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B-Functionalization of Carbonyls

o ipso functionalization
ipsol Grignard reactions, Wittig reactions and reductive aminations...
‘oo B

a functionalization
oxidations, alkylations, arylations and halogenations...

B functionalization

1. transition metal mediated reaction
a. C-H activation via direction from carbonyl
b. In situ formation of enone

2. photoredox reaction of enol

Otherwise, 1,4 additon for enone, which was converted by oxidation.

o) 0 advantaae
¢l _ ) o reliable
.r | Nu - Ir o asymmetric reaction available
L L drawback
o’ "~ "Nu  x1-2 steps to oxidize

x atom efficiency



C-H Activation via Direction from Carbonyl

RB(OH), (1.6 eq.)
Pd(OAc), (10 mol%)
K2CO3 (2 eq)

H Ag,0 (2 eq.) H
N_ benzoquinone (50 mol%) N
OMe OMe R =ph: 85%

H o 2,2,5,5-Me,THF, 70 °C R O R = i-Bu: 71%

P<r/ “OMe 94( RB(OH)Z N ome
0

Pd'—O
(o) R

Pd"
-

» Strong coordinating group (amide) are needed.
* Appropriate conformation are needed.

1. Wang, D.-H.; Wasa, M.; Giri, R.; Yu, J.-Q. J. Am. Chem. Soc. 2008, 130, 7190.



in situ Formation of Enone (author proposal)

Pd(OAc), (10 mol%)

o) P(i-Pr);-HBF 4 (20 mol%) o

Cu(OPiv), (20 mol%)
HOACc (25 mol%)

+ >—Br
Cs,CO; (120 mol%)

benzene/MeOAc (10:1) 0

90 °C, 18 h 65%
Pd'X, <& \*
HX /

Tb\ x
N

conversion from enone
* nucleophile or radical
addition

* carbometallation

1. Wang, C.; Dong, G. J. Am. Chem. Soc. 2018, 140, 6057.



in situ Formation of Enone (another explanation)

Pd(OAc), (10 mol%)

o) P(i-Pr);-HBF 4 (20 mol%)
Cu(OPiv), (20 mol%)
HOAc (25 mol%
+ >—Br
Cs,C0O3 (120 mol%
benzene/MeOAc (10:1) .
90 °C, 18 h 65%
Pd'X, =
HX

T &

conversion from enone
* nucleophile or radical
addition

e carbometallation



Redox Potentials

Oxidative guenching cycle AN ] AN-1
Oxidation potential of activated catalyst: *Egy(cat*/cat*) reduction
reduction potential of acceptor: E,.4(A"/A™") e

If *Eqx(cat*/cat*) < E,.4(A"/A"") oxidative cycle starts. -e”

Oxidation potential of ground state catalyst: Eqx(cat™/cat) [cat]* oxidation [cat]*
Oxidation potential of donor: Eqx(D™1/D™)
If Egx(cat*/cat) > Eqx(D™*1/D™) oxidative cycle turns.

Dm
(fios ~\ reduction
definisions excitation ~ +e’
*Eox(red): Generated electric potential when -e" oxidation
excited catalyst was oxdized(reduced). hv catalyst
Eox(req): Necessary electric potential to cat turnover
exidize(reduce) the substrate. y
Dm+1
Reductive guenching cycle pm oxidation pm+1
reduction potential of activated catalyst: *E,.4(cat*/cat’) e
Oxidation potential of acceptor: Eqx(D™*1/D™)
If *E,.q(cat*/cat’) > Eqx(D™*'/D™) oxidative cycle starts. +te’
reduction potential of ground state catalyst: E,.q4(cat/cat) [cat]* reduction [cat]
reduction potential of donor: E,.4(A"A" ")
If E,q(cat/cat’) < E,.4(A"/A™") oxidative cycle turns. AD
oxidation
excitation -e"

hv catalyst

cat turnover

An-1
1. “Photoredox Catalyssi Desk Reference and User’s Guide”, Merk KGaA

+e” reduction
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B-Enamine Radical

r==" r=="
] 1 ] 1
o W %
N
H 0N Ir'V or *Ir'! TN
r ! P 1

L

Nv¢ §~’¢ H
Eox(D**/D) = +0.32 V
easily oxidized
H cf. Ir(ppy)s: Eox(IrViir') = +0.77 v
. * *1pellly1elly =
cf. Egx(DZ*/D) = +0.94 V Ir(ppy).(dtbbpy)PFg: *Eox(*Ir'™/Ir") = +0.66 V
difficult to oxidize

r=="

1 1

\N/ r— Base

@@ H
DABCO PRI >
y L

easy deprotonation



Application of B-Enamine Radical

r="n

I 1
Ir'! catalyst \N/

2

H Ph

(0)
amine catalyst
r’ base el
[ > [
‘. . LS

« o0 radical addition

~

radical-radical coupling

n-pent CO,Bn

-0
NG CN N
Ph”* > Ph

cyanoarene aryl ketone
Science, 2013, 339, 1593.

' '

o O

L. . Ph

HO Ph
CN

JACS, 2013, 135, 18323.

HN/PMP

Ph” " Et

aryl imine
JACS, 2015, 137, 8404.

'

(o)

ZTI

PMP
Ph Et



Initial Studies

photocatalyst (1 mol%)

1 Ph organocatalyst (20 mol%) 0
J + )\ >
H CO:Bn  paBco,TFA,H,0 H Ph
DME, 23 °C, 24 h
n-pent light source n-pent CO,Bn
photo- organo- light
entry catalyst catalyst source yield
1 Ir(ppy)3 i-BusNH 26W CFL 7
cf. redox potential vs. SCE’

2 Ru(bpy);Cl, i-BuNH ~ 26W CFL 50 photocatalyst *Ered Ered
3 I_r(&\ﬂg dtbpy PFQ i-BuoNH 26W CFL 52 Ir(ppy); 0.31 -2.19
4 Ir(ppy)z(dtbpy)PFG i-Bu2NH blue LE 64 RU(bPY)3(PF6)2 0.77 -0.81
5 Ir(ppy)2(dtbpy)PFg pyrrolidine blue LED 6 Ir(ppy),(dtbpy)PFg 0.66 -1.51
6 Ir(ppy)2(dtbpy)PFg Cv,NH blue LED 80 Eox of enamine ~ 0.45

1. “Photoredox Catalyssi Desk Reference and User’s Guide”, Merk KGaA



Proposed Mechanism

NR,
N NEWG N DABCO
H* INHR,
* R NS
SET
H” SR It
NR,
Ered = 0.59 talyti hotored
to -0.73 V organocatalytic photoredox I
cycle SET catalylitic cycle Ir"(dmppy);(dtbbpy)PFg
R EWG
NR; -l
SET E,, ~ 0.45 N
hv
H,0, H* R .
NHR / redox potential
O 2 of Ir(dmppy),(dtbbpy)PFg
H o) E;p "= +0.552 V vs. SCE
~ E, ;""" =-1.524 V vs. SCE
R EWG H E,."V'™" =-0.868 V vs. SCE
product SM E,,"V" = +1.208 V vs. SCE
R

1. Li,Y.; Wang, D.; Zhang, L.; Luo, S. J. Org. Chem. 2019, 84, 12071.



Stern-Volmer Experiment

450 nm
excitation
Ir(dmppy),(dtbbpy)PFg srp il
0.5 mM in DME *+ quencher 4;— [Ir™]
luminescence
597 nm

lp: emission intensity without quencher
I: emission intensity (variable)

Ir(dmppy),(dtbbpy)PF, with enamine

10 NC

9 Y2

8 NS

.

6
W y = 88.264x + 0.9543
0 2 -

R = 0.99928

4

3

2

1 4

0

0 001 002 003 004 005 006 0.07 008 009 01

Quencher Concentration (M)

*Enamine was formed in situ from octanal and dicyclohyxylamine (15:1 ratio).
Quencher concentration assumes complete conversion to enamine.



Stern-Volmer Experiment

450 nm
excitation
Ir(dmppy),(dtbbpy)PFg —_
0.5 mM in DME *+ quencher [ir™]
luminescence
597 nm

lp: emission intensity without quencher
I: emission intensity (variable)
o lo/l stay at 1, if the substrate doesn't guench excited photocatalyst.

Ir(dmppy),(dtbbpy)PF, with octanal Ir(dmppy),(dtbbpy)PF, with dicyclohexylamine
2 Cy,NH
18
1.6
14 n-pent y = 0.0616x + 0.9206 14
' R?=0.05176 '
1.2 1.2
/1 1 & /1 1
0.8 0.8
0.6 0.6 y =0.3663x + 0.9928
04 0.4 R?=0.92979
0.2 0.2
0 0
0 001 002 003 004 005 006 007 008 0.09 0.1 0 001 002 003 004 005 006 007 008 009 0.1
Quencher Concentration (M) Quencher Concentration (M)

Ir(dmppy),(dtbbpy)PF, with benzyl 2-phenylacrylate

2 Ph

1.8
1.6 y = -0.0416x + 0.9979
1.4 CN R? = 0.03546

1.2
L1 &
0.8
0.6
0.4
0.2
0

0 001 002 003 004 005 006 007 008 009 0.1

Quencher Concentration (M)




Substrate Scope of Michael Acceptor

Ir(dmppy),(dtbbpy) (1 mol%)

0 j\ Cy,NH (20 mol%
+
H EWG DABCO, TFA, H20
DME, 23 °C, 12 h
n-pent

n-pent blue LEDs

O o

H R H CN
n-pent CO,Me n-pent n-pent SO,Ph
R=H: 60% 80% 61%
R =Ph: 79% o
(0

R = naphthyl: 77% o] Y
R = 0-Br-CgHy: 69% 0 N\> CO,Me
R= p-OMe-C6H4: 69% H
R = p-F-CgH,: 79% CO,Me
R = p-CI-CgH,: 71%

P o4 ’ n-pent only a-alkylation

50%



Substrate Scope of Aldehyde

Ir(dmppy),(dtbbpy) (1 mol%)

Ph Cy,NH (20 mol%)
+ )\ -
CO2Bn  paABCO, TFA, H,0 H Ph
DME, 23 °C, 12 h
R blue LEDs R CO,Bn
o) o)
Ph H Ph H Ph
CO,Bn CO,Bn CO,Bn
79% 72% 78%
o)
Ph X =0Bn: 77% H Ph

X = CO,Et: 83%
CO,Bn X = vinyl: 72% CO,Bn
59%



Short Summary

o R

Ir(dmppy),(dtbbpy) (1 mol%)
Cy,NH (20 mol%)

>

+ )\
EWG

DABCO, TFA, H,0

DME, 23 °C,12 h

R blue LEDs
( NCy,
NS
* R
(ia B-enaminyl radica)I
advantaqges

* One-pot B-alkylation of fully saturated aldehydes

* Redox-neutral
e Atom-economical
e Different reaction mode from enone

drawbacks
* Only aldehydes for carbonyl part
* Racemic

EWG
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oPEN
Direct allylic C-H alkylation of enol silyl ethers

enabled by photoredox-Bragnsted base hybrid
catalysis

Kohsuke Ohmatsu® ', Tsubasa Nakashima' Makoto Sato' & Takashi Qoi® 12

19
1. Ohmatsu, K.; Nakashima, T.; Sato, M.; Ooi, T. Nat. Commun. 2019, 10, 2706.
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Reaction of Enol Silyl Ether

* General reaction of enol silyl ether
R;Si
3¥150

E* £
X7 > x
R1 R?

* Electron transfer-induced desilylation
(Gassman, P. G.; Bottorff, K. J. J. Org Chem. 1988, 53, 1097.)

blphenyl
OTMS MeOH/MeCN OoOTMS OH
0 0
¢ SET 63+ % 3%
OTMS (0]
N — .
-

fast reaction

OTMS OTMS



Working Hypothesis

'R3S|
ot H
As .
fast
RZ H H

deprotonation

(radlcal acceptor) (electrophlle) J R3
X7 X7

Leaving silyl enol ether intact.
Applicable for further transformations.

22



Estimation of Reaction

* prediction of pKa of allylic C-H in the radical cation

®
OTBS NH, OTBS NH;
- MeCN, 25 °C
| N AG - | S
H / =
pPK, known
13 1 5‘
(X= 4-OMe) 121 % N pPK, of the radical cation was estimated
5 E;_ X by calculaton.
112 =
$| NH, Experimentally known pK, and

calculated free energy of deprotonation
was plotted.

The value was estimated to be 8.4

y=—-0.6x + 8.4 5 | (X=25-Cl;) O
RZ%=0.9883
5 (X =2,6-CL) N0
r T T T =‘[— T T T 1
-8 —6 —4 -2 0 2 4 5] 8

AG,.. (MeCN at 25 °C) /kcal mol™*

23



0.1 mmol

OTBS

Screening of Reaction

CN
+ Ph/\r

H CN
1.2 eq.

EOX =1.52 vs. SCE

Photo cat. (4 mol%)

base
MeCN

OTBS

blue LED, 25 °C

entry PC Base (mol%) Yield (%, dr)
1 a 2,4,6-collidine (100) 78, (1.7:1)

2 a DTBMP (100) 27, (1.7:1)

3 a  KsPO,(100) 0

4 b  2,4,6-collidine (100) 14, (1.7:1)

5 c 2,4,6-collidine (100) 0

6 a 2,4,6-collidine (10) 96 (1.8:1)

* 2.0 mmol (0.42 g) scale, optimized conditions

isolated yield

CN

PFg
a (R'=H, R? = CF;):

E1/2*""" =1.65 V, E1/2|"l" = -0.79 V,
b (R'=F, RZ=H):
Eyp"M=1.61V, " =-1.16V,
¢ (R'=H, R? = t-Bu):
Eyp"M=1.21V, E' =137,
vs. SCE



Stern-Volmer Experiment

420 nm
excitation
[Ir'"(dF(CF5)ppy),(4,4'-dCFsbpy)]PF¢ . *rpl
: + various quencher [Ir]
0.1 mM in (CH,CI), ]
luminescence
564 nm [ntensity (I) was
1.5 L5 compared with blank.
1.4 1.4
13 y = 0.2044x + 0.981 13 Ph/\ CN
R2=0.92132 @] y=0.0017x + 1.0042
1 S — .Y TL ok 1.2 R*=0.00244
-: ...................... OTBS _‘:“ 11 CN
I I R (] =
[ SR { N ] @ eeesrmsssnnsnnsnssnnnnasnnnnnnns ’. ....................... Y
0.9 ~N 0.9
0.8 0.8
0.7 0.7
0 0.2 0.4 0.6 0.8 1 1.2 1.4 0 0.2 0.4 0.6 0.8
[1a] (mM) [2a] (mM)
1.5 1.5
N
1.4 1.4
N
1.3 I 1.3 y=0.1859% +0.9934
y =-0.0213x + 0.9928 R2=0.98602 e ™
12 R®=0.14516 = L2 b
> L B R s PR
T O o .. N ¢
g R B, "
0.9 0.9
0.8 0.8
0.7 0.7
0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6

[2,4,6-collidine] (mM) [3a] (mM)



Proposed Reaction Mechanism

D PF,
OTBS OTBS l @ OTBS
N
e /
-
H deprotonation
EOX =1.52
*[Ir'"]PFg
Eyz "' =165V O EWG
excitation LA/vw hv
E1/ mnm = -0.79 V
[Ir'"PFg [Ir']

OoTBS OTBS ® OTBS
[lrIII]
protonatlon
@ -
EWG WG
Y\(\( Y\%@



+

Ir'! cat. (2 mol%)
2,4,6-collidine (10 mol%)

(CH,CI),

>

blue LED, 25 °C

Substrate Scope (1)

OSiR;

RT R

bulkiness of Si group
OSiR3

R CN
CN
Ph

R;Si = TBS: 96%
R,;Si=TES: 83%
R;Si=TMS: 77%
other EWGs
OTBS

Ph o
ij\;/[f

0]
60% Ph

arylidene malononitriles

TBSO NC
CN
— R
R =p-CF3: 77%
R = p-OMe: 73%
R = o-l: 84%
ring sizes
OTBS
N SO,Ph
h SO,Ph

alkylidene malononitriles
TBSO NC

CN

40%
Ph

n=1:83%
n=2:64%
n=3:68%



Substrate Scope (2)

OSiR3 OSiR3;
Ir'! cat. (2 mol%)
RN R* 2,4,6-collidine (10 mol%) R X R4
+ >
27N 2
R H 7 “EWG (CH,CI), R EWG
R3 blue LED, 25 °C R3
1° radical 1° vs. 2° radical estrone derivative

OTBS

CN
NS
t-Bu CN CN
51% Ph
CN

OTBS

effect of R!

OoTBS SO,Ph OTBS SO,Ph OTBS SO,Ph
t-Bu SO,Ph SO,Ph Ph SO,Ph
9

0% 81% 53%



Difference in Reactivity

OTBS SO,Ph AG:I: OTBS SO,Ph

X * )\ - T
3 SO,Ph R

R SO,Ph

[a]’ (R" = t-Bu)
[b]' (R" = 2,4,6-Me;CgH,)

[c]' (R" = Ph)
allylic  Spin density SOMO? AG¥P Yield (%) of
radical C1 C3 (eV) (kcal/mol) the reaction
[a]’ 0.75 0.70 -5.77 21.2 90
[b]’ 0.62 0.64 -5.77 21.6 81
[c] 0.58 0.51 -5.77 23.3 53

a Calculated at (U)CAM-B3LYP/6-311+G(d,p)
b Calculated at SMD(DCE)-(U)CAM-B3LYP/6-311+G(d,p)

SOMO levels were almost the same in all the substrate.
Spin density reflects the reactivity of the radical in that carbon.

Spin density of C3 is decreased in [c]" because the radical can be delocalized
over the phenyl group.



Summary

MacMillan, D. W. C. et al. J. Am. Chem. Soc. 2014
Ir(dmppy),(dtbbpy) (1 mol%)

R
)\EWG

Ooi, T. et al. Nat. Commun. 2019

OSiR;
R1 \ R4
+
R2” H Z N EWG
R3
advantaqges

Cy,NH (20 mol%
DABCO, TFA, H20
DME, 23 °C, 12 h
blue LEDs

OSiR;

* Further functionalization from silyl enol ether

* Redox-neutral
e Atom-economical

e Different reaction mode from enone

* Applicable for ketones

drawbacks
* Preparation of sily enol ether
* Racemic

Ir'! cat. (2 mol%)
2,4,6-collidine (10 mol% R R4
(CH,CI), EWG
blue LED, 25 °C




Appendix 1. Difference in Reactivity

MacMillan, D. W. C. et al. J. Am. Chem. Soc. 2014

Ir(dmppy),(dtbbpy) (1 mol%)
Cy,NH (20 mol%)

o) R o)
+ )\ -
H EWG DABCO, TFA, H,0 H R
DME, 23 °C, 12 h
R

blue LEDs R EWG

Ooi, T. et al. Nat. Commun. 2019

OSiR; OSiR;
Ir'! cat. (2 mol%)
R EWG 2,4,6-collidine (10 mol%) R!' R4
+ -
R2” H Z S EWG (CH.CI), R2 EWG

R3 blue LED, 25 °C R3
Macmillan used mono-activated Michael acceptor, while Ooi used double activated one.

This might be because...
1. Difference in nucleophilicity of N-substituted allylic radical and O-substituted one.

2. Existence of acidic proton promoted reduction of radical.

31



Table 2. Excited state
photooxidants

DGy = -NF[*Eppa (caticat) - Eg, (D™ YD)

Compiled redox potentials reported in wolts
(V) wersus Saturated Calomel Electrode
[SCE)

Compiled data represent measured
Eyiz (half-wave), E, (peak potential),
or B (half-peak potential) values

Excited s

Shr, N\ Zpr,
- - By
= F : T A=
'Irll'
= F r!“"r..l =
— o
Ser L P
[Ru(bpy)l(PF ) [Ir[dF (CFa)ppyls{dtbbpy)] PR

"Ereg ("RUNRYY) = +0.77V
Ergg (RURLY = -1.33V
“Egy (RuMRUY) = 081V
Equ (RU™RY") = +1.20V

"Eyeq CIPIFY = 4121V
Erga "% = 137 ¥
“Egy (01000 = 0,89
Ece (IME™) = +1.69 V

Mes-(Me0)Acr-Ph-BF
*E o (“ArTACHE) = 4162V
Ergg [AcrtAcrE) = -0.84 V

NC

I

8,10-Dicyanoanthracens [CA]
"Erg” "DCADCAL) = +1.99 W
Eroa [DCADCAE ) = 0091 W

tate photooxidants

CHN

2.4 B-Triphenylpyrylium-BF ; [TPT]
"Ere™ ["TPTHTPTE) = 42,39V
Eroa (TPT*TPTE) = 027 V

A aFFE I I FFg H
e _t-BUl s H -
., ilm_\.l"f = : ' F . :
N : : : : .-'
s i ] a H I .'
4 : : H H
[Irppy):(dthbpy) PFg : Fose Bengal [RE] : [Ruibpz)3)(FFel: [Ir[dF (CF3)ppyly(5.5-dCF 3-bpyll PR H Mes-Acr-Me-BF 4 [Acr] .'
*E ot CIIE) = 40,66 P E (PRBZREIN) - 4081V . *Eren ("RU"RYY = 4145V “Epg (1717 = 41 6BV H "Epod®™ ("AcrIACE) = +2.08 V !
Erog (RE?/RBLZ) =099V H Epgq (RUWRUY = -0.80 V Epga (IPIFY) = 0.6 H Epoy [AcriferE) = 0.57 W H
"E., ' (RBEPRE™) = -0.96 W . *Eye (RUMP P = -0.26 *Epy (VK™ = 043V H '
E., (REE/RB?) = +0.84 ' Eqy (RU"RLY = 4185V Ecx (MM = 1184 v : l H
: I | e | . :
00V o II oy T ] """" I|.5u " J2ov I 25V
1 1 1 1 1
1 . LA @ | 1
s /\D/\ ppammanmenntT o) Y P -"D o TB.-\N"- EF;K ‘“"""-«-.
Me” N T Me M Me ¥ I h V
: = e : Coti i | : Ay, FTERK Me M@ i NH
H ' F1C7 ™ 0ONa . H '
e : Et, h : Me : :
E., (D*/DF) E., (DWDE) 1 E., (D5ID) H Me, Eny (DEDY)  Eqy (DR En IDFID) & E, (D5D) H E, (DE4D)
ERT-A D45V +0.75 ' #1085V +1.08V AZEV L +152V i +258Y
H H ) H H
. H H [ Ma . Q H M
H H & H i
f O PR PO - VY e
ME/J\ME : o TEA : Me e Me” N
H ' ) H H
M H H » Me [
E. (DYDF) E., (DYD%) 3 Eoy (D) \ Ex (DD Eo (DAY) E. (DD & E.y (DF1D) Exy (DF41D) Eoy (DE4D) \ Eqe(DFUD) Ex (D¥'D)
<000V 03TV 1 +0I1V : 108y +1.28Y 4TV +1E1Y +158Y +186V H +207V +214V
: Me : : : N
& H 1 ' Med SH 2 QO OMa | Ma
P58 @ EA N “me  pr \©\ i Mo /@/ : ©:> C@ @'\(} Q/ : O
: I o7 “NMe, Meny :
Eey (DEIDY) E.y (DY) Eoe (DED)  Eop (DE9D)  Es, (DEYD) E., (DE4/T) Eoe (DE4/D) E., (DE4IT) E.y (DE4ID) Eoy (DE4D) E. (DE4D) E.y (DE4D) E. (DE4m)  X=ClEg = <281V
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Excited state photoreductants

Table 3. Excited state

photoreductants C nl.l' 8
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