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The categories of visible light-induced reactions

Type A: Photosensitization by a photocatalyst

Type B: Cooperative or dual photocatalysis

Type C: Transition metals serving as photocatalysts

ACS Catal. 2020, 10, 9170-9196.
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First report of photochemical palladium?

Kohler, 2010

cHiae

Pd(OAc), (10 mol%)
PPh3 (20 mol%)
NaOAc (1.2 equiv)

N-Methyl-2-pyrrolidone
140°C, 2h

without light: 16%
with light:  69%

3IP-NMR Experiments

A1 =400 - 700 nm

Conclusion:

Precatalyst activation is occurring
faster under visible light irradiation.

A

ChemCatChem, 2010, 2, 1467-1476.
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The first report of photochemical palladium

Curran, 1998
C-H functionalization
Me;Si” Y R Me;Si” Y R ) Me,si” > °
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activation of aryl thermal activation H
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| Pd(OAc), (10 mol%) H ©|/
Ligand (20 mol%) @ ;
i S
, H@ Coalls 2 sau) t, S eeu,
' L
Entry Ligand/Catalyst Conditions Yield, %
1 Pd(PPhs), 120 °C 0
2 dppf 120°C 0
3 L 120°C 0
4 Pd(PPhs), t, Blue LED 72
5 dppf rt, Blue LED 67
6 L rt, Blue LED 79

J. Am. Chem. Soc. 1988, 110, 5900; J. Am. Chem.

Soc. 2016, 138, 6340-6343.



The first report of photochemical palladium
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J. Am. Chem. Soc. 2016, 138, 6340-6343.



Mechanistic investigation

Pd(OAc), (10 mol%)
L (20 mol%)

Cs,CO3 (2 equiv)

PhH, Blue LED, rt Et,

69%

Et,

not observed

CMD pathway is not occurring

Pd(OACc), (10 mol%)
L (20 mol%)
TEMPO (1 equiv)

oy

Et, H

Y

w T
\
(@)

Cs,CO3 (2 equiv)
PhH, Blue LED, rt

not observed by NMR

A radical pathway is occurring.

Pd(OACc),/L (1 equiv)

CL0O)

Et,

\
v &
b

PhH, 120 °C

not observed by NMR

Oxidative addition is not occurring.

J. Am. Chem. Soc. 2016, 138, 6340-6343.
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Desaturation of

Past methods:

aliphatic amines

H, H
R b d
R .
(T)/NN;\ —— NN All methods had only moderate vyields.
_______________ H aHg Brookhart and Doucet reported harsh conditions, while
M= e ve Q o R Baran reported low regiocontrol of deprotonation.
\ / O:$ Il
Si o~ O=$—< :>—Me
wi N\ Br npn
Brookhart, 2007 Doucet, 2014 Baran, 2012
[M] = Co, Rh [Pd] "
80-140 °C 150 °C H™, [O]
Gevorgyan, 2017
|
H, ArCOCI (1.2 equiv) @ Pd(OAC)2 (10 mol%) QC|>/ PPh;
EtsN (1.5 i L (20 194
| - HZN%;\ 3N (1.5 equiv) ~ cO H, (20 mol%) . EZ Fe
Hydrolytic stability of 4 DCM, 1t, 12 h RN A Cs,CO; (2 equiv) RIS @\P(tBu)
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85%
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87%

J. Am. Chem. Soc. 2007, 129, 14544; Adv. Synth. Catal. 2014, 356, 119; Nat. Chem. 2012, 4, 629;

J. Am. Chem. Soc. 2018, 140, 2465-2468.



Desaturation of aliphatic amines

Gevorgyan, 2017
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Nat. Chem. 2012, 4, 629; J. Am. Chem. Soc. 2018, 140, 2465—2468.
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Desaturation of aliphatic alcohols

a. Radical/cationic approach (Baran, 2012)

TFA (3 equiv), 60 °C

TEMPO (1 equiv), CHgNO,

55%,1:2=115:1

Gevorgyan, 2017

T(1/2)

Pd(OAc), (10 mol%)
L (20 mol%)

2 equiv Cs,CO3 OH R2

PhH, rt, 12-48 h, Blue LED Rl N d
then, 4-10 equiv TBAF

v i-Pr_ i-Pr
| W

' ‘2143'\/'
i T,
Me\ ,Me

H Z;Si\/l

g-/d- (1,6-HAT)

T2

b. Hybrid Pd-radical approach (Gevorgyan, 2017)

Pd(OAc), (10 mol%)
L (20 mol%)
Cs,CO3 (2 equiv)

PhH, Blue LED, 24 h
then, TBAF, 2 h

WOH 3
WﬁNOH 4

77%,3:4=100:0

R
ol

e B

i-Pr

Gevorgyan shows higher degrees of regiocontrol.

For ease of installation, tether T, was used on
bulkier secondary alcohols.

Nat. Chem. 2012, 4, 629; J. Am. Chem. Soc. 2017, 139, 14857-14860.
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Isotope labeling

Investigating 1,n-HAT
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Kinetic Studies

Pd(OACc), (10 mol%)
L (20 mol%)

Cs,CO5 (2 equiv)
C6D6! rt, Blue LED

n=0, 1,5-HAT
n=1, 1,6-HAT
n=2,1,7-HAT
a) Kinetic Study for 1,n-HAT b) Kinetic Study for 1,n-HAT
—o—1,5-HAT 100
1,6-HAT 80
1,7-HAT 60
40 —o— 1,5-HAT
20 1,6-HAT
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50 100 150 200 0 500 1000 1500

Reaction time (min)
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Decarboxylative desaturation of aliphatic RAEs

Shang and Fu, 2018
H
RY o O
< O_Nm
RAEs o
‘ co, Pd'L,
RL_A_,
PdoL,, hv R

The bite angle and backbone structure of the bidentate
ligand affects the outcome of the reaction significantly.

The cone angle and the steric bulk of the monodentate

phosphine ligands control the reactivity

Nat. Commun. 2018, 9, 5215.

Shang and Fu, 2018

PdCl, (2 mol%)
Xantphos (3 mol%)

PCy2

PhthN\O Cy-Johnphos (4 mol%) \é%/\ ; O O
- X ' o
- . 12 i
WQ 2,4,6-collidine (1.0 equiv) : O
12 DMA, rt, 15 h 93% 5 PPh, PPh,
Blue LED ' Xantphos Cy-Johnphos
Ligand Effect
a. Bidentate ligand instead of Xantphos OO
PPh, PPh, PPh,
PPh,
7 Ph,P a PPh OO
Ph,P PPh, 2 2
<5% <5% 11% <5%
b. Monodentate ligand instead of Cy-Johnphos
P(tBu), PCy>

PPh, P(tBu)3
P
trace 54%

64%

iPr

S iPr

iPr
19%

PCy;
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Decarboxylative desaturation of aliphatic RAEs

Shang and Fu, 2018

PdCI, (2 mol%)
Xantphos (3 mol%)
Cy-Johnphos (4 mol%)

PCy2

2.4.6-collidine (1.0 equiv) e
,4,6-collidine (1.0 equiv
DMA, rt (15 ho ) PPh; PPh,
RAEs Blue LED
Xantphos Cy-Johnphos
H o)
~Boc
m L+O QT Lo
80%
’ 79% 80%, E/Z = 94:6 75%
\L\ H
N HN/BOC 0 i 5"
\ H ~ M(OT-BU |
N\)J\N/% Ph N = NH
: H o
O - AN Chondriamide A
42% 68%, E/Z = 93:7 NH 62%, 0.812 g

Nat. Commun. 2018, 9, 5215.
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Alkyl Heck type reactions

Intramolecular Heck
. Intermolecular Heck Plagued by slow rates of oxidative addition.

Fu, 2007, and Alexanian, 2011 Zhou. 2014

N\ Pd-cat | PN Pd-cat. Ak~
R X ~ ., R Ak—=X + Z R 100G TR Harsh conditions required.

l\\\ 65-110 °C

X =1, Br, Cl

X =1, Br, Cl a-heteroatom-substituted alkyl electrophiles have not been used.

Gevorgyan, 2017
Pd-cat. P @
@/\ Hal + /\Ar/Het —_——— Ar/Het N-, O-, P-, S-
rt, Blue LED B-, Si-, Ge-, Sn-

Pd(OAc), (10 mol%)

PPh, % Ligand (20 mol%) 7z
= e+ 20 )
Base (3 equiv)
o]

Y

i PhH, 12 h, rt
S~ pau, Blue LED PPh,  PPh,
L Entry Ligand Base Yield, % (E:2) Xantphos
1 L Cs,CO4 trace
2 L iProNEt trace
3 Xantphos Cs,CO4 85 (49:1)
4 Xantphos 100 °C, no light, Cs,CO4 0

J. Am. Chem. Soc. 2007, 129, 11340-11341; J. Am. Chem. Soc. 2011, 133, 20146-20148; Angew. Chem. Int. Ed. 2014, 53; 6650; Angew. Chem. Int. Ed. 2017, 56, 14212-14216.



First photochemical [Pd]-catalyzed alkyl-Heck reaction

Pd(OACc), (10 mol%)
Xantphos (20 mol%)
Cs,CO3 (3 equiv)

Radical trapping

R
R =H, 88%

R = CN, 80%
R = CO,Me, 89%

G = P(O)(OEt),, 58%
G = NPhthl, 72%
G = OPiv, 76%

76%

TMS/\/\ Ph

80%

81%

BPin

MezPhSi/K/\©

90%

79%

R R
~
G I + >
%\Ar/Het PhH, rt, 12 h TMS/\/\Ar/Het
Blue LED
Ph

T™MS = | N
N

59%

TMSV\[@
S

58%

t-Bu/V\©

87%

1OCt (Eto)z(o)Pm
_ \/\/\© N/ e

7%

Angew. Chem. Int. Ed. 2017, 56, 14212-14216.

TEMPO
(1 equiv)
T™S™ 1+ ~ N P TMST
Conditions ™S o
42% (NMR yield) 0%
Radical clock work
Ph
i Ph
radical path TMSM
Ph 59%
)\v/Ph
™S~ Pd-B-carbon Ph Me
Conditions eliminf\htion TMS™ N N pn
pa not observed
classical Ph

Heck Ph
TMS/\/W

not observed




First photochemica

Kohler, 2010

Br _ Pd(OAC),, NaOAc O
& e -

N-Methyl-2-pyrrolidone

without light: 16%
with light:  69%

| [Pd] catalyzed Heck reaction

Pd''L,

light-accelerated

[VAVAVAVAVAVAVAVAVAVAVAVAVAVAVAV AV, o

reduction
PdOL,,

ArX

Oxidative
Addition

Heck
Reaction

ArPd''L X

ChemCatChem, 2010, 2, 1467-1476; Angew. Chem. Int. Ed. 2017, 56, 14212-14216

Gevorgyan, 2017
Pd-cat. _ @
@Hal + A AHet —————— > Ar/Het N-, O-, P-, S-
rt, Blue LED B-, Si-, Ge-, Sn-
Pd°Ln,
hv (450 nm)
. PdOL.*
B-HI n /\I
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elimination SET
HPd"l » Pd'
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> A 5|'.H ot
elimination > Ar
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G Ar



Alkvl-Heck with

Shang and Fu, 2017

Pd(PPh3),Cl, (5 mol%)
Xantphos (6 mol%)

A + Alkyl-Br X Alkyl
K2C03 (12 eqUiV)
H,0 (1 equiv)
DMA, rt, 24 h
Blue LED
.Boc
N N /\>C\/
Ph
MeO

94%, E/Z > 99:1

N

N CHO
PinB
85%, E/Z > 99:1 MeO 45%, E/Z > 99:1
NBoc
b QA\Jw i
eO
88%, E/Z > 99:1 96%, E/Z > 251 96%, E/Z > 25:1

71%, E/Z = 16:1

55%, E/Z = 16:1

o~0
eO

80%, E/Z = 13:1

Mechanistic studies

unactivated halides

standard
X conditions
+ Br\/A
tBu
0.2 mmol 0.3 mmol
standard
/©/\ 7 N conditions
+
tBu Br
0.2 mmol 0.3 mmol

4-phenylstyrene (0.2 mmol)
Pd(PPh3)(Cl), (5 mol%)
Xantphos (6 mol%)

o

55%

JOAS
Bu

62%

58%

Br
>‘/ + \/\/Br

0.6 mmol

K,CO3,

Blue LED
0.6 mmol

standard
conditions

H,O, DMA, rt, 24 h

Br
O+ T
CHD

0.2 mmol 0.3 mmol

15%

P“@x\tm
<\

Ph
\ Bu
(DH

KIEp = 1.4 (86%)

J. Am. Chem. Soc. 2017,

139, 18307-18312.




More alkyl Heck reactivity

Gevorgyan, 2018
Pd-cat., Blue LED, rt

,R! for unactivated alkyl halides ,R?

Hal Pd-cat., rt to 40 °C
for activated alkyl halides

Hal=Br,| R, R?=alkyl, Ts, P(O)(OEt),, CO,Et, BPin

R

PdOLn,
hv(450 nm)
+ HI PdOL* Rl Hal
\i R?
[
HPd"| , Pdl
R! "R?
s
RZ
R? Pd'

Org. Lett. 2018, 20, 357 —360.

Unactivated tertiary halides

Pd(OACc), (10 mol%)
Xantphos (20 mol%)
RI + ZOR > RN
Cs,CO3 (2 equiv)
PhH, rt, 12 h
Blue LED

t-Bu/\/© M@i - X

Ph
92% 80% 72%

Activated tertiary halides

Rl\‘/l(Br) Xantphos Pd G3 (10 mol%) Rl\‘/\/R
+ ZOR -

R2 i-ProNEt (2 equiv) R2
PhH, 40 °C, 12 h

A
EtO,C b ﬁ/\/@i
(EtO),(0O)P EtOZC PinB

85%

47% 98%




Decarboxylative Heck-type reaction

Decarboxylative Heck-type coupling of aryl carboxylic acids

[Pd]/Ligand
Oxidant

R2
> R3
NN
I Pd'/PdC -cycle Rl\)<R4

Decarboxylative Heck-type coupling of aliphatic carboxylic acids

Rl/\ + HO

[Pd]

R? Q RRs ~x
R3 activation 0 R ™ R2
HO g — N R4 > \)<R3
R o Blue LED RIS R4
o (

o Pd%/Pd'/Pd" -cycle)

Rl R?

i Rl (@) R2 3
Glorius, 2018 o R Pd(PPhs), (5 mol%) R3
+ N R4 > N R4
0 THF, rt, 24 h
[e) Blue LED

Chem. Eur. J. 2018, 24, 4552 —4555.

Boc
N
S 15 XX
Ph - Ph AcO Ph 54% Ph N pn
( 23%
. 0,
(91% with 6 mol% Xantphos) 68% (62% with Xantphos) AcO 73% AcO 83%
19




Decarboxylative Heck-type reaction

Radical trapping

o) @)
.0 /©/\
N +
(e AcO
(0]

standard conditions

Y

TEMPO (1 equiv)

Radical clock work

0]
N ,OW @ standard conditions
+
o AcO
(@]

Y

(@)
Qﬂ@ <
\o +
AcO

detected by ESI-MS not observed

O v
+
AcO AcO

not observed

44% by TH-NMR

Mechanism:
Pht

Phth"

H—[Pd"]

/\/O\IBOC
Ph X

Chem. Eur. J. 2018, 24, 4552 —4555.

NBoc
hH PhthO

[Pd?] == [Pd°)* ©

Phth™ + CO,

O\IBOC
[Pd]

Ph" X
Ph

This radical clock experiment proves
the formation of an alkyl radical
derived from N-hydroxyphthalimide
ester after decarboxylation.



Investigating alkyl-Heck reaction

Reuping, 2018

Pd(OAc), (5 mol%)

X CO,H
2 PPh (30 mol%)
+  Alkyl-Br
DIPEA (2 equiv)

R DMSO, rt, 24 h
Blue LED

R

QN Alkyl

Primary, secondary, tertiary alkyl halides, various carboxylic acids

________________________________________________________________________________________

77 — L—Pd”@
0.0 - |

—2L L

L—Pdo-L
L (So)

Free energies in solution (in kcal/mol) at the M06(SMD)/SDD/Def2-TZVP//PBE0/SDD/Def2-SVP level
L

Br L'epgl”
i Ty O ! O Oxidative addiion |
i Pd® —— via SET !
| L~ L (T4) \ ’,_41 .6 -. (barrierless) |
| T 234 -
! Y L_Pdl * <j |
“‘ﬁ" -L !
! Br = fv
i L = PPhg :
i Pd’Ly; O ‘114 T i

Br oy
NUCOH conditions
Ph oh e

0.10 mmol

Yield %

0.15 mmol
light was swithched off during the "off periods
&0 -
off

50
40
30 -
20 off
10 4 off

] ' T Y T o T 4 T

0 2 4 6 E
Time (h)

Angew. Chem. Int. Ed. 2019, 58, 3412 —3416
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Proposed Mechanism

1,2-Aminoalkylation

base- HX
R
NuH, base
L,Pd'X eR3
anld”x
e R3 RIQ§T¢N§§
Rl

/\RC\/ I
L,Pd'X
L R3

Rl/\(\/
R2

Dimer effect

Gervorgyan, 2020

PdCl, (5 mol%)
Xantphos (10 mol%)

° AgNTf, (10 mol%) Nu @ o
./§7:K§§ + -®  + NuH A
e Cs,CO4

I\/Ie\N,Bn thTMS
Ph/w T™S Ph N T™MS
w/ AnNTf2 89% trace
w/o AgNTF2 44% 34%

THF, Blue LED
Me. _Bn
Me.-Bn Ve. Bn
\ ~ N
T™S X EtO_
| ™S ™S
~
Z N 65% °
T™MS 70% 0 30%
Me. .Bn Me. _.Bn
T™S wsoc Me. -Bn
/w /\)\/\
Ph T™S PR Ph X Bu
32% 80% 68%
= o)

J. Am. Chem. Soc. 2020, 142, 9932—993.
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Carbonylation chemistry

L,Pd°
Oxidative Addition i
: 7 Reductive Elimination
_ R—X + CO light 5 light J
Typically favored by: challenging driven : driven R*Nu
- i : oxidative l reductive challening . .
electron rich complexes aryl/alkyl halides e | olminaticn nucleophiles Typically favored by:
- unsaturated metals 5 - electron poor complexes
- weak R—X bond i - strong encumbrance
LnPd"
Arndsten, 2020
Ir photocatalyst (2.5 mol%)
M j [Pd(allyl)CI], (5 mol%) iPr
© Pr Xantphos (20 mol%) Me O
'+ co + >
HoN 2,6-ditBupy, BusNCl N
ipr CD3CN, 4 atm, rt, 20 h 'Pr
Blue LED " . :
e 34% Initial studies showed that cooperative
No [ir]: 30% photocatalysis was not necessary for this
transformation.
Me ipr [Pd(allyl)CI], (5 mol%) ipr
DPE-Phos (20 mol%) Me O
'+ co + -
HN 2,4,6-collidine, BusNCI N
iPr CGDG! 4 atm, rt, 4 h Pr
Blue LED

99%

Science 2020, 368, 318-323.



Carbonylation chemistry

[Pd(ally)Cl,] (5 mol%s)

Aryl iodides

Alkyl iodides

90%

DPE-Phos (20 mol%) 0
R—X + CO + NuH >
Collidine, BuyNCI R Nu
PhH, 4 atm, rt, 24 h
Blue LED
iPr 0] (0] iPr
OMe O A~ O OMe O o 0
N S B | \‘ - H/\\ H
iPr E ) H Me H i
o t0,C O L Me P S iPr
72% 2504 80% 94% 90%
2
cl l s s cl nBu (@)

85% 88% 89%
88%

Science 2020, 368, 318-323.

Targeted Synthesis

1. conditions (89%) O
| + CO + iPrOH > oip
2. Br,, iPrCyNLi (48%) Br a

KHCOg, iPrOH

90 °C, 48 h (85%)
o)

C|OH

| 1. conditions (61%)
+ CO >
cl 2. anisole, AICl3

PhCI (84%)

Y

(@)
OiPr
Cl O

o]

Fenofibrate

Aryl bromides

Alkyl bromides



Carbonylation chemistry

Visible light in reductive elimination Visible light in oxidative addition
Blue LED O
7 °C, 5 min O Blue LED
> Ar)J\CI 15 min . (OPE-Phos)Pd” “Ar
no light 020, (DPE-Phos)PdCO, dark: 17% Cl
0
j\ TS dark: 4% + X =1: 62%
(DPE-Phos)Pd” Sar ——— I X ! * X =Br: (2 h): 39%
ol CeDs PArT S /©/ | 5
4atmCO | TTTT7C ' MeO CeDs | MeO :
o) 4atmCO | == -
Ar = 4-MeCgHg TEMPO e - OctSH H
Blue LED A TEMPO X=her - - /©/
89% Blue LED MeO
72%
X =1, Br

(DPE-Phos)Pd(CO),

m * \_,\’

. 4. + CO R
Mechanistic radical induced -Co (DPE-Phos)Pd—I
H h . reductive elimination (o)
. |
ypotnesis: . kAr radical induced
(DPE-Phos)Pd—Cl CO  oxidative addition

O

o (DPE-Phos) Pd_ Ar

(DPE-Phos)-Pd\J\Ar '
Cl
cr

Science 2020, 368, 318-323.



Carbonylation chemistry

Typical methods for acyl fluoride synthesis
Stoichiometric Tanaka, 1987
0] fluorinating reagent o
o > % [Pd]
R OH Deoxyfluorination R F R _: + CO + CsF > X =
= 80-130 °C R—
=
A
only aromatic
Fluorinating "~ -SFs N™N ) roducts
reagents: N )I\ /)\ BusN* OCF; p
/ F”N” °F
Corrosive reagents and functional group incompatible.
Arndsten, 2022
(COD)Pd(CH,TMS), (10 mol%)
DPE-Phos (20 mol%) O
alkyl—Br + + KF >
CH3CN alkyl F
4 atm, rt, 24 h
Blue LED

J. Organomet. Chem. 1987, 334, 205- 211; J. Am. Chem. Soc. 2022, 144, 9413-9420.




Carbonylation chemistry

Radical clock experiments

(COD)Pd(CH,TMS), (10 mol%)
DPE-Phos (20 mol%)

V/\Br+CO+KF

CH5CN
4 atm, rt, 24 h
Blue LED

o
%@;\Br + CO + KF

Y
é/:

(COD)Pd(CH,TMS), (10 mol%)
DPE-Phos (20 mol%)

CH3CN
4 atm, rt, 24 h
Blue LED

'H- and 31P-NMR analyses show R)kp
that L, Pd(CO),, is the major
catalyst resting state.

L,Pd(CO)p R—X
resting state \Q
Re
L,Pd/(CO)X
O F
LPd! R
F

J. Am. Chem. Soc. 2022, 144, 9413-9420.

CO appears to stabilize
photoactive species upon
reductive elimination.




Conclusion and Outlook

* Conclusion:
* Visible light-mediated palladium catalysis is an effective strategy for accelerating elementary steps

* Due to the formation of aryl/allyl/alkyl hybrid Pd radical species, deleterious pathways, such as B-H
hydride elimination, can be avoided.

e This chemistry is uniquely effective at performing reactions where ground state palladium catalysis often
fails.

* Outlook:
» Although computation studies have implicated a aryl/allyl/alkyl hybrid Pd radical species, there is no direct

evidence of such an intermediate.

 Demonstration of unique reactivity.

» Pd(0)/Pd(Il) cycles have been investigated the most; what about Pd(I1)/Pd(IV)?
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