Rotation of M-C bond and BDE of M-H bond Square planner ligand 3 + 2 Ligand

Diao, T. et al.; Accounts Chem. Res. 2020, 53, 906.
Tilset, M. Comprehensive Organometallic Chemistry lll, 2007, 279.



Parameters to Consider for S;,2 Reaction

3. Electron density and steric environment of metal-ligand complex

The Correlation of E,;; and K., of Cobalt Complexes

PO 0

12 S RNa'

=N, N= N, N4 Co''(BpyBph)
o5 a 6% O 8.6x107
10 | :<§ 2>:

. [Co™]
- [Co"][R]

K.

5
X
§ 6
- o O —N_ N=
4 I ed ) 2 Co'(TMP)
= 0 8.7x10°
2 Co''(acac), Co'l(salen*)
— -3
SE oL e y =3.7x103x + 7.8
0 1 1 L
-700 -500 -300 -100 100 300 500
Eq2 (V)

Electron-poor Co — more Co-Alkyl complex

Influence of the steric environment

Mn(TPP)CI (2 mol%) _
PTC (4 mol%), CH2C12, RT

[T — T T 7T

R-H + NaOCl

R-Cl

3 3a 3b 3¢
yield distribution
Mn(TPP)CI/NaOCI 55% 38% 58% 4%
Mn(TMP)CI/NaOCI  51% 76% 19% 5%

*TPP ... meso-Tetraphenylporphine

Steric environment on the ligand might affect
reactivity and selectivity of the reaction.

Peng, C. H. et al.; Macromol. Chem. Phys. 2016, 217, 422.
Liu, W., & Groves, J. T. J. Am. Chem. Soc. 2010, 132, 12847.
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Biomimetic Approach

Fe porphyrin ... Weak metal-alkyl bonds similar to cobalt porphyrins

— It could “sort” different radicals generated at the same time.

B Dbiological methylation G a biomimetic approach to C(sp®)-C(sp?) cross-coupling
0 (0]

—y H R _NPhth 5 = . B

o - 0 + B AR — g

R
\ B via 1° radical
Sy2
} quaternary product
Ir \ ( ) Si- Fe
Me M o Me

NHBoc
/‘SH2\\ Y K\/

\
CbZ Me

Me

methylcobalamin nucleophilic
3° radical

nature’s free radical carrier

MacMillan, D. W. et al.; Science, 2021, 374, 1258.



Reaction Design (Selectivity)

Photo-induced radical generation
@ _NPhth
Br R 4> Q/\/R <7 Z)I\
SN 0 R
primary bromide primary radical tertiary radical tertiary redox active ester
N T N
7N V4
Selective bond formation via S2 SH2 .
Low concentration
A &
SOMO nucleophilicity .
3° radical > 1° radical Sh2 disfavored

hetero coupled product

Fe porphyrin stabilizes primary radical and suppresses side reactions.

MacMillan, D. W. et al.; Science, 2021, 374, 1258.




Reaction Design

Fe — alkyl complexes ... heat and O, sensitive
— Radical generation under mild condition is needed.

TMS
Sli\ aminosilane
/A TMS [ pox=40.86 V
HN TMS

- H* TMS\ @_/TMS B _~_R —> Q/\/R
» 9

SET _
Primary radical

E1/2red(*lr"'llr") =+0.77V

* net redox-neutral
 radical generation by silyl radical

|I""

t-Bu _ N ( )
“ N,%F Eqpred(iriry = —0.94 v
ATl 5
e N/" F
t-Bu N

I ¥ It

O.r

> R?-R Tertiary radical

MacMillan, D. W. et al.; Science, 2021, 374, 1258.



Reaction Design ... M-Ligand Optimization (Excerpt)

[Ir(5-Me-4'-F-ppy),(dtbbpy)] (PFg) (1 mol%)

H
O. N catalyst (2 mol%)

Cbz O (TMS)3;SiINHAdm (2 equiv)
© KOAc (2 equiv), 1:1 acetone :'PrOH
redox-active ester (2.0 equiv) alkyl bromide (0.05 mmol) blue LED, 50% light, 2h
Et Et
Et Et
Et Et
Et Et
Fe(OEP)CI Fe(TPP)CI Co(TPP)CI
86% yield 6% yield 3% yield

1. Steric environment of 2. Strength of M-C bond 3. Physical properties 4. Identity of metal
reactive center (OEP > TPP) of catalyst (Solubility) (Co catalysts generated
(Substituent at meso-position) alkenes as side products.)

MacMillan, D. W. et al.; Science, 2021, 374, 1258.



Proposed Reaction Mechanism

TMs
Si-TMS he ™S e :MS\\ —R.SiBr
T™S N—si" Bra_~_-R e R
\ Adrl O\TMS
52 e; 56 1 2

*Ir'" |I'"

oxidant (12) Photoredox  reductant (13)
Catalytic

\/J Iron Et Et
_~Fe, Catalytic
Cycle J Cycle FEt Et
Et Et
5 6
Ir' (11) > Sy2 <
))l\ -CO,

—phthalimide 3 quaternary product

Et Et

Figure S1. Proposed reaction mechanism of iron metallaphotoredox C(sp®)-C(sp®) cross-coupling

MacMillan, D. W. et al.; Science, 2021, 374, 1258.



Substrate Scope (Excerpt)

Primary bromides

o
o Ir photocatalyst 11 (1 mol%) CN( \
: = Boc
R ~NPhth 0 : 71% yield
R>H‘ko Fe(OEP)CI (2 mOI /0) Ra/\/ R (With 2 equivaIents81;1'fr/\‘;é/tlrel)llcl| p-toluenesulfonate ’
R :

and tetrabutylammonium bromide

R : and Ir[dF(CF 3 )ppy], (dtbbpy)PF¢ as the
(TMS); SINHAdm, KOAc R photocatalyst)
Br_~_R acetone : iPrOH (1:1) QQ/V %
blue LEDs, 2 h
: C02Et
52% yield 63% yield
(Ir(ppy), (dtbbpy)PF¢ as the photocatalyst)
Redox-active esters _ _
% y Synthesis of spirocycles
W/ _N NHBoc :
NHBoc m Cbz ZS\/ : o
Boc :
: CbzHN .
1% yield 46% yield 69% yield : ON™ " Ir photocatalyst 11 (10 mol%) ChzHN \
(With KOAc and Zn(OAc); as bases) (With Zn(OAc); as the base Fe(OEP)CI (2 mol%) z Cl NaH. THF ~Cbz
and Ir(ppy). (dtbbpy)PFg as the photocatalyst) l;l - ’
: Boc (TMS); SiNHAdm (2.5 eq), KOAc (2 eq) 60°C,6 h

Br” e 66% yield 98% yield

MeO NHBoc N
m m NHBoc : (2.0 eq) acetone / t-amyl alcohol (1:1) 1 '}l
o N0 0 N o \ ; blue LEDs, 3 h Boc Boc
H H N Cbz”
] :

0”0
47% yield 60% yield 68% yield 65% yield

MacMillan, D. W. et al.; Science, 2021, 374, 1258.



Mechanistic Studies

A PhotoNMR experiment to directly observe n-Bu-Fe(OEP) complex in situ

(X PC®_ (X
Me
CO,NPhth - N

N + Br \/\/ Me
| acetone-d, |
Cbz 53 6 Cbz 54

— (= 120 mi Monitoring of the reaction
— slow increase of n-Bu—-Fe(OEP) complex

i
i — e t=60min
el — t =45 min
/| | ——————— t =30 min
" . — t=15min

‘ | — t =3 min
i before irradiation independently prepared

. S, (—— - n-Bu-Fe(OEP)

B Direct use of n-Bu-Fe(OEP) complex as precatalyst

Me 0 Me - Me H
QS(O\N | S %0 “~z° | Use of n-Bu—-Fe(OEP) complex instead of Fe(OEP)CI
Clibz o) { ,‘Fe“'N/ (l)bz m l
53 © = Et\ S ET = 14, 64% (+3) yield s_ _I . Id d
(10 mol%) ] imiiar yle an
X e n-Bu incorporated product were observed.

. 2

|

Cbz

+
B 0 N o < )
g m Ir ¥ si-
55

54, 7% (1) yield

MacMillan, D. W. et al.; Science, 2021, 374, 1258.



D

Mechanistic Studies

Alkyl - Fe bond homolyze under light irradiation.
— Coupling between free radicals is a possibility.

Light is not required for C-C bond formation

700 Zn0H Mo n-Bu-Fe(OEP) "

n n . e

> NPhth TR O@ (1 equiv.) & Me
I N ~~

Cbz |
Cbz Cbz

53

-2

54

dark 44% (+5) yield

radical generation in the absence of light )
blue LED 42% (+7) yield

Iron-dependent diastereoselectivity in C—C bond formation

Me . - + Fe(OEP)CI w
N “NPhth + B,Q\NHB N NHBoc
oC

ébz 0 standard condition Cbz
53 55 56
evidence for Fe-mediated Sy2 mechanism 0 mol% [Fe] 15% yield, 1:1.1 d.r.
versus radical-radical coupling 10 mol% [Fe] ~ 56% yield, 3.2:1 d.r.

When radical is generated by single electron
reductant, There is no change in yield with or
without light irradiation.

— Blue light is required for photoredox cycle.

Yield and diastereomeric ratio increases
depending on the presence or absence of
Fe(OEP)CI.

MacMillan, D. W. et al.; Science, 2021, 374, 1258.




Short Summary

By biomimetic approach, a C(sp?) - C(sp?) coupling reaction was achieved.

Ir(F(Me)ppy).(dtbbpy) (1 mol%)

Ve Fe(OEP)CI (2 mol%) w
X* > NPhth Br S X R

o) (TMS)3SiNHAdm, KOAc
: o : tone: iPrOH (1:1) fully-substituted
1.0-2.0 , 1° alkyl bromide o
e g blue LEDs, 2-5 h C(sp®)-C(sp’) product

Based on this concept, a variety of reactions are being developed.

MacMillan, D. W. et al.; Science, 2021, 374, 1258.
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Metal — Hydride Hydrogen Atom Transfer (MHAT)

MHAT from high-valent, first-row transition metal hydride

(a) General principle of metal hydride catalysed hydrogen atom transfer catalysis

‘ML, _YH
O\io S > . o A
/
electrophilic T bﬁ

H radicalophile H
nucleophilic
radical

® Widely available or easy to prepare alkene starting materials
® Predictable catalytic radical generation ® Metal can tune reactivity of radical

Characteristics

(b) Comparison to Bronsted acid mediated reactions

53

H=X
————

|

(;i&o
g

electrophilic
cation

|

©
Nu
_ =

nucleophile
addition

e Orthogonal reactivity and mild condition in contrast to
Bronsted acid mediated reactions
 Markovnikov selective radical generation

Teskey, C. J. et al.; Angew. Chem. Int. 2023, 62, €202304882.

Nu

e o

H



Reaction Design (Combination of MHAT and S,2)

e. Cobalt/photoredox dual catalysis using DHPs [This work]

PN %@—» %

DHP
1 Dihydropyridines

2
1. Reductive generation of Co-H o
H % H*
. - . X=Co" \ Co'
* Oxidative generation of Co-H x HEM*
(Oxidation of CoI & reduction of Cot) - \ _— )
anode . wonssosdtlll  — Q"M:":n +e cathode
* Reductive generation of Co-H \' -
(Reduction of Co! & protonation of Co!) Cl'«— Co*
* Milder, tunable conditions ‘ N\ « (Asymmetric) radical
* Newly selective reductions polar crossover strategies
— NO need fOI' OXidant and H- - B ‘::i;;o:;::;:::'sfw * New dual catalytic methodologles
g folerance i * Paired radical-radical coupling

Matsunaga, S. et al.; Org. Lett. 2024
Teskey, C. J. et al.; Angew. Chem. Int. 2023, 62, €202304882.



Reaction Design (Combination of MHAT and S,2)

A

1 Dihyd

DHP

ropyrldlnes

e. Cobalt/photoredox dual catalysis using DHPs [This work]

" G %

2. Combination of MHAT and S42

 Tertiary alkyl radical is released (
immediately after MHAT and Co
traps primary radical.

MHAT

Col- H

e

N
/\ Ar . /Ar
Col J} , Al —
R ‘ e +
’/ H Co'l Co'
COIII H ¢
Ar
R L4
; K
H
hydroxyalkylated product
Y,

Hantzsch ester
(DHP)

proton & primary radical source

Matsunaga, S. et al.; Org. Lett. 2024



Table 1. Optimized Conditions and Their Variations b. Catalysts in this study

Catalyst Opimization and Control Experiments
2a (2.0 equiv.)

Ir(dFppy)s (0.25 mol%) Q Q
)k/\ Co catalyst 4a (2.5 mol%) J%/\ =N_ N= =N_ N=
OTBS Y enzene (0.1 M) L Xdo/&)\ob’x Budopo\o By
blue LED, 25 °C
1a 3aa :
tBu tBu B

H._ Ph

entry deviation from the above conditions % yield” . 2y
. 20 (85) 4a: X = CF,
none (85) 4c: X = Bu, 4d: X = OMe

2 Co cat. 4b instead of 4a 45 :

3 Co cat. 4¢ instead of 4a 70 Ph Ph

4 Co cat. 4d instead of 4a 61 :

S Co(TPP) instead of 4a 37

6 Fe(TPP)CI instead of 4a 13

7 without PC N.D.

8 without Co catalyst N.D.

. N . Ph Ph

9 without blue LED irradiation (dark) N.D. :
“Determined by '"H NMR analysis using 1,1,2,2-tetrachloroethane as | Co(TPP): M=Co
an internal standard. “Isolated yield after purification by column Fe(TPP)CI: M = FeCl Ir(dFppy)s
chromatography. :

4a ~ 4c ... Electron-poor Co — improved yield
* Co(TPP) and Fe(TPP)CI ... difficult to form M-H or solubility?

* PC, Co cat, Light irradiation are all needed.
Matsunaga, S. et al.; Org. Lett. 2024



Reaction Mechanism

a. Hypothetical catalytic cycle

EtO,C CO,Et
EHE IHE_ +1.0V vs SCE

Redox-neutral SET

[l
hydroalkylation [Co'] (C) [Co'] (A") AT +r [CoT](A)

s
[Co''—H] [Co'“] [COIII]_/
(D)WR X

(E) H Ar [Co'l

H
1 3

Matsunaga, S. et al.; Org. Lett. 2024
Shi, L. et al.; Angew. Chem. Int. 2023, 62, e202302483.



Substrate Scope

2 (2.0 equiv.) R’
| I(dFppy); (0.25 — 1.0 mol%) |
R/\'/ Co catalyst 4a (2.5 mol%) R -
benzene (0.1 M) H
1 blue LED, 25 °C, 40 h 3
Variation of Alkene Natural products
H. Ph J O /©/
= H COan
3aa, 85%°(77%)° X=  H:3ba, 62% Ac:3ga, 58%
Me: 3ca, 57%? CN:3ha, 58% 3ka, 46% (from B-citronellol) 3Ia 58% (from L-Ser)

OMe: 3da, 63% Cl:3ia, 62%
OBn: 3ea, 56% Br:3ja, 63%
CF5:3fa, 60%

Ho  Ar Ar = 4-MeC4H,: 3ab, 58%®  3-CICgH,: 3af , 47%
Variation of DHP j<‘/\ 4-FCgH,: 3ac, 57%P  2-CICgH,: 3ag, 65%
OTBS 4-BrCgH,: 3ad, 43% 4-OMeCgHy4: 3ah, 51%°

4-CICgH,: 3ae, 61% 3-OMeCgH,: 3ai , 56%

Matsunaga, S. et al.; Org. Lett. 2024



Short Summary

* MHAT and S,2 processes enabled Markovnikov-selective hydrobenzylation of di/trisubstituted
alkenes affording products with a quaternary carbon center in a redox-neutral manner.

T Ar
J\( rAI’ C@
-+ ColPC)— -
RN DHP 3 R

via H

MHAT-S 42

® g ¥ (

R [Co”'] -
— H —

20 examples, up to 85% yield

* Each coupling fragment had to be activated in a different way.

Matsunaga, S. et al.; Org. Lett. 2024
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Single Functional Group Cross Coupling

» Advantage of single functional group coupling

In many coupling reactions, two functional groups
must be activated in an orthogonal manner.

Suzuki-miyaura
, | coupllng O

Ex.

Single functional group cross coupling
— A single activation mode is needed.

Ex. dOH dOH O/O

* Alcohol-alcohol cross-coupling

A Single functional group cross coupling
Br

oy Y| MGOJW Y

N Br
Cbz

cross-bromide coupling

relative area
o

diversity of
products

# commercial bromides

CbzHN

cross metathesis

# commercial olefins

OH

OH
BOCI\O/

cross-alcohol coupling

NHBoc

superior
coverage of
chemical

space

# commercial alcohols

Broader substrate scope

MacMillan, D. W. et al.; Science. 2024, 383, 1350.




Activation of Alcohol by NHC salt

Alcohol activation ) Primary alcohols

HO 24 examples

60 examples

Ph
t-Bu N/-—\,
\E;Eo}_ k?,( )\ Secondary alcohols
t-Bu /| o

Facile homolytic Tertiary alcohols
C-0 bond cleavage
14 examples

( )
NHC salt
Ph Ph . Ph
t-Bu @N:> + base t-Bu NI>< H [O] t-Bu ®N/><H
——— — R
':;': R @E : e e
. o) > - base * HBF, 0" o— S 1. Electron-rich anilinic nitrogen
- -B R . . . g
B, YR/ t-Bu R By atom is easily oxidizsed.
R—( l-“* 2. Exothermic pathway for the
L R'R | - N formation of a benign aromatic
Ph Ph
- v . By NI>.2 ] byproduct.
O>=0 K < o L§’<R
R R R
t-Bu t-Bu
\_ W,

Dong, Z., & MacMillan, D. W. Nature. 2021, 598, 451.



Reaction Design and Proposed Reaction Mechanism

OH

OH NHC) Ir Ni
- —
BOCI\O/ H Ox < > BocmHBoc
NHBoc v
alcohol alcohol C(sp®)-C(sp®) product

single vessel open to air double in situ activation

Simultaneously generated free radicals
usually complex mixtures of recombination
and disproportionation products.

!
Sorted by Ni and coupled via S;2

MacMillan, D. W. et al.; Science. 2024, 383, 1350.

alcohols

NHC-1 /
5 ,Ph

t-Bu N
N
| =g @)
t-Bu BF, ¢

\

+ pyridine l — pyridine-HCI

Ph_
0><NI[ -

BocN

stoichiometric
oxidant

I \

Photoredox
Catalytic
Cycle

. o

? SET

o _4

NHBoc

NHC-alcohol adducts

tBu

tBu  BF,

NHC-1  Ar=Ph
NHC-CF; Ar = p-CF3-Ph

alcohol activation

BocHN

SET
\ 2° alkyl
radical

I

sk

f

f—scission
C-O cleavage

Ph
\

Cvﬁq
BocN

g ¢ NNNNNN

o&{gj:

C(sp?)-C(sp?)
product BocN NHBoc
Nickel LNt
Catalytic
A1l
s Cycle

BocHN

BocHN” N *
1° alkyl radical
f—scission
—_—
C-O cleavage



Mechanistic Studies

Stern-Volmer plots

SV plots for MeO/CpO/HexO-NHC adducts, Quinuclidine and Benzoyl peroxide in MTBE/DMSO N| radica| Sorting iS operative.

12 y=2114.1x+1
R? = 09952

) Y , oS NHC-1 (2.2 equiv), pyridine (2.2 equiv)
e L s MTBE (0.1 M), rt, 45 min;

/:y\/“"\o,<:] Y " Re= 099074 OH Ir(dF (CF3)bpy)2(dtbbpy)PFs (1 mol%) Me
\_/ o : Me==OH
CbzN Ni(acac)z (25 mol%) CbzN

Bz20: (1.5 equiv), Quinuclidine (5 equiv)

Bu\ B
\

\ 4

& y=1127.8¢+1 IPR (450 nm, max fans, 100% int.)
ol R*=09933 MTBE/DMSO (1:1,0.05 M), rt, 1 h
0.05 mmol 1.0 equiv coupled product
- 00 a4 [product] /
" . control conditions product 2°-2° dimer [2°-2° dimer]
| R— R no nickel catalyst 16% 8% 2.00
5 - w— . ) o ; as above 70% 4% 17.5
concentration (M)
. fold change
NHC-alcohol adducts rapidly quench the In the presence of Ni Tadx M Tasx

excited state of a photocatalyst regardless
of alcohol substitution pattern.

— prevents preferential consumption of
one coupling partner over another

MacMillan, D. W. et al.; Science. 2024, 383, 1350.



S,2 Reaction by KTp*Ni(OAc)
DFT calculation ... S,2 process rather than radical addition.

Sh2 process Radical addition

Bimol¢cular:iomolyticivi2 substicution acNI(HI)methiyl complex Sequential radical binding to generate high-valent Ni(IV) dialkyl complexes

tBu 17.4

10uyjeo) ‘9
low/jedy ‘9

Tp'Ni(OAc) + RMe  :

. tBu-73.0
iPr-75.8
Et-79.3

Me -84.3

Ni(acac), Mo e Figure S27. Sequential radical binding to generate Ni(IV) dialkyl complexes.

bond formation

MacMillan, D. W. et al.; J. Am. Chem. Soc. 2022, 144, 21278.



Substrate Scope (Excerpt)

F
.«NHBoc CD;
NHBoc S Me :
F OO

NHCbz
51% yield 58% yield (5.7:1 dr) 58% yield 66% yield (1.2:1 dr)
H
F3C Me . .
- Me Primary, Secondary and Quaternary Methylation
NHC, pyridine : BocN
MTBE(0.1 M), rt, 45 min; “Et

OH OH Ir cat O H N
- - Boc
( j Ni cat 63% yield (7.3:1 dr) 34% yield

BZZOZ, QuinUCIidine . ...............................................................................................................................................................................................................

Blue light 450nm with fun z
MTBE/DMSO (1:1, 0.05 M), rt, 1 h q |
N
Cbz"O/\QC\NBoc N
39% yield Cbz 409 yield
o General Cross-Alcohol Coupling

BocN 4

31% yield Chbz 419 yield

Machllan D. W. et al.; Science. 2024, 383, 1350.



(#)-50, 62% yield
from Boc-Metoprolol

T BocN NHBoc

tripeptide

LA o

Substrate Scope (Applications)

Complex molecules

Derivatization of Biologically Active Molecules

Cl Me
N Me \
\/\/[\g_‘/ L
Me N
N BocHN)ﬁ(
(o}
HN O

N=N

Trﬂ\'l Me
O \\Q\%\N
Wi

S

51, 33% yield 52, 44% yield (1.5:1 d.r.)
from Trt-Losartan from VHL E3 Ligase Ligand

Peptide

Peptide Editing

o H H

HO H ’

o CO,tBu BocN NHBoc

57, 42% yield

Selective coupling of diols

NHC, Ir Ni

OH
: 1 ( 7 = OH
53,34% yield (11:1 d.r) CbzN Ox CbzN

Me Me
" b /\)(
C|I:['g“ Mej\/j HO OH
;\.‘ 69
SNy Me,_ Me

from Boc-Halofuginone

70
3 alcohols, 1 C(sp®)-C(sp®) bond
single flask 71, 51% yield

e The rate of condensation between an alcohol

N
Me L

! YL ; and a NHC salt is governed by sterics.

(MeOH>1° >2° >>3° )

MacMillan, D. W. et al.- Science. 2024, 383, 1350.
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Summary and Perspective

W Bimolecular Homolytic Substitution (8”2) at A Transition Metal

R 48

Fe Co

R

Summary
Utilizing S2 Reaction at a transition metal,
R mn+1 various types of C(sp?) - C(sp3) cross coupling

reactions were realized.

$l6‘l

Perspective

Mnﬂ e Other transition metals (Cu, Cr, Mn etc ...)
* Application for synthesis of complex organic molecules
NUNE Sy S— « Asymmetric reactions

* Merging of Si2 reactions with other catalytic strategies

Huang, H. M. et al.; ChemCatChem. e202400955.
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C(sp?) rich compounds

Figure 6 Figure 5 Figure 3
040 —— 0.80 . A B g ——
035 0.70 . A 67 w p— Ny
" ." A 05 _/%
0.30 0.60 X 56 04s £ 4 -
g 9B 050 s % =
Fs| 42 35
P” 020 040 o 0 g 38 Fep? Ooz
] n n 31 o
0.15 Fsp® a9 > ; 025
0.10 i 02
005 | 015
0.10 07 01
0.00 0 0 ks
25 75 125 175 225 275 325 375 0.00 - 0
Melting Point -12 -10 -8 -6 -4 -2 0 2 Discovery Phase 1 Phase 2 Phase 3 Drugs
Log S Stage of Development
Figure 6. Fsp® as a function of melting point. **Pvalue <0.001. ; 3 ;
g P gp Figure 5. Fsp* as a function of log S. *Pvalue <0.01. **Pvalue <0.001. Figure 3. Mean Fsp? for compounds in different stages of development. **Pvalue <0.001.

e C(sp?®) rich compounds have ...

1. Three-dimensional structure
2. Increased water solubility <:> High probability of being drug
3. Low melting point

Humblet, C. et al.; J. Med. Chem, 2009, 52, 6752.



Method for Calculation of BDEs of M-C bond

k

1 -
L"M_RﬁL"M +R AHY AH?
DM—R = AH? - AHI_ | ... Activation energies of the forward and reverse reactions

kl . .
LM—R —L M +R _ o
k) . (1) Direct measurement by photoexcitation of M-R and
; recombination
R'+TLT—R. (2) Competition with compounds with known rate constants

(Estimate k)

LM—R+T—>LM+T—R 3 Arrhenius equation

Overall ;

~Eq
—d[L,M—R] _k/k[LM—RIT] k= Aerr
d¢ k_[LM1+K[T] :

(Estimate k)
Halpern, J. Polyhedron. 1988, 7, 1483.



Proposed Reaction Mechanisms

o} CD;NO,
90°C, 1 h
K[/N SNV wCFs R)]\o’o\n/R —— > Me—R
N~ ~,
N I CF; o

(i) radical addition/concerted C-C coupling

HB""N/=> HB—-'N/_) B""N/:)

Re
| \v-CF |L/N\| y~CF3 N'yN r|«'" CFs

V4 — ~cF
(o L X et —
H;C—R

(i) radical substitution (Sy2)

— e T =
HB""N{Nj HB(“'N{:A HB N/—A

lnaccssslble NiV
intermediate

\\N | \N | HNN | c
. : F.
n-“ra
r\[‘i\l/N/\NIW’CFS Re '\E‘\I/N/\N|/CF3 N\r{l/Nl CF
LG N IR i
CH CH
s © e HsC—R
4[ R
(TS-1)
HB\""N S (iii) radical heterodimerization
QN -CF. R
.
N NIII 3 HsC—R

U e
H3Ce

Sanford, M. S. et al.; J. Am. Chem.

Soc. 2019, 141, 8914

1R RZ

H\AR“ + N

| B ——
w R
L]
Yot
R ZH
| TS
N

NNHSO,R 'R __R? [Co(Por)]

A
N=
/7 Scol”
_N/ ~N Vi
G S (=~
N
S
[Co(P6)] | e
3a (—44.9 kcal/mol) A (0.0 kcal/mol) 1a’
barrierless
T N
N ;
H H
[Co(P6)] [Co(P6)]
D (-32.3 kcal/mol) B (-8.7 kcal/mol)
TS2 TS1

(~7.6 kcal/mol) (+11.0 kcal/mol)
AGH=23

kcal/mol

AGH=19.7
kcal/mol

Ph_H [Co(P6)]
\[r 2a C (-9.9 kcal/mol) NZ?

Zhang, X. P. etal.; J. Am. Chem.
Soc. 2021, 143, 11121.

Mn(TPP)CI (2 mol%)

R-H *+ NaOCl = R-Cl

PTC (4 mol%), CH,Cl,, RT

j@o

lci
Cwn™
@

<

L OH

>—<L 0, OH or OCI

(IO

Scheme 2. Proposed C-H Chlorination Mechanism

Liu, W., & Groves, J. T. J. Am.
Chem. Soc. 2010, 132, 12847.



B-H Elimination (Computational Calculation)

7329
26584 537

TS4' 8

Guo, Q. X. et al.; Organomet. 2004, 23, 2114.



Light Absorption of Fe - Porphirin

5. UV-Vis Spectra of Catalysts

0.6

100
9 f
0.5 .
80 F
70 |
0.4 :
g Fe(OEP)CI 60 |
& g
-§03 5 50 f _ .
@ tBu 2 "
® 4 [
0.2 30 _ | 10 mol% Fe, 100% light
I\ t-Bu o/ +-5 mol% Fe, 100% light
20 7 +2.5 mol% Fe, 100% light
0.1 C
Ir photocatalyst 11 01
0 . oY
: 0.00 0.25 0.50 0.75 1.00 1.25 1.50
200 300 400 500 600 700 800

H time (hrs)
wavelenth (nm :
(nm) : Figure §3. Reaction profile showing yield of C-C coupled product over time at different iron porphyrin catalyst

loadings while maintaining the same light intensity. As catalyst loading is decreased, the rate of the reaction
Figure S8. UV-Vis spectra of iron porphyrin catalyst Fe(OEP)CI and Ir photocatalyst 11 in acetone. Relative increases while the final yield of product decreases. Yields determined by UPLC.
scale of spectra reflects the relative concentration of each catalyst in solution under initially optimized
conditions (5:1 iron:iridium). At 450 nm, iron porphyrin catalyst absorbs approximately 28 times more light
than iridium photocatalyst.

MacMillan, D. W. et al.; Science, 2021, 374, 1258.



A Silyl Radical- Mediated Halogen Abstraction—Radical Capture

S /Bf Air & Moisture Stable
J

- Simple Coupling Partner

-
-

alkyl halide Wide Commercial Availability

Known Halogen Atom Abstraction via Silyl Radical (Eq. 1)

i .
AIBN - Brll
R4SiH —— RsSi* \O
A

silane silyl radical alkyl halide

Fast and Efficient

108 M-1s"!
Activation of Alkyl Halides
Y
_ ~ nucleophilic

R3Si—Br o O carbon-centered

BDE = 96 kcal/mol radical

Si—-Br bond (96 kcal/mol for Me;Si—Br) and the C.,3-Br
bond (69 kcal/mol for bromoethane)

MacMillan, D. W. et al.; J. Am. Chem. Soc. 2016, 138, 8084.



Limitations

Ir(F(Me)ppy).(dtbbpy) (1 mol%)

Ve Fe(OEP)CI (2 mol%) Me
X’ ~NPhth B R - NG R
0 (TMS)3SiNHAdm, KOAc
. 0 , tone: iPrOH (1:1) fully-substituted
1.0-2. , 1° alkyl bromide ace
0= 20equl g blue LEDs, 2-5 h C(sp®)-C(sp’) product

Limitations:

Me
N N/\‘ 0 N7 X0 N
* LT |
Cbz Cbz
0

Cbz
18% yield* <5% yield* 22% yield* (+)-66, R = H, 30% yield
(+)-67, R = Ac, 72% yield”

MacMillan, D. W. et al.; Science, 2021, 374, 1258.



Reduction Potentials

Photocatalyst (vs NHE)

Iridium

[Ir(ppy).(dtbbpy)]”
E*®=+1.01V EY =-1.95V E*®=+145V EY =-1.27V
E** = .1 49y E*%) = 4055V E**0=_072v E*) =4+0.90V

Excited-state
lifetime 557 ns

fac-{Ir(ppy)s]

Excited-state
lifetime 1900 ns

\
1
N I\ Bu
//,, /’l | —
r
|\ z | N7Z
NS N
F >

fac-[Ir(dFppy)s] [Ir(dF(CF3)ppy),(dtbbpy)]”

E®=4+152V E%=-177V  E®=+193V E%=-1.13V
E**0 = .1.24v E*®=4+100v E*™=.065V E*")=+1.45V

Excited-state
lifetime 2300 ns

Excited-state
lifetime 1600 ns

Teskey, C. J. et al.;

2+
S 1 J 5 i
N X ’\([N
|
/ \

|,N,, l N J<
; ul / uu
SnZ
L L
L y\((]
[Ru(bpy)sJ** [Ru(bpz);J**

E*®=+1.50V E% =-1.11V E*®=+2.10V E% =-0.56V
E**0 = 0,63V E*%) =+1,02v E**=.002v E*" =+169V

Excited-state Excited-state

lifetime 1100 ns lifetime 740 ns

Co - Ligand complexes

=N_ N= =N_ N=
/Co\ /Co\
‘Bu @) 0 Bu 'Bu o] 0 ‘Bu
‘Bu Bu ‘Bu ‘Bu
Co-1 Co-2

Ey (Co"/Co') =-1.98 V vs. Fe/Fe! (in acetone*®  E,, (Co'ICe') = -1.22 V vs. Ag/AgCI (in DMF)S0!
Ey (Co"/Co'") = -0.10 V vs. Fe/Fe” (in acetone)*™  E,, (Co"7Co") = +0.52 V vs. Ag/AgCI (in DMF )5

(commercially available as both enantiomers)

Co(TPP) Co-3

Ey (Co"1Co'") = -1.39 V vs. Ag/AgCI (in DMA)I2

Ey, (Co"/Co') = -0.87 V vs. SCE (in DMF)I]
Ey (Co'tCo"™) = +0.11 V vs. Fc*/Fc (in DCM)I

Ey (Co"/Co") = +0.03 V vs. SCE (in DMF)I®!

Angew. Chem. Int. 2023, 62, e202304882.

Troian-Gautier, L. et al.; ChemPhotoChem. 2021, 5, 217 .



Application of S,,2 Reaction for Synthesis of Natural Product

10 mol% Fe(acac),
10 mol% Fe(TPP)CI
» MeO
8 equiv. PhSiH,(Oi-Pr)
2 equiv. NaHCO,
1:1 i-PrOH/acetone
open to air, 22 °C

58% >10:1 dr

Oxidative generation of Fe-H
+ Sy2

. reductive elimination pathway did not can Sy2 favor C4’ re-face approach

(acac),Fe?* — distinguish diastereomers due to geminal dimethyl repulsion?
# &3+ :

)\/ “ e §

MHAT

(PPIFez ] MHATXAT
(acac),Fe-H H\)<IF91 8.2 }T\ (TPPFe® —H

H Ar
[Si-H] [Si-H]
0, 0,

((acac),Fe?*] )
«2/-POH (TPP)Fe?

H Ar

Figure 2. Proposed intersection of catalytic cycles. See the text for competing hypotheses. :

Shenvi, R. A. etal.; J. Am. Chem. Soc. 2023, 145, 15714.



Oxidative Co-H Generaton

R o @ O._ _Ar By @/§ e
Ar/g * F)I\Ar _@ }[\H,(J —> ArI O\CO—N
R2 ’ R! R2
alkene aroyl fluoride ketone ‘Bu ‘Bu By
C) Proposed mechanism
. . “ Me 0 Ar
triple catalytic %—N HAc
activation Ph Ph NHAc
A Ph Me
NHAc
radical-radical coupling \/
MHAT/—\ -0 )
/”\ 7 Co'' (Eqy2=+0.08V) \
ﬁ +
Ph NHAc / Ar o NHC ‘
NH(
Cobalt Ir" \ IHC
CO"I'H - | |
Catalytic cycle (Eqpp = -1.51 V) f
SET T
Phot ~
® metal Hydride Atom Transfer Cat:(; (t)ircegoé(/e O d /_\ Q
® persistent Radical Effect co' aly y +
® branched selectivity NH( Ar F
Si-) il A B
g (Eq2=-1.29V)
(Eqjp = +0.66 V) \’_//
blue LEDs

Wang, Y. et al.; ACS Catal. 2022, 12, 15241.



Limitations and Consideration

Cosideration for Mechanism

Table S1. Screening of Photocatalysts

2-5. Limitations of Hydrobenzylation 2a (2.0 equiv.) hoen

PC (1.0 mol%)
]L : )J\A 4a (1.0 mol%) J%A
” " 7 g A : 0TBS 0TBS

benzene (0.1 M)

N ,] ~ /\: ’ ’ N 1a blue LED, 25 °C, 18 h 3aa
Ts Ph CO,Bn = : )
S1a, trace $1b, N.D Sic, trace  S1d,N.D. Ste, 42% NMR y. Entry  Photocatalyst % yield®  E.o(PC/PCT) [V vs. SCE]
1 e~ TMe 1 Ir(dFppy)s 74 ~1.24
P /\ :
HN / - :
1] i Ho | s 2 [Ir {dF(CF3)ppy} 2(dtbpy)](PFs) 46 137
07 "N"0 D ‘N"'"‘]’N e Y VAN T :
H Ho g H 3 [rpy)(dibpy)I(PFo) 37 151
S1f, ND S1g. 18% S1h, trace :
4 Ru(bpy)s N.D. -1.33
R R=Cy :8§2a, N.D.
MeO ﬂ\ E10,C._J__co,et  CaHiPh :S2b.N.D : 5 4CzZIPN 60 -1.21
0o b CH,0Bn: $2¢, N.D :
MeO,C. _~_ _~ A, < ) . . . .
PN /O Sl II. N’u‘ Boc “Determined by 'H NMR analysis using 1,1,2,2-tetrachloroethane as an internal standard.
OH H P N\‘ .
811, trace L J :82d, N.D. . . .
Y :  The reaction efficacy might rely on factors other

than the electronic properties of the photocatalysts.

(reaction rate of the SET, benzyl radical quenching
process etc ...)

Matsunaga, S. et al.; Org. Lett. 2024



8

%
16

t-Bu

CF,

Deoxygenative Arylation of Alcohols

Ph b & CFq
+ Pyridine t-Bu N><H NHC OH NHC, pyridine, in t-BuOMe, r.., 5 min;
> — PveHBF B l O activated Z ; then 1.5 mol% Ir(ppy),(dtbbpy)PFg
A YHHEre By glEolel o 5 mol% NiBr,edtbbpy, 1.5 equiv Q

(dtbbpy)Ni'Lnx

1

Alkyl Nickel
N-Ni'"- Ar catalytic
N cycle
15
Br

Alkyl radical

1
N-Ni''-Ar

1
N

1:1 t-BuOMe/DMA, blue LEDs, 2 h

i o) 16
Ph< "’/\
" ) Pha g 2N Ph~ AN Ph< A\ ~Ph
oxidant : =N
: NHC -

Photoredox : - 20
Ir' (4) catalytic 19 x = s
cycle Yield 88% 72% 0% 0%
SET Ir' (6)
\—____reductant .,Ph
t-Bu N ><H
L%,
(dtbbpy)Ni°L,, t-Bu : 0.00002 CV-Triazole-OMe
12 2 0 : o o 4.00E-05
; O><0 0.000015 {\j N>=N\N\ 3.00E-05
Br : g _ OMe 2.00E-05
<
\©\ » % ; 1.00E-05
i3 CFy4 é § 22
T z -2.00E-05
7/ Ph B ,Ph E -0.000005 300E-08
t- H
gFO - u N >_, o Voltage: (V) Voltage: (V)

oe'.
t-Bu Z-j
8

Dong, Z., & MacMillan, D. W. Nature. 2021, 598, 451.



Optimization (Methylation)

Ni cat

Table S9. Evaluation of Ni catalysts for cross-alcohol coupling with methanol

NHC-1 (2.7 equiv), pyridine (2.7 equiv)
MTBE (0.1 M), rt, 45 min;

OH Ir[dF(CF3)ppylz(dtbbpy)PFs (1 mol%) Me
Me==OH >
CbzN Ni catalyst (25 mol%) CbzN
Bz,02 (1.5 equiv), Quinuclidine (5 equiv)

IPR (450 nm, max fans, 100% int.)
MTBE/DMSO (1:1,0.05 M), 1t, 1 h

0.05 mmol 1.5 equiv

Ni Catalysts UPLC Assay Yield

Ni(acac)2 68%

Ni(TMHD)2 57%

Ni(acac)2/KTp* 60%

Ni(dtbbpy)Cl2 13%

NiBrz(glyme) 33%

Ni(OEP) 9%

Table S14. Evaluation of Ni catalysts for cross-alcohol coupling of tertiary alcohol with

methanol

Bu NHC-CF3 (3.3 equiv), pyridine (3.3 equiv) tBu
Me TFT (0.1 M), -25-0°C, 2 h; Me

OH Ir(dF(CF3)bpy)a(dtbbpy)PFs (1 mol%) Me
Me=OH >
i N Ni catalyst (20 mol%) i N

Bz20: (2 equiv), Quinuclidine (6 equiv)
o IPR (450 nm, max fans, 100% int.) [¢]
TFT/DMSO (1:1, 0.05 M), rt, 30 min

0.5 mmol 2 equiv
Ni catalyst UPLC Assay Yield
Ni(acac)2 56%
Ni(TMHD)2 47%
Ni(acac)/KTp* 67%

Table S11. Additional evaluation of bases for cross-alcohol coupling with methanol

NHC-1 (2.7 equiv), pyridine (2.7 equiv)
MTBE (0.1 M), rt, 45 min;

OH Ir[dF(CF3)ppy]2(dtbbpy)PFs (1 mol%) Me
Me=0OH
CbzN Ni(acac)z (25 mol%) CbzN

Bz;0: (1.5 equiv), Base (5 equiv)
IPR (450 nm, max fans, 100% int.)
MTBE/DMSO (1:1,0.056 M), rt, 1 h

v

0.05 mmol 1.5 equiv
Base UPLC Assay Yield
Base
Quinuclidine 68%
KOAc 0%
NaOBz 19%
Cs2C03 4%
DABCO 0%

Table S10. Additional evaluation of oxidants for cross-alcohol coupling with methanol

NHC-1 (2.7 equiv), pyridine (2.7 equiv)
MTBE (0.1 M), rt, 45 min;

OH Ir{dF(CFa)ppyl2(dtbbpy)PFs (1 mol%) Me
Me==OH >
CbzN Ni(acac) (25 mol%) CbzN

Oxidant (1.5 equiv), Quinuclidine (5 equiv)
IPR (450 nm, max fans, 100% int.)
MTBE/DMSO (1:1,0.05 M), i, 1 h

0.05 mmol 1.5 equiv
Oxidant Oxidant UPLC Assay Yield
BZzOz 68%
K2S20s8 49%
SeOz 0%
CAN 0%
KIO3 37%
Oxone 51%

MacMillan, D. W. et al.; Science. 2024, 383, 1350.



The Effect of Oxidation of Quinuclidine

MeO-NHC-5 adduct and Quinuclidine Table S17. A time study for cross-alcohol coupling of fert-butyl 3-hydroxy-3-
methylpyrrolidine-1-carboxylate and methanol
16 ° NHC-5 (3.3 equiv), pyridine (3.3 equiy)
: TFT (0.1 M), -20-0 °C, 2 h;
14 [% : OH Ir(dF(CFs)ppy)2(dtbbpy)PFs (1 mol %) Me
N et : DLMe Me=OH > D<Me
S e B Boc” Ni(acac)z (20 mol%), KTp* (20 mol%) Boc”
12 sient : leé(')qz ((fss(e)quiy), Quir}ualjdi{)go(? .eqtu)iy)
- . nm, max fans, % int.
y= 21435-7)( +1 : TFT/DMSO (1:1, 0.05 M), 1t, XX min
10 R?=0.9994 0.5 mmol 2 equiv
ol et :
@
Irradiation time I Results
6
% . y:816A91X+1 10 min 57% yield M|ji><Me
R2 = 0.9988 fe 20 min 55% yield s el
.0 :
2 JIRETAE : 30 min 53% yield Me
5 r\ Me
0 : 60 min 52% yield N Me
0 0.002 0.004 0.006 0.008 0.01 : ; : Boc
H 90 min 49% yield )
H LC trace/mass hit observed
concentration (M) 120 min famal

MacMillan, D. W. et al.; Science. 2024, 383, 1350.



Detection of Ni-Alkyl Complex

Me 55 O R
— 5 T
N. #
HB— "~ Me )j\ P \/
, N\‘ I B Mes
N i Nl" -
Me N——’ ‘
M Y 9 10 mol% TXO
PhMe (0.1 M), r.t. ¢
5 mol% Tp*Ni(OAc)
Me g=217 R Ni-R BDFE
Et g=2.19 Me 9.5 kcal/mol
Et 1.1 keal/mol
i-Pr
i-Pr - 1.9 keal/mol
t-Bu
t-Bu - 9.8 kcal/mol
20 250 30 350 &0
field [mT)

MacMillan, D. W. et al.;

Me

,\f";\ |

Ns,
Me N N,N"" >_Me
i el
R 56a-b

Me

detected by EPR

Only methyl and 1° alkyl bind

to the nickel complex

!

Radical sorting

R = Me, Et ... Ni(IIl) was detected.
(consistent with BDFE calculated

by DFT)

J. Am. Chem. Soc. 2022, 144, 21278.




Limitations

NHC activation
Alcohol-alcohol coupling

t-Bu,
t-Bu
t-Bu
t-Bu +Bu Me
Ir ; { Ni Me Me
+Bu Base Nb Ar—N_O
+ Ar— + | D —
No b T pheFy, -20°C \o( Ve - ()
Ar— o \!<
" Me v
1.0equiv 1.1 equiv © t+Bu CF4
. Limitations
t-Bu "
“ Me Me Me y NN
Desired Product Byproduct Me CFs N —co,Me
Me CF3 CbzN
. CbzN CbzN
For Ar=Ph 60% 40% 0% Arylation product s
<10% yield <10% yield 0% yield <10% yield <10% yield
For X= 4-CF3CgH,4 95% < 5% 52% Arylation product o Tertiar y benzylic o . Electron-poor alcohols o ®  Extremely insoluble alcohols

Me
H NZ Me
N Me |
OMe Me (\ /W N 5
N
Br ; R
> P8 P I, (Ni, INHC O\)\/ \) o (_Y\ ) /
H M ,
o o o o o + P = N N NHBoc NHCbz
MeO,C Me0,C” N Boc
0
primary, seconday, or tertiary alcohol aryl halide C sp2-sp? coupling product H
N 0% yield 0% yield <5% yield <5% yield
Failed Alcohol Examples
e Alcohols with oxidant- (J O Admantanol derivatives

Me O

o

A NN NN AN AN AN AN NN AN NN NN E NN AN AN AN AN AN AR AN A NN A NN AN NN NN AN NN NN AN NN NN NN NN NN NN NN NN NN NENEEEEEEEEEEEEE

2
: Na N
HO HO ~
s75 $76 s77 s-78 579
Me
OH oH OH COMe Me, Tgso/\gww
oH —/
M —
Fac/*\ca a/*\ P\ _Me © N “ye 6_ o
CFs Et Me i o Boc X
e Me
s-80 s-81 s-82 s-83 s-84 -85 5-86

Dong, Z., & MacMillan, D. W. Nature. 2021, 598, 451.
MacMillan, D. W. et al.; Science. 2024, 383, 1350.



Examples of The Use of Other Transition Metals

e Cu catalyzed C-S bond formation
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l *5, Ar = 3,5-(Pr),Ph
7 *@ Liu, X. Y. et al.; Nat. Chem. 2024, 16, 466.

* Mn catalyzed difunctionalization of unactivated alkenes
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