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Methyl & “Magic Methyl Effect”
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In 2018, 73% of top 200 small-molecule drugs by Retail Sales contain at least one methyl group.

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

Methyl & “Magic Methyl Effect”
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Background

a) Methylation via Nucleophilic Substitution
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b) Methylation via Electrophilic Substitution
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c¢) Methylation via Cross-coupling
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Background

‘ d) Methylation via C-H Activation ’
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Background

X X
HN™ “Me : HN" Me
. 0 1.5-3 equiv. [Pd] (Me) Me
_ HOACc, 60-100 °C
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O Tremont, S. J. et al. J. Am. Chem. Soc. 1984, 106, 5759-5760.



Methylation

Metal

1 18
1 2
H He
hydrogen helium
1.008
[1.0078, 1.0082] 2 Key: 13 14 15 16 17 4.0026
3 4 atomic number 5 6 7 8 9 10
Li Be Symbol B C N o) F Ne
lithium beryllium name boron carbon nifrogen oxygen fluorine neon
694 conventional Sirmic weight 108 120m 14.007 15999
[6.938, 6.997] 90122 standard alomic weight [10.806, 10.821] | [12.009, 12.012] | [14.006, 14.008] | [15.898, 16.000] 18.908 20.180
11 12 13 14 15 16 17 18
Na Mg Al Si P S Cl Ar
sodium magnesium l aluminium silicon phosphorus sulfur chlorine argon
24.305 28085 z06 3545 095
22990 [24.304, 24.307] 3 4 25’ 2 6 7 I 8 I 2 7 9 12 26.982 [28.084, 28.086) 20.974 [32.059, 32.076] | (35446, 35.457] | [39.7%2, 30.963]
19 20 21 2 M n 4 Ele 26 @ 30 3 32 33 34 35 36
K Ca Sc Ti Qr Zn Ga Ge As Se Br Kr
potassium calcium secandium titanium vanadium chrdiniu manganese iron cobalt zine gallium germanium arsenic selenium bromine krypton
T.904
30.008 40.078(4) 44,956 47867 Y ———— 845! O — 65.38(2) 60.723 72.630(8) 74,922 TEOTAE) | 70901, 70.007)|  8aTee()
37 38 39 40 41 42 LD 44 Eis] 47 48 49 50 51 52 53 54
Rb Sr Y Zr Nb Mo 44Tc RUY 45 Rh 46 Ag Cd In Sn Sb Te | Xe
rubidium strontium yitrium zirconium niobium molybdencin hnetium rihenifin rhodium ballalfium silver cadmium indium tin antimony tellurium iodine Xenon
85 468 8762 88,506 o1 224(2) 2 906 9595 pu 107 R 10dk2 i 11241 11482 1871 12176 127 60(3) 12680 131,28
55 56 57-71 72 73 74 "5 76 e 4 80 81 82 83 84 85 86
Cs Ba | | Hf Ta w Re Ds Ir Au Hg Tl Pb Bi Po At Rn
caesium barium hafnium tantalurm tungster T v T ati T ot mercury thallium lead bismuth polenium astatine radon
13201 137.33 178.49(2) 180.95 183.84 18821 100.23( 182.22 195,08 106.07 200.59 [204.51: ;:)4.39] 2072 208.98
87 88 104 105 106 107 108 777 109 110 111 112 113 114 115 116 117 118
Fr Ra Rf Db Sg Bh H t Ds Rg Cn Nh Fi Mc Lv Ts Og
francium radium rutherfordium dubnium seaborgium bohrium hassiu rum d@mstadtium | roentgenium | copemicium nihenium flerovium moscovium | livermeorium tennessine oganesson
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Methylation

Based on C-H Activation

'®. |

>> Yu, J.-Q 2006-a:

46

Pd

Palladium catalysis

O Me
\N Me
.
i
AcO-~ 5

di:mono = 64%:20%

O Yu, J.-Q. et al. J. Am. Chem. Soc. 2006, 128, 78-79.

O Me
X Me
Me,sSn (0.75 equiv.)
DCM, 100 °C, 30 min Me
20% yield :
0 !
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; Pd(OAc), C B
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_______________________________________________ : C
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: Me,S
Cu(OAc), (1 equiv.) | N
Me,Sn (0.075 equiv. x 10) (Me) O Me PO
B i 1 iv. S Me '
enzoquinone (1 equiv.) N Cu(OAG), o
MeCN, 100 °C, 40 h : e C
Me : benzoquinone C-Me
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Based on C-H Activation

>> Yu, J.-Q 2006-a: )
a) 50 °C, 10 min
4 —~ I
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1a —1\,
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O Yu, J.-Q. et al. J. Am. Chem. Soc. 2006, 128, 78-79.
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@ Methylatlon

Based on C-H Activation

>> Yu, J.-Q 2006-a:
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O Yu, J.-Q. et al. J. Am. Chem. Soc. 2006, 128, 78-79.
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:o; ' Methylation: @

Based on C-H Activation

Extended explanation for benzoquinone:
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Reductive Elimination
| .

MO6-(IEF-PCM)/BS2 level of theory [BS2 = 6-311+G(d,p) and SDD]

Benzoquinone may coordinate with Pd to promote the reductive elimination step.

14
O Stahl, S. S. et al. Science 2020, 370, 1454-1460.
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Based on C-H Activation

>> Yu, J.-Q 2006-a:

Oxa:
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Me Me Me
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Me Me Oxa | 5 Me_ Me
e Oxa ! (j\)< Oxa
Me Me Me
64% : 17% ' 78% : 86%
Condition: Pd(OAc), (10 mol %), Me4Sn (0.075 equiv. x 10), Cu(OAc), (1 equiv.), o o
benzoquinone (1 equiv.), MeCN, 100 °C, 40 h. fogpd\o\ i :,‘>—CH3
. @
0 O/
/ \
CUQO\/O/CU
O Yu, J.-Q. et al. J. Am. Chem. Soc. 2006, 128, 78-79. fi5

O Thornton, P. et al. Inorg. Chim. Acta. 1986, 120, 173.



>> Yu, J.-Q 2006-b:

C(sp?)-H

L
Me

72%

e
FsC Me

50%

'ﬁ ' Methylation:

Based on C-H Activation

sl
MeO Me

66%

f o
Me

78%

lMe

93%

Condition: Pd(OAc), (10 mol%), benzoquinone (1 equiv.) Cu(OAc),
(1 equiv.), methylboroxine (2 equiv.), 100 °C, 24 h, CH,Cl,, air.

O Yu, J.-Q. et al. J. Am. Chem. Soc. 2006, 128, 12634-12635.
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X X ! X A Me
. L Ny »

N N N N

Me Me~ "Me Me Me
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£ B N
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N N N |

Me Me Me
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o OMe N CO,Me N

| ~ | ~ ~

N N N

Me Me Me
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Condition: Pd(OAc), (10 mol%), benzoquinone (2 equiv.) Cu(OAc),
(2 equiv.), methylboroxine (2 equiv.), 100 °C, 24 h, HOAc, O..
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Based

>> Yu, J.-Q 2006-b:

O Yu, J.-Q. et al. J. Am

:o; ' Methylation:

on C-H Activation
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Methylation:

Based on C-H Activation

2007: Pd(OAc), (10 mol%)
Ag,CO3 (1 equiv.)
COOH Benzoquinone (0.5 equiv.) COOH
A = KoHPO, (1.5 equiv.) -
T +  MeB(OH), e i
H ‘BuOH, 100 or 120 °C, 3 h Me
63-75%
0
oy A Pd(TFA), (10 mol%) o 0 k
_ N L (20 mol%) N
2014 H AgOPiv (2-3 equiv.) H
H + Mel ; g Me
0) DCM, 80 °C, air, 20 h 0
A _Ar :
R2-{ ﬁ”
R - o
Q.0

PhHN/SD\
Me s

MeO

2011: Celecoxib analogue
70%

O Yu, J.-Q. et al. J. Am. Chem. Soc. 2007, 129, 3510-3511.
O Yu, J.-Q. et al. J. Am. Chem. Soc. 2014, 136, 13194-13197.

2013: (+)-hongoquercin (A)
Methylation: 60%

O Yu, J.-Q. et al. J. Am. Chem. Soc. 2011, 133, 7222-7228.
O Baran, P. S.; Yu, J.-Q. et al. Angew. Chem. Int. Ed. 2013, 52, 7317-7320.

18



‘ﬁ ' Methylation: @

Based on C-H Activation

>> Li, C.-J 2008:

=

(Me) =
| & |
N O\ o N
N . Ph>( o) Pd(OAc), (10 mol%) N
130 °C, 12 h, N, Me
2-4 equiv.
S T ) B 1,
NS NS —
e Y e o
Me Me Me Me
63% 55% mono:di = 55:13 76%
- | . | . HD # |
N N N X
N N E:[ \[( N
MeO Me MeO,C Me Me" Me
mono:di = 32:28 mono:di = 55:8 42% mono:di = 42(1:1):30

19
O Li, C.-J. etal. J. Am. Chem. Soc. 2008, 130, 2900-2901.



:o; ' Methylation: @

Based on C-H Activation

>> Li, C.-J 2008:

ON

[Pd]

Ar-Me

Me-[Pd]-Ar Ph>~0'[Pd]~04<Ph

————————————

isolated Ar-H Me_[Pd]_O%Ph

O Li, C.-J. etal. J. Am. Chem. Soc. 2008, 130, 2900-2901.

___________

isolated

20



'ﬁ ' Methylation:

Based on C-H Activation

2011: Carretero

i 7

0 \NI Pd(OAC), ¢
. MeR@iy  BRUAGDAC B

il tert-amyl alcohol X Mo
Rey air, 100°C ~ R_

Carretero, J. C. et al. J. Org. Chem. 2011, 76, 9525-9530. 106-75%

2013: Sanford

Pd(OAc),
- MnFs DG
+ Me-BFsK
TFE/H,O/AcOH "
e
DG = Py,Amide 25-40°C
53-96%
Sanford, M. S. et al. Org. Lett. 2013, 15, 2302-2305.
2017: Cai Me
S Q0
Li “NH, Pd(OAc), R _:ij/ NH,
- DCP =
O HOAc, 120 °C O
p2 1l b NH; RZ—IEEEU\NHZ
| / | /
Me
Cai, C. et al. Org. Chem. Front. 2017, 4, 2207-2210. 43-65%

2017: Mei
_OMe
N _.OMe
| Pd(OAc), N
R N R2 anodic oxidation l R2
T i ! |
| L + Me BF3K HOAC, 60 °C R1|_ .
Me
35-75%

Mei, T.-S. et al. Chem. Commun. 2017, 53, 12189-12192.

2018: Sorensen

i saly
H
R o Me-BF ;K N R

Pd(OAc), / Oxidant Me

HFIP/TFA, 90 °C 37-73%

Sorensen, E. J. et al. J. Am. Chem. Soc. 2018, 140, 2789-2792.

2019: Cheng
Pd(OAc),

KOAc
CO5H
HFIP, air, 80 °C B
Me
28-79%

Cheng, G. et al. J. Org. Chem. 2019, 84, 9786-9791.

21



:o; ' Methylation:

Based on C-H Activation

>>Zhou, Q. 2019:

(Catellani Strategy)

N ' ECHsoTs i BBCH,0Ts
Rime it e e e 7
H CD3;0Ts ! PO(OCH3)3
ﬁb ﬁb
Dual-Tasked C-H Methylation or

Cooperative Pd/NBE Catalysis

Heck Reaction  Suzuki Coupling Sonogashira Coupling Cyanation
. P Ar-Bpin = Zn(CN),

|

R
.
T~ AT N -~ N
R-.—/ R’T/ R’T/ R’T/
CH;/CD4/'3CH; CH;/CD, CH, CH,

O Zhou, Q. et al. J. Am. Chem. Soc. 2019, 141, 15986-15993.

Borylation  Hydrogenation
Bo(pin)s HCO,Na

| |

N Bpin H
R /
CH; CH,/CD4

22



Methylation:

Based on C-H Activation

'®. |

>>Zhou, Q. 2019:

[ Methylation of Biologically Important Substrate]

tBUC)2C

Me
NHBoc
Me COsMe
79%
Me
BocN O NHBoc
Me COsMe
58%
TIPS Me
%
NHBoc
Me COs,Me

83%, 99% ee

[ Late-Stage Modification of Medicinal Agents J

CO,'Bu

49%
from fenofibrate "Tricor"

Arl = —§©—F

CO,'Bu
Me e
Me
OAc OAc
Ar1 . Ar1
N.
Ar’
(@)
61% from ezetimibe "Zatia"

23

O Zhou, Q. et al. J. Am. Chem. Soc. 2019, 141, 15986-15993.



:o; ' Methylation: @

Based on C-H Activation

>>Zhou, Q. 2019:
Proposed mechanism: Pd®/pPd'"/Pd'V

- (X

@Me)/ i
E:[Pd”w

1l
Me % \ H Pd

C-H activation
Oxidative addition

O Zhou, Q. et al. J. Am. Chem. Soc. 2019, 141, 15986-15993.
O Peng, Y. etal. J. Org. Chem. 2018, 83, 13211-13216.

(Catellani Strategy)

24



@ Methylatlon
Based on C-H Activation

45
Rh Rhodium catalysis

>> Li, X. 2015:

[RhCp*Cl5]5 (4 mol%)
AgSbFg (16 mol%)
AgF (2.8-4 equiv.)

DG

@,Me

©/ + MeBFRsK DCE, 100 °C, 24 h
Selected examples: 2-4 equiv. ’ :
Me Nl,OMe Me O
X, .OM \ .OM Cl N.
= 1O R, e
Me NC Me (0]
73% 76% 90% 72% 43%
. o
N N AN
el O Uy
Me Me N~ Me e N~ Me
Me
) o
OMe F = K/
67% 64% 94% 63% 75%

O Li, X. et al. Org. Lett. 2015, 17, 2812-2815.
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:o; ' Methylation:

Based on C-H Activation

>> Li, X. 2015: a) NOMe NOMe NOMe NOMe
. standard conditions Me / il
By MeO,C By MeO,C
0.74 1.0
b) Cp CI
RH
B —N
| v i (cat.) | N
+ MeBFsK -
AgF (2.8 equiv.) Me
DCE, 100 °C, 24 h
64%
L 4
o N standard conditions
+ - KIE=1.4
| Ds
o | |
N N
0 additive “
standard conditions Me . ith TEMPO: 64%

with BHT: 60%

O Li, X. et al. Org. Lett. 2015, 17, 2812-2815.
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'a ' Methylation: @

Based on C-H Activation

>> Li, X. 2015:

Proposed mechanism: Rh!/Rh!"

| BN
N
2Ag° Rh'Cp*X,
2Ag” \<

[Rh'Cp*]

O Li, X. et al. Org. Lett. 2015, 17, 2812-2815.
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Based on C-H Activation

2016: Liu

R [RhCp*Cl], (5 mol%) R
m AgSbFg (20 mol%) m
0 N Ag,0 (1.5 equiv.) O~ N 'Me
+  MeBFsK -
| SN DCE, Ar, 40 °C, 24 h | -
=
Liu, H. et al. Org. Lett. 2016, 18, 5376-5379. 78-93%

2017: Liu [RhCp*Cly]s (5 mol%)

“ AgSbFg (20 mol%)
1 2 AgOAc (2 equiv. N
R %R +  MeBFsK el g S
N DME, Ar, 65°C, 16 h N
O I
©

Me O
o
Liu, H. et al. Adv. Synth. Catal. 2017, 359, 3029-3034. 52-96%

2019: Sharma [RhCp*Cly], (5 mol%)

MeBF K AgSbFg (20 mol%)
Ag,CO3 (2 equiv.)
MeB(OH) DME, 100 °C, 48 h

Sharma, U. et al. Org. Lett. 2020, 22, 305-309.

39-92%

28



:oJ, ' Methylation:

Based on C-H Activation

[RhCp*Clo], (2.5 mol%)

>> Shi,Z. 2019: e KHPO4 (30 equiv) oI TBAF T N
g L/ ¢ Ao - e -y
| 3equiv. toluene, 150 °C, Ar, 18 h i TR 00 RO H
P'Bu, cD, PBu CD,
50-84%
Proposed mechanism: Rh!/Rh!" N [RhCp*Cl,],
N
CD, P'Bu, l ©\/\>
Rhl-X >
\ PtBU2
X = Cl or CD5CO
N JBu
O\\// N Bu
-P-
CD3 X—Rh" g,
co\(
n
'\\l \\EBu ©\/\>
D3C>KRP|||_|:‘\t ! S N B
B o
0 0 \X,,Rh' ~igy
ot
o
N Bu
; Gy Rh|,—|\3“;tB HX 29
O Shi, Z. et al. J. Org. Chem. 2019, 84, 12764-12772. i
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Methylation:

Based on C-H Activation

2016: Ackermann

RZ [RuCl,(p-cymene)], (5 mol%)
- AgSbFg (20 mol%
R-C [ D—H + MeBFK 95bFs ( |
N N 2 equiv. AgF (2 equiv.)

2-Py DCE, 120 °C, 20 h

Ackermann, L. et al. Synthesis 2017, 49, 127-134.

2018: Sorensen
[Cp*IrCl5]5 (4 mol%)
o) AgNTf, (16 mol%)

) 4
Cl N H + MeBFsK aniline (20 mol%)

| :
N. 3 equiv. AgF (4 equiv.)
AcOH, 110 °C, 24 h

Sorensen, E. J. et al. Chem. Sci. 2018, 9, 8951-8956.

18%

30
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:o; ' Methylation:

Based on C-H Activation
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Fe

Iron catalysis

>> Nakamura, E. 2015:

L1: Ph
\ >_\_
L Ph,P  PPh,
0 M Fe(acac); (1 mol%)
Ly (1.1 mol®
+ AlMes il [Tos)
ety 2,3-DCB (4 equiv.), THF
70°C, 24 h
5 mmol
i /7 il
=N
MeH o \ /'-1
N—Fe!!

O Nakamura, E. et al. J. Am. Chem. Soc. 2015, 137, 7660-7663.
O Nakamura, E. et al. Adv. Synth. Catal. 2015, 357, 2175-2179.

O Yoshikai, N. et al. ChemSusChem. 2019, 12, 3049-3053.

X
N

O~ NH Me

95%, 1.24 g

Fel-L,

1) 2,3-DCB
2) AlMes

_____________

_____________

c-—Fell-N
L] TMe
B
O e Me L,: dppen
0% >NH Phy,P PPh,
N
N
¥
99%

65% with 0.01 mmol% Fe, TON up to 6500

32



>> Nakamura, E. 2015:

Selected examples:

@ Methylatlon

Based on C-H Activation

C(sp®)-H
Sl Me ~NHPA Me NHPA Me NHPA
NHPA —
o u N
96% 95%, 99% ee 88% <5%
O O Me O O
MeO N,Q FsC N,Q N,Q N,Q
H H H H
Me Me F Me Me
87% 95% 90%, mono: 7% 81%
10 mol% Fe & 11 mol% Ph-dppen
C(sp®)-H

64%, di < 5%

=0

H
Os No
e
J Phl

82% 58%, di < 5%

O Nakamura, E. et al. J. Am. Chem. Soc. 2015, 137, 7660-7663.

0%

)
PA= N7 |
A
i
Q= oy
N
33



@ Methylatlon

Based on C-H Activation

>> Ackermann, L. 2015:

5
N
‘P\| e
Cs—Fe—N
| TMe
P
FeCls (20 mol%) o
M
Q Me Me dppe (20 mol%) Palle
+ MeMgBr 7 =
@ )QK\ Bn = - 2,3-DCB (2 equiv.) N e N—Bn
SAUV- ZnCl,TMEDA (3 equiv.) Me N
THF, 22-55 °C, 16 h
OMe O @) Me
N/TAM cl N TAM /TAM
Me Ph 2 on
80% 81% 96% 60%
0 0 O
! A N TAM .
g Ph N~ H p-Tol N~
H H Me &
Me Me
OMe
61% 56% 61%

dﬁh 0

O Ackermann, L. et al. Chem. Eur. J. 2015, 21, 8812-8815.
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.ﬁ ' Methylation:

Based on C-H Activation

>> Nakamura, E. 2016: B o) 7 o

O Fe(acac)s (10 mol%) |
. Me,N-TP (10 mol%) R2 | b
R? + AlMe; _ = R :
2,3-DCB (3 equiv.) Me Me,N

2€quV.  THF/DME, 70 °C, 24 h

_________________________

H
MeS. : jCOOH “ “ jCOOH Me\n/N COOH
Me Bpin Me @) \E:[

Me
89% 95% 50%
(89%, 1.11 g)
OMe NMe, (Me) O
. : C
Me Me Me
76% 66% mono:di = 70%:22%

O Nakamura, E. et al. J. Am. Chem. Soc. 2016, 138, 10132-10135.

98%
KH/KD= 1.23
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‘ﬁ ' Methylation:

Based on C-H Activation

25
Mn | Manganese catalysis

>> Nakamura, E. 2017: >

Z
\
Z—=
N

MnCl,+2LiCl (10 mol%)

0~ NH :
- BrCH,CH,Cl (2 equiv)
OO . THF, 25 °C, 24 h
4 equiv.

(@)
'Z
I

92%

/
N
i e N A
N—rFe!

FeJ/AIM Mey,
[Fey e i i T e 07 TNH Me

95%

0 o} Me O O
g
@NH% F3C\(:ﬁ‘\NHMe Meo\@fu\NHMe w NHMe
Me Me Me Me M

96% 75% mono:di = 36%:48% 60% 88%
0.1 mol% Mn

¢,

NHMe

5o

e

condition: [Mn] (1 mol%)

O Nakamura, E. et al. Org. Lett. 2017, 19, 5458-5461.
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:o; ' Methylation:

Based on C-H Activation

>> Nakamura, E. 2017:

o [Mn] (1 equiv.) (0] i 0
FAC MeMgBr (4 equiv.? FsC N’Me + FaC
NHMe BrCH,CH,CI (n equiv.) - . D NHMe -
e _ Mn
H THF, 25 °C, 30 min Mel e ! Me (0% D)
1

Mn(acac), n=2 55% 40%
Mn(acac); n=2 41% 54%
Mn(acac), n=0 0% 100%
Mn(acac); n=0 17% 82%

MnCl,+2LiCI (1 mol%)
O MeMgBr (5.5 equiv.) o

. G)J\NHMe BrCH,CH,Cl (3 equiv) o {\;ﬁLNHMe
i % 4/Ha7
sl THF, 25°C T
11-D 2/2-D
time / h 1.5 2 2.5 Sl
KK =200
yield of 2 (%) 9 14 20 25 | il
yield of 2-D (%) 5 7 9 12
O Nakamura, E. et al. Org. Lett. 2017, 19, 5458-5461. o 7

O Girolami, G. S. et al. J. Am. Chem. Soc. 1988, 110, 6245-6246.



>> Nakamura, E. 2017:

@ Methylatlon

Based on C-H Activation

Proposed mechanism: Mn'/Mn'!

Mn'X,

O
R

N
\
C2H4, MgXs MgBr
0
N MeMgBr, B~
\

Me MgBr

CaoH4, MgX,

©)J\MgBr
MeMgBr

O Nakamura, E. et al. Org. Lett. 2017, 19, 5458-5461.

O Girolami, G. S. et al. J. Am. Chem. Soc. 1988, 110, 6245-6246.

-R
N

' i

Mn Me-H
Me peMe



. | Methylation:

Based on C-H Activation

>> Ackermann, L. 2017:

R"=H, ‘Bu; R?="Bu
R"=H, OMe; R*=Bn

MnCl, (10 mol%)
MeMgBr (7.0 equiv.)

TMEDA, DCB, THF

70°C, 16 h R’ i :Me

o
M e
- i -Me
ZN
60.0 - L " O-VN%W
T5(6-7 [
50.0 '( ‘) G h
0 Iz )
~ v 523, N
E 40.0 - 08 436, TS(9-10)
E - 19 360 . 110
£ 300 { ) 17 31_4 .
> e —_— ' 28l — 284
= 26.5 —_— ; 1 ’
g 200 - ! 25.0 /23.4%
S F22.0% !
] " \
] /, Vool
& 10.0 A / o :
2 .-" n“ — " —
= -t , 6.8
® 0.0 4 — “‘ ~ o— — s
g 0.0 \ I8 Sw ' a7
8100 { o MeMe yMe — - S
. oG 103 13 7
-20.0 - {\__.‘/}'GQJ‘M:\NI Me. Me — e _,"J 119 1
N_J N -21.1 9973 '
N, N=N )
-30.0 - O/ 7, | & Me
Mri Me Mo,/ Me
N Me NW{‘
2 ) on @ C ol A
. | n
ﬁ/ Mn, /t/ [ \N
AT s N )
7 N ) —/

O Ackermann, L. et al. Chem.

Eur. J. 2017, 23,11524-11528.

N = TMEDA
--------- High-spin
--------- Inter.-spin

--------- Low-spin

| Mn“:
K;T»Ma . \N
L N )
P
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Methylation:

Based on C-H Activation

'®. |

>> Chatani, N. 2016:

28

Ni

Nickel catalysis

Ni(OTf), (10 mol%)
PPh; (20 mol%)

Q0 O
ey +  PhMe;N*I Na,CO; (2 equiv) % gl
R H 2 equiv. toluene, 160 °C, 14 h R N |
= N . i
Me
MeO F.C Ui o :
: e i AQ A AQ AQ |
e Mo / . l Me Me” “Me !
i 88% 84% b UBBY L 4% 0 E
20 mol% MesCOOH was used
CD; O CD. 0 CcD; O
D, X N | Standzrod C?nditions= o N H | . . —'iiﬁl\ﬁ |
AT H min 37 .
= N s L N = . - N
31% 63%(52% H)

O Chatani, N. et al. Angew. Chem. Int. Ed. 2016, 55, 3162-3165.
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@ Methylatlon

Based on C-H Activation ‘

>> Chatani, N. 2016:

NiII/NiIV

Proposed mechanism:

0
CCH

H

o N
L, Ni"X,

HX
o}

PhNMe, PhMesN*I

(detected by 'H NMR)
O Chatani, N. et al. Angew. Chem. Int. Ed. 2016, 55, 3162-3165.

i + Na,CO;
N~

I g
=2

NaHCO3 + NaX

N
l\‘l —N
Na,CO5

NaHCO; + NaX
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@ Methylatlon

Based on C-H Activation

2016: Chatani

NiCl,(PCys), (10 mol%)

Ph 0 Na,COs (3 equiv.)
o)
T(Ph ‘Bu-benzene
2 equiv. 140°C, 18 h

Chatani, N. et al. Org. Lett. 2016, 18, 1698-1701.

2019: Chen
0
>L 0 Ni(OAc),*4H,0 (20 mol%
I
R ﬂ CH5CN, 140°C, 12 h
= N

4 equiv.

Chen, X.; Tan, Z. et al. Eur. J. Org. Chem. 2019, 6930-6934.

o

44-84%

o

42-85%
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Methylatlon

Based on C-H Activation

27

Co Cobalt catalysis

2011: Nakamura

Co(acac), (10 mol%)
MeMgClI (2 equiv.)
DMPU (30 equiv.)

H
Ox N

OO THF, air, 25°C, 12 h

Nakamura, E. et al. Org. Lett. 2011, 13, 3232-3234.

2011: Shi Co(acac)z (10 mol%)
MeMgBr (4 equiv.)
TMEDA (1 equiv.)

THF, rt, 48 h

Shi, Z. et al. Angew. Chem. Int. Ed. 2011, 50, 1109-1113.

2016: Lu

DCB (1.5 equiv.)

Co(acac), (10 mol%)
r,\)k DCP (3 equiv.)
PhCF3, 140 °C, 12 h

L\
‘ . Lu, H.; Li, G. et al. Chem. Eur. J. 2016, 22, 12286-12289.

R—+

(Me) O

i N

o
U\\//\Me

51-84%
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@ Methylatlon

Based on C-H Activation

>>Lu, H. 2016: a) radical trapping experiment
Me O o) Co(acac), (10 mol%)
|

. | - N DCP (3 equiv.)

H N PhCFa, 140 °C, 12 h

1a TEMPO

TEMPO (equiv.) yield of 2a OMe
|

1.0 66% >LNJL
2.0 41%
3.0 0% detected by GCMS

b) intermolecular competition experiment

OMe O CF; O Co(acac), (10 mol%) R0
DCP (1 equiv.) N | AN
PhCF3, 140 °C, 12 h T

Me

CF3/OMe = 37%/12%

c) H/ID scrambllng experiment

Co(acac); (10 mol%)
DCP (3 equiv.)
PhCF3, 140°C, 1 h

(>95% D recovered 37% 82% D)
O Lu, H.; Li, G. et al. Chem. Eur. J. 2016, 22, 12286-12289.
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@ Methylatlon

Based on C-H Activation

>> Lu, H. 2016: Proposed mechanism: Co'/Co"V

Me O
(PhMe,CO), Y N~
Me O
COIIIX
N Y
H N'/ Co“x2 HX

Me

H

Me O
N | Pt
|
CoV-N__~
Me X Co'” N

PhCOMe

45
O Lu, H.; Li, G. et al. Chem. Eur. J. 2016, 22, 12286-12289.



@ Methylatlon

Based on C-H Activation

Co(acac)s (5 mol%)
0 PPhs (5.5 mol%)
DCB (1.2
i N 2 equiv. THF, 80 °C, 20 h
O 0] @) o) e
-AQ ;
N,AQ N,AQ N,AQ N
H H H H -4
Et Me EtO Me F Me FsC Me

>> Xu, K. 2016:

90% 92% 86% 92% Noi
(0] Me O 0] Me 0
MeO,C e e NAQ N-AQ
H H H H
Me Me Me
73% 0% 87% 46%
(10% [Co]) (10% [Co])

N
Me L 46
O Xu, K. et al. Org. Lett. 2016, 18, 5628-5631.



:o; ' Methylation:

Based on C-H Activation

2017: Butenschén E DG: .
Co(acac), (10 mol%) | o X
] XN
DG TMEDA (1 equiv.) e Mol De g L L NE
DCB (1.5 equiv.) : N N A
MeMgBr (4 equiv.) Mo Mo ¢ 0o
<= THF, reflux, 16 h e < : p }QD ;%kN AN\\-Bn
: N N H N—
: ! N=N

major minor
Butenschon; Huet:al {EUr: 3:Org=Chem2 017304 1304 i e s s it s smm s asns e s S omnmma i s

20185 iYoshikais s b s i s e R e T R R O T '

i DG: :
Co(acac); (10 mol%) S | NZ | E
Ligand (10 mol%) o L s :
DG 'BUCH,MgBr (2.7 equiv.) DG Q 5 NG I
N CHy/CD;0Ts (2 equiv.) s N. N i OMe !
Ry ~ R ~e . R -
_ THF, rt, 12 h E o o !
' X X
o L :
Yoshikai, N. et al. Org. Chem. Front. 2018, 5, 2214-2218. e 2
2019: Cai
CoBr; (15 mol%)
H ” PCys (10 mol%) H .
N__R : N_ _R
i AN \H/ DTBP (2 equiv.) o A \H/
Ul AgSbFg (20 mol%) e
DCE, 115 °C, 20 h Me
11-80%

Cai, C. et al. Org. Chem. Front. 2019, 6, 2043-2047.



>> Ackermann, L. 2020:

@ Methylatlon

Based on C-H Activation

Me3B303 (3 equiv.)
Cp*Co(PhH)(PFg)2 (10 mol%)
Ag,CO3 (2 equiv.) (Me)
K2CO3 (2 equiv) FG

FG - i
©/ MeTHF, 60°C, 16 h
Me

I
Me & | (Me) =~ | & )
NS NS
N N,N ©\)J\l\\l/
Me Me Me
95% 65% 82%
dizmono = 2:1 dizmono = 1:5.6

0] Me
Me - OMe MesN Me

67% 48% 83%
dizmono =1:1.4

Me
Me NH2
@ :
-z
“ Q
32% 47% 43%

O Ackermann, L.; Johansson, M. J. et al. Nat. Chem. 2020, 12, 511-519.

(Me) O O
i S e
N
N =N
Me Me
99% 45%
dizmono = 1:6 dizmono = 1:11
OMe |O Me OH
MezN Me
Cl
66% 42%
Me)
(e | 0 0
NS
O N
)j\ NH,
N Me
H Me
92% 82%

dizmono = 1:1
48



:o; ' Methylation:

Based on C-H Activation

>> Ackermann, L. 2020:

Proposed mechanism: Co'/Co"'

Ar—FG
2Ag° +
X—Co"'—Cp*
2Ag*
oxidation coordination
Co=Cp* AI'_||:G +
X—Co"'—Cp*
S X
Me—Ar(FG) ;‘Tm‘#r’];‘;g . C-H activation
HX
- e
Ar—Co''—Cp* Ar—Co'"—Cp*
‘ transmetalation ‘
Me X

XB(OR),  MeB(OR),

O Ackermann, L.; Johansson, M. J. et al. Nat. Chem. 2020, 12, 511-519.
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@ Methylatlon

Based on C-H Activation

>> Ackermann, L. 2020:

Me;3B303 (1 equiv.

Cp*Co(PhH)(PFg), (10

)

mol%)

Ag,CO3 (2 equiv.)

FG, e !
©/ + ©/ K,CO5 (2 equiv.)
MeTHF, 60°C, 140

.B .None
e — |

Ce

Substrate B
ib 1e 1f 1g 1k 1n 1p 1g 1s v

Methylated substrate

B A+

FGA E:[FGB

min
I: high ! II: mixed ! III: intermediate ! IV: low
e /4> . o] ; o o ,
| > oy 1 L
la 1b 1k 1f 19 1n
i ! ! i
o i N : 0 o) : i
/’\\/> ! i e J ! v
Ar” N : i I Ar Ar I o
Te 5 1v 5 1q 1s | 1p

O Ackermann, L.; Johansson, M. J. et al. Nat. Chem. 2020, 12, 511-519.

¥ ejensgng
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@ ' Methylation:

Based on C-H Activation

>> Ackermann, L. 2020: _
Me3B305 (3 equiv.)

Cp*Co(PhH)(PFg), (20 mol%)
Ag,CO3 (2 equiv.)
K>CO3 (2 equiv.)

MeTHF, 60°C, 16 h

5o e

! Me
di:mono = 55%:31% 28% 32%
From diazepam From strychnine From paclitaxel

i
Me OH 0] Me O HN’
i cl S NEL CZ
4 (Me) N
00

H2N OMe 2

56% 24% mono:di = 48%:24%
From warfarin From metoclopramide From sulfaphenazole

O Ackermann, L.; Johansson, M. J. et al. Nat. Chem. 2020, 12, 511-519.

Fea s

35%

Me O 2
z

1%
From fenofibrate (inseparable)

Me

mono:di = 32%:20%
From levamisole
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Methylation:

Based on C-H Activation

>> Ackermann, L. 2020: ;
Me3B305 (6 equiv.)

Cp*Co(PhH)(PFg), (100 mol%)
Ag,CO3 (3 equiv.)
KoCO3 (3 equiv.)

MeTHF, 100 °C

)

\ 7/

0, ,0
S™NH; Cl )0]\
OH NH

Me
N\N
FaC // I8 Me O Me

e
N N (I?
S<O
F (@]

di:mono = 16%:14%
From celecoxib

44%
From haloperidol

23%
From apremilast

Bu Bu
/lN Me 5 HO HO
S e
Bu Bu
Me L j Os_NH OxNH
Lo gl v 0 |
o N\;)J\H,N NTﬁHJ\O/ 5 of . Me ol
e o) E NH Me NH
55% E 12% 9%

From atazanavir From ivacaftor

O Ackermann, L.; Johansson, M. J. et al. Nat. Chem. 2020, 12, 511-519.

0O @)

HN

e
% NH
O Me
39%

From rucaparib

By
HO
By
(@) NH
(@) N Me
Me NH
7%
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o Jummary & Outlook



Summary

For Precious Metals: Pd/Rh/Ru/Ir

typical path:

[M]™2 oxidant

[Ag*, Cu?*, etc ]

reductive
elimination

o
X M1"
qe D
[M]”

| C-H activation

transmetalation " . ,y
I T R e | i \\\q
' MeB(OH), MeBF3K,: " I [ I
: 2, 3K, 0 Y
e oo 2
oxidative addition X
or i
radical addition [M]™*+2

____________________

[Me] | Mel, CH3OTs, Ac,0, |
PO(OCHy),, efc.

1
1
\

DG: for examples

: 0
1 \ N\

e l LR
e N ‘g\/j N

N

Advantages:

v Relatively simple DG

v No additional ligands usually
v' Always mild methyl reagent

Disadvantages:

® Expensive metal catalyst

Always equivalent metal oxidant

Always high reaction temperature
Additional additive for activation (such as
AgSbF, for Rh)
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For Cheap Metals: Mn/Fe/Co/Ni

| 0 0 5
. 3{” o N
C N [M]"2 oxidant N H Z
\Vle cl @) o) |
DCB, g~ ~~Cl, etc. : %k ;%k :
reductive ! N = N e
elimination i It | H N=p/ |
| Ligand: for examples |
Nf\ e :
\ [M]" c N ! dppen, dppe, TMEDA, PPh3, Me;N-TP, etc. !
C—I[M]*—N \n —————————————————————————————————————————————
I—m/ \Me i
o Advantages:
C-H activation
transmetalation v v Cheap metal catalyst
" MesALM él-\/iél-B;-Me-l\-A-g;-él- . ¢ N v Always mild ox1dant'
| MeB;0; efc. \ H v' Relatively low reaction temperature
. C—I[MI“—N v Relatively high TON (such as Fe)
Lm Disadvantages:
(\ . ® Relatively complicated DG
radical addition [M] . ® Always additional ligand
e ® High-reactivity methyl reagent

[Me] DCP DTBP ;



Summary

Pd Rh Ru ir

Fe Co Ni Mn DG

Me4Sn / MesAl / MeMgBr / MeMgCl
Me3B3O3 / MeB(OH)2 / MGBF3K
Mel / MeOTs / PO(OMe); / Ac,0 / PhMesN* I
(tBUO)Z / (PhMGzO)Z
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Outlook

'©.
®
@

v" Understanding of the relationship between DGs and metals

v’ Conversion of DGs from “introduction” to inherent functional group

v Development of methylation reagents with high-activity and high-selectivity

including CD;, CT;, *'CH;, **CH; etc.

o e ) \N,N\ 1) (S,S)-Mn(CF3;PDP) (2 mol%) - = ) \N,N\
)]\ N\ N H202, MeCN/AcOH, )J\ N N
@ N 0°C, 1h; i o °N
F F
ACO—> H 2) AlMes, TFAA, TMSOTf Ny »
40%; d.r. = 3:1

O White, M. C. et al. Nature, 2020, 580, 621-627.

v Upgrade of C-H activation from C(sp?)-H to C(sp3)-H in late-stage modification

v’ Exploitation of chiral catalyst and chiral ligand
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