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« C. F Koelsch (1932)
- EPR (1957)

« Sir Christopher Ingold (1993)

« “"Homolysis, even between consenting adults, is grounds for instant dismissal from
this Department”

« Morris Kharasch
« Barton, D. H. R. Private communication.

- "...became so frustrated with his manuscripts being rejected by the reviewers of his
day that he used his influence to convince the ACS board to launch The Journal of

Organic Chemistry.”

- “Being on the Board of Editors made it easier for him to identify reviewers with the
correct expertise.’

J. Am. Chem. Soc., 1957, 79, 4439; Bull. Hist. Chem., 1996, 91, 1; Org. Lett., 2017, 19, 1257. 3
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“Radical chemistry has always taken a backseat to ionic chemistry.”

low selectivity ¢ scarce ¢ exotic * messy * unpredictable
unpromising ¢ mysterious * chemical curiosity * impatient
invisible * unselective * chaotic * uncontrollable
mysteriously baffling  suspicious ¢ unwieldiness

"...radicals still occasionally conjure up visions of runaway reactions, of messy
black tars, and of intractable mixtures.”

beautiful * predictability  reactivity ¢ selectivity * generality
variability ¢ functional group tolerance * pH neutral ¢ elaborate
efficient * molecular complexity * green chemistry

"l didn’t think that radical chemistry could be so mild and selective.”

J. Am. Chem. Soc., 2016, 138, 12692; Org. Lett., 2017, 19, 1257; Topics in Current Chemistry: Radicals in Synthesis I, 2006. 4
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* Practical reactions and unique reactivities

Et02C“‘ N 18F “\Ph

N oM
o%\r HN ©
CO,Et o)

process 60g 100 g
scale scale scale

(—)-maoecrystal Z (+)-pleuromutilin (—)-aplyviolene (+)-scholarisine A (+)-fusarisetin A

J. Am. Chem. Soc., 2016, 138, 12692. 5
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* Substrate control — Intramolecular reactions
* Achiral radicals with a prostereogenic radical or acceptor

Y

achiral chiral, racemic
(cis and trans)

S

chiral 2 isomers
possible

« Chiral radicals

* Prostereogenic acceptor

* Prostereogenic radical and acceptor

chiral 4 isomers

possible

Stereochemistry of Radical Reactions, 1995. 8
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« Face selective radical cyclization to multiple bonds

+ 3-membered rings
XA(. - )‘(/q —— XN\R
R R

* Ring strain into precursor

= BusSnH
Br AIBN
L 9] 1
100%
« Substitution to stabilize product

* Radical cyclization forms ring fusion bond — predominantly cis

SiMe,Ph BuSnH SiMezPh PhMe,Si
X AIBN Q\) \
, L]
B~ PhH, A \/ / AN
58%
0 | No” 0

Stereochemistry of Radical Reactions, 1995; Tetrahedron Lett., 1993, 34, 2091; J. Org. Chem., 1993, 58, 5574. 9
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« Face selective radical cyclization to multiple bonds

+ 4- and 5-membered rings

* Pre-existing ring stereocenter

SnB
Br. |__| (?\,,O /\/ n=ts \\‘/, |'_| Q\,{O
o *aS AIBN e aS
) - D
/ 80 °C /
O z 93% (0] z
COzMe COzMe

merN\'%
CN CN
OEt BUSSH\/\H/R
O’i/l

)

> W
PhMe, 110 °C TBSO
. 72%

OH

\_/_/—COZH (£)-hirsutene

prostaglandin
derivative

TBSO"

BU3an H

AIBN I
77\/6 PhH A :
64% H

H

Stereochemistry of Radical Reactions, 1995; Tetrahedron, 1989, 45, 941; J. Org. Chem., 1987, 52, 2958; J. Am. Chem. Soc., 1985, 107, 1448. 10
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DIASTEREOSELECTIVE REACTIONS

« Face selective radical cyclization to multiple bonds

« Silicon tethered radical addition

E\INPhZ II\INPh2 -
R BusSnH R cyclization : 2
e A oo T
O‘Si/\Br AIBN O‘Si/ Tamao [O] OH OH
- o,
AN 7\ 57 - 80%
E\INPhZ NNPh, cyclization;
R R TBAF
— PhSH 49 - 89%
O... AIBN O...o~__SPh
NNPh, SiTY SN
VAN N\ NNPh,
D N
OH E\lNPhZ NNPh, / OH
R = Me, i-Bu, i-Pr, Ph R Br BusSnH R -
> o & W’ o . cyclization;
S SN 55 - 69°%
/ \ / \ °
NNPh, NNPh,
| | o NNPh,
R PhSH R cyclization R i
L5 LN
0. %2  ABN O.p A SPh TBAF Y 7 sph
A\ PN 51 - 70% OH

Topics in Current Chemistry: Radicals in Synthesis 111, 2012; Org. Lett., 1999, 1, 1499; Org. Lett., 2000, 2, 4237; J. Org. Chem., 2004, 69, 863;

Tetrahedron, 2003, 63, 3964; Tetrahedron: Asymmetry, 2003, 14, 2853.

11
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« Cyclization-fragmentation

- Use of stereoselective cyclization to indirectly control acyclic stereochemistry

b = b = e

| NC~y”
N [:> \ BugSnH : H
EEE—— —_—>
| 80 °C - PhH, A
NC NG 64% o

CN NC™ H

</'{/H L
—
NC™ EnH

CcNH

Stereochemistry of Radical Reactions, 1995; J. Am. Chem. Soc., 1990, 112, 9401. 12
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« Group selective cyclizations

+ One radical precursor and two diastereotopic radical acceptors

7)/\/0

CO 2Me Cone
z Et,B
H
Z _78°C
66% H

+ Two diastereotopic radical precursors and one acceptor

L

BUSSnH o)
AIBN
Y\)_.\ =0
PhH

87% Ph)

Stereochemistry of Radical Reactions, 1995; J. Am. Chem. Soc., 1994, 116, 8430; Chem. Lett., 1991, 20, 203. 13
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« Substrate control — Intermolecular reactions

Cyclic radicals

- Rate of inversion

Ph
F)h\[>,F i BrCCl \Ph
r
2 O. A 3 F
N I 78% >’,Br
°© X Ph
Ph
Ph CHI3 h
F
" se% >’I
Ph Ph
Ph\‘ E BusSnH BusSnH Ph\>,,:
"Br 65/0 'lH
« Reactive conformer
O PhthNBr ~Br
NPhth

NPhth
low selectivity — /~<ZNPhth — m high selectivity

-78 °C 77:23 (trans:cis)  20%
0°C 89:11 26%
40°C 98:2 29%

Stereochemistry of Radical Reactions, 1995; J. Org. Chem., 1991, 56, 2193; Radicals in Organic Synthesis, 2001; J. Prakt. Chem., 1999, 341, 649. 14
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« Substrate control — Intermolecular reactions

+ Cyclic radicals

- Additive effects

(-
SePh
@\SePh @\SePh 2
O ~seph : : 0 ® =
S © — 0 0o '.@.‘ — S
S VA S S T
e . AN ©
solvent [M] AT N A
@]

CgHg 70:30 dr  w/o MABR 82:18 dr w/o Urea 70:30 dr
MeOH 83:17 dr MABR (1.1 eq.) 98:2 dr Urea 87:13 dr

t-Bu t-Bu

t-Bu t-Bu
MABR

Stereochemistry of Radical Reactions, 1995; J. Org. Chem., 1994, 59, 3547; J. Org. Chem., 1994, 59, 3259. 15
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« Substrate control — Intermolecular reactions

« Acyclic radicals

» Polar substituents

BusSnH Ph
R\){ AIBN R\/L —
¥ COZMG —°c;> Y Cone Me COQEt
OMe _78 OMe MeO H
- Sterics
[Ir(dF(CF 3ppy)2)(5,5'-CF3-bpy)]PFg (1 mol%) NHR
R ), € PhCO K (30 mol%) . 2
™ + N ¢R2 > r
PMP AN DMF, 23 °C, hv TR
23 examples PMP
26 - 89%
>20:1 dr
R *NR, . S=NR,
PMP~ A > > U)\ H PMP
“ Ri R Me H
PMP PMP
Stereochemistry of Radical Reactions, 1995; Tetrahedron Lett., 1990, 31, 2845; J. Org. Chem., 1986, 51, 2024; J. Am. Chem. Soc., 1991, 113, 16

9701; Science, 2018, 361, 369.
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« Reagent control

- Lewis acid additives

Mgl, (1.0 eq.)
BusSnH .
R\)<| AIBN .
" CO,Me o e ~""co,Me
OMe v OMe

» Electron transfer reactions

OXFORD

(+)-pleuromutilin Angew. Chem. Int. Ed., 2009, 48,9315 | Am. Chem. Soc., 2018, 140, 1267

Chem. Eur./,2013, 19,6718

17
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« Chiral auxiliaries

O----H
. G Ph |l !
« Ester chiral auxiliaries %OJ\/N“R

0 @)
H H
NBS, CCI SnB .
Ro)l\./N{;ozt-Bu 4 ///\)3( Ro)‘\Q:ozt-Bu

w/o
0

. 98%
H X 94% ee
RO CO,t-Bu
Br
S S
RO ‘ﬁ/ ~CO,t-Bu BusSnD X-"“snBy; RO “CO,t-Bu
D
85%
60 - 70% | 92% ee
90% ee

* Also used with Lewis acids: |. Org. Chem., 2000, 65, 2208

J. Chem. Soc. Chem. Commun., 1991, 332; J. Chem. Soc. Chem. Commun., 1991, 722. 18
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« Chiral auxiliaries

« C2 symmetry
O , BU3S”H
S N AIBN )j
—>
\_\_|//:> PhH A
40 - 45%
13:1 dr

- O  Hex
CK r ~wo1ar CK T es7dr N
O -

(—)-muscone

« Disadvantages

NP
« Chiral auxiliary difficult to prepare 3:,2_> \\o
MGOVO_"'/OMe N '~u/
H

+ Difficult to hydrolyze, especially N
without racemization

J. Am. Chem. Soc., 1989, 111, 8309; J. Am. Chem. Soc., 1989, 111, 8311; Helv. Chim. Acta., 1993, 76, 441. 19
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« Chiral auxiliaries

« Steric conformational control
0 O . 0
R/ILN N\‘(() OJLNH

S 7y —

« Oxazolidinone auxiliaries

* Lewis acid catalysis

* Similar reactions: J. Org. Chem., 1996, 61, 6090; | Am. Chem. Soc., 1999, |21, 5155; J. Am. Chem. Soc.,
2002, | 24,2924.

i- SnBu
() (@) i-Prl o) 0 é\/ 3
Yb(OTf)3 or Er(OTf)3 o O M O O
gBry*Et,0
O)LNJK%\R BU3SnH, Et3B/O2 O)LN R O)LN)H/ Etsé/o: O)]\N
—. /

—78 °C, CH,Cl,THF = Y

. ', " Br o
0 Ph 5 ) ( Ph ‘Y —78 C, CH2C|2 .,
R=Ph 90%, 45:1 dr “—Ph o ) ~—Ph
ol RECOWt 0% 53 dar Pl wa 84%, >100:1 ar ol
J. Am. Chem. Soc., 1995, 117, 10779; J. Am. Chem. Soc., 1999, 121, 7517; Angew. Chem. Int. Ed., 1996, 35, 190; Angew. Chem. Int. Ed., 20

1998, 37, 2562.
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« Chiral auxiliaries

Ro-I
- " 0 Og_0 InCl (2.2 eq.) Ox0
 Imine addition o PTSA Y Mno(CO)1o (1-2 eq.) Y
NH 2 10
) + O N-V2 — -N y > HN’N y
Ry CH.Cly, 1t J B CHQCIﬁ,v35 C /'\ B
Bn R, R:” "R,
48 - 85%
93:7 - 97:3 dr
% 0 Sml,, t-BuOH 0
m 2 = u —_—
NSSeBu p » HOL HN S‘t 5
P Rs THF, 78 °C U
R 17 examples R2 Ry
70 - 95%
88:12 - 99:1 dr
95 - 99% ee
cl, ClI _
o Ni(OAc),+4H,0 (25 mol%) 0
0] Zn (3.0 eq.)
(0] Cl + NvaR - HN,S,R
JU N g NMP, rt
Ry 0] Cl EtO.C >45 examples EtO.C
o) >20:1 dr
 Restricted rotation
O NaBH,

t-Bu t- BquCI
| N C
25°
Ot-BU 93:7 dr t BU

J. Am. Chem. Soc., 2001, 123, 9922; J. Am. Chem. Soc., 2005, 127, 11956; Angew. Chem. Int. Ed., 2018, 57, 14560. 21
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« Substrate control — Intramolecular reactions

- Restricted rotation

* Axial chirality transferred into new stereocenter

Ph X BusSnH N/

O
/\)LN/
EtsB/O,
| >
PhH, 25 °C Ph
M 75%, 94% ee
P 73%, 92% ee

« Substrate control — Intermolecular reactions

« Memory of chirality

]
S N PhMe, —78 °C H
| hv
N 92%, 86% ee

>97% ee

0”0 PhSH L?%\Ph

J. Am. Chem. Soc., 1999, 121, 11012; J. Am. Chem. Soc., 2000, 122, 9386. 23
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« Substrate control — Intermolecular reactions

- Radical recombination

Teoc
MeO,C 3;@
Teoc
MeOQC i) hv, rt 36%
"N i)y TBAF, THF, rt 87%
1 >
N e iii) EIN(Me) o* AlHg
o 0,
\NCOZMe PhMe, 60 °C 62%
Teoc
(IC CO,Me

Teoc

J. Am. Chem. Soc., 2017, 139, 17590. 24
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» Substrate control — Solid state

+ Photochemical processes — generation of biradicals and recombination

* Chiral space group

* |onic chiral auxiliaries

+ Host-guest complexes

« /eolites with chiral inductor

Chem. Rew., 2003, 103, 3263; J. Am. Chem. Soc., 1989, 111, 4985; Acc. Chem. Res., 1996, 29, 203; J. Org. Chem., 1988, 53, 4391.

CO,i-Pr

i'PrOQC

hv
g ‘O 21%
>95% ee

COgl -Pr

CO2t Bu o)
ozc
NH2

CH2N2

>95% ee

o

i-PrO.C

Ph

hv HO

Ne — o ]
~
Ph)l\ﬂ/ 90% N

>99% ee

e} AN
Cl

Ph =
=T\ 7/

OH

UNIVERSITY OF

OXFORD

25



ENANTIOSELECTIVE REACTIONS

OXFORD

« Reagent control — Lewis Acids & chiral ligands

« Oxazolidinone template
/\/SHBU:E’

t-Bul : OW><(O
Zn(OTf),, L1 ! </: {
! N N
, PH Ph
: L1

Et,B/O,
A JL
(@) N °
2 ! CH,Cl,, -78 C \ / P
92%, 90% ee

« Similar reactions: Tetrahedron Lett., 1997, 38, 2067; /. Org. Chem.., 1997, 62, 3800

« Other templates

[ 0] O
A A J\/ A,
\_F \LQ OMe
Ph 0" ~0
Ph
Org. Lett., Tetrahedron Lett, Synlett,, J. Chem. Soc. Chem. Commun.,, Angew. Chem. Int. Ed.,,
2001, 3,299 1997, 38,5955 2004, 242 | 1995, 481 2007, 46,9231

0
0
O‘%—NM OO H S Q [
N t-BuO N
o P e ety
0

o)
J.Am. Chem. Soc., Angew. Chem. Int. Ed., Org. Lett., Angew. Chem. Int. Ed.,
2002, | 24,984 2001, 40, 1293 2005, 7, 1453 2004, 43, 1235

J. Am. Chem. Soc., 1995, 117, 11029. 26
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« Reagent control — Lewis Acids & chiral ligands

« Atom transfer radical cyclization

- > "'CO,Et
4AMS, PhMe, -78 °C
| 65%, 93% ee

0 0 0 :
Mg(ClOy),, L2 i 0 o)
OEt Et3B/0, : </[ \
Br : N N
. t-BuU t-Bu
: L2

Br

* Trifluoromethylation

F3C_|_O

: O
R R i S\ .
MgBr,*Et,0, L3 or L4 : ; B '
Cry- o™ O
H CH2C|2, —78°Ctort H i @ L3 L4

32 examples

81-99% !
90 - 99% ee :  MeO OMe

J. Am. Chem. Soc., 2001, 123, 8612; Angew. Chem. Int. Ed., 2019, 58, 1447. 27
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« Reagent control — Metal & chiral ligands

« Electron transfer reactions

» Valence tautomerism

TiCl,, i-ProNEt [Til [Ti] :
O O BI’CC|3 O O :' ‘\ :' ‘\

’ A ’ A O O
N R Ru(PPhy)Cl, (7 mol%) N N R 0 O o o L
| -— | : R
0" N > O N o)\NJ\/R O)\N)\/R 0 NJ\.’

4_( CHQC'Q, 0°C 4—( C:;C|3 . 1 :
Bn 7 examples Bn ; % ( CF3
61-99% Bn Bn ) ! Bn

>98:2 dr L . |

ccl -
: : J.Am. Chem. Soc.
, 2012, /34,6976
* Porphyrin-based complexes
. Oxidati R 2
Oxidations 1 0 CO(P) (2 mol%) X,'
*  Cyclopropanation Rz O CH,Cl,, 1t R N o
_ N2 17 examples H
* Ketyl radicals 51 - 99%
69 - 99% ee
O O Ph"'(\N Ph
Bn OH
R OR OH OH Risj  COR,
1 2 Sml,, MeOH Rs A
» )In.
THF R, N—R,
/ \ 18 examples R
Rs Rs up to 83% 4
R4R4 up to >99:1 dr

up to 96% ee

J. Am. Chem. Soc., 2010, 132, 1482; Angew. Chem. Int. Ed., 2011, 50, 7136; J. Am. Chem. Soc., 2011, 133, 15292; Nat. Chem., 2017, 9, 1198. 28



ENANTIOSELECTIVE REACTIONS

OXFORD

« Reagent control — Metal & chiral ligands

« Cross coupling
« Alkyl halides generally react with Ni(l) complexes through e transfer processes

NiBro+diglyme (10 mol%)
L5 (12 mol%)

HSi(OEt)5 (3.0 eq.) 5 0 0
) K4PO4+2H,0 (3.0 eq.) : Ph></: \ o
+ R > R PA"NN N Ph
! PH s Ph

B 2-MeTHF, -5 - 0 °C B
>50 examples R
59 - 96%
up to 99% ee

Ayl ~g Y, LBrNi! \< Alkyl <"

R
LBrNilll_/_

|
Alkyl

H—-Si(OEt
Alkyl*  LBrNi'-Br I(OEDs

Br—Si(OEt)g

R
LBrNi"—/_

LBrNi''-H

Z R

Nature, 2018, 563, 379. 29
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« Reagent control — Metal & chiral ligands

« Radical relay

» Reactive radical abstracts H atom

Cu(OAc) (10 mol%)
L6 or L7 (12 mol%)

i r-"
NFSI (1.5 eq.) i o, o
TMSCN (3.0 eq.) CN ! oA O
(He)Ar” R - P ] ‘J |
R N  Ne /
. Bn Bn
' L6

CgHg, 1t (Het)Ar
35 examples

39 - 93%
75 - 99% ee

LCu'l—z MesSiCN

Me3SiF
R,N-H

{ CN
) = p g Louon— g

R2N'

RN+ LCu!

Science, 2016, 353, 1014. 30
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« Reagent control — Chiral reagents

« Chiral tin reagent

« Chiral thiols

« Polarity reversal catalysis

slow
Ae. Nuc B—H nuc — 3 A-Hnuc B. nuc

ER1 . R1 nuc
A/\(

B—H elec

OXFORD

SnH(men),

©\/§\NMe2 men = (5\;
PN

OAc

AcO o)
AcO SH

Ph (5 mol%)

Ph

Ph3SiH, TBHN
Phjl g Tj\/l
h di , 60 °C Ph3Si
oo exane:dioxane 3Si 0 X0

90%, 95% ee

A R nuc
« NuC . 1
Ph,Si \<H
Ro

B- elec

B_H nuc

Chem. Commun., 1999, 1665; J. Chem. Soc., Perkin Trans., 2002, 1376. 31
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« Reagent control — Chiral reagents

« Chiral tin reagent
©\/\NM62 men =
T
AN

SnH(men),
« Chiral thiols

« Polarity reversal catalysis

OAc
slow OAc
Ae. Nuc B—H nuc — 3 A-Hnuc B. nuc AcO 0]
AcO SH
(5 mol%)

Ph

Ph

Ph4SiH, TBHN
yFﬂ Phjl h d 60°C  Ph sTj\/l
exane:dioxane, 60 ° i
00 s>l 00

R, fPhBSi/\-th 90%, 95% ee
Ro

R
PhSSi/*H1
Ro

Ph,SiH

Chem. Commun., 1999, 1665; J. Chem. Soc., Perkin Trans., 2002, 1376. 32
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« Reagent control — Chiral reagents

« Chiral thiols

- Addition/elimination

R-SH (3 mol%) OH SH Ar

\/q\ benzoyl peroxide (6 mol%) = CO,Bn A s(t Bu
COBn  + iPrSI0" X > : COBn Ar

COzBn L T i-PrySio”
(-]

>95:5 dr, 90% ee

4\E><Rz
\’}é]\
R;-S- R,
stereo-determining 3
step

1S z R3 RS X R,
) \/\/\RF
_

Nat. Chem., 2014, 6, 702. 33
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« Reagent control — NHC catalysis

o BF,
u . -
Bu N ' 0
=N N 1
B | +\ ’\+l\
Q (10 mol%) Z | _
o N NaOAc (1.0 eq) OH O - N —
+ | > = O’ \O. - ,N~
R/\)LH = CCl;MeOH, rt R/\)LOMG 5 ~ OH A 0""0 OH Ar
15 examples T /\/\(/Nf NG N+
NO, 20 - 74% Ny 3 N 3 - N
63 - 92% ee | N N
= R R
NO,
OH ,'Ar
(0] R/\)\/ N, ?H o Ar
=N N Breslow /\) N +
v N ; . R =N
N < N<Mes intermediate , N
+ R N
Cl_ R—d
COEt A
—N, (15 mol%) R /SN MeOH

R,y O o K,COj (1.5 eq) Ry OHO

N 1
/ =N
+ 0,8 > \E)’ OH O
RQMH PhMe:MeOH, rt R1)\)L0Me /\j’\ /\)I\
R X H R OMe

22 examples
45 - 99%
O:N 91 - 98% ee

J. Am. Chem. Soc., 2014, 136, 14674; J. Am. Chem. Soc., 2015, 137, 2416. 34
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« Glacomo Ciamician (1912)
 Photochemistry of the future

« “On the arid lands there will spring up industrial colonies without smoke and
without smokestacks; forests of glass tubes will extend over the plains and glass
buildings will rise everywhere; inside of these will take place the photochemical
processes that hitherto have been the guarded secret of the plants, but that will
have been mastered by human industry which will know how to make them bear
even more abundant fruit than nature.”

- “...until very recently the enantioselective catalysis of photochemical reactions
has — somewhat figuratively speaking — been hidden in the dark.”

« Circularly polarized light

 Dual catalyst strategies

Science, 1912, 36, 385; Angew. Chem. Int. Ed., 2015, 54, 3872; Aust. J. Chem., 2008, 61, 557; Chem. Rev., 2016, 116, 10035. 35
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« Reagent control — Lewis acids

* [2+2] photocycloadditions

N N
Ru(bpy)3Cl, (5 mol%) N
Eu(OTf)5 (10 mol%) o © NHn-Bu

0 L8 orL9 (20 - 30 mol%) OH @)
O i-Pr,NEt
Ar +
| ﬁRZ MeCN,-20 °C or rt, hv
Ry
N
L
© NHn-Bu

OH 0
L9
Ru(bpy)s(PFe)» (2.5 mol%) OH
OH O R L10 (15 mol%) /
1 Sc(OTf)5 (10 mol%) ’,
Z Ar t j > :
R i-PrOAc:MeCN, hv ):t,/
2 12 examples
66 - 86% RiR,
up to 4:1 dr
83 - 98% ee

Science, 2014, 344, 392; Science, 2016, 354, 1391.

UNIVERSITY OF

OXFORD

2 C\) 12 examples
X
Ar ,~‘LR2 34 -72%
up to 9:1 dr
— - 86 - 93% ee
R

0O 0]
—_— 12 examples
Arv R,  49-80%
up to 4.5:1 dr
- 84 - 97% ee
R

| A
O N/ O,
Y
N N—/
t-Bu L10 t-Bu
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« Reagent control — H-bonding/ion pairing
« Chiral sensitizers
 Chiral indium: . Am. Chem. Soc., 2017, 139, 1 /186.

N
I\D (30 mol%)
hv
AN
PhMe, —60 °C
0] 64%, 70% ee

N
H

2.5 mol% >
% R ( hv ) Z—R

o .
MeCN, —40 °C orrt
(0] (0]

N 17 examples N
H 52 - 100% H
89 - 97% ee

Nature, 2005, 436, 1139; Nature, 2018, 564, 240. 37
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« Reagent control — H-bonding/ion pairing

CCoL
« Chiral phosphoric acids o 0 P1 R = 2,4,6--Pr-CgH,

o~ P<oH P2 R =2,4,6-Cy-CgH,

OO P3 R = SiPhs
R

« Minisci reaction

z
R |

[Ir(dF(CF3)ppy)o(dtbbpy)]PFg (1 mol%) . Ry 2N \®

R /R1 Q P1 or P2 (5 mol%) BN ?\I\J N

I(»¢ | ~ + Phth\o Rz > L | /J\/R AC/ ~H H

N ~ 1,4-dioxane, hv LTSN 2 v
TS ’ 3 H ) ) e

¥ N NHAc 30 examples NHAG Oy 0

58 - 98% R
84 -97% ee O O
/
* Proton coupled electron transfer
0.0
[|r(pPY)2(d|;gb(%)]|°|:le/()2-5 mol%) &P\ o )
mol%
0 HEH (1.5 eq.) Ar, 5 NHNMe, ,H,«'e
)MN‘ ; > O
Ar NMe, dioxane, rt, hv
14 examples f'NAr
45 - 96% =N-NMe,

77 - 95% ee

Science, 2018, 360, 419; J. Am. Chem. Soc., 2013, 135, 17735. 38
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« Reagent control — H-bonding/ion pairing

« Chiral phosphoric acid + chiral thiol

[Ir[dF(CF3)ppy)2(bpy)IPFg (2 mol%) : 1-pyrenyl ( 5 0
P4 (5 mol%) ! OO N7

) R-SH (5 mol%) 0) ' Ow //Oe /\(g HN
- )J\ A Ph5CH (25 mol%), MS - JJ\ A o/P‘O HS 6)
- THF, 35 °C, hv J ; Ha
R 99e2x?rggl/es R ; 1-pyrenyl O¥‘ Ph
80 - 90% ee 5 P4 NMe,
« Phase transfer catalysis
« Chiral urea
CFj4
t-Bu S
M -
Ph__N P /©\
N” N CF
YO NN 3

ChemRxiv, 2019; J. Am. Chem. Soc., 2015, 137, 5678; Angew. Chem. Int. Ed.,2017, 56, 11875. 39
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Reagent control — Chiral photocatalysts

F>F6

ll,' ‘\NC Me

M=
"N X=05 [N‘>—<)_
I NC=Me R =H, Ph N \R
R
Bu

FsC, ©

0] O R

Nature 2014, 515, 100
JACS 2016, 138, 12636

0 0
CD)‘\[I;\CQ3 O)‘\CI;NHR

JACS 2016, 138, 6936 JACS 2015, 137, 9551

X
Ko
R R

ACIE 2016, 55, 13495

JACS 2017, 139, 17245

JACS 2017, 139, 9120

Nature, 2014, 515, 100.

JACS 2016, 138, 12636 ACIE 2016, 55, 685

Nat Commun 2017, 8, 2245

UNIVERSITY OF

OXFORD

O QF
(:>/u\fik\/NR2

ACIE 2018, 57, 11193
R
! R

ACIE 2018, 57, 5454

40



ENANTIOSELECTIVE REACTIONS

UNIVERSITY OF

OXFORD

« Reagent control — Enamine and iminium ion catalysis

+ Enamine catalysis

* not readily
oxidized
* not a good
radical acceptor

¢ Iminium ion catalysis

C-r G
? H IN R hv
Q/IH Qf

ground state

Angew. Chem. Int. Ed., 2016, 55, 58; Nat. Chem., 2017,

NR,
-— e_
/ H
NR,
2N
- readily \ NRy
oxidized X A
- good radical H
acceptor X

excited state:
strong oxidant

9, 868. 41
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(0):42(0)23D)

Reagent control — Enamine catalysis

0 O O O R O RN
HJ‘EY HJE“YFM HJE\",R HJE‘\KH/X )S/\[r HJE JE \(@
R R, o) o)

RO.C R 0O ONO,

Science 2007, 316, 582 JACS 2008, 130, 398 JACS 2007, 129, 7004 Science 2008, 322, 77 JACS 2014, 136, 14642 Science 2007, 316, 582 JACS 2008, 130, 16494

NO,

0 N 0 R 0 o) 0 o) 0 o)
(Y \N\ o R RY I RY F W F R R\ Ry
HJE X H)k(l; COR, HJEO H)EC HJEC s HJEC 2 HJ\([; ~CN HJE \©
N
5

JACS 2009, 131, 11332 JACS 2013, 135, 11521 JACS 2007,129, 4124 ACIE 2009, 48, 5121 JACS 2009, 131, 10875 JACS 2009, 131, 10875 ACIE2015,54,1 JACS 2018, 140, 3322
Chem Sci 2012, 3, 58 JACS 2010, 132, 4986

(0] O (@)
Ar ,U A ;
H)E“\Ar H)ﬁ;‘w ey
o y
N 3
A \n

JACS 2010, 132, 13600 Nat Chem 2017, 9, 1073 JACS 2012, 134, 11400 Chem Sci 2011, 2, 1470 JACS 2009, 1317, 11640 JACS 2010, 132, 10015

JACS 2013, 135 9358 JACS 2010, 132, 5027
0] 0]
A\ NG LG 4o . .
H” N EWG ““SEWG fN) CN)
-LG- [
Nat Chem 2013, 5, 750 Chem Sci 2014, 5, 2438 R R

ACIE 2017, 56, 4447
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« Reagent control — Iminium ion catalysis

0 0 0
) NR, H
vl o/ , (0]
\ ‘e O
R O R
Nature 2016, 532, 218 Nature 2016, 532, 218 ACIE 2018, 57, 1068 ACIE 2018, 57, 12819

Nat. Commun. 2018, 9, 3274

0 0 0 o]
H H H H
., R e %rR %rR
(0] Ar
Nat. Chem. 2017, 9, 868 ACS Catal. 2018, 8, 1062 ACIE 2019, 58, 1213 JACS 2018, 140, 8439
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« Reagent control — Redox active cofactors
« Molecules that assist enzyme mediated catalysis

+ Enzymes with photoactive cofactors — adapted to generate radical intermediates

ketoreductase (1 mol%) ketoreductase (0.25 mol%)
O NADP* (1 mol%) O NADP* (0.4 mol%) Q
H Br > H
O Y-R i, hv O R i, hv © R
9 examples 9 examples
22 - 82% 35-91%
50 - 94% ee 76 - 96% ee

o)
A i H 3
R H

JACS 2017, 139, 11313 Nat Chem 2018, 10, 770 ACIE 2019, 58, 8714 Science 2019, 364, 1166 ChemRxiv 2019

R Me

Nature, 2016, 540, 414; J. Am. Chem. Soc., 2015, 137, 2416. 44



CONCLUSION

(0):42(0)23D)

Reactions are ever so quizzicdl,

Some gentle some wild, some hysterical;
But the good ones ['ve seen

50 seldom are clean,

And the clean ones so seldom are radical

Org. Lett., 2017, 19, 1257. 45
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