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Cross-Coupling Reactions

non-radical / non-radical
ex.) aldol reaction

(o) (o) base 0 OH
+ y
2 Jl\ 1 3
R 1JI\/R H R3 R JH)\R
R2
nucleophile electrophile
radical / non-radical
ex.) radical addition
radical initiator
He
R4-X + RS > R5T N\ R?

donor acceptor



Problem in Radical-Radical Cross Coupling

A A
A o + ° . A Hetero-Coupling
Radical species: high reactivity
very fast reaction
In Statistics...
 reactivity: | A e = e :
. ., a
molar ratio maximum yield* “relative yields based

A:B AA : AB : BB AA AB BB on heterodimer AB

1:1 1:2:1 25% 50% 25%

1:2 1:4:4 17% 67% 67%

1:3 1:6:9 13% 75% 113%

- : statistical limit
1:X 1:2X: X2 2X X

2:1+2X 1+X

x 100 [%] > Yield of AB [%]

1. 141213 LS Kengo_ MASUDA heterocoupling



Solvent Cage Effect

hv
A — — \
“spacer” N, solvent cage Hetero-Coupling
- Movassaghi Group
R C02M6
N (COCI), i 7
( “co,Me DMF AP
\ A\N/S\CI N
co,me (= R—A) H 86% H H
N32CO3 =
86.96% R = NHSO;Na
hv
NCS,BEMP [ o o ] 71 t-BuOH 7
THF, 23 °C \Y/] 23°C
/S\ A’N\\N’B Ae o8B p—>» A—B
N—N_ - S0, - N, hetero-dimer*
A Bl -97% _ ] 70% (68% 2 steps)

*Stereochemistries were retained.

“solvent cage

1. Movassaghi, M.; Ahmad, O. K.; Lathrop, S. P. J. Am. Chem. Soc. 2011, 133, 13002.
2. Braden, D. A.; Parrack, E. E.; Tyler, D. R. Coord. Chem. Rev. 2001, 211, 279.
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Persistent Radical Effect

Half-life time of radicals (298 K, [radical] = 10~ M): 74,

B, ex.) i .° ex.) ')Sine.s

Me,Si SiMe;
Transient radical Persistent radical
T2 < 103 s T2~ 1047 s T2 > 103 s T2~ 1053 s

kr~10° M-1s1 when ry =rp, k1 =

E T ©¢ + o T » T —T |

: very fast E kp=0 M1s"
I kp<<109M1s1 v /

0 - -0"1"0—0O:

! slow v 1007 10’

1 ) - 1ogl A
: £ g0 107

: K, ~10° M-1s-" v 2 105

: > T : “ 10° = . \

: very fast . 0
SoIIIIIroIIrIIrorIrIIrorrrrrrorrzrIznIIzn a0

1 . rT . 1 T T T T

' radical radical ' 107 10” 10° 10*

1 source . U source . Time (s)

In steady-state, [P] >> [T] — Hetero-coupling product is highly favored.

—Q ~ .00

1. 150523 LS Haruka_ Fujino_Radical radical_crosscoupliung 7
2. Fischer, H. Chem. Rev. 2001, 101, 3581.




Radical Sorting Effect

selective

radical binding yg~~ "N

4. U
HT) R
radical sorting
.
HB~ N
-0
k ,NCTP!', =
N* "0
weak
Ni-C bond
BocN
S — R?2
HB\N
Me
LI @?I 0 >—— Et
N—N"~ -"
\ i-Pr
N\ R?
t-Bu

Tp*Ni(OAc)R?

strong
Ni-C bond

R (
o

2 N
SH Boc” "\

hetero-coupling

Ni-R? BDFE
only methyl and 1° alkyl
9.5 keal/mol bind to the nickel complex
1.1 kcal/mol ! !
-1.9 kcal I
9 kealimo radical sorting
-9.8 kcal/mol

(BDFE = bond dissociation free energies)

1. Tsymbal, A. T.; Bizzini, L. D.; MacMillan, D. W. C. J. Am. Chem. Soc. 2022, 144, 21278.
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Introduction of Prof. Ohmiya

Prof. Hirohisa Ohmiya
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Organic synthesis by designing catalyst and chemical
reaction as well as molucule
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2007 Postdoctoral fellow @ Massachusetts Institute of Technology
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2010 Associate Professor @ Hokkaido University (Prof. Sawamura, M.)
2017 Professor @ Kanazawa University

2019- JST PRESTO Researcher

2022- Professor @ Kyoto University
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Breslow Intermediate

- Fukuzumi Group: Studies of the Breslow intermediate

) O@ 0@
X S _ -
r ArCHO S e S
N\ / > Ar” N e » Ar”° \
Bn” ® DBU N—/ N—/
/
Bn
1a 2a
PPO enolate form of
Breslow intermediate
NH; -0.97 V vs SCE
\( N\(
@ Ar =
(a) g =2.0054
thiamine diphosphate (ThDP)
|
2a’/2a ," J l l l
’: I The spectra of radical
2a*/ 2a° "’| ‘_ ||x species 3a was persistent
) ;'.l. Il Il for several hours.
: wAany Li | h /vwv l
© w0 (I | 3a: persistent radical
5pA . 'l I
-0.40 -OA[60 -0.I80 -1 .IOO -1.20
E vs.SCE/V
cyclic voltammogram of 2a EPR spectra of 3a
1. Nakanishi, I.; Itoh, S.; Suenobu, T.; Inoue, H.; Fukuzumi, S. Chem. Lett. 1997, 26, 707.
2. Nakanishi, |.;

. Itoh, S.: Suenobu, T.; Fukuzumi, S. Chem. Commun. 1997, 1927. 1



Screening Results of Cross-Coupling

o N1 (10 mol%)
(o) (o) C32C03 (20 mol%
o L )H/
Ph H O DMSO, 60 °C, 4 h
(0]

X: hetero-coupling Y: homo-couplmg

entry change from standard conditions yield of X yield of Y
1 none 99% 0%
2 N2 instead of N1 31% 0%
3 N3 instead of N1 11% 4%
4 N4 instead of N1 0% 0%
5 LiCO; instaed of Cs,CO5 7% 3%
6 K,CO; instead of Cs,CO3 74% 0%
7 i-Pr,NEt instead of Cs,CO3 4% 8%
Q i-Pr Q A
—\ i-Pr - — —NS
S N
S & S
N0 \/'%’9 NS © i-Pr
© i-Pr ciof i-Pr © €104
ClO; 4 ClO;
N1 N2 N3 N4

1. Ishii, T.; Kakeno, Y.; Nagao, K.; Ohmiya, H. J. Am.Chem. Soc. 2019, 141, 3854.



Proposed Mechanism P

o
Ar =
)J\ §> OH r
.rs Ph H L_H
. S S -
KU i-Pr
N—/ — Ph/<@ / —"" /
Ar’ N N Cs,CO;
Ar Ar
\ 0® Cs@

breslow
intermediate Ph/grs
N/
( ©

- CO,
- ©ONPhth

o ©) — 3
o O
N ~ N ~
; o o
hetero-coupling
o (0

1. Ishii, T.; Kakeno, Y.; Nagao, K.; Ohmiya, H. J. Am.Chem. Soc. 2019, 141, 3854.
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Substrate Scope

o N1 (10 mol%)
0 0 Cs,CO3 (20 mol%) O
+ >
J\ N Ph
Ph” TH ~o DMSO, 60 °C, 4 h
o
(1.5 equiv.) (1 equiv.)
o]
0] 0] 0
RN
/( alkyl
/
MeO F3C Cl
72% 78% 80% not successful
0]

0 0 0

Ph OAc Ph

Ph Ph Ph
N
Boc/

76% 32% 83% racemic, 56%

(DBU instead of Cs,CO3)
(statistical limit: 60%)

14

1. Ishii, T.; Kakeno, Y.; Nagao, K.; Ohmiya, H. J. Am.Chem. Soc. 2019, 141, 3854.



3-Component Coupling

o
N C%;f
(1 equiv.)
P J\‘i
(1.5 equiv.)

NBoc ¢s,C0; (10 mol%)

—\ I-Pr

\/'@a 0
C|04 i-Pr
N2 (5 mol%) Ph
y

M

DMSO, 80 °C,4 h 2-component: 13%

NBoc

Ph NBoc

3-component: 84%

\ _

(2 equiv.)
- proposed mechanism
..(S
€
N/
Ar’ (o)
PhthNO
O@Cs
C32CO3
Ph \
/N /
Ar

1. Ishii, T.; Ota, K.; Nagao, K.; Ohmiya, H

- co, o®
@NPhth s

N‘/

Ar/ @

. J. Am.Chem. Soc. 2019, 141, 14073.

. Ph/\
\CI‘IBOC — (\/\

Ph \/NBoc
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Synthesis of Sterically Hindered Alcohol

4Cz-IPN (1 mol%)

Ph_ _CO,H 0 Cs,CO; (2 equiv.) Ph,OH
7< - M » okt Ph
Ph” “CO,Et DMSO, 1 h ?
Blue LED
(1 equiv.) (1 equiv.) 96% 2%
- proposed mechansim
Ph_ _CO,H - H*, CO, Ph
> \r
7< /S'E;\
o
4Cz-IPN*
+H Ph OH
( ) 4Cz-IPN > i CO,Et
4Cz-IPN /

hetero-coupling

(o) \ e’ O@
o N L ‘
SET Ph ]/ (o o©
© O ~S OEt
persistent Ph \\/> Ph”*

N

/® o
*RSE = radical stabilization energy RSE 63.7 599
RSE = BDE (CH,4) — BDE (CHX3), RSE > 0: stabilized radical (kcal/mol) . .

1. Ota, K.; Nagao, K.; Ohmiya, H. Org. Lett. 2021, 23, 4420. 16
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About MacMillan’s profile, please refer to 230415 LS Yuma_Komori.



Biological Methylation

In biosynthesis of Gentamicin...

GenK: one of the Cobalamin (Cbl)-dependent radical Methylcobalamin
S-adenosylmethionine (SAM) methyltransferases nature’s free radical carrier
a form of vitamin B12
OH
H
HO 0O
HaN o 5’-dAdo-
HO NH,
o)
0 OH GenK
NHCH;
Gentamicin X, [Co"]@
e [4Fe-aS]™ Ade
SAM Met 5'-dAdoe

1. Wang, Y.; Begley, T. P. J. Am. Chem. Soc. 2020, 142, 9944.
2. Wang, S. C. Nat. Prd. Rep., 2018, 35, 707.



Limited use of S,2 Reactions in Cross-Coupling

- Sanford Group o)
HB\N‘ /S Fs¢~ 07 \ﬂ/
\ o (2.5 equiv.)
N~. : ‘CF3 - Me—CF; + TpNi'V(CF3)3
N—N-" | \CF CH3CNC{CHZCI2 _(10/3) 74%
\ 45 °C, 90 min
\S Me Sy2 product
-2CO,
- proposed mechanism A
(0) *CF;

o — —
\* HB\N‘ S HB\N‘ S
_aco > FCt \LN ‘® CF; - \Y\IN 9 ® .CF,

N—N-~ | \CF3 Sn2 N—N-" \CF3

@ Me \\

1. Bour, J. R.; Ferguson, D. M.; McClain, E. J.; Kampf, J. W.; Sanford, M. S. J. Am. Chem. Soc. 2019, 141, 8914.



Reaction design

B _~_R —» AR R_< - ﬁ)l\ _NPhth

] ) radical generation
primary bromide tertiary redox-actlve ester

A - UANAR
/‘\ oce .. R
\ /
‘ o
dissociation \\

SOMO nucleophilicity
3° radical > 1° radical

pyramidal geometry

SH2 reaction with R R

3° radical is preferred. R
desired
quaternary product

1. Liu, W.; Lavagnino, M. N.; Gould, C. A.; Alcazar, J.; MacMillan, D. W. C. Science 2021, 374, 1258.



Radical Generation

sensitive to heat, O,
—Mild conditions are required in the radical generation step.

MacMillan’s strategy

- Silyl radical-mediated halogen abstraction-radical capture (HARC) strategy
- Photoredox-neutral pathway

Si

Si L Br\/\/R

(o)
(o) R ° R
R N >‘_R N\
o~ SET B
R
R (0

dual photoredox radical generation

1. Liu, W.; Lavagnino, M. N.; Gould, C. A.; Alcazar, J.; MacMillan, D. W. C. Science 2021, 374, 1258.
2. Lexa, D.; Mispelter, J.; Saveant, J. M. J. Am. Chem. Soc. 1981, 103, 6806.



Catalyst Evaluation
[Ir(5-Me-4’-F-ppy)z(dtbbpy)](PFG) (1 mol%)

catalyst
o. Br o (2 mol%)
I
Cbz O (TMS)3S|NHAdm
_ . 2.0 equiv.
(2.0 equiv.) (1.0 equiv.) Ko,(Ac (2.% eql)JiV.)

acetone/i-PrOH (1/1)
blue LED, 50% light, 2 h

Et Et Ph
CN
Et Et
Ph Ph

Et Et

Et Et Ph

Fe(OEP)CI M(TPP)CI Vitamin B12*
86% M = Fe: 6%, M= Co: 3% 7%

*exact structure: see appendix
1. Liu, W.; Lavagnino, M. N.; Gould, C. A.; Alcazar, J.; MacMillan, D. W. C. Science 2021, 374, 1258.



Photo-NMR experiment to direct observe n-Bu-Fe(OEP) complex in situ

I il

/

Ji§ |4
R SIS et \“’{\
|

|
Ao _/J““ \
|

1
Ao _J ““

~—— e NN

A — |\

Mechanistic Studies (1)

t =120 min

t = 90 min

t =60 min

t =45 min

t =30 min

t=15min

t =3 min

before irradiation

independently prepared n-Bu-Fe(OEP)

o)
N “NPhth

|
Cbhz O

(2.0 equiv.)

+

H
Br (@) N @)
\(V);\@ij

(1.0 equiv.)

(10 mol%)

[Ir(5-Me-4’-F-ppy),(dtbbpy)](PFg) (2 mol%)
(TMS)3;SiNHAdm (1.5 equiv.)
KOAc (2.0 equiv.)
acetone/i-PrOH (1/1)
blue LED, 2 h

n-Bu-Fe(OEP)

directly observed in situ

64% (+3)

(X~

|
Cbz

7% (+1)

1. Liu, W.; Lavagnino, M. N.; Gould, C. A.; Alcazar, J.; MacMillan, D. W. C. Science 2021, 374, 1258.



Mechanistic Studies (2)

Light-Free Radical Generation Studies

Zn° (50 equiv.) n-Bu-Fe(OEP)
o ZnCl, (25 equiv.) O\ (1.0 equiv.) O</\/
N “NPhth NT° > N

Chz O Cbz Cbz
) ) dark: 44% (5)
blue LED: 42% (17)

Light is not required for C-C bond formation.

Iron-dependent diastereoselectivity
+Fe(OEP)CI

[Ir(5-Me-4’-F-ppy),(dtbbpy)](PF)
(1 mol%)
O Br
N NPhth + NHBoc N™* NHBoc

| (TMS);SiNHAdm (2.5 equiv.)

|
Cbz

Cbz O KOAc (2.0 equiv.)
redox-active ester 1° alkyl bromide acetone/i-PrOH (1/1)
(2.0 equiv.) (1.0 equiv.) blue LED, 2 h

0 mol% [Fe] 15% yield, *dr. 1.1 : 1
10 mol% [Fe] 56% yield, *dr. 3.2 : 1

Reaction proceeds via SH2 mechanism, not free-radical/radical coupling.

24
1. Liu, W.; Lavagnino, M. N.; Gould, C. A.; Alcazar, J.; MacMillan, D. W. C. Science 2021, 374, 1258.



Proposed Reaction Mechanism

'I'MS
HN’S';TZS _H ™S s Lms BN .
N- S|—TMS —> N-si ——— ad
= R3oIbr
Ad TMS HARC
(= Ad)
SET
R
*pll Il N
oxidant reductant Et Et
\ Et Et
< > Tl Et Et
- Et Et
Sy2
R R
. R
R >I/\/\
—C02 R
R R
ONPhth
quaternary product

1. Liu, W.; Lavagnino, M. N.; Gould, C. A.; Alcazar, J.; MacMillan, D. W. C. Science 2021, 374, 1258.



Substrate Scope (1): Redox Active Esters

Br o) H O Ir photocatalyst* o) H o
Fe(OEP)CI |
(2 mol%) Cbz

(0)
N SNPhth  + or >
| (TMS);SiNHAdm (2.5 equiv.) O</\
Cbz O Br\/\NHBoc KOAc (2.0 equiv.) N NHBoc
redox-active ester 1° alkyl bromide acetone/i-PrOH (1/1) (I;bz
(X equiv.) (1.0 equiv.) blue LED, 2 h
- redox active esters MeO
)% \@( f o
\
NHBoc Cbz
X=1.5, (%), 80% X=2.0,60% X=1.5,68%
- Limitation
)/\/NHBOC /(j 7<\/NHBoc C><M
= 2.0, 65% X=2.0,50% 22%

*Ir photocatalyst = [Ir(5-Me-4’-F-ppy),(dtbbpy)](PFg) X=2.0->67%

1. Liu, W.; Lavagnino, M. N.; Gould, C. A.; Alcazar, J.; MacMillan, D. W. C. Science 2021, 374, 1258. 26

(statistical limit: X=1.5 — 60"/3




Substrate Scope (2): 1° Alkyl Bromide

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

o Fe(OEP)CI (2 mol%) O</\
N \NPhth + Br\/\NHBOC y N NHBoc

(TMS);SiNHAdm (2.5 equiv.) |

|
Cbz O

KOAc (2.0 equiv.) Cbz
redox-active ester 1° alkyl bromide acetone/i-PrOH (1/1)
(X equiv.) (1.0 equiv.) blue LED, 2 h

- 1° alkyl bromide S—

% - Limitation

O< ‘ : O</\ _OR

N
13CD3 |

Co,Et Giz

X= 1.5, (%), 75% X=2.0, (%), 63% R = H, (£), 30%

R = Ac, (1), 72%

O</\/ O</\C\NBOC %Q\O

x- 1.5, (%), 75% X = 2.0, (), 65% <5%

X=2.0—-67%
1. Liu, W.; Lavagnino, M. N.; Gould, C. A.; Alcazar, J.; MacMillan, D. W. C. Science 2021, 374, 1258.

(statistical limit: X=1.5 — 60°/9




Summary

- Ohmiya Group

(\O
ONPhth >_

Ph H

- MacMillan Group

phx(@ A

persistent

radical sorting

hetero-coupled
products

hetero-coupled
products
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Appendix



Structures

Methylcobalamin Vitamin B12



SOMO Orbital

Figure S1. SOMO orbital of the enolate radical of the Breslow intermediate
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Mechanistic studies

Fluorescene quenching studies
15

[ ® (TMS),SiINHAdm
| @ Redox-active ester

Concentration (mM)

Stern-Volmer relationship for quenching of

Ir photocatalyst by aminosilane or redox-active ester.

™S
_Si—TMS

HN TMS

*p Ml . I

k=6.7 x 108 M-1s™1
reductive quenching by aminosilane
at a near diffusion-controlled rate



Further Scope: Synthesis of Spirocycles

(o)
CbzHN

ONPhth
C *

" (2.0 equiv,)

Boc

CbzHN
ONPhth *

(2.0 equiv.)

O

CbzHN
ONPhth *

\/ (2.0 equiv.)

[Ir(5-Me-4’-F-ppy),(dtbbpy)]1(PFg) (1 mol%)
Fe(OEP)CI (2 mol%)
(TMS);SiNHAdm (2.5 equiv.)

KOAc (2.0 equiv.)
acetone/i-PrOH (1/1) N‘Cb
blue LED, 2 h, 66%; “
Br” " ¢ >
NaH, 60 °C, 98% N
(1.0 equiv.) I
Boc
same conditions N
Br” " ¢ > chz
62%; 99%
(1.0 equiv.) \/
same conditions \|
Cl N
Br/\/\/ > \CbZ
55%; 85%
(1.0 equiv.) N

1. Liu, W.; Lavagnino, M. N.; Gould, C. A.; Alcazar, J.; MacMillan, D. W. C. Science 2021, 374, 1258.
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