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Is it the beginning of

Note that the numbers
something bigger?

are still very small!

Booming literature — concept change

Before 2007
Directing group / molecular recognition is necessary
to distinguish between C-H bonds

Following 2007
Electronic, steric and stereoelectronic effects
together can control selectivity between C-H bonds
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Reaction development - o+ Scope and observations
Isolated Isolated
N . Entry  Product o yieid (rsm)’ |EY Product % Yield (rsm)’
cat (5 mol%) | ) (SbFg),
AcOH N HO, #
~\HMe H,0, (1.2 equiv) :\olcle PN"'Fle"“NCMe x,\/\><(_]" o>g/\)\/\z
/O_ /O_ N”| NCMe 1 5, X = Br 46 (26) 6 O (+)10,2=H 57 (27)
PivO MeCN, rt. PivO N | 2 6, X = OAc 53 (43) 7 (+)11,Z=0Ac  43(42)
AcO
d.r. >99:1 N\ 0 j
L _ MeO. ‘ 33 (67)
3 Y\M)[CH 60 (18) 8 N Xh
Fe(S,S-PDP) S 3 FC™N OH g0t (8)
or 7 (12
[Fe(S,S-bpbp)(MeCN)Z]2+ o 0
Entry  Catalyst AcOH(equiv.) Yield (%) Conv.(%)* Select (%)° 4 Fac)LN’k%/‘cw 43(39) 9 & 52 (20)
1 [Fe"(mep)(CH;CN),]** 0 7 12 56 "8 S 13
2 [Fe"(S,5-bpbp)(CH;CN)-1** 0 14 15 92
3 [Fe" (mep)(CH3;CN),|** 0.5 26 41 62 5 o u . s2(21) 10 U 92!
4 [Fe'l(S,5-bpbp)(CH:CN)- 1> 0.5 38 42 90 R -
C n 2+
Y [Fe (5.5-bpbp) (CH;CN), ] 05 31 B - ‘rsm = % recovered unoxidized starting material. TStarting material was recycled five times. 'GC yield

A 1° 2° 3° 3°
“e) iterative addition protocol” = added 3x(cat+reagent+additive) H H H H B H
i 0 ] . HoAL < < H)I\ JEWG < <
Real equivalents are: cat (15 mol%), AcOH (1.5 equiv.), H202 (3.6 equiv) A > EWG
—_— e
reactivity reactivity
B
Major Isolated [Remote:
Entry  Substrate Product %Yield" (rsm)! Proximal]*
1 remote  proximal 15, X=H 485(29) 11
2 M/ﬁ\ o Ml 16X=0hc  43(39) 5:1
3 il X 17,X=Br  39(32) 9:1
4 18, X=F 43 (20) 6:1
5 H)I\/\H)k, HO)\/\H*/ 19, X=0Ac  49(21) 29:1
6 X X 20, X=Br 48 (17) 20:1
7 H H w r “O)\/\”)krrg 21,R=CHy  52(18) >99:1
8 22 R=0CH; 56 (32) >99:1
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Mechanism - electrophilic oxygen C-H insertion?

* No proposed mechanism

» Cited ref. on mechanism is consistent with DMDO / TMDO oxidation
McDouall, J. J. W. J. Am. Chem. Soc. 1993, 115 (13), 5768-5775.

* Competitors (Que, Costas) has already investigated and proposed
mechanism - they are barely mentioned among the references

* Reaction is not exactly stereospecific.
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BDE / kcal mol” t{

"cis-1,2-DMCH"



log (kx/kw)

In (Krel)

Accepted Mechanism

Hammett plot and BDE-correlation experiment

-(Hammett p) = 1.0

Mechanistic studies summary

Complex @_4 CeH12/CsD s 0°C 20°C  30°C
HID

kii/kp® RC (%)" cis-1,2-DMCH 0 (%) from H,"" 0

cis-1,2-DMCH adamantane

3.5 4.1 >99 >99 =99 - -
38 4.7 =99 98.6 98.6 18 (2.3) 27(9.1)
39 3.8 >99 97.1 94.3 7(1.5) 18 (21.8)

[Partial erosion of stereochemistry 180 incorporation

KIE — characteristic values

Abstracting agentl OH rad. 1tBuO rad.i OBt rad.z Fe ! Mn f Ru

KIE | 1-2 i ~4 r 11-27 E 3.2-4.3 ; 2.2-4.3 t 4.2-6.5

Erosion of stereochemistry

08 1 -a p-MeO
‘“f: ¥ 1. e-demanding TS
0 ™~ H | 2. H-abs. by O-rad. (p) = 0.4-0.6
’ T pMe H-abs. by TM -(p) = 1.1-2.0
0.0 T pH 1
p-Br
04 ~ 4
y = -1.005x - 0.020 ~
z — P-No:
08 4 [Ri=0999 S 5
4,0 08 -06 04 02 00 02 04 06 08 1, :
o C-H bond cleavage is
R ]
rate determining step
4-MeO-cumene
1 S
J e
] N S| 0.32
Iy | ope = -0.
. *_ PhiCHCH; p
- RIHH_H .
0,5 1 ™~ .
] Ny H-abs. by high-valent
0,0 - cumene = . Ph-Et oxometal specie
“x\{
-0,5 T T T T - 1
80 82 84 86 88

=1
BDE / keal mol Linear correlation with BDE >
common mechanism

H ZZMe Me
H

% oo 2 107 s -
H —_— . _— mMe
Me Me Me

"cis-1,2-DMCH"



Accepted Mechanism

Proposed mechanism

M|||
b
m-0 oy T Ry " R4 Ry
" MTN M=o / M™-OH / ) /
MU= L o—H T | + H—C  ——— || ¥e , HO—C_
o/ OH MR, Habstt | ol YR Radical rebound VR,
nd H 20 Ry R2° Ro
(H2180 was added) short lived radical .
. lifetime < 101% s /!
'\|A| —OH (radical clock exp.) HO_C\\R
L O _ Ry °
80 incorporation suggest M=0 intermediate
Acetic acid mediated Fe(V) generation
Mlu—O\ /|-| MvV=0
(LM% or M — S 9T —
\ H |
R R
Water mediated Fe(V) generation Mechanistic studies:
0 Mv=0 (1) Bryliakov, K. P. ACS Catal. 2015, 5 (1), 39-44.
LM'X,] or Ml —= 1 No—w —= | o (2) Costas, M. Nat. Chem. 2011, 3 (10), 788-793.
/O\H// H/O / (4) Que, L. J. Am. Chem. Soc. 2002, 124 (37), 11056—11063.
H H (5) Que, L. J. Am. Chem. Soc. 2001, 123 (26), 6327-6337.

and many more references therein...



White — further contributions

New catalyst with complimentary reactivity

(S,S)-Fe(PDP) 2007 (S,S)-Fe(CF3-PDP) 2013
1 2



White — further contributions

New catalyst with complimentary reactivity

7N

\
N_
\
4 \
\
\
[

N

(S,S)-Fe(PDP) 2007
1

’ “
. /1, "‘\NCMe '
Fe‘ H
N | NCMe
!
\ v
.

(S,S)-Fe(CF,-PDP) 2013
2

FAC CF3 2 resistance to oxidation ]

EWG - more electrophilic oxidant
(methylene BDE — 98 kcal/mol)

]

10



White — further contributions

New catalyst with complimentary reactivity

(S,S)-Fe(PDP) 2007
1

(S,S)-Fe(CF,-PDP) 2013
2

5% Fe(PDP) (1) or
Fe(CF4-PDP) (2)

PR L7 N P §

FAC CF3 2 resistance to oxidation ]

; )
" /,,Je“\NCMe ! 76
R
N
IR Restricted approach trajectory ]

EWG - more electrophilic oxidant
(methylene BDE — 98 kcal/mol)

]

-~ Foy Method Aor B Seer L L.
entry starting material oxidation products site-
(catalyst) SRSM % yieldab selectivity®
MeO ™ 7 TS iMeO T Y Y 0.4,
s = H = \\\,/
(+)-3¢e (+)-4 (+)-5 2.3
1(1) 16 41 27 11
2(2) 8 51 1 41
Q
4 ‘ 7 7
e e T
6o 7 8 B P
3(1) 1" 28 22 29 2.1
4(2) 15 449 26" 7 10:1
AcO AcO @ AcO
10/ 1" 12 23
5(1) 0 19 66 1:2
_6(2) 9 51 2 21

O

P
NSHN” oM 1 s OMe s OMe

0 0 (0]
(+)-13¢/ (+)-14 (+)-15 2':37)
7(1) 10 29 43 1:2
8(2) 8 ] 56 15 41
~ 0
: MeO-Val-Nva-Ns OH
MeO . _NHNs
N i g
~~" a MeO-Val-Nva-Ns
(+)-16¢/ (+)17 (+y18  2°:3"
9(1) 32 24 27 1:1

10 (2) 8 : 51 6 9:1

10



White — further contributions

5% Fe(PDP) (1) or
Fe(CF5-PDP) (2)

New catalyst with complimentary reactivity

H or o ' AcOH, HzOz OH or |
N PG | e AN
FsC CF3 - resistance to oxidation | i *~-r MethodAorB  %..- ad
entry starting material oxidation products site-
(catalyst) SRSM % yieldab selectivity®
- 0O (0] O 0. ,
\‘ ‘-.}/
\ Lo MeO k”\‘/s\ MeO ’l\/\/s\ 0 4\
' 145° ;70 . 2 s SN—
N (+)-3e (+)-4 (+)-5 23
RN Restricted approach trajectory | 101 16 41 27 14
2(2) 8 51 11 41
7 T A7 T
ope . 1 3 - 2 1
(S,S)-Fe(PDP) 2007 (S,S)-Fe(CF45-PDP) 2013 EWG = more electrophilic oxidant Ny O OH o
1 2 (methylene BDE — 98 kcal/mol) ¢ 7 8 9 23
3(1) 1 28 22 29 21
4(2) 15 449 26" 7 10:1
More complex examples L: @ ’C)
AcO AcO 0 AcO
(RR) 10/ 1 12 2
Fe(CF5-PDP) 5(1) 0 19 66 1:2
6(2) 4 : 51 8 21

i BOD P
! _OMe OMe YOMe

NsHN * NsHN® ™y~ NsHN* ™y
0 o] o]

(+)-13¢J (+)-14 (+)-15 23"

7(1) 10 29 43 1:2

(R.R)- 8(2) 8 56 15 41

Fe(CF5-PDP) o~ o
MeO : ,L NHNs MeO-Val-Nva-Ns OH
\[O(\N \[’ \_T\_,/
~ o MeO-Val-Nva-Ns
(+)-16°/ (+)17 (18 237
53% yield (+)-artemisinin) 52% yield 9 (1) 32 24 27 1:1

10 (2) 8 51 6 9:1



White — further contributions

Diversification of peptides and amino acids

HO

o
10r2 (25 mol%)
H@ H,0,, AcOH
N COOM
H N e 0
Ns NsHN

OMe
7%

White, M. C. Nature 2016, 537 (7619), 214-219.



White — further contributions

Diversification of peptides and amino acids

HO.__O
10r2 (25 mol%)
~li_j&, H,0,, AcOH
mo COOMe o
NsHN
OMe
10r2 (15 mol%) 7%
‘Hzo2 AcOH

Highly versatile
intermediate

— % Dcoons —— G-
COOMe SN~ ~COOMe

NsHN
Ns

White, M. C. Nature 2016, 537 (7619), 214-219.



White — further contributions

Diversification of peptides and amino acids

HO (0]
10r2 (25 mol%)
H@ H,0,, AcOH
H\\‘ N COOMe 0
Ns NsHN
OMe
10r2 (15 mol%) 7%
H,0,, AcOH
AL o="\_ — (S
S S —
HO N COOMe NsHN COOMe N COOMe
Ns Ns
Highly versatile
intermediate BF3+ OEt,
Ar-H
Ns
37-61%

White, M. C. Nature 2016, 537 (7619), 214-219.



White — further contributions

Diversification of peptides and amino acids

nel A
NN~ ~COOMe

H
Ns

10or2 (15 mol%)

0:/1
COOMe

H,0,, AcOH

HO"‘Q‘COOMe
Ns

Highly versatile
intermediate

HO.__O
10r2 (25 mol%)

H,0,, AcOH

NsHN

OMe
7%

NsHN

White, M. C. Nature 2016, 537 (7619), 214-219.

Ns

BF3’ OEtz
Ar-H

CO,Me

~# ~OH
(+)-6, 39% (62%) (-7, 61% (78%)

3.1:10/p
1{)H —
q CO,Me 2
y -./[I'}- z 2 f \\-”LN
| Ns S ™A _l3 Ns
' ; = HO "'--R\_-:::Z:"I 4 OH
'..‘_\/,CO_,, Me
N{4-NO,Phth)
()-8, 37% (61%) (+)-9, 43% (66%) (-)-10, 58% (76%)
2.4:1 C2/C4
CO,Me ) CO,Me
N N
Ns — Ns
PhO,S d 8 L8

(+)-11, 55% (74%)




White — further contributions

Diversification of peptides and amino acids

HO.__O
10r2 (25 mol%)
H@ H,0,, AcOH
K N~ TCOOMe > o
Ns NsHN
OMe
10r2 (15 mol%) 7%
H,0,, AcOH
L o~ ny
NS
HO™ >Ny~ ~COOMe NsHN~ ~COOMe {~ ~COOMe
Ns Ns

Highly versatile

intermediate reduction Wlttlg BF3’ OEtz

Ar-H
HO\/\>\ HQC:/\>\ /O\
NsHN™ ~ COOMe NsHN” ~COOMe p "\~ ~CcoOMe
reductive o Ns
31% amination 37-43%
37-61%
NsHN COOMe
40-60%

White, M. C. Nature 2016, 537 (7619), 214-219.

CO,Me

(+)-6, 39% (62%)
3.1:10/p

HO CO,Me
e N
f Ns

\__CO,Me
|

N(4-NO,Phth)
(-)-8, 37% (61%)

CO,Me

PhO,S
(+)-11, 55% (74%)

-Z" TOH

(-7, 61% (78%)

(+)-9, 43% (66%)
2.4:1 C2/C4

()-10, 58% (76%)

/ycogm.a
N
Ns

(+)-12, 46% (68%)



White — further contributions

Diversification of peptides and amino acids

HO.__O
10r2 (25 mol%)
H@ H,0,, AcOH
i N~ ~COOMe > o
Ns NsHN
OMe
10r2 (15 mol%) 7%
H,0,, ACOH
L o~ 0.
NS
0™ N~ TCOOMe NsHN~ ~COOMe {~ ~COOMe
Ns Ns
Highly versatile
intermediate reduction Wittig BF;+ OEt,
Ar-H
HO‘/\>‘ HQCE/\>\ /O\
NsHN™ ~ COOMe NsHN” ~COOMe p "\~ ~CcoOMe
reductive o Ns
31% amination 37-43%
37-61%
NsHN COOMe
40-60%

White, M. C. Nature 2016, 537 (7619), 214-219.

Ha CO,Me
1l | Ns
| 2l

(+)-6, 39% (62%)
3.1:10/p

N{4-NO,Phth)
(-)-8, 3?% (61%)

PhO,S

(+)-11, 55% (74%)

Reduction
(NaBH,,)

I\,_.OP.'

RHN CO,Me

R=Ns, R =H,
[{)13 31% (57%)

R=Boc, R =TBS

(+)-9, 43% (66%)

CO,Me

2.4:1 C2/C4
--<—\/\- -/':I,
R T i
2’ )
\ 1
Olefination
(Ph,P=CH,

) /(\

RHN CO,Me

I__.R Ns,(+)-15, 43% (66%) ’:H
R = Boc {+} -16, 73% / 2 steps

(+)-14, 52% / 3 steps

Reductive amination
(R,NH, NaE!(O.*—\(:]l3 )

Lo

CO,Me
R = Ns, {+)-19, 59%

o}
NsHN\)I\\an

(+)-28, 43% (66%)

f

NsHN CO,Me

R=

N /] NsHN

(77%) (-)-21, 59% (77%)
R = Boc, (+)-20, 63% / 2 steps

NsHN\)-L
\/

(+)-24, 41% (64%)

'i "“-\/ N
CuSO 4 (catalyst),
SOdI um

ascorbate
(catalyst)

()-10, 58% (76%)

P

RH GO. Me

S CO,Me

from
Me-Pip-OMe

Ns, (-)-17, 37% (61%)

H, () 18 86%

VCO?M eI\.\ —{
Y \

(+)-22, 48% (69%)

HN\)L

N.

(+)-25, 61%

N

“—co,Me



White — further contributions

Diversification of peptides and amino acids

HO.___O

10r2 (25 mol%)

H
Ns

10or2 (15 mol%)
H,0,, AcOH

O‘“'Q‘COOMe
Ns

Highly versatile
intermediate reduction

HO
NsHN

31%

Leucine
1 (25 mol%) X
H,0,, AcOH
NsHN CO,tBu  MeCN, RT  NsHN CO,tBu
25 slow addition X = OH, (+)-27, 54%+
- +
® DAST E_ ’

— E id\ona TAOL

White, M. C. Nature 2016, 537 (7619), 214-219.

H@ H,0,, AcOH
NN~ ~COOMe >

NsHN
OMe
7%

0:/1
COOMe

NsHN

Ns

BF3’ OEtz

Wittig
Ar-H

‘/1 HQC§/\>\ /&
COOMe NsHN™ ~COOMe p =\ ~~COOMe
Ns

reductive 0
amination 37-43%
37-61%
NsHN COOMe
40-60%
Valine Norvaline
1 (25 mol%) X
X T s
NsHN” “CO,Me MeCN, RT  nNsHN” “CO,Me NsHN
slow addition
(+)-29 DAST X = 0OH, (+)-30, 51%* (+)-32
(sh ¥ =F, (+}-31, 50%

CO,Me  MeCN, RT  NsHN

HO CO,Me Y Co,Me
/N LA~ "N _
o T Ns =

P L
Lz ~F 0H
(+)-6, 39% (62%) (5)-7, 61% (78%)
3.1:10/p
HO ﬁc@m 1
LA HO N\~
'\JI,CO_, Me
M4 I\Ozf’ﬂU‘]
()-8, 37% (61%) (+)-9, 43% (66%) (-)-10, 58% (76%)
2.4:1 C2/C4
COo,Me & =\ CO,Me
ﬁ _/b;.ﬂ r"\'_ /}\"" HS
= e o, N\
r P e m, mf S S
PhO,S by of T AN
P’ » | \ 20—y . .ff
(+)-11, 55% (74%) o A '~:~%—-;\_ (+)-12, 46% (68%)
{ i,
Reduction Olefination
(NaBH,) _OR’ (PhyP=CH,) = P
L L
_ RHN""CO,Me RHN " ~CO,Me RHN™~CO,Me  NePP-oMe
R=Ns, R =H, ’:R Ns,(+)-15, 43% (66%) ’:FI Ns, (-)-17, 37% (61%)
[{ +)-13, 31% (57%) R= Boc (+) 16, 73% /2 steps L= R =H, (-} 18 86%
R=Boc, R =TBS
(+)-14, 52% / 3 steps - A
Reductive amination r\l H'“I] NsHN.__CO,Me"__/
(R,NH, NaB(OAc}S ) A =\

o /,j\ L Lo

CO,Me NsHN™ "CO,Me
(sl

R = Ns, (+)-19, 59% (77%) (-)-21, 59% (77%) (+)-22, 48% (69%)
R = Boc, (+)-20, 63% / 2 steps

0
nsin L NsHN\)-L Mo~ COMe NHN\)L

N
\) ~ cuso , (catalyst), \) -'.._N-
SOdI um S
(+)-23, 43% (66%) (+)-24, 41% (64%) ascorbate (+)-25, 61%
(catalyst)



White - overcoming amide and amine incompatibility

Electron-Richness

The Nitrogen Problem

poor

ref. 5 l

pain
B
J:j MeOTf| MeO I';l

-

compatible with
4[1 remote C—-H oxidation
8] I"Icl (8]
R

middle

0” 'N "
Fli this work % ",‘
R
g complexation with acids
3 (HBF4 or BF3)
~ N
é i) ref. 5
R =H or alkyl

1(5,8)-Fe(PDF);
R'=H

. 2 (8,5)-FelCF4-PDP);

R'= Z.B-I:CF;]]IQCGHg

White, M. C. J. Am. Chem. Soc. 2017, 139 (41), 14586—14591.
White, M. C. J. Am. Chem. Soc. 2015, 137 (46), 14590-14593.

13



White - overcoming amide and amine incompatibility

Electron-Richness

The Nitrogen Problem

compatible with
remote C—H oxidation

ref. 5 l

oﬁL:;l*o
e
B
J:j MeOTf| MeO I';l
e

poor

middle

0” 'N "
Fli this work % ",‘
R
g complexation with acids
3 (HBF4 or BF3)
~ N
é i) ref. 5
R =H or alkyl

EISDFQ:

! i
. |
| \

Me ! "-r‘ mFe:NCME

oH'GN”l NCMe
Me ! N
|
o,

R

1(5,8)-Fe(PDF);
R'=H

. 2 (8,5)-FelCF4-PDP);

R'= Z,B-I:CF;]]IQCGHg

White, M. C. J. Am. Chem. Soc. 2017, 139 (41), 14586—14591.
White, M. C. J. Am. Chem. Soc. 2015, 137 (46), 14590-14593.

Costas — importance of a—substituents

b) This work

(0]
N /\/m remote C-H oxidation
—— -
(o]

«-C-H oxidation

OMe

Me A Me
|
N
/

NNMn OTf
| SOTf
N
| \

Me Y Me
OMe

(S,S}Mn(OTH),(**pdp)]

13



White - overcoming amide and amine incompatibility

Electron-Richness

The Nitrogen Problem

compatible with
remote C—H oxidation

ref. 5 l

Sory
\-E) Me

poor

\omo

o MeOTf| MeO™ N OH
HES! - LA
E i this work X7 N7 Sx
R

-g complexation with acids
3 (HBF4 or BF3)
~ N
é i) ref. 5

R =H or alkyl

r.,r, —
CN-”FE‘NCMe
M

|
\,
i R'

E iSbFg)e

4

M
| _NCMe
|

1(5,8)-Fe(PDF);

R'=H

2 (5 8)-Fe(CF4-PDPY);

R'= Z.B-I:CF;]]IQCGHg

White, M. C. J. Am. Chem. Soc. 2017, 139 (41), 14586—14591.
White, M. C. J. Am. Chem. Soc. 2015, 137 (46), 14590-14593.

Costas — importance of a—substituents

b) This work

«-C-H oxidation

i \'D/\/ :
RJ\N »
H

(0]
N /\/m remote C-H oxidation
—— -
(o]

Important observation

cat. (1 mol%)
202 (3 5 eqUiV)
AcOH (13 equiv)

Me

Me
OMe

s

= tBU CF3

MeCN, -40°C, 30 min

(S,S}Mn(OTH),(**pdp)]

a-position remains intact! ]

Me

(0]
OH
RJ\NW
H

77-84%

By far the best yields in the scope ]

13



White - overcoming amide and amine incompatibility

Electron-Richness

The Nitrogen Problem

compatible with
remote C—H oxidation

ref. 5 l

DOT’I/I’\/j y
a

poor

\01;.10

3

=

= 07 N

S é this work % h.l X '
R i

fg complexation with acids '

< (HBF 4 or BF3) i

= N i

é & ref. 5 '

R =H or alkyl

MeOTF| MeO UHECNXF' NCMe
- SN
: W,

1(5,8)-Fe(PDF);

R'=H

2 (5 8)-Fe(CF4-PDPY);

R'= Z.B-I:CF;]]IQCGHg

White, M. C. J. Am. Chem. Soc. 2017, 139 (41), 14586—14591.
White, M. C. J. Am. Chem. Soc. 2015, 137 (46), 14590-14593.

tBu

Costas — importance of a—substituents

b) This work

D

o}
N /\/m remote C-H oxidation
Rt Me
0]

Important observation

s

= tBU CF3
Ratlonallzatlon

Me

Does the amide function “activates and deactivates” at the same time?

7(9), 5903-5911.

«-C-H oxidation

cat. (1 mol%)
202 (3 5 eqUiV)
AcOH (13 equiv)

Me

Me
OMe

(S,S}Mn(OTH),(**pdp)]

a-position remains intact! ]

Me

(0]
> )J\ OH
R N
MeCN, -40°C, 30 min H

77-84%

H Me
H {tBU - H \‘\tBu
o) o)
Me Mé“( Me H

non-aligned orbitals
(amide n system to C-H o)

Costas, M.; Bietti, M. ACS Catal. 2017,

By far the best yields in the scope

]

13



Costas — First enantioselective example

Me Me
Important factors Lk,
\ e
cat. (2 mol%) » M
H202 (35 eq) Me\ T Me
IIIII WOTf
0 [>—002H (17 equiv) 0 mNNI/Mn\OTf
A A=’ v
R ﬂ/m MeCN, -40°C, 30 min R™N Ak
~ Me
50-85%, 65-96% ee si_ _Me
R = alkyl, O-alkyl, CF3 ’ Y
Me/QMye

(S,S)-Mn(T"PSecp)



Costas — First enantioselective example

Important factors

Significant improvement
in conversion and yield
(Carbamate and acetyl
groups are also OK)

A

R = alkyl, O-alkyl, CF3

Me
* Oxidatively robust acid additive ""e\( e
* Propionic acid gave similar results \ s me
. Me
cat. (2 mol%) * Note catalyst loading ® f
H202 (35 eq) Me\ T Me
‘N, WOTf
[>—002H (17 equiv) o o mNN'-;Nin‘OTf
N

MeCN, -40°C, 30 min

R/U\N/% b\“‘e

H S | :\\*Me
50-85%, 65-96% ee Si\‘/

(S,S)-Mn(T"PSecp)

ecp-type ligands were not successful with
iron catalysis, whereas the ligands are
very often “interchangeable”

14



Costas — First enantioselective example

f « Oxidatively robust acid additive Me\( Me ecp-type ligands were not successful with
|mp0rta nt factors « Propionic acid gave similar results N RN iron catalysis, \A{tl'.]ereas the Ilgan(is are
cat. (2 mol%) - Note catalyst loading | ) Me very often “interchangeable
Significant improvement H,0, (3.5 eq.) Me, T Me
in conversion and yield N | OTE
>— 17 equi L\
(Carbamate and acetyl CO,H (17 equiv) R j\ o \& | o
groups are also OK) s\ MeCN. -40°C. 30 min R N/% £ e
' , H S | :\\*Me
_Qr5o _ORO si Me
R = alkyl, O-alkyl, CF,  50-85%, 65-96% ee ~

(S,S)-Mn(T"PSecp)

Scope — substituents on the cyclohexyl ring

o] /‘i 0
Bu tBu N’EQ IBu)LNt&
H’E:l[/ N N

§207 s21? 82238
52%, (+)76% ee 39%, (-)55% ee n.r

o

fBU’ﬂ\D”m BN\

s2° s1¢
45%°, (+)61% ee 50%7, 64% ee

14
Costas, M. ACS Cent. Sci. 2017, 3 (3), 196-204.



Costas — First enantioselective example

| t t f t * Oxidatively robust acid additive Me e
mportant factors * Propionic acid gave similar results NS Me
cat. (2 mol%) * Note catalyst loading | ) Me
Significant improvement H,0, (3.5 eq.) Me\ T mé
in conversion and yield N | OTE
>— 17 equi —""
(Carbamate and acetyl COzH (17 equiv) - j\ o) m”? | o™
groups are also OK) T\ MeCN. -40°C. 30 min R ”/% N | Me\_
~ Me
50-85%, 65-96% ee s
R = alkyl, O-alkyl, CF3 ’ Y
Me/QMye

Enantiodetermining step

A) Enantioselection at the OH transfer step Product from
a face OH transfer

R R
HD'."-'}_R' H i '2_R.

. HO product from
H..}—R a face "( b face b face OH transfer
vl A -
¥ N "N o '
“MnY O ‘Mn"V AL P
N7 | oL N7 |0 e
N R N R

R / * Compare with Fu, Jacobsen, Lee&Tan]

H H
\H \H
L HY/ 17 18u H 7B .. H\f-j“tﬁu
a FtBU " = -H.'q.:
OH s

(S,S)-Mn(T"PSecp)

ecp-type ligands were not successful with
iron catalysis, whereas the ligands are
very often “interchangeable”

Scope — substituents on the cyclohexyl ring

o] /‘i 0
Bu tBu N’té IBUJLNAEJ#
H’Eil[/ N N

5207

s21? 82238

92%, (+)76% ee 39%, (-)55% ee n.r

o

fBU’JJ\D"m BN\

S2° S1°
45%9, (+)61% ee 50%7, 64% ee

14

Costas, M. ACS Cent. Sci. 2017, 3 (3), 196-204.



Baran

2-step / 1-pot protocol — only tertiary or activated C(sp3)-H bond ox.

1) CuBr (0.25 equiv) 2) NaOH (1 equiv)

Zn(OTf), (0.5 equiv) Me 1:1 MeCN:H,0
o H MeCN, r.t., 1-2 h o)%N 80°C,2h O NHAc
U R4

19 - 91% yield

Unactivated C(sp3)-H bond ox.

1) CuBr (0.25 equiv) NHAc
Zn(OTf), (0.5 equiv
Q +  F-TEDA-PFq (0T (0.5 equiv)
n MeCN, 50°C, 1-2 h n
1 equiv 2 equiv n=0-12
21-62%

n=0-12

yield is based on oxidant

Proposed mechanism

A. Current mechanistic hypothesis

{CuBr,,
? F-TEDA*} [Cu™] MeCN |||
{CuBr, - TEDA*} [Cu] @

+ HF n=1or2

15



Baran

2-step / 1-pot protocol — only tertiary or activated C(sp3)-H bond ox.

1) CuBr (0.25 equiv)

2) NaOH (1 equiv)
1:1 MeCN:H,0

Zn(OTf), (0.5 equiv) Me
o H MeCN, rt., 1-2 h { O)%N l 80°C,2h
U R4
Ry R )\Hvﬁ
R, 3 L R, Rs 4 J
R2
Unactivated C(sp3)-H bond ox.
1) CuBr (0.25 equiv) NHAc
Q . F-TEDA-PF, Zn(OTf), (0.5 equiv) .
n MeCN, 50°C, 1-2 h n
1 equiv 2 equiv n=0-12
21-62%
n=0-12
yield is based on oxidant
Proposed mechanism
A. Current mechanistic hypothesis
{CuBr,,
H FTEDAY | [Cu™) MeCN |||
O SO0
{CuBr,.-TEDA%} [Cu"]
+ HF n=1or2

O NHAc

19 - 91% yield

Substrate Product Yield®(%)
OH OH
_O <Ma éNH,».-: a1
Me Me—{ ; Me 81
Me Me [gram-scale]
1 11
Me OH Me NHAcOH Me
e 84
Me M Me M
4 © 12 ©
Me OH NHAcQOH
Me>|\/t\ 53
M n M
e 4 Bi e 13 "Bu
OH NHAc OH
: 42
Me Me (dr2:1)
7 14
(0] o]
Me NHAC
Me .( Me --*-él‘de 61"
Me Me [X-ray]
8 15
NHAcOQ Me
m - N "
Me Me NHAc O NHAc
9 Me Me 23I:|I obe
Me' 17 Me [X-ray]
Me
“ ‘o Me
Me B5¢
Me OH Me Me OH NHAc

Substrate Product Yield®  Yieldt
B O
19 27
O O—NHA: oLt} 63
20 28
21 29
O ONHAG 4 62
22 30
MNHAc
g2 80
23 A
NHAC
& ([5 -
24 32
H H 1
2
(:O (:O NHAc 38° 55°
25 33
NHAC
-
SORIE
H LA
26 CD NHAc 16' 31
L
Has



Baran

Optlmlzatlon and important factors Key: choice of

1 i,

Electrochemi ion of

quinuclidine (A) (1.0 equiv.)

*BF 4 (1.0 equiv.)
HFIP (10 equiv.), air

RVC anode/ Ni cathode

H MeCN 2, 51%;
Me Me constantcurrent=5mA,12h  Me Me  30% RSM
1, sclareolide (C2:C3=486:1)

Entry? Deviation from above Yield% C2/C3 N

1 B as the mediator 39 241 N K)

2 C as the mediator 9 2.01 N

3 D as the mediator 19 1.1 HO

4 E, F, G, or H as the mediator/no mediator <5 nd.

5 0.4 equiv. of A 30 5.4/1

6 added A portionwise (0.5 equiv. x2) 42 4.6/1

7 LIiCIO, instead of Me /NBF , <5

8 Et NCIO, instead of Me ,;NBF ; 57 A LT

9 no HFIP <5 n.d.

10 TFA (1.0 equiv.) instead of HFIP <5 nd.

11 ACOM (2.0 equiv)instead of HFIP 15 3.9/ TEMPO (G)
12 under Ar <5 nd. OH

13 stainless steel cathode 49 281 v

14 Cu cathode 45 6/1 o N0
15 Al cathode 36 211

16 10mA, 6h 39 491 X X
Mediators

N X X
Qhc N MesNo ©
o~
[& [ﬁ [NJ 00\ X = H: NHPI (E)
quinuclidine (A)  aceclidine (B) DABCO (C) NMO (D) X=CL TCNHPI (F)
8reactions conducted on 0.2 mmol scales.

C. Cyclic voltammograms of selected mediators.

4 Current (1A) -

mediators

Quinuclidine (green) and
A Aceclidine (yellow) has the
highest thermodynamic
potential (E;/,) = they are
the best performing

\ Aceclidine (B) « HFIP
DABCO (C) + HFIP
\ ' ~==TCNHPI (E) + 2 6-lutidine
\ ¢ « «NHPI (F) + 2,6-lutidine
LY 4 TEMPO (G)
HOBt (H) + 2,6-lutidine

-150 4

16



Baran

Optimization and important factors

Electrochemical oxidation of sclareolide

qumucudme (A) (1 0 equiv.)
N<BF 4 (1.0 equiv.)
e (10 equiv.), air

RVC anode/ Ni cathode
MeCN

Me Me

Key: choice of
redox mediator

constant current = 5mA, 12 h
1, sclareolide

Entry? Deviation from above Yield% C2/C3 N

1 B as the mediator 3 21 N ]:)

2 C as the mediator 9 2.01 N

3 D as the mediator 19 1.1 HO

4 E, F, G, or H as the mediator/no mediator <5 nd.

5 0.4 equiv. of A 30 5.4/1 HOBL(H) [ HFIP was also

6 added A portionwise (0.5 equiv. x2) 42 essential

7 LIiCIO, instead of Me ,NBF . <5 5

8 Et NCIO, instead of Me ,NBF , 57 AL

9 no HFIP <5 n.d.

10 TFA (1.0 equiv.) instead of HFIP <5 nd.

11 ACOH (2.0 equiv)instead of HFIP 15 3.9/ TEMPO (G)

12 under Ar <5 nd. OH

13 stainless steel cathode 49 2.81 N

14 Cu cathode 45 6/1 o) o
15 Al cathode 36 211

16 10mA, 6h 39 4.9/1 X X
Mediators

R X
OAc N Mesyo o X
e0”
Ly ["AJ/ Ind /' X=H NHPI (E)

quinuclidine (A) aceclidine (B) DABCO (C) NMO (D) X=CL TCNHPI (F)

8 reactions conducted on 0.2 mmol scales.
C. Cyclic voltammograms of selected mediators.

4 Current (1A)

150

_50 - w==Quinuclidine (A) + HFIP
Aceclidine (B) « HFIP
DABCO (C) + HFIP

~==TCNHPI (E) + 2,6-lutidine

“= “NHPI (F) + 2,6-lutidine
TEMPO (G)

HOBt (H) + 2,6-lutidine

Quinuclidine (green) and

Aceclidine (yellow) has the

highest thermodynamic

potential (E;/,) = they are

the best performing
mediators

? Voltage (V)

Proposed mechanism

Q

Me Me 26

sclareolide;

1 HFIP+2e—
[anode] [cathode]

Scope of the reaction

R! R2 R R2
X ci“muchdlne (1.0 equiv.)
N+BF, (1.0 equiv.)

H H FIP (10 equiv.), air o
or or
R2 RVC anode R2
Ni foam cathode
,]<H constant current: OH
1 3 25 mA/mmol 1 3
R R 3-21h R R

Ar
(o] ¥ 0
0
0 Ar = 4-CICgH,
5, 58% B, 78% (&:y = 2.3:1)

B3% (6:y = 3.2:1) [gram scale]
[TFDOJ: 92% (b:y = 5.6:1)

11, 50% (d:y = 1.4:1) 12, 52%;

Activated secondary C-H
flo
A 0
Ar=4-CICqH, 16, 65% 17, 91%
15, 45% [Fe]: 47% [TCNHPI]: 81%

—>

*Quinuclidine radical cation formation
*Homolytic C-H abstraction

61% [500mg scale]

How safe it is to run the
cell filled with MeCN
and air?

_>
2
Me Me

Me Me

+Alkyl radical formation
+Aerobic oxidation

Secondary C-H
[simple mediator]
[inexpensive electrodes] (o]
[chemoselective] )]\/\/o Ar M/
[practical] Me™ & ™~ \I-r \n/
[sustainable] !
[late-stage modification] o o

Ar = 4-CICgH,
3, 72% (&:y = 811)
[TFDOJ: 80% (3 = 7:1)

(o] 0)
- 0OTMS : OH
Me Me

B =D d- 9, B0% (y:d=4:1)
8, 52% (1:0=24:1) TEpO)" 5% (y:6 = n.d.)

Ar= 4-CICSH
4, 56%(8:p = :1)
[TFDOJ: 60% (3:p = 1.9:1)

Comparison with [TFDO] and [Fe]
OY Ar

Ar= 4-C|CEH4
7, 56% (o:y = 1.9:1)
[TFDOJ: 95% (d:y > 20:1)

o

NHBz
CO,Me

10, 63%(3:6: 4:1)
[TFDOJ: 42% (y:5=1:1.1)

from
sclareolide

Me Mé.'
2, 51% (C2:C3 = 4.6:1)

13, 44% (d:y = 2:1) Fel- 78% 03 =14 14. 489 from
[Fe]: 83% (d:y = 2.6:1) [TF[DS%E 8% }gggg = 1‘-3.'3 » 48% isosteviol ethyl ester
Me Tertiary C-H
v AL we o
e [ ]‘ O el o
)L Me o] Ar
from valencene
18, <5% Ar = 4-CICH, Ar=4-CICgH,
[TCNHPI]: 77% 19, 56% (d.r. =1.4:1) 20, 62% 21, 56%



Hartwig — C-N bond formation

Method
Fe(OAc), (10 mol%)
ligand (11 mol%) A
H N3—1—0 MeCN, 50°C N, o = i?
o Fro LS
N N—/
iPr “iPr
2.0 equiv
Mechanism
tBu
OH
Q 1 N=N
(10 mol% N %
OH
SOK @ o, (P P Qe Ly
cis ortrans 4, 2.0 equiv. faZ.TJe 3a TEMPO BHT tBU ABCN
1.0 equiv.
Entry Substrate Catalyst Temperature Additive Yield Selectivity
(4% (%)
cis Fe(OAc),/L11 23 TEMPO* 3 NA
cis Fe(OAc)»/L11 23 BHT* 3 NA
37 cis Fe(OAc)»/L11 &80 NA 55 3.2
4% trans Fe(OAc)»/L11 80 NA 43 32
5% cis Bz0OOBz &80 ABCN} 40 1.7
6F trans BzOOBz 80 ABCN} 33 1.7

Conclusions from preliminary studies

1.  Tertiary alkyl radical is generated (lifetime <10 sec)

2. C-Hbond cleavage is turnover limiting step (KIE = 5)

3. lronisinvolved in C-N bond formation (Fe-N; intermediate)
4, In MeCN, C-H lysis is faster, radical rebound in slower

5. In EtOAc, C-H lysis is slower, radical rebound is faster

Hartwig, J. F. ACS Cent. Sci. 2016, 2 (10), 715-724.
Hartwig, J. F. Nature 2015, 517 (7536), 600-604.
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Hartwig — C-N bond formation

Method

Fe(OAc), (10 mol%)

Scope

a Evaluation of site-selectivity for C-H bond azidation

LR SO N S lth

Haand (1 mok ~ 3k, 50%, 10:1 31, 45%, 5:1 3m, 45%, 8:1 3n, 43%, 811 3s, 67%", 12:1
H N3—1—0Q Igl?/lr;C(N, 5n(;?C " N 0 | _ o H ©
\t/\ N N—/ CO,Me COH CONH,
iPf “ipr
3o, 56%,12:1 3p, 65% 3q, 51%,10:1 3r, 53%, 51 3t, 70%1, 14:1
2.0 equiv
a b C-H bond azidation complex molecular scaffolds containing multiple tertiary centres
o o] o] o)
Mechanism
? o} g NCO,Et ?
tBu 4 . - 5
Cat. OH 1 1 [
seReat ool ity i L “
OH %/ 3u, 50%,11:1:1 3w, 52%,10:1:1 3w, 53%,10:1:1 3b, 80%
CH CN \U/ CN  CN 209, 2:1:1¢ 159, 3:1:1% 10%, 3:11 1026, 1:1%
(0. 5 ml)
:'Zw rans 4,20 equiv. Addltlve TEMPO BHT tBU ABCN
.0 equiv.
OAc
HI
Entry Substrate Catalyst Temperature Additive Yield Selectivity ; @
C) (%)
1 cis Fe(OAc),/L11 23 TEMPO* 3 NA N
2 cis Fe(OAc),/L11 23 BHT* 3 NA 8, 35%, 821
3f cis Fe(OAc)»/L11 80 NA 55 3.2
4% trans Fe(OAc)»/L11 80 NA 43 3.2
5+ cis Bz00Bz 80 ABCNi 40 1.7
(53 trans BzOOBz 80 ABCNi 33 1.7

Conclusions from preliminary studies
1.  Tertiary alkyl radical is generated (lifetime <10 sec)
C-H bond cleavage is turnover limiting step (KIE = 5)
Iron is involved in C-N bond formation (Fe-N; intermediate)
In MeCN, C-H lysis is faster, radical rebound in slower
In EtOAc, C-H lysis is slower, radical rebound is faster

G AW N

Hartwig, J. F. ACS Cent. Sci. 2016, 2 (10), 715-724.
Hartwig, J. F. Nature 2015, 517 (7536), 600-604.

3a, 40% 3b,R=CO,Me 0% 3d, 68%
3c, R = CH;OAc 48%
4HO, Me ME 6
" Me Me
e
SEE e
0 Me H H he OH
3f, R, = Ny; Rp/Ry = H 22%
5 v Ry = N3 Ra,Ry
Je, 63% 3g,Ry =Ny Ry Ry =H 12% 31, 44%

3h, Ry=Nys; Ry R:=H 7% |||



Groves

C-H chlorination and bromination

H
cat. (1-15 mol%) ¢l Br
, NaoCl ,py,NcI, DCM, rt.
or or
NaOBr
n=0-3 (ag, sol.) n=0-3
38-74%
H
—=0 HAC!
WASTASTVANN 0
cl*s 2 \''CH
HsC™ H, °
C3:C2:C1 42%
76%:19%:5% 31%
BDE = 100 kcal/mol
C-H fluorination
cat. (6-8 mol%)
PhlO (6 equiv)
AgF (3 equiv), TBAF+3H,0 (0.3 equiv)
BZ' MeCN-DCM 3:1, 50°C, 6-8 hours 5{'
Ry "R, * AdF >~ Ry R,

Liu, W.; Groves, J. T. J. Am. Chem. Soc. 2010, 132 (37), 12847-12849.
Liu, W.; Groves, J. T. Science (80-. ). 2012, 337 (6100), 1322-1325.

Catalyst:

18



Groves — C-H halogenat

C-H chlorination and bromination

NaOCI
or
NaOBr
(aq, sol.)

+

n=0-3

cl™s 2

C3:C2:C1
76%:19%:5%

C-H fluorination

BE

cat. (1-15 mol%) ¢l Br

nBuyNCl, DCM, r.t.
or

n=0-3
38-74%

H
__r/o H Cl
(o]] (0]
H3C /CHs

42%
31%
BDE = 100 kcal/mol

cat. (6-8 mol%)
PhlO (6 equiv)
AgF (3 equiv), TBAF+3H,0 (0.3 equiv)
MeCN-DCM 3:1, 50°C, 6-8 hours 5{'

R~ "R, + AgF

Liu, W.; Groves, J. T. J. Am. Chem. Soc. 2010, 132 (37), 12847-12849.
Liu, W.; Groves, J. T. Science (80-. ). 2012, 337 (6100), 1322-1325.

Mn(TMP)CI (6 mol%)

AgF (3 equiv.) TBAF (0.3 equiv.)

Entry | Substrate Fluorination product | Entry Substrate Major fluorination Minor
product sites
F COOMe F
1 7 - C4 14%
O O/ MeOOC-—<:> "
o
2, 49% 8, 46% dr=6:1
F OH OH
2 O O 8 é b C412%
3,51% “F
9, 44% dr=8:1
: F C311%
— il
e IEOIEe,
4, 55% 10, 42%
) 0 0
4 ) 10 F3C/I{‘N’ FiC™ N
= F /L /k C2 <2%
F {
5, 53% -/ g
1:1.4 F
11, 51% dr=1.5:1
_P? J}-.? Qhe AcO —QF 12b, C3
5 L A e 11 27%
6. 49% 12a, 30% cis/trans=
exo: endo=5.7 cis/trans=1:1 21
OBz
OBz
6 12 /1\ C3 9%
a (HF N ()
7,2:1° U =
13, 49% dr=1.6:1"7
A Methylene selectivity

Fud /7 ,g;::zxj

Mn(TMP)CI (8 mol%)

AgF (3 equiv.) TBAF (0.3 equiv.

PhIO (8 equiv.)

PhIO (6 equiv.)
51%
3.5 : 1
O 26 unactivated sp3 C-H bonds
Mn(TMP)CI (12 mol%) Me Me O
AgF (3 equiv.) TBAF (0.3 equiu..h} Me { 16%
PhIO (10 equiv.) F o 4 C3-fluoride
Me
LU‘I}:?,B

42% o/p=3.1

O Selective A ring fluorination

me

32% a/p=4.5 23% o/f=6.2




Mechanism — “heteroatom rebound catalysis”

C-H chlorination / bromination C-H fluorination
F

. A
PPN S
OH @

O/CI

@ . . F

OH- ClO" F 9 H

Effect of apical — trans ligands
OH

OH

Liu, W.; Groves, J. T. J. Am. Chem. Soc. 2010, 132 (37), 12847-12849.
Liu, W.; Groves, J. T. Science (80-. ). 2012, 337 (6100), 1322-1325.
radical-rearranged alcohol
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Alexanian, Vanderwal — HLF-type halogenation

strong acidic media

C-H bromination (H,50,)

o MeMe
H Br
. F3C l;l)<Me visible light, benzene, r.t. R
Br
CF3

HLF reaction needs }

Alexanian, E. J. J. Am. Chem. Soc. 2014, 136 (41), 14389-14392.
Vanderwal, C. D.; Alexanian, E. J. J. Am. Chem. Soc. 2016, 138 (2), 696—702.
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Alexanian, Vanderwal — HLF-type halogenation

strong acidic media

C-H bromination (H,50,)

)<Me Br
N visible light, benzene, r.t.

l b
Br

hv

HLF reaction needs }

/IH\ Br

R R or

O M R 'R M
FsC )<eMe "—’f' F4C N)< °
8 N~ “Me )
. (0] )M<6Me Br
Br FsC
N~ M CF
CF, H e 3
(termination / propagation)

Alexanian, E. J. J. Am. Chem. Soc. 2014, 136 (41), 14389-14392.
Vanderwal, C. D.; Alexanian, E. J. J. Am. Chem. Soc. 2016, 138 (2), 696—702.



Alexanian, Vanderwal — HLF-type halogenation

HLF reaction needs
strong acidic media

C-H bromination (H.50.)
o MeMe
H B
. FsC l;l)<Me visible light, benzene, r.t. R r
Br
CF3
hv /IH\ BI:
R R . or
Np t O M
0 MeMe : : F5C );Me
F ._’TV :
s© N)<Me N Me
. (0] )M<e|vIe Br
Br F3C
CF
CF, N Me 3
(termination / propagation)
CF;
. . Trace acid could promote Cl,
C-H chlorlnatlon [ generation = polychlorinated product
(o] MeMe
H FsC P visible light, Cs,COs (1 equiv) ¢l
. l;l Me _
Cl benzene, 55°C
CF3

Alexanian, E. J. J. Am. Chem. Soc. 2014, 136 (41), 14389-14392.
Vanderwal, C. D.; Alexanian, E. J. J. Am. Chem. Soc. 2016, 138 (2), 696—702.



Alexanian, Vanderwal — HLF-type halogenation

C-H bromination

HLF reaction needs
strong acidic media

(H,S0,)

e B
Me visible light, benzene, r.t.

Br

or

N
I
Br

R
FoC )<Me

i
CF;
(termination / propagation)

Trace acid could promote Cl,
generatlon - polychlorinated product

M
Me
H FsC Kk visible light, Cs,CO5 (1 equiv)
+ e g
Cl benzene, 55°C

CF3

Alexanian, E. J. J. Am. Chem. Soc. 2014, 136 (41), 14389-14392.
Vanderwal, C. D.; Alexanian, E. J. J. Am. Chem. Soc. 2016, 138 (2), 696—702.

Cl

High selectivity to
methylene C—H bonds

com-

e major chlorination selec- bined sites of minor chlorination
v product tivity yield (% selectivity)
(%)"
Cl
EWG \J w
p B
Me
1 23: EWG = PhthN 75.4 88 y=88w=157
2 Ph.o0 68.3 76 y=183; =136
28:EWG= C 0
Me CI
3 PhthN \)\/I\ 63.6 69 Bp=24,y=75 w=265
25
Cl
PhthN
4 775 66 w=225
CO;Me
26
Cl
PhthN
5 67.9 81 y=149; 0 =171
27
Cl
PhthN
6 74.0 78 a=6.5w=189
/
28
MsO o
! ﬁ e o
cl
29

entry

1b

ob

3t

entry

10°

1

12

substrate (1 equiv)

It

13

W

16

e

19

f= 7

trans decalin
22

cis decalin
25

substrate (1 equiv)

bromination products

14 15
/ Br

Br

17 18

20 21
[~~~
or Y
or
23 24
26 27

chlorination products

yield (%)

63
exo:endo
>99:1

53°
14:15
>99:1

50°
17:18
12:1

58
20:21
36:1

45°
23:24
>99:1

55°
26:(24+27)
>99:1

yield (%)

54
exo:endo
>99:1

79
8:9
>99:1

73
11:12
111

69
14:15
191



Lectka — photocatalyzed C-H fluorination

Conditions NG oN
NC : CN
H (0.1 equiv) F

Selectfluor (2.2 equiv)
UV light, MeCN

Working hypothesis for mechanism

) o I
Ne R7R
Solv-H® . NCD:CN " 2
[NCI:[CN e//’ NC CN X NC en 19
NC N NCI:ECN
E‘gza &

Lectka, T. Chem. Sci. 2014, 5 (3), 1175-1178. f
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Lectka — photocatalyzed C-H fluorination

Conditions NG oN
NC : CN

A i
H (0.1 equiv)

Selectfluor (2.2 equiv)
UV light, MeCN

Working hypothesis for mechanism
Nc]{:(crq @//‘
NC CN

Lectka, T. Chem. Sci. 2014, 5 (3), 1175-1178. f

F

D,

58
F

(7,

66°

F
: 2
Me/\/f/j:/)'e\ Me 8 9 ¢ ")’Me

Scope of transformation

S, a8,

54 (3:1)°¢
/. 5 : : 6 : 7
62 64°¢ 45¢

(o)

510
59 (2:2:1:1, C2:C3:C4:C5)°¢ 71° 77 (46 % C5)
0
Me 0
F— Me O
Me Me 11
67°
(41% 2a : 10% 3a)
Me O Me O
NPhth Py -

730 1:1) F
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Overview

Major branches of C(sp3)-H oxidation chemistry
1. C-O bond formation

1. Heme or Non-heme Fe / Mn catalytic systems (White, Groves, Costas)
2. Electrochemical methods (Baran)

3. Hypervalent iodine based systems (Maruoka — not presented)

2. C-N bond formation

1. Iron / Hypervalent iodine system (Hartwig)
2. Metal-nitrenoid chemistry (Du Bois — not presented)

1. C-X bond formation

1. Heme or Non-heme Fe / Mn catalytic systems (Groves)
2. Intermolecular HLF reaction based halogenation (Alexanian)
3. Photocatalyzed halogenation (Lectka and others)

-

: Take home message

| = f } 1. Subtle electronic, steric and stereoelectronic factors determine the reaction outcome
== , 2. Fe/Mn - based systems dominate the field
L2 & \ 3. Short-lived radicals allow asymmetric C-H functionalization



Questions

Where will the oxidation take place?

AcOH

o cat (5 mol%)
3x
H,0, (1.2 equiv)

(0]
MeCN, r.t.

53%

g

(-)-manool

Explain the selectivity!

secondary C—H sites : 6
tertiary C—H sites : 3

(R,R)-1 (25 Mol%)
AcOH (0.5 equiv.)

-

H,0, (5.0 equiv.)
slow addition

5% rsm
(-)-51, (1 equiv.)

(-)-52, 45%

PN/,,

N(

g

N

z—J—=

,\\\NCMe
Y NCMe

2+
(SbFg)

Fe(S,S-PDP)

PN/,,

e

—o+

,\\\NCMe
Y NCMe

z—J—=

g

N

Fe(S,S-PDP)

(SbFg)

23



Important reviews/perspectives:

LN EWNRE

e
= o

=
W~

Fe /Mn

W

oo u ke

11.

12.
13.

14.
15.
16.
17.
18.
19.
20.
21.
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