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2. Hydrogen Atom Transfer (HAT) Reactions

e reductive HAT 1

Me Fe(acac); (0.3 eq.)

PhSiH; (2.5 eq.)

>
EtOH/(CH,OH),, 60 °C

Me A > 60%

Me
Fell-H

Me
. H\ (o]

Fe' L Me .

« oxidative HAT 2 hv (mercury lamp)
Ph,C=0 (0.5 eq.)

4\/_><M9 Ts——TMS (1.5 eq.)
o

H t-BuOH, rt
o° 75%

O .

N
H H

Ph)\Ph

Me
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(1) a) Lo, J. C.; Yabe, Y.; Baran, P. S. J. Am. Chem. Soc. 2014, 136, 1304. b) Shenvi, R. A. et al. Chem. Rev. 2016, 116, 8912. c) LS 2015.9.5 (Dr. Nagatomo)
(2) Hoshikawa, T.; Kamijo, S.; Inoue, M. Org. Biomol. Chem. 2013, 11, 164.



3. Challenges of Hydrogen Atom Transfer

e reductive HAT to C=0 r-bond

_H
O AGyaT > +24 kcal/mol o
MP-H o+ )L ------------- > mn-1 + )\
Ph Me Ph Me
M-H BDFE O-H BDFE
>50 kcal/mol ~26 kcal/mol
* oxidative HAT from N-H c-bond How can we generate these radicals?
(o) 0
AGyaT > +2 kcal/mol )]\
. Ph Ph
R + Me)LN/ ------------- > R—H + Me N~
I °
H
N-H BDFE R-H BDFE
100 kcal/mol <98 kcal/mol

BDFE = bond dissociation free energy
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5. Proton-Coupled Electron Transfer (PCET)

(1) hydrogen atom transfer

HAT
X—H + ' = > X+ H—Y
hydrogen (H") hydrogen (H")
acceptor donor
proton (H') _ electron (e’) proton (H*) _ electron (e’)
acceptor acceptor donor donor

(2) proton-coupled electron transfer

“redox events in which an electron and proton are exchanged in a concerted elementary step"

PCET
X—H + B+ N = > x° + H-B" + wm
base oxidant acid reductant
proton (H") electron (e") proton (H*) electron (e)

acceptor acceptor donor donor



6. Thermochemistry of PCET

AG = (a-b) kcal/mol

(1) effective BDFE

X—H + Y » X + H—Y
BDFE HAT BDFE
a kcal/mol b kcal/mol

AG = (a-c) kcal/mol

X—H + B + M" » x + H—B + M
PCET
BDFE effective BDFE
a kcal/mol ¢ kcal/mol

(2) thermodynamic cycle

Mt + H—B » M~ + B + H

E (M"/M™-1) E (H'H)

effective
BDFE

Mn + B +

effective BDFE (kcal/mol) = -RT In(K,(HB')) + FE (M"/M™") - FE (H'H)

= 1.37 pK,(HB') + 23.06 E (M"/M™") + C,,,, (at 298 K)

(1) a) Warren, J. J.; Tronic, T. A.; Mayer, J. M. Chem. Rev. 2010, 110, 6961. b) Mayer, J. M. et al. Energy Environ. Sci. 2012, 5, 7771.



7. PCET in Photosystem II

2 H,0

hv

PSII

-

O,

4e + 4H

(1) reaction center of PSII

Tyrz

<y N\
=t %1 H190
PT

OEC & OEC: oxygen evolving complex
(Mn cluster)

(2) electron transport
Q, —>%5.  Psl

.
P *
680 et Q, (plastoquinone)
°+
hv P680
P680

His190

PT
Tyr2\©\

His190
PCET

—"
+ NH
H

Ny

* water oxidation

Z

(1) a) Ferreira, K. N.; lverson, T. M.; Maghlaoui, K.; Barber, J.; lwata, S. Science 2004,

303, 1831. b) Huynh, H. V.; Mayer, J. M. Chem. Rev. 2007, 107, 5004.
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10. Reductive PCET for Ketyl Generation

(1) samarium(ll) iodide "

NC NC
| Smlz, MeOH Lnlzsm\ |
0 > o )
THF, 0 °C .
H 72% H

(2) reductive PCET activation 2

R. hv, photocatalyst (M")
X Bronsted acid (HA)
reductant (Red)

reductlve

quenching
o+
Red hv

0 H BDFE ~ 26 kcaIImoI

NC

(1) Enholm, E. J.; Trivellas, A. Tetrahedron Lett. 1989, 30, 1063. (2) Tarantino, K. T.; Liu, P.; Knowles, R. R. J. Am. Chem. Soc. 2013, 135, 10022.
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11. Optimization of Reaction Conditions

H H
EtO,C CO,Et
MeO,C photocatalyst (2 mol%) H | |
Brensted acid (5 mol%) - ., Me Ir:ll Me
reductant (1.5 eq.) _/\' MeO,C™ ™~
o) » O + HEH (Hant_zs_ch
hv (26W CFL) \O/E HO 5 dihydropyridine)
Ph THF, rt Ph Ph S><Ph
cis trans N H
H
BT (2-phenyl-
dihydrobenzothaizoline)
photocatalyst Bronsted acid cat reductant yield, % cis:trans effective BDFE, kcal/mol?
Ru(bpy);(BArF), none HEH 0 - -
Ru(bpy);(BArF), PhCO,H HEH 0 - 45
Ru(bpy);(BArF), lutidine*HBF, HEH 0 - 35
Ru(bpy)s(BArF), (PhO),PO,H HEH 78 4.6:1 33
Ru(bpy);(BArF), (PhO),PO,H BT 89 10:1 33

2 calculated from pK, and potential data in MeCN (C = 54.9 kcal/mol)
effective BDFE (kcal/mol) = = 1.37 pK,(HA) + 23.06 E (Ru'/Ru') + C,,, (at 298 K)




12. Ketyl-Olefin Coupling -Substrate Scope-

MeO,C Ru(bpy);(BArF), (2 mol%)
| (PhO),PO,H (5 mol%) H .
BT (1.5 eq.) — s, MeQC™ v
0 . > 0 'n + 'o
)l\ ; hv (26W CFL) 0~ ~" HO=Z ™~~~
Ar -- THF, rt Ar cis Ar  trans
H H H
: =\ =—\
0=<\ :> 0=<\ o] (o] NTs
0™ 0/:\/ 0’:\/
R
R=Me: 86% (cis:trans =6:1) 87% (cis:trans = 4.8:1) 80% (cis:trans = 3.4:1)

R = OMe: 78% (cis:trans = 12:1)

78% (cis:trans = 1.2:1) 82% (cis:trans = 16:1) 2



13. Luminescence Quenching Studies

exitation
A + Q >[ A+ Q } ' A + *Q
emission ()
|
( Stern-Volmer plot: To = 1+ Kgy[Q] )
Ir(ppy)3 : 2.0 x 10° M Ru(bpy)s;(BArF), : E (Ru'"/Ru') = -1.71 V vs Fc/Fc*

N

Ex: 390 nm, Em: 518 nm
Ir(ppy); : E (IrV/*Ir') = -2.11 V vs Fc/Fc*

o
Ph)LMe reaction mechanism
(varied)
Ir(ppy)s X - no quenching # ET/PT
(o)
Ph)LMe
(varied) quenching
Ir(ppy)s P (first-order dependence —— or
(PhO),PO,H on concentration) PT/ET
(0.02 M) \ large pK,

difference



14. Proposed Catalytic Cycle

HEH

electron
HEns  transfer

EtO,C CQO,Et
¢ i A 2 CO,Me
P H-X
Me

Ru'l(bpy)s

S
Rul(bpy)s
1
proton proton-coupled
EtO,C N COE transfer electron transfer
| ® Ox
M N/ Me ©
¢ I Rul(bpy)s COzMe X
H
HO Ph
X :
Ru'l(bpy)s
hv electron C-C bond
transfer formation
Ru'l(bpy)s
b o MeO.c—\ "o, Au(bpy)
Et0,C coft ©x -atom B 3
. transfer
| ©x
Me N Me
H
MBOEC Ph

BOH HEH
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16. Oxidative PCET for Amidyl Generation

(1) prefunctionalization "

AIBN i o

o) Ph
B J]\)\% n-Bu;SnH O Ph N,n-Bu
-Bu >
\'il - n-Bu\NJW

toluene, 110 °C
82% .

o Ph
\n/ I | op

(0
(2) stoichiometric oxidant 2

THF/DMSO, 90 °C N
Ph’ “H 85% Ph” "

IBX (4 eq.) . OYO\Q O=<
/

(3) oxidative PCET activation

hv, photocatalyst
R Bronsted base
Ph\NJI\/\%\RZ ............ > Ph\NJWkRZ ...... >

N-H BDFE ~ 100 kcal/mol

(1) Clark, A. J.; Peacock, J. L. Tetrahedron Lett. 1998, 39, 6029. (2) Nicolaou, K. C. et al. J. Am. Chem. Soc. 2002, 124, 2233.
(3) Choi, G. J.; Knowles, R. R. J. Am. Chem. Soc. 2015, 137, 9226.



% Yield

17. Optimization of Reaction Conditions

(@)

photocatalyst (3 mol%) Ph
O Me Brensted base (25 mol%) N7
Ph\NWMe + %\COZMe CO,Me
| hv (blue LEDs)
H (3 eq.) CH,Cl,, rt Me Me

1.37 pK,(HB) + 23.06 E (*Ir'"/Ir") + C,,, (at 298 K)

effective BDFE (kcal/mol) calculated from pK,
and potential data in MeCN (C = 54.9 kcal/mol)
100

92% yield

BO 17




18. Carboamidation -Substrate Scope-

o

Ir(dF(CF3)ppy).(bpy)PFg (3 mol%) »\ _Ph
NBu,OP(0O)(OBu), (25 mol%) N

Ph{ JLX/\)\RZ + /\EWG y
hv (blue LEDs) 2
R1 'RZ

\
(3 eq) CH,Cl,, rt

EWG

o)

4

0 0
Ph }\\ Ph
Ve V'
N N M
X e o) s‘\N\Ph
- \)>(\/C02M9 Meﬁ/ \(j\/
oL
NN\ “NCoMe

l.,o

Me Me Me Me
R=COMe 94% X=0 87% 63%
R =CHO 50% X=NMe 63% °
X=S 72% (d.r. >201)

R=CN 78%
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19. Proposed

Catalytic Cycle

5 ,Fh CO,Me hv O
Ph
N M” \lr] Me
" ‘Me
Me :BO® \ H A Me
proton concerted
transfer PCET
H=B rh COsMe 0O H=B
O
N Ph
MR / © \N Me @
‘Me . P
Me Me
electron C-N bond
transfer formation
Ph CO-Me
. C-C bond N Me
@ “Me formation D—-(‘ @
Me Me

A CoMe 19



20. Task for Catalytic Hydroamidation

®
|t hv O
Can the N-H bond be o Ph
selectively homolyzed (BuO),PO, N
in the presence of the Fli =
H-atom donor (R-H)?
concerted
ET/PT PCET
) 0
-atom
@ R R-H  donor Ph < @
(BuO),PO,H catalyst * _ (BuO);POH
H-atom C-N bond
transfer formation
o
Ph
~
N Ph ~N

@ (BuO),PO,H

20

(1) Miller, D. C.; Choi, G. J.; Orbe, H. S.; Knowles, R. R. J. Am. Chem. Soc. 2015, 137, 13492,



21. Screening of H-atom Donor

H-atom donor (10 mol%)

o Ir(dF(CF3)ppy)2(bpy)PFg (2 mol%) O
NBu,OP(O)(OBu), (20 mol%) N,Ph
Ph\NJW -
, hv (blue LEDs) H
CH,Cl,, rt

24% 28% 18% 16% 95%

21



22. Hydroamidation -Substrate Scope-

PhSH (10 mol%)
Ir(dF(CF3)ppy)2(bpy)PFg (2 mol%) O

NBu,OP(0)(OBu), (20 mol%) )\\N/Ph
Ph\NJ]\ X/\)\Rz - X
, hv (blue LEDs) H
H CH,CI,, rt “

R! R2
(o) H
Ph

»\N/
X H X=0 89%

X = NMe 90% N

= o

A X=S 73% P o
91%

Me C02MG H

)—N\ 94% 68%
Ph  (d.r.>20:1) (d.r. >20:1)

22



23. Luminescence Quenching Studies

[Ir'"' = Ir(dF(CF5)ppy).(bpy)PFg : E (*Ir''/Ir') = 0.94 V vs Fc/Fc*
Ex: 370 nm, Em: 498 nm

(o) SH
Ph JL
\,il Me °F
H
(varied) (varied)
[ir' X - no quenching
(0.005 mM)
ET | PCET
o SH : E amide | X O
Ph_ JL or _
N Me thiol X (o)
I
H
(varied) (varied)
(' > quenching -/
0.01 mM (first-order dependence
( ) NBu,OP(O)(OBu), on concentration)

(0.20 mM)




24. Competition-Qenching Studies

[Ir'"' = Ir(dF(CF5)ppy).(bpy)PFg : E (*Ir''/Ir') = 0.94 V vs Fc/Fc*
Ex: 370 nm, Em: 498 nm

(o) SH
Ph JL
\,il Me and
H
(varied) (1.00 mM)

[r' - quenching PCET to amide is
0.01 mM (first-order dependence —— kinetically preferred
(0.01 mM) NBu,OP(0)(OBu), on concentration) over that to thiol.

(0.20 mM)
(o) SH
Ph )J\
\,il Me and
H
" (1.00 mM) (varied) no quenching PCET to thiol is

[Ir™] X P (relative to background —— inefficient relative to

(0.01 mM) quenching) that to amide.
NBu,OP(O)(OBu),

(0.20 mM)



25. Computational Evaluation of Hydrogen Bonding

1)
»B97XD / 6-31G++(2d,2p) in CH,Cl,

(o]
A _en
o) - Me N~
)L (o) AG = 0.36 kcal/mol |
Ph l H
P d + > 1
Me 'il 0’/P("0Bu P
H OBu (0]
B
~'\''OBu
o OBu

amide-phosphate H-bond complex is
5.23 kcal/mol more favorable

(0] AG = 5.59 kcal/mol O\\
|
PhS—H + P. e P:OBu
7, n —
o~ \OCB)EU PhS—H---0" ‘OBu

(1) Chai, J. D.; Head-Gordon, M. Phys. Chem. Chem. Phys. 2008, 10, 6615. 25
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27. Intramolecular PCET

aq. Na28208
pulse radiolysis +
H\
(o) .— (o)
SO,
R H or
H H,O (pH 10)
OMe OMe
SO,
S0,2" S-scission R =t-Bu
H\O _  base .O _
OH 1,2-H-shift
R P R ——
H @ k~5x10°M" s H R = Me
OMe ntramolecular OMe
oxidative PCET
| oxidant

(o)
R
OMe
-H°*
OH
R [ ]
OMe

(1) Baciocchi, E.; Bietti, N.; Steenken, S. J. Am. Chem. Soc. 1997, 119, 4078.
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28. Design of Ring-Opening Reaction

OH
hv *|rll M\PMP
V B: 1
excitation ET
Il Il
. B: ..
] L
g 0 r
PhS —H o
PMP
ET/PT PCET
0 Il Il o°*
#PMP H-B" H-B" M\PMP
2  PhSe HAT ia-iissy
H
[
Ir 0

-
PhS =H PMP

28



29. Optimization Reaction Conditions

H\0

photocatalyst (1 mol%)

base (1 eq.)

PhSH (25 mo%)

OMe

E=1.22 V vs Fc/Fc*

hv (blue LEDs)

CH,Cl,, rt

OMe

R' R2  E (*Ir'"'nr") vs Fe/Fc*

photocatalyst base yield, %
A collidine 0
B collidine 9
C collidine 79
C collidine (3 eq.) 91
C pyridine 6 A
B
0
C none c

t-Bu H 083V
H H 094V
H CF; 1.30 V



30. Ring-Opening Reaction —Substrate Scope-

[Ir(dF(CF3)ppy)2(5,5'd(CF3)bpy)](PFe)

H (1 mol%)
~o collidine (3 eq.) (o)
PhSH (25 mo%)
R=—— R——
OMe hv (blue LEDs) //\I OMe
CH,CI,, rt H
substrate product ' substrate product
HO_ PMP 0 : HO SPMP o H
Jl\/\ H : Ve )l\/\)\
PMP -~ : PMP Me
71% | 97%
HO PMP ; Me
' Me Me Me
O ; . Me
Howon pmp— /()
PMP N : OH H
: Me O
85% : PMP 9%




31. Effect of Remote PMP Group

[Ir(dF(CF3)ppy)2(5,5'd(CF3)bpy)](PFe)
H (1 mol%)

~o collidine (3 eq.) (o)
PhSH (25 mo%)
MeO M\Me P>  MeO ’\JLMe
hv (blue LEDs) //\l
CH,CI,, rt H
substrate product substrate product
HO Me (o)
R HO Me O
PMP PMP
Me Ph\)Q/\
PMP Me PMP

HO Me O
Ph\)Q/PMP JI\/R
Me

89% (R = Ph)
5% (R = PMP)

HO Me 0
PhMPMP )j\/\/PMP
Me

H !
91% . 89%
: 6%




32. Effect of Proximal Aryl Group

[Ir(dF(CF3)ppy)2(5,5'd(CF3)bpy)]l(PF)

(1 mol%)
collidine (3 eq.)
HO Ar PhSH (25 mo%) O
> )l\/\/\
hv (blue LEDs) Ar H
CH,CI,, rt

O-H BDFE ~ 102 kcal/mol

E (Ar'+’°) 0.92V 0.96 V 1.18V 1.22V 1.27 V
effective BDFE 97 98 103 104 105
(kcal/mol)
yield <5% 7% 86% 86% 84%

effective BDFE (kcal/mol) = = 1.37 pK,(HB*) + 23.06 E (Ar*'%) + 54.9 (at 298 K, MeCN)
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33. Summary

MeO,C

B

0 PCET

NN activation ™

'Y

I
H

N2

Ph\NJW

MeO,C

OH

Ph™ °

‘0 PMP

H
0™
Ph
o
Ph




Appendix



Redox Potential and pKa

E (*Ir'"1r"y vs FelFct iBu 7
+ —|+
| = Me | = I | =
| = ‘\.H PJ o | X Nf | N tBu | o N/ | o
M ‘ pea 1 L - M ] -
7 “‘\"/ Z “‘x”/ 7 \“/
““‘\-"“N#“' H“v’ Me ‘a\_\, Me
= | = | = |
F F
0.32V i 0.39V i 045V
Ir(ppy)az(phen)* Ir(Fmppy)(dtbbpy)* Ir(Fmppy)y(phen)*
tBu +
j )
CF | = CF, | 3
= 'h./ = tBu = ‘\. =

' To convert the potentials from SCE
(calomel) to Fc/Fc+ reference, 380 mV

were subtracted from the measured
values.

0.83V 0.94V ex.) 1.68 V vs SCE = 1.30 V vs Fc/Fc*
Ir(dF(CF3)ppy)(dtbbpy)* Ir(dF(CF3)ppy)a(bpy)™
pK,, in MeCN NMe,
AN AN AN
| . ﬁ | - I z (o)
N* N* N*
H RO H H Ph” “OH
12.5 13 15 18 21.5




Asymmetric Aza-Pinacol Cyclization

Ir(ppy)2(dtbpy)PFg (2 mol%) Me,NHN
chiral acid A (10 mol%)
O HEH (1.5 eq.) HO ==
ZN_ > N
NMe, hv (blue LEDs)
dioxane, rt
R
R

R=H 83%, 93% ee
R=OMe 86%,94% ee
R=CF; 58%, 90% ee

PFg
t-Bu l I SiPh,
o ! O\ /P
N
N oWl
t-Bu SiPh,
Ir(ppy)z(dtbpy)PFG chiral acid A

(1) Rono, L. J.; Yayla, H. G.; Wang, D. Y.; Armstrong, M. F.; Knowles, R. R. J. Am. Chem. Soc. 2013, 135, 17735.



HO PMP

[Ir(dF(CF3)ppy)2(5,5'd(CF3)bpy)](PFe)
(2 mol%)

collidine (1 eq.)
2BF,

Cl /—\
LNU\N+'F (4 eq.)

>
hv (blue LEDs)
CD,CN/D,0, rt

[Ir(dF(CF3)ppy)2(5,5'd(CF3)bpy)](PFe)
(5 mol%)
collidine (3 eq.)

>
hv (blue LEDs)
PhCF,/CCl,, rt

[Ir(dF(CF3)ppy)2(5,5'd(CF3)bpy)](PFe)
(3 mol%)
collidine (3 eq.)
CCl;Br (3 eq.)

hv (blue LEDs)
CH,Cl,, rt

Halogenation Reactions

0
PMPJ\/\/\F

52%

o)
PMPJ\/\/\Cl

98%

o
PMPJ\/\/\Br

95%



Intramolecular ET Strategy

[Ir(dF(CF3)ppy)2(dtbbpy)](PFe) Ar
o (1 mol%) o
chiral amine B (20 mol%) = N
Me BzOH (40 mol%) " NH,
* N > Me |'°© O
Me hv (white LEDs) ‘ Nepn

toluene, 15 °C Ar

\

/
U
=

78%, 88% ee (Ar - 2,4,6-iPr3C6H2)
chiral amine B

Me O\.+
Ui R IR , NH Irl NH
Me I\lne Me I\IIIe Ir'! Me I\Ille
A N LY N -~ N
“Ph “Ph “Ph
I -
I\Ille hv, Ir'Y, BzO I\Ille
N AT’ . _N
Me” “Ph <~ SPh
Ir' BzOH
38

(1) Murphy, J. J.; Bastida, D.; Paria, S.; Fagnoni, M.; Melchiorre, P. Nature 2016, 532, 218.



H-Bonding Promoted HAT

A Harnessing & powerful HAT catalysi: quinuciidine

e A

— SET—»

B8
—  HAT —» ZAJ
/N 7N gk

[elll 1 H
E.p® = It Ir J\ 7 N-H BOE =
110V =] A R™U™R 100 koalimol
Gl ey,
—H
blue 8 1 ° (l\
el S gl 0—POH;
L N/ HAT [: uf \ R” “OH
oxidant | Catalytic | {7 lcohol (8
v 2 sl g | Cycle ¢ H oot (4
(2] 'R 4
! e )
SET i HAT e A
Photoradox \ [ =] //f
il Cﬂtﬂl?‘“c ?\ Z: -rN-_J H-Bond Ill
: Cycle a Activation litlr
photocat. (1) Irll (5) h P
IHdF (CF 5)ppyla(dtbbpy) reductant : e
\ ik d-"’"f H/x? 'f/r
o :SET = H.OPO--H
10 —TleOH q T
0 MEDET_ OH 00 Ma three catalyst
R system

Michael acceptar

(8]
2 I Biu,MX
# " cosMe 1 EQ{: mu o 3
ek . O MeoH
CHy, “aH CH4CN, blue LEDs, 27 *C KGE,H
11
1-hexanol (11} acid work-up ()12
catalyst [(Bu Jhx) relative rate;;; yiel lactone
- 1.0 BT %
BU4NBF4 1.0 Ti9%
BuNPOH; 1.8 845
BuM{PhO) PO 2.5 TE%
Bu NGO CF, 25 7E%
c o
0 o )]\
(]
)LD %1\9 4
r\ B
A A o
13 A=H 1% 15 A.B=Mz 23% 18 n=1 79%
(£)-14 A=Ms 85% 16 AB=Et 76% 18 n=2 80%
{+)-12 A=CHq B4% ()17 A,B=Ms,Bu 80% 20 n=3 90%

(1) Jeffrey, J. L.; Terrett, J. A.; MacMillan, D. W. C. Science 2015, 349, 1532.
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Reaction Rate of Radical Cyclization

1.6 NDUMZILBESIUA Z /B ORIEEIGERETE (80 T)

0 Qe o
RN\ LI ki =8.7x10% "
H K k,=4.7 % 10%s "

O B *
‘/..\_/\T,JLH _ . k. =1.0 1:::‘_'65‘
ko k.=11=107s"

X oNR XY eNHR X 1.3¢ R¥EDSVHIL. BFEDVNDIL., BLU
b b =D UNILD S-exo-trig IRIERILE
EEs

RS [AREROE=HDT)—5ThILRIG]
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Kinetics of PCET (Marcus Theory)

|II 43'1'3 —A -‘ip
kcepr = ZP Z | 15:T1 \Il' T EXP[ L Ty ]
B B

© exp(—E,/kgT)
X (plp) > ——T
[ZU d)(p fﬁ exp(—E,/k T)

. (AG° + AE) + 1)
AGE =
g 42

E™ — (4 4 1/2)ho — ((n + 1/2)hw)?
fn 4D

Vi % VerlohJgh)
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Crystal Structure of OEC

D1-N298

i2.6

D1-H190

D1-Y161 ‘
29 30 Ca
‘ W3 Mnl
2.8 Q
w2@

{
Ol
’ Mn2
‘ ]
03 ° °
02
Mn3

(1) Umena, Y.; Kawakami, K.; Shen, J.-R.; Kamiya, N. Nature 2011, 473, 55
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