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increasing

methylation

HOY\NHZ
0]

glycine

Mevastatin

never marketed

Chen, Y. Chem. Eur. J. 2019, 25, 3405-3439.

'S

I\:Ile
HOmA-NHZ
(0]

alanine valine

Me""
Lovastatin

first marketed statin drug

Me\/Me

HOY\NHZ VS

Me

K_/Me
HojthH2
(0]

isoleucine

Vs Me Me

Me""
Simvastatin

second-generation statin drug

3

Cernak, T. et al., Angew. Chem. Int. Ed. 2013, 52, 12256-12267.
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Magic Methyl Effect

Conformational preorganization

o
®
0] N/A

1, p38a,, ICsy > 2500 M

biaryl dihedral angle 50°

F
M \
e \ /
N/Hﬁ\\ﬁg
N. O
N N
N\

4, OX1R, |C50 96 nM

ortho-methylation

Me

208-fold boost
in potency

a-methylation

Me >

480-fold boost
in potency

Cernak, T. et al., Angew. Chem. Int. Ed. 2013, 52, 12256-12267.

low-energy conformers
(unbound)

‘
ON/A

2, p38a, IC5 12 NM

biaryl dihedral angle 65°

Ml\
N N~
C

)
0
No

-n

N—

Me

U-shaped

5, OX1R, |C50 0.2 nM

low-energy conformers
(bound)

VI

0]

Ox

O~ N
H
3 (R=Hor Me)

biaryl dihedral angle 85°

Nz
\ g
Z-z
(@)

U-shaped
(unbound)
6 (R =H or Me)
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Traditional methods for methylation
X C-X methylation Xs Me
‘ Me > ‘ ‘
X5 Me X5

X4 X4 X4

Limimtations

® C-X differentiation
® functional group tolerance

‘ X3 ‘ Me @ multiple methylation
Me

Me X1
etc.

C-H activation based methylation

H C-H methylation H Me

DG DG DG Limitations
Me - +
H Me Me ® pre-installation of directing groups

transition metal catalyst

® stoichiometric amounts of oxidants

. ® harsh conditions
TM: Pd, Co, Fe, Rh, Ni, etc.

Methylation reagents: Mel, SnMe,4, MeB(OH),, MeBF3K, MeMgCl, AlMe;, etc.

® sensitive methylation reagents
® multiple methylation
® jess feasible for heteroarenes

[1] Yu, J-Q. etal., J. Am. Chem. Soc. 2006, 128, 78-79. [2] Li, C-J. et al., J. Am. Chem. Soc. 2008, 130, 2900-2901. [3] Carretero, J. C. etal., J.

Org. Chem. 2011, 76, 9525-9530. [4] Yu, J-Q. et al., J. Am. Chem. Soc. 2007, 129, 3510-3511. [5] Nakamura, E. et al., Org. Lett. 2011, 13,

3232-3234. [6] Shi, Z-J. et al., Angew. Chem. Int. Ed. 2013, 52, 2063-2067. [7] Liao, X. et al., Angew. Chem. Int. Ed. 2016, 55, 9743-9747. [8] . 5
Dixon, D. J. et al., Chem. Soc. Rev., 2021, 50, 5517-5563.
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Classic Minisci protocols for methylation
heat .

Radical precursor —— > Me 7—'
+
H

X
| HET
~

N

Radical precursor: CH;COOH, DMSO, TBHP, etc.

Light promoted methylation protocols

Light

mild reaction | Me

conditions
or - or

Radical precursor

Carbene precursor «CH,

Radical precursor: CH30H, DMSO, CH(OMe);
TMEDA, DCP, MeQOTs, CHy, etc.

Carbene precursor: CH;0H

[1] Minisci,F. et al., Tetrahedron Lett. 1968, 9, 5609-5612. [2] Minisci, F. et al., Tetrahedron Lett. 1970, 11, 15-16. [3] Minisci, F. et al.,
Tetrahedron 1971, 27, 3575-3579. [4] Shafirovich, V. et al., J. Phys. Chem. B. 2009, 113, 12773-12781. [5] Kasai, H. et al., Bioorg, Med. Chem.

2 oxidation AN
| HET | _Me > | HET
+e + P
N~ "H -H -© N~ "Me
H
Limitations

® high temperature
® strong oxidants

® /imited substrate scope

v @

C-X methylation
C(sp?) and C(sp®) partner
(sp?) and C(sp”) o <
C-H methylation Me4.
C(sp?) and C(sp?) partner
Me—R
hydromethylation of olefins
~  Me
NEWG ~"Ewe
N-H methylation
- e—N(R),

NH(R), partner

I

Lett. 2010, 20, 260-265. [6] Li, C-J. et al., ACS Catal. 2020, 10, 6248-6253. [7] Wu, X. et al., Nat Commun. 2021, 12, 5365-5374.
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2.1.1 B EIFC(sp?)-XFERIEHHEAL

[Ir[dF(CF3)ppy,](dtbbpy)]PFg (1 mol%)

o

NiCleglyme (10 mol%), dtbbpy (15 mol%) Me
~ R
(MeO);CH (0.05 M), K3PO4 (2 equiv) @

34 W blue LEDs, 48 or 72 h, rt

39 examples
up to 71% yield

Me Me
Me\ﬂ/© Meom/(j
e} (0]

58% 57%
Me o) Me
H PhAN)vt@
o) Ph) F
48%3 71%

ot Lo
NC N 0
CN

67%? 70%

N|”L
L, Nil \\ reductant
Me
@ Pl

Cl
aryl
L, Ni° chloride

/
SET

SET
I ——
ff oxidant ~ Ar,
Ar, ho NI,
Ni'lL,, c’ ¢
Me/ -~ ho
E
)J\ MeO/ ©~ g1
MeO~ "OMe M O/_\Q\“‘ L,Ni"—Ar
© Me _—~ D
n_ ~— HAT
L,Ni Ar Pz ~ OMe
: £
HCI MeO” | OMe
trimethyl
orthoformate

@ 19F NMR yield.
Doyle, A. G. etal., J. Am. Chem. Soc. 2020, 142, 7683-7689.
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IRERT

A. Radical trapping experiment

TEMPO (1 equiv)
[Ir[dF(CF3)ppy2](dtbbpy)]PFe (1 mol%)

Cl NiClsglyme (10 mol%), dtbbpy (15 mol%)
Me (MeO)CH (0.05 M), K3PO, (2 equiv)
o 34 W blue LEDs, 72 h, rt
0.2 mmol
[Ir[dF(CF3)ppy.](dtbbpy)]PFg (1 mol%)
Cl NiCleglyme (10 mol%), dtbbpy (15 mol%)
Me (MeO)CH (0.05 M), K3PO, (2 equiv)
5 34 W blue LEDs, 48 h, rt
0.1mmol

Me

3!

Me

(0]
Me
OMe
+ Me +
0]
0% 2, 0%
O
Me
OMe
+ Me +
0]
61% 2, 3%

OMe
(0] OMe
Me
1, 0%
OMe
(0] OMe
Me
1, 15%

B. ReactIR monitoring

standard
/@/CI conditions /©/ Me (0]
> +
Ac Ac MeO)J\OMe
N 3 b o

Doyle, A. G. etal., J. Am. Chem. Soc. 2020, 142, 7683-7689.

Absorbance

1200

15

Aryl chloride | =)

f <

ao Il 7
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IRES TR

C. Quantitative 3C NMR experiment

Me JOL
Ma ﬁ MeD™ ~OMe

o |
¥

*1 |

l_l |JIJ 1 1 |||I|
L

T T T T T = T T T T T T T T
30 2 0 200 190 180 17 130 120 110 100 an an T
11 {pom)

D. Hydrodealkoxylation experiment

standard

OMe
PR conditions Me
/@Ao OMe -
Ac
Ac
1 3,0%
E. Alternative mechanistic pathway
MeO,s | LaNi'(Ar) MeO,® | LaNi'(Ar) Ar,
Meo”™D N, o MeO” Ny T Nl
e -L,Ni'(Ar) € -OC(OMe), Mé
E
F. Methyl radical generation and trapping in the absence of Ni
benzoyl peroxide 7
Q OMe (2 equiv) EtO—P-OFEt
EtO-P-OEt + 4\ -
§ MeG" | OMe 80°C, 3.5h
Me
0.05M 22%

M 10

Doyle, A. G. etal., J. Am. Chem. Soc. 2020, 142, 7683-7689.



2.1 C-Xﬁ% HH «.—n—:ﬂﬁlﬁ&

Ir[dF(CF3)ppylo(dtbbpy)PFg (1 mol%)
NiClyeglyme (0.5 mol%), dtbbpy (0.6 mol%)
LiBr (1.5 equiv), TTMSS (1.0 equiv)

Br Na,CO; (2.0 equiv) Me
+ Me—OTs >
MeO,C DME, rt, 34 W blue LEDs, 6 h MeO,C

1.5 equiv 75%
MacMillan, D. W. C. et al., J. Am. Chem. Soc. 2016, 138, 8084-8087.

[Ir(dF(CF3)ppy2(dtbbpy))IPFe (1 mol%)

NiBry+dtbbpy (10 mol%), 2,6-lutidine (5 equiv)
O (ONpe; (TMS);SiH (3 equiv), LiBr (2 equiv)
S\O/CT3 + Ar—Br >  Ar—CT;
O DMA/Toluene (1:1), ho, rt
3.5 equiv 16 examples

up to 71% RCY
MacMillan, D. W. C. et al., Nature 2020, 589, 542-547.

. X
Me Li
- o.lo ©/ (X=ClorBn M
MeLi O B~ O R e
NiBryediglyme (5 mol%)
O dtbpy (6 mol%)
THF, blue LEDs, 24-40 h 4 examples

Ohmiya, H. et al., J. Am. Chem. Soc. 2020, 142, 9938-9943. 56% ~ 80% yield

[Ir[dF(CF 3)ppyl2(dtbbpy)]PFs (1 mol%)
OMe NiBryeglyme (2 mol%), dtbbpy (3 mol%)
Ar—Br + = Ar—CHs;
Ph OMe K3POy4 (1 equiv), benzene:MeCN (1:1), 34 W blue LEDs

1.1equiv 16 examples

up to 95% vyield .
Doyle, A. G. etal., J. Am. Chem. Soc. 2022, 144, 1045-1055. 11
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2.1.2 KR C(spd)-XERE ML R M

dual catalytic combination

Ir photocatalyst (1 mol%) : F4C ‘ TMS
Ni catalyst (5 mol%) ! A Bu TMS—\Si—OH
supersilanol (1.5 equiv) ! | /
TBAB (2.5 equiv) ! cl. NF TMS
Na,CO3 (2.0 equiv) 5 Ir ) Ni Ni., Ianol
R—Br + Me—OTs R=—Me! c” INTX supersilano
MeCN, rt, 34 W blue LEDs ! | P
2.0 equiv : Bu
i TMSO\
5 o~ CFs ) TMS—Sit__ Br
N O N | E TMSs N\R
! jlanol \ /
(;L | spersiane SET Silyl radical 6
FsC Me : / \ activation
Me |
! i i
70% '
2% 1.5:1 Zi.r. i Photoredox N/R
: Catalytic Cycle
| 7
| / L, NI
OTBS Me i ﬂ‘/ SET
3 n i i ’//
@_Me NHBz i Niokle
i L, N| —x Catalytic Cycle L, N| —Alk
42% 68% i e
o (4 I —
>20:1 d.r. 1.2:1dr. ! U‘R f\ M<1eo Br
| llke
l 12 Me=Me LnNI\AIk excess
! coupled volatile 1 (via MeOTs)

product dimer . 1 2

MacMillan, D. W. C. et al., J. Am. Chem. Soc. 2018, 140, 17433-17438.
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2.2 C-HER R R M

\

2.2.1 Z2F5IRC(sp?)-HE R E 1k

@ TFA (1.2 equiv)
R
~

X hv, DCM/MeOH, rt X Me
33 examples
up to 80% yield
A B
1.2 2. methylquinaling withcut acid 18 - Stern-Velmer plot with and without ackd
s Z-mothylquincling with TFA
10 =
300 nm 144
o
L osd .
a e ]
O gg 270 n =, [ =——withoul acid|
a SRES
© 0.4
::, | -
= 13-
02—
1.1+
0.0 o
: . d ! 1':)*"|:"'r1'r'|"'r'|:'r"r":|"'1
0 00 e e ¢ 2 4 & B 10 12 14 ® W 0
wavelength (nm) MeOH amount (ul)
H Me
X hv (300 nm) A
— _ + Hzo
N~ “CHs MeOH N~ “CH,
air, 6 h, rt
with TFA (1.2 equiv) 29% yield

without TFA

Li, C-J. etal., Chem 2017, 2, 688-702.

trace . 1 4
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2.2 C-HER R R M

R Rz H13E

1 Generation of hydroxymethyl radical

A
hv
A . \/\.. X ™ H
LI y + CH30H —> . + CHzOH — %d+
N N N H ;H+
H H
1 2 3 4 5 6
B hv
CHyCly —— -ClI
HCl ¢
c
hv
/—\ — +e /H
CHyCl; + CH3OH —— CH4Cl, *+ CH0H — g*oﬁ T’
H ot
7 4 5 6

15

Li, C-J. etal., Chem 2017, 2, 688-702.
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2.2 C-HER R R M

R Rz H13E

The substrates which involve benzophenone as additive of CH,Cl,

TFA (1.2 equiv)

o CHs . o CHs
_N hv, DCM/MeOH, rt _N
Me
0.1 mmol 0%

TFA (1.2 equiv)

AN CH3 + > AN CH3
_N hv, MeOH, rt, 6 h _N

Me

0.1 mmol 2 equiv 60%

Ph)J\Ph — Ph)\.Ph + Momon ———
6

16

Li, C-J. etal., Chem 2017, 2, 688-702.
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2.2 C-HER R R M

R Rz H13E

2 Nucleophilic attack on the heteroarene — -

OH OH
AN H* \/\‘/_\ e
P + * %OH " + - +e |
N N N N
1 2 6 i 10 H 1t

.
N
H H* Tk

14 13

HIETEIE

Deuterium Labeling Studies

CD; — ~100% D

N CD;0D/CH,Cl, N

(1/1)

17

Li, C-J. etal., Chem 2017, 2, 688-702.
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\

HIELeIE

Deuterium Labeling Studies

Li, C-J. etal., Chem 2017, 2, 688-702.

CH3 —> ~0%D
hv, TFA - m
=
CH30H/CD,Cl, N
(4 B, 82%
CD; — 40%D
hv, TFA N
CH30H/CD30D/CH,Cl, N7
(0.5/0.5/1)
C, 80%
CD; —> ~100% D
hv, TFA
> N
CD30D/CD,Cly _
(1/1) N
D, 75%

CD,H — 66% D

hv, TFA
- XN
CD30H/CH,Cl, P
(11) N

E, 77%

M 18
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\

HIELeIE

HO Me
conditions?
X - ~
~
N” cH N™ "CHs
15 14

a. deuterium labeling experiment

hv
DCM/CD,0D (1:1) _
TFA (1.2 equiv) N

Y
/

3

entry light TFA DCM MeOH yield b. the importance of nitrogen atom

1 no yes 1mL 1mL 0%

2 yes yes 1TmL 1mL 74% hv

3 yes no 1 mL 1 mL 28% OO DCM/CH30H (1:1) OO
TFA, air

4 yes yes 2 mL 0 mL 0% without nitrogen atom 0%

5 yes yes 0 mL 2mL 47%

c. radical trapping experiment

standrad Me
conditions R N .\
styrene (1 equiv) N/

0.1 mmol 1.2

@ Conditions: 15 (0.1 mmol) and TFA (0.12 mmol) for 6 h in the
specified solvent in air unless otherwise specified. The yield was
determined by 1H NMR with 1,3,5-trimethoxybenzene as the
internal standard.

Li, C-J. etal., Chem 2017, 2, 688-702.
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\

HCI (5 equiv)

AN - X
R _ MeOH, UVA LED R _
N” H N~ M

14 examples
up to 99% yield

e

Barriault, L. etal., Chem. Sci., 2017, 8, 7412-7418.

'BuONa (1 equiv)

1
1-phenylethanol (1 equiv) R

R 0
| * s
X, Z H,C”™ " “CHjy ho

X

=
NS | b
N~ N7 CH,

R2

26 examples
up to 76% yield

|Chen, X. etal., Org. Biomol. Chem., 2019, 17, 7416-7424.

H [Co(dmgH),(py)ICI (5 mol%) Me
BusNCI (20 mol%), TFA (1.2 equiv)
N + MeOH A
— CHC|3, ho —
N~ “Ph N~ “Ph
85%
Li, C-J. et al., Nat. Commun. 2021, 12, 4010-4018.

M 20




2.2 C-HER R R M

\

(ﬁH o [Ir(pPy)2(dtbpy)IPFg (2 mol%) e
Het| * 0. ~ |[Het
| o Me)J\o By TFA/MeCN = 1/1 | e
_ 450 nm hv
2.5 equiv 10 examples

up to 77% yield
DiRocco, D. A. et al., Angew. Chem. Int. Ed. 2014, 53, 4802-4806.

Ir(ppy)o(dtbbpy)PFg (1 mol%)

X cat.5 (5 mol%) AN
R + MeOH » R
— b

N" H TsOH, DMSO, blue LEDs, 23 °C N° Me

18 examples
up to 98% yield

MacMillan, D. W. C. et al., Nature 2015, 525, 87-90.

Ir(ppy)2(dtbbpy)PFg (1 mol%)
4 PhPOCI, (3 equiv) CH,/CD3
NG DMSO or dg-DMSO, rt, blue LEDs NG
18 examples
Glorius, F. etal., Chem. Eur. J. 2018, 24, 10064-10068. up to 90% yield

N X

|, [Ru(bpy)s(PFe)2] (2 mol%) .
= +  MeBF4K > P

fsC N BIOAG (3 equiv), TFA (2 equiv) ¢ N Me

o CH,Clo/H,0 (1:1), 1t, 24 h 0

2 equiv 36 W blue LED 38%

Xu, H. etal., J. Org. Chem. 2017, 82, 2059-2066. . 21




2.2 C-H#EHFR

Y & R

\

Cl Ru(bpy)sCl, (1 mol%)

BIOAc (2 equiv)
N + MeB(OH), - X
N/ H HFIP, visible light, Ar, 30 °C, 24 h N/ Me

2 equiv 46%
Chen, G. et al., Chem. Sci., 2016, 7, 6407-6412.
Me N-hydroxyphthalimide (1. 5 equiv) Me
DIC (1.5 equiv), DMAP (5 mol%), 24 h
Xy + CH3;COOH > N
= 4-CziPN (1 mol%), camphor-10-sulfonic acid (2 equiv) “
N H N CHj3
) DMSO, 3 h, 40-48 °C, 34 w blue LEDs
1.5 equiv 26%
Dhar, T. G. M. etal., J. Org. Chem. 2018, 83, 3000-3012.
Me FeS0O,4+7H,0 (10 mol%) Me

picolinic acid (20 mol%), NaCIlO3 (3 equiv)
Yy + CH3COOH

~ H,O/DMSO (9:1), 440 nm ho, fan, rt
N H

10 equiv
Jin, J. etal., Org. Lett. 2019, 21, 4259-4265.

—
N~ CH;

M 22
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2.2 C-HER R R M

Ir[dF(CF3)ppylo(dtbbpy)PFg (5 mol%)

CH, Na,COj3 (3 equiv), H,0 (10 equiv)
+ /N\/\N/ >
CH3

| MeCN, 45 °C, Ar, 30 W blue LEDs

0.2 mmol 1 equiv 26 examples
up to 79% yield

| (0]

Ph
I\I/Ie HJ\OMe r
N O N O N O N (0]
N~ “CHj N” “CHs N~ “CHs N” “CH;

78% 49% 56% 43%
I\I/Ie I\I/Ie I\I/Ie I\|/Ie
N._O N._O N._O Me N._O
MeOOC N~ “CH, Br N~ “CH, N~ “CH, Me N~ “CH,
Me
51% 56% 55% 49%
Me
Me Me H N__O
N. _O N.__O N.__O
X LL LA oS
N~ CHs Ph™ "N” “CH, Ph™ "N” “CH, 2 3
45% 27% 40% 0%

M 23

Yang, H. et al., J. Org. Chem. 2021, 86, 11905-11914.
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2.2 C-HizH

IRES TR

Me standard 'Y'e
N. 0O methyl conditions N._O
— source @ I
N H N~ CH;
Control experiments 1a 2 3a
methyl source
~ /\/|L\ 'L N | \ Py /\/I\L
2 2a 2b 2c 2d 2e 2f
ield
e 78% 38% 26% nr nr nr
'YIe standard 'Yle
N 0 l\ll conditions N._O
R X
N H | N~ CH
1a 2a
— Me
variations l\ll o
adding not detected ©[ 1
in dark 0% '\ll N\?
no photocatalyst 0% +
p y (4 O\ /ITI\/\N/
|
adding
instead of 10 equiv. H,O detected by HRMS
and '"H NMR detected by HRMS
CH,_,D
M2/

Yang, H. et al., J. Org. Chem. 2021, 86, 11905-11914.
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2.2 C-HER R R M

IRERT

° On/Off Study ® Quenching experiment of 2a

1.43

a0 , Q Se—— 1.38 y =0.0007x + 1.0164
- - 1.33 R?=0.9849
:_'\! = u | — O 1.28
= 40 o O — 123 2
= I‘J—\\‘_ — - -
; 30 u  — e 1.18
= O = 1.13
= 20 ¥
— 1.08
10
1.03
0w 0.08 ®
o 50 100 150 200 250 300 350 0 100 200 300 400 500 600
Time,/min concentration (107M)
c d
0.000# < |
0.0002 - -— SN
01,0004 - |
(s 1 g 0.0001 4
E =
= 3 =
5 0.0002 =
= o
S E
=
;=_, (1000 - 5 0.0000 <
J
-0.0002 m
red .
Eij2 [ =121V vs.SCE in MeCN
00004 -0.0001 - I
<000 T T T T T | 1 T T T T T T
3 3 i 0 1 2 3 0.0 0.5 1.0 1.5 2.0 25 30 15

Potential/V Potential/V . 2 5

Yang, H. et al., J. Org. Chem. 2021, 86, 11905-11914.
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2.2 C-HER R R M

DFTitE

AG in kcal/mol
0.0 1+

TMED | - - - -
A\/ c)O'b I-TS-II -, N_O / i | ¥ | ¥
SET *Na-"0---H N N._O N._O

NSy W ¥ ) LT X

¢ ; \\ // Ill\ N \\\ H N

y 1
\N/\/N\ 3
L/ _ +H- >

V-TS-VI

| -

LT,

N/\/ ~
4 J
detected by HRMS

@;53 seNeegicedices

v trapped by TEMPO
deprotonaiton 1,6-proton shift SET taiutomerizatioln

SET radical addition fragmentation protonation

M 26

Yang, H. et al., J. Org. Chem. 2021, 86, 11905-11914.
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2.2.2 KEkEC(spd)-HEE R Bk & Iz

NiCl,*dme [BUtpy] (4 mol%)
Me

)H\/\ >‘\ Ir[dF(CF3)ppy]2tB“bpyPF6 (1 mol%), TFAH (0.5 equiv) )\/\
Ph Nphth + -0 >~ Ph Nphth

\’/\ 0.3 M TFE, visible light, 25 °C

. without [Ni] <10%
6 equiv with [Ni] 60%, 18% diMe, 20% RSM

RS

a. Role of nickel catalyst in promoting C-C coupling

>L +-  4mol% [Ir] (1 mol%) HaC—H
O\’/\ HsC—H H3C—CHs >[\ o0 M NiCl,»dme [®BUtpy]  TFAH (0.5 equiv) .
- e
‘ ‘ o \’/\ ] TFE, ho, it HC—CH
0 0 = © osmmol o :
visible light or éHs Me
acetone 0.3 mmol
Ph)\/\Nphth
>‘\ -SCISSIon . [Nil]

Me Hy; — [Ni"I—Me

-acetone Gas evolution experiments
no [Ni] with [Ni] with [Ni]
no R—-H no R-H with R—H
(C] R 0.4 0.4 0.4
tBuOH - [Ni] é‘
E
o +[Ni] T CHy: CoHg +R-H CH, : C3Hg : R—-Me
R R—Me 3 : H 1 :10.5 1: 47 : 22
<y o
; @ favored 3 @ favored @ + @ favored
OD <] 12 18 . 0 6 12 18 DU 18
Time (h) Time (h) Tlme {h}

W/

Stahl, S. S. et al., Science 2021, 372, 398-403.



2.2 C-HEBR R E M

NiCl,sdimethoxyethane [L,] (4 mol%)

H R)‘\ o Ir[dF (CF3)ppyl,®UtpyPFg (1 mol%), acid (0.5 equiv) )M\e
" .
R R? ¢ \’<R 0.3 M solvent, visible light, rt, 16 h R1” "R?
. 36 examples
6 equiv up to 61% yield
Bu %
Ssubstrates class \ A B condition c D NI | substrates class
t | t DTBP DCP eroxide | DTBP DCP
H Bu “ Bu p or H
Je ﬁ\ j'\ TN TFE °" MeCN | solvent | TFE MeCN Boc\ o R
R17ORZ RN OR? 2N N~ TFAH B(OH), acid - MeB(OH), 0~ “R2
H [La] = BUtpy [Ln] = TPA

i. Benzylic substrate scopes

Me 0 Me 0 Me Me Me O
P o H
o] =z Bpin
59% (A) 59% (A)? 52% (B)? 28% (A)? 60% (B)°¢
ii. a-Amino substrate scope
Me
Me Boc _Boc
Me N,Boc C N 0
N/BOC ’// N
H
O
O o}
40% (C)2° 31% (C)4 44% (C)Pd 55% (D)
3.8:1d.r. 54:1d.r. 4.1:1d.r.

0.6 M concentration. ? 0.5 equiv MeB(OH), used as acid. ¢ 1:1 MeCN:DMSO used as solvent. Y 0.15 M concentration.

M 28

Stahl, S. S. et al., Science 2021, 372, 398-403.



2.2 C-HEBR R E M

A. Effect of protonation on C(sp®)-H methylation

innate selectivity

H NiCl,edme [TPA] (4 mol%), Ir-F (1 mol%), Me
N,Boc . )H\/\ DCP (4 equiv), B(OH); (0.5 equiv) N,Boc . )I\/I\e
Ph Nphth 0.15 M MeCN, visible light, rt, 16 h Ph R
Nphth R
R = j\/\Nphth
1 equiv 1 equiv 60% 12%

(10% diMe, 11% RSM) (58% RSM)
Brensted acid modification

H NiCly*dme [BUtpy] (4 mol%), Ir-F (1 mol%), Me
TFA H DTBP (4 equiv), TFAH (0.5 equiv) TFA Me
“NH, + )\/\ NH, + )\
Ph Nphth 0.3 M TFE, visible light, rt, 16 h Ph” "R
Nphth R
. _ R = Yé\/\Nphth 1% 45%
1 equiv 1 equiv (89% RSM) (5% diMe, 49% RSM)

B. Chemoselective C(sp®)-H methylation of amine salts

NiCly*dme [tB“tpy] (4 mol%), Ir-F (1 mol%),

H , . M
1 N >L O _Me DTBP (4 equiv), TFAH (0.5 equiv) )\e
T R Me~ ~O \’/\ . 17 > R2
R 0.3 M TFE, visible light, rt, 16 h R
6 equiv
Me + NH
©/\/\OMe Me /@/\”J}( 2
_ F _ 2 e}
N.
+NH2TFA Boc o TFA
48% 21%*2 51%b
4.8:1d.r.
@ No acid added; used 3 equiv of DCP, TPA as the ligand, and 0.15 M MeCN as the solvent.
b 4 equiv of DCP and MeCN used in place of DTBP and TFE. . 29

Stahl, S. S. et al., Science 2021, 372, 398-403.
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2.2 C-HER R R M

Cu@p-GaN NW (1 mg)
(same cat. re-used for all substrates)

R-H + HZCH:_OH » R-CHj;
TFA (2 equiv), hv, 4°C, 12 h 7 examples
0.2 I
mmo up to 55% yield
A c-plane
" :::: c-plane
£ ¥ £ o —* A—
40% 29% 37% g‘< é '§ ( v % only c-plane
e £ 5“'"’ (no m-plane)
el = - ;f.#'
3

NW grown 4 h NWagrown 2h  GaN film

CH
k s )\/CHS

) B

55% (3:1) 6 M toluene 30
LS .pGaN pGaN M c-plane -
;44 | GaN.m plane_ 208
o film 3
H et
)<c 3. )\/CHg g3 1 s
-9 p-GaN 10 ot
= 7 NS £
39% (1:5)° et b

0 4 - 0

@ Reaction was conducted at 90 °C.

Li, C-Jetal., Chem 2019, 5, 858-867. . 30

Li, C-J. et al., ACS Catal. 2020, 10, 6248-6253.




2.2 C-HER R R M

IRERT

c$ " : - "@ """"""""""
rotate 90° Sl ' §N
| ' © H
! A/

view

p-GaN
D , E 50 -
® SpLMeOH + 10 pL benzene
N ® 2.5 uL MeOH + 10 pL benzene -100 4
g ® SypLMeOH + S pL benzene < -150 -
S £
o
=1 - 5-200
5 & > '
oy 0. 250
© 0. W - €.300 -
.‘ ..... 3 .......... ® w
O e S a— -350 -
0 30 60 90 120 1S
reaction time / min -400 -

Li, C-Jetal., Chem 2019, 5, 858-867.
Li, C-J. et al., ACS Catal. 2020, 10, 6248-6253.




2.2 C-HER R R M

\

Ir[dF(CF3)ppyl>(dtbbpy)PFg (1 mol%)
NiBryediglyme (2 mol%)
4.,4'-dimethoxy-2,2'-bipyridine (2 mol%)

Q CsBr (1.2 equiv), K,COs (1 equiv) Q
H + > Me

N Me—O0Ts - N

| |

R Acetone, blue LEDs, rt R

2 equiv
R =Ac, 61%
- 0,
MacMillan, D. W. C. et al., Nature 2017, 547, 79-83. R =Boc, 41%
_ cat. GaN _
H2C|) OH +  CH3OH H2(|3 CH,OH H,0
H 15°C, ho H

3%

Li, C-J etal., Chem 2019, 5, 858-867.
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2.3 RS R EN R M

2.3.1 AT R EIER S B E L

Z>C0,Bn (3, 2 equiv)

S
4 - [Ir(ppy)2dtbbpy](PFg) (1 mol%)
Me—OH NaO'Bu, THF QJ\S Na 2 6 . H3C\/\COZBn
then CS, CHs PPh3 (1.2 equiv)
H,O (7 equiv), MeCN
1 2 30 W blue LEDs, rt, 24 h 4,60%

(solvent removed in vacuo)

CS2 Me—OH S
PPh Me. .
3 © O)J\S—PPhg,
base I
S=PPh,
B-scission
S S s
Me\o . Me\ . Me. J.
)
\ / Il
B-scission
S
. ’/C
[ 1IEEY | Il Me 0
(Ir] (Ir] . dectected
Me .~ N\ by GC-MS
photoredox EWG
cycle L v ZEWG
Jﬂ/ SET
ho
[|r|||]
- H,O
M M
°S"Ewe *S"Ewe
\"

M 34

Wu, X. et al., Nat Commun. 2021, 12, 5365-5374.



2.3 RS R EN R M

IRES TR

a. —
O._S Na* TEMPO (2 equiv) CO,Bn >(j<
SR S O

S standard photoredox (u)
conditions Cy/
° 6, 0% 7, detected by HRMS
b. . |
OH standard sim
procedure ?.
- /\/\ . '
Ph \ w’lli: f':|| w-l-".ll If:.'l __,_-..H-EUJ fff, Cy\l/N\rB
Ph al VU v\ L
8 9,51% s |
d. standard photoredox
substrate + /\COQBn conditions N R/\/COZBn
w or w/o H,0 (7 equiv) 0%
(o]
substrate: _ ~
Me. _O Na* SH S™Nat
et O" O
Me
10 11 12
. _ i | 100% D CO2Bn 0
on . ZC0,Bn 3 0%D c0,Bn
0] S Na D
fj NaOBu, THF [Ir(ppy)2dtbbpy](PFs) (1 mol%)
+
N then CS, PPhs, D,O, MeCN
B N 30 W blue LEDs, rt, 24 h N
* B with 6 (1 equiv) ,
- o¢ N Boc
13 14 15, 84%

Wu, X. et al., Nat Commun.

(solvent removed in vacuo)

2021, 12, 5365-5374.

6, 97% recoverd . 35



2.3 RS R EN R M

IRERT

0¥ 2 S
MM =

LKL

Current (A)

UECLIRE

(1L AHMMD =

00N S .

— 5 ,01V/S 04TV

E1,° [*Ir(I)/Ir(11)] = +0.66 V vs SCE)

70

T v T

1 0 1
Potential (V. vs. SCE)

—8—yield of 6
60

40k

Yiled/ %

20

an—0

L]
light dark
Il i Il

30 = |

jo

light dark

light dark

10
light dark

0 4

8 12 16 20 24
Time! h

Wu, X. et al., Nat Commun. 2021, 12, 5365-5374.

1.4

1.2

Lo

= 5
e 3
A PPh,
linear fitting for 5
linear fitting for 3
linear fitting for PPh,
Z>C0,Bn
3
> o cr— ¥ : A
/ I ’ I X 1
0.0 0.2 0.4 0.6 0.8

Concentration (mM)

M 36




2.3 RS R EN R M

fac-Ir(ppy)s (1 mol%)

R2 R2
\il\ PhI(OAC), (3 equiv) CHs
N0 . @ N °
R1

DMF, rt
35 W fluorescent light bulb, R

16 examples

Zhu, C. et al., Chem. Commun., 2013, 49, 5672-5674. up to 90% yield
Me FeS0,+7H,0 (15 mol%) Me cH
R o} H,0, (3 equiv) 3
+ o - R1 o)
N~ o ~S<
| H3C™  "CHj 3WLED, rt,2h N
R? R2

30 examples

mple
Wang, L. etal., Org. Biomol. Chem., 2017, 15, 4205-4211. up to 85% yield

(nBU4)2CGC|6 (5 mOl%)

CO,Et ClsCCH,OH (20 mol%), TFA (40 mol%) co.c COEt
EtO,C._~ +  CHy >~ 2 CO,Et
2 Q\COZEt MeCN, 400 nm, rt 2
CHs
5000 kPa 56% yield
Zuo, Z. et al., Science, 2018, 361, 668-672.
EWG FeCl*6H,0 (10 mol%) e
eCljze 2 Mol A
Ar A +  CHy - ' EWG
EWG MeCN, 365 nm LEDs, rt CH,

5000 kPa 13 examples
Jin, Y. etal., Org. Lett. 2022, 24, 1901-1906. up to 98% yield . 37
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25 Z[EFHRENRN
2.5.1 M EIRFERMNEFHRENR N

H CH3OH, Pd/TiO, CHs N
R_NH2 or R/ \‘ R_N\ or R/ \‘
N / ho CH3 ‘\\ ’,'

26 examples
up to 98% yield

100

NH; H,0 No |
e - O

\/ I'Ld Pd/H

I
O
I
(@)
T
o
[oR
—
)
N
pZd
/
(@]
ar
Conv.% of aniline
3
[ 1

h* hv . HCHO 1 |
40
M
N
CH3OH h 20 - -
CH,3 OH

M 39

Shi, F. etal., RSC Adv., 2015, 5, 14514-14521.



H3x

1 B&=n4A

2.1 C-XEREMR M
2.2 C-HHZFR &AL = 2
2.3 RIS HENR M
2.4 N-HEREN & M

3 BIEERE

o — AT 3

M 40




=+ —
3 BESRE

o4 4

N =H1

Light promoted methylation

Light

mild reaction | Me

conditions
or - or

Radical precursor

Carbene precursor «CH,

Radical precursor: CH;0H, DMSO, CH(OMe);
TMEDA, DCP, MeOTs, CHy, etc.

Carbene precursor: CH;0H

C-X methylation

C(sp?) and C(sp?) partner

C-H methylation

C(sp?) and C(sp?) partner

hydromethylation of olefins

ZEWG

N-H methylation

NH(R), partner

v @

Me—R

® Transition metal catalyst and
photoredox-catalyzed methylation

® Light promoted methylation

v @

Me—R

® Photoredox organocataysis

® Transition metal catalyst and
photoredox-catalyzed methylation

® Light promoted hydromethylation

Me\/\EWG ® Transition metal catalyst and
photoredox-catalyzed hydromethylation

® Transition metal catalyst and

Me—N(R
€ (R photoredox-catalyzed methylation

41



1 1:;3
N ==

CIK
(N
OH
dIT

X C-X methylation
-~ Me
. . * R1 « R2
chiral ligand (L*)
C-H methylation
hN L '\ '\
or Me > * or *
Ar” TR (R),N” "R! o Ar/l\R1 (R)ZN/I\R1
chiral ligand (L*)
H C-H methylation .
e
M p
R1J\R2 € 1J\ 2
- R R
more efficient catalysts
H H
C-H methylation
X X
|HET Me > |HET
— —
N" H modification N™ "Me
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