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Photocatalyst: ET and EnT

Photocatalysis

EnT

A*

Electron Transfer
Photoredox catalysis

Energy Transfer
Photosensitization

Strieth-Kalthoff, F. et. al. Chem. Soc. Rev. 2018, 47, 7190.




Energy Transfer Mechanisms

Forster (Resonance) Energy Transfer Dexter Energy Transfer
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FRET for TTENnT: Forbidden

Forster Resonance Energy Transfer

FRET
P
HOMOE“ 4 O 9 EnT O 0
R

Two independent spin inversion events

Irrelevent in TTEnT Catalysis

Dutta, S. et. al. Chem. Soc. Rev. 2024, 53, 1068.




TTENT: Only for DET

Dexter Energy Transfer
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Ceo: Spin Converter
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Simplified Overview of TTENT in Solution

For exergonic EnT: close to diffusion limit

EnT in Solution

Isolated Molecules Encounter Complex Collision Complex Encounter Complex Isolated Molecules
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Strieth-Kalthoff, F. et. al. Chem. Soc. Rev. 2018, 47, 7190.



E. of Selected Substrates

All triplet energies are “N‘NH XD
given in kcal mol™. N A
N (0] J

(60.0) H
(42.6) (66.0) (72.0)
/ CO,Me
(o] / Z o)
Ph. Ph Nz .Ph xPh Ph,  Ph
= Ph” N Ph)LNg PR \—/ PR CO;Me P A Ph—NH,
(28.9) (35.4) (41.0) (49.3) (54.3) (58.6) (61.7) (67.4) (71.3) (76.8)
| | | ——c---- | |
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NO; Ph=Ph CN Q
NO, R CN cl CHj3 OEt Ph (65.5) HJLH
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CN
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NH, Ph CO,H OH,Br,l H 0 m
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Strieth-Kalthoff, F. et. al. Chem. Soc. Rev. 2018, 47, 7190.



E. of Common Photosensitizers
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Methylene blue [Ir(ppy)2(dtbpy)]* fac-[Ir(ppy)s] Michler's Ketone fac-[Ir(dF-ppy);]
(32.0) (49.2)* (58.1) (61.0) (63.5)

| | | | |

1 | | 1 1

30 40 50 60 70

[Ru(bpy),]* Riboflavine [Ir(dF(CF3)ppy),(dtbpy)]* Benzophenone Acetophenone
(49.0) (50.0) (61.8) (69.1) (74.0)
B 7 o} B 0 o]
b
> NH By @)l\
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(63.4)
Ho” O Q
All triplet energies are Bu
OH

given in kcal mol™'.

Strieth-Kalthoff, F. et. al. Chem. Soc. Rev. 2018, 47, 7190.
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Dearomative Cycloaddition (DAC)

direct
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photo- Ty (m=7%) stepwise E
sensitization { A, R radical '
O i { cycloaddition '
i Y : R gk
' 15 N’
Direct excitation Photosensitization m p E 8 8
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m Slow ISC (El-Sayed forbbidden) to T; w Efficient Dexter energy transferto T, P ]
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’ 1 mol% [Ir-F] H R2
R BF5-OEt, .
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A — /AL 7\
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Ma, J. et al. Science 2021, 371, 1338.
Guo, R. et al. J. Am. Chem. Soc. 2022, 144, 17680. 12



Regioselectivity in EnT-enabled DAC
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smaller dipole intermediate
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larger dipole intermediate
stabilized by high polarity solvent

Guo, R. etal. J. Am. Chem. 13
Soc. 2022, 144 (38), 17680.



Regioselectivity in EnT-enabled DAC

Ortho-para selectivity: Transition point(TP) energy,

photostability

Calculated energy diagram for ortho vs. para product formation
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Guo, R. etal. J. Am. Chem.
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Stereoselectivity in EnT-enabled DAC

endo- selectivity: dispersion attraction

London
dispersion
force

Guo, R. etal. J. Am.
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Chem. Soc. 2022, 144 (38), 17680. 15



Substrate Modification

Ortho- selectivity

(X=ClorBr)
~Z ™R
R = 6-Cl
5
= | Xy ° T
_R _—
> _z [Ir-F] H
N 7 (2 mol%) 6
8 R= B-COQME o 5 ~> 7
E
N X
- —~ N 8 -
CO,Me
DAC for naphthalene derivative
@] 1 mol % p1Crr|1:o| p/:)y)
~N Ir(p-CF3-ppy)s .)L 3PPY)3
. C A °
5 = CH2c:|2
, CHZCI2
5 mmol scale Blue LED, 72h: 76% vyield, 1.3:1dr 5 mmol scale Blue LED. 4 h
BN MeOH, Et;N PR X MeOH, Et;N

Ma, J. et al. Nat. Catal. 2022, 5, 405.
Wang, W. et al. Chem. Sci. 2022, 13, 13582.

73% yield, 1.3:1dr
0.9 mmol/hr
(in flow)
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Enone Sensitization: Milder Condition

Q fac-[In(dF-ppy)s] (1.0 mol%) 2
@:X KOAc (1.0 eq) X
I
R\© MeCN, 60 °C
'|'|' Blue LEDs R
18 20, 42-95%

TSas (fiis) 23.9

TSag (cgn) 13.5

=)
T

Grel/ kcal-mol™! o

0

| Q/_\@ trans-C —52.4
70 L Ta _ T O
Prtie cis-C —67.7 %T :o: :

Munster, N. et al. Angew. Chem., Int. Ed. 2017, 56, 9468. 17




Alkene Sensitization: Fundamental Logic

Very large energy gap (typically > 40 kcal mol™') between S, and T,
Low ISC yield from S, to T, (¢,5c for alkyl alkene/polyenes ~ 0)

E (S,): 100 kcal mol™ S, ——
s,
~0
Hﬁfo Slow
T, T A Sy
E (T,): 54 kcal mol™ M  — T,
T
hv
Y
S, —— S, ——

@ Olefin Sensitizer

Turro, N. J. et. al. Modern Molecular Photochemistry of Organic
Molecules, pp 710-713.



E — Z Ilsomerization:

2D Stereoselective

1 o - SR Py
... y 5
1+pC R g 4 (E)51 (2)-51
— 1 R/&#o R o ™~ A R
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52
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Pc s ROV §°0°% a7
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inB” X~ N~ D e
(E)-50 T (2)-50 PinB gMe MECN, Aryay = 402 nm N
OoM
[Ir-FIPFs i (E)-56 Ly (2)-56 )
Sy-OH - N I
DMF, Apax = 427 nm, then: TCT H o EtO. .0
TXT s
(E)-54 55 EtO._ A\ - N0
T major regioisomer OEt \ecN, Amax = 402 nm X" NOEt
(0]
(E)-57 (2)-57
Strieth-Kalthoff, F. and Glorius, F. Chem. 2020, 6,
Bé&a, S. et. al. Chem. Soc. Rev. 2024, 53, Molloy. J. et al. Science 2020, 369, 19

Zhang, X. et. al. J. D88Chem. Soc. 2021, 143,
21211.

B@Xesely. T. et al. Angew. Chem. Int. Ed. 2022, 61, €202113600.



Triplet [2+2]: Broadening Substrate Scope

Stepwise Mechanism:

*pC 4
s — —1» —)- —_—
EnT

reactive triplet 1,4-biradical intermediate

Corey (1971) — Application to Total Synthesis

Me O

| i /(\’.z
O O hv (» ~ 330 nm)
/ 5

5% 63:37 d.r.
~247 kJ mol a-trans-bergamotene

Mykhaliliuk (2020) - Appliction to Bioisosteres Synthesis

o

CO,Et EtO,C,
| 2 Ph)j\Ph “
= >
Ar Az hv (k 365 nm) Ar
54-84%

Strieth-Kalthoff, F. and Glorius, F. Chem. 2020, 6, 1888.
Corey, E. J. et. al. J. Am. Chem. Soc. 1971, 93, 7016.
Denisenko, A. et. al. Angew. Chem., Int. Ed. 2020, 59, 20515.



Stereoselective [2+2]: Chiral E; Lowering Reagent

10
Er = 54 kcal mol™’
endergonic EnT = slow -

11
E; = 33 kcal mol™’

exergonic EnT = fast

[Ru(bpy)sl(PFg)s (2.5 mol%)
(S,S)-t-Bu-PyBox (15 mol%)
Sc(OTf)3 (10 mol%)

—~ i-PrOAc/MeCN, 25 °C
v 23 W CFL

EnT

[Ru(bpy)s](PFg)2
Et = 49.0 kcal mol!

[Sc]
{ ¥
@)\/\Ph

Blum, T. R. et. al. Science 2016, 354, 1391.

12, 66-86%
up to 98% ee
and 4:1 d.r.



LA Coordination: More than E; Lowering

(b) Triplet energies of 4, Lewis acid bound adducts and '7f

AIEtCI2 AIBr3 “
N 1 =
E i, | Nz
F Ir\N y
N
I z
48.49 50.77 49.82 49.99 42.03 54.25
| E+ (Calc) [kcal/mol] ‘
SuBEias Lewis acid Triplet
(c) Frontier orbital energies of '4, Lewis acid bound adducts and *7f i coordination sensitizer
E(eV) 14 14-BF, 14-AIEtCI, 14-AIBry 14-LA 37f R ™ _1, o
n* Lewis acid
(-2.071) facilitates ~hvand
P - + —~ energy transfer ISC
— . (-2928) 3 =
T R e A & P —+- = 4
4577 1 T T ) n SOMO2 o
5.527
J 4250 4130 B o:827) (-5.656)
T T e Tt —— 3.975 3.265
(—6.648) T n - TSag l
(-7.178) (-7.235) (7.502) l Ed
— SOMO1
T
—— unoccupied === occupied === singly occupied (_9502) ( 8'921)

Daub, M. E. et. al. . Am. Chem. Soc. 2019, 141, 9543. 22



Stereoselective [2+2]: Chiral PC

! 0o 1 “D m'DP.J"'n:] |
R e
B hv (4 = 400-700 nm) NH-0y S

~25 °C (PhCFy3) e
N 0 ‘ 1
H T f
| L Bu Re Si
! ]r i ‘\N Si
NN e O oL e
o | *— s\\ Yy, ‘® .... 0, 3 =~ A
st am N Rh N 2P\

437 nm i-l q ‘ ~o= \ 2
N R to. ! 3
37-86% vyield, up to 94% ee | = 8 Bu 5 /> By

Alonso, R.; Bach, T. Angew. Chem., Int. Ed. 2014, 53, 4368.
Thomas, R. et. al. Chem. Sci. 2022, 13, 2378. 23



Deracemization through ‘Stereoselective EnT’

Distance-dependency of EnT embedded in chiral photosensitizer

0 : ol o
. e N s ~ 4 ; ~ ‘
itizer Sensitizer » = .-« :‘ft‘ : X -
Sensitiz I XD N Oy _thieos
: N-H-""3 N N-H-" !
: >, __H-N. 5 S _H-N.
Sensmzer a.X=S: E;=62.9kcal mol" O-Se o . ; 9 Q-2 st
b. X = O: Ey = 75.7 kcal mol! : bt Sensitizer
ent-63 1.2 biradical 1.3 biradical
Substrate recognition ® Photosensitizer "parallel’ —_—. Rotational freedom via biradical
by hydrogen bonding positioning by rigid backbone after sensitization
Selected examples: favorable PC-Substrate pair unfavorable PC-Substrate pair
fast association and EnT slow association and EnT
deplehon of enantiomer enrichment of enantiomer

Bach (2020)

R
R ent-63a (R = Cl, 64a) or ent-63b (R = Alk, 64b)

5 - o---’ ____H :
N PO, 18 28 e =420 08 08 ‘{:> - ’\J\ /
rac-64 Tor #

Bach (2021)

N-H- - - Ar o
0 Ar OH—Ar Y -H-ﬁ>_<_ N-H- - -0, Ar

63a mae N a==ToNC
HN N > HN N W o N hopt
YR MECN, Aryqy = 420 nm Nt -1 0T 3¢
& - i S s={
rac-65 T (S)-65

Bach (2022)

H H
s S
0 R ent-63a 0 —R 0 O Q
HNZ NN N 0
MeCN, 0 °C, Ay = 420 nm __H_ g
H —~U-H- Ty R
H----0 b N-H----0 e

rac-66 T (S)-66 R
(n=45)

Li, X. et al. Angew. Chem., Int. Ed. 2020, 59, 2164(Kratz, T. et al. J. Am. Chem. Soc. 2022, 144,
Hélzl-Hobmeier, A. et al. Nature 2018, 564, 10133.

SNAN



‘Chemoselective’ EnT: Deracemization through
Enamine

(@) O
Sh 1a/HNTf, (10 mol%), Ir(ppy)s (0.5 mol%)
HJJ\ 2 3 - HJJ\ N/\ o
1h, up to 86% yield, 96% ee | NH, K (S)1a
rac-2a (R)-2a
Photoinduced E/Z isomerization
O\N,H O_er
Ir(ppy)s hv =
Ay > N/ oo
-enamine Z-enamine
(favored) (disfavored)
H Ho~C H
>‘\(\ N }Y\N:\ 56t 183 jY\N"' N+/\
NH N

HON HJH/ HJK/ L
Ph Ph Ph
E-enamine (S)-Imine (R)-Imine Z-enamine
Z-enamine
0 » 0
«
(R)-Imine (R)-2a
& (S)1a & (S)-1a

E-enamine

enamine formation with (R)-2a

S H 1 E
t-Bu
+Bu '~ ~
| © t-Bu
b 3
O -
H Ph O
H- H--
‘O%\Ph =0
Ph
TS1 (S-E) TS2 (S-2) TS3 (R-Z) TS4 (R-E)

Huang. M. et al. Science 2022, 375, 869.
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Vertical or Adiabatic?

Reactivity criteria: ET(adiabatic)

Selectivity criteria: E

T(vertical)

Evert (Z) =746
Evert (E)=71.8 Photocatalyst
Thioxanthone

Ir(dFCF3ppy),dtbbpyPFg

hv hv I
.
““NH (PPY)3
H'H“‘Ph In(PCF5-ppy)s
So Enamine-T, 2,4,6-triphenylpyrylium
: Ru(bpy);Cl,-6H,0
Z-enamine )
E-enamine E-enamine
Dihedral angle
1 1 1 >
0° 90° 180°

Huang. M. et al. Science 2022, 375,
869.

E+ (kcal/mol)

64.4
61.8
58.1
56.4
53.0
46.5
54.2

E1 /2PC+/PC*(V)

+1.18
.21
+0.31
+0.59
+2.02
+0.77
+0.73*

ee (%)

64
73
94
03
18
39

26
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ET and/or EnT: Selected Redox Potential for PCs

1e-oxidation M
/ 1e-oxidant
(iv)
M

visible light

1e-reduction
(iii)
*M
excited state

ground state

~oe o,

1e-reduction 1e-red uctant

(i)

1e-oxidation

<>“

CFy
[Ir(dF(CF 3)2ppy)(dtbbpy)]*

[Ir(ppy)2(dtbbpy)1*

F

[Ir(dF(CF3)2ppy)a(bpy)]*

fac-Ir(ppy)s

F
fac- Ir(Fppy)3

Takashi, K. et. al. Inorg. Chem

redox potential Eqj, [V vs. SCE]
-1.5

-1 05 0 05 1 15 20
I I I I I I I I I
WM~ MM MWM- MM
(il (i (i) (iv)
| l [Ru(phen)s[* ’
-1.36} -0.87 +0.82 L +1.26
| [Ru(bpy)s* l
-1.33 . =081~ +0.77 N, +1.29,
l ] [Ru(bpm)s|?* l 1
0917, -0.21 +0.99 .| +1.69°
J j [Ru(bpz)]2* ] }
eTIoT080 026 eeH 4B 4186
o fac-Ir(ppy)a [ |
219" 173" +031 077 o
1 1 fac-Ir(Fppy); 1
-2.00 T ~1.46" +0.75, 41.29
1 ‘ [Ir(ppy)2(dtbbpy)]* [ {
~151° -0.96 +0.66 - #1210
} [Ir(dF (CF 3)2ppy)(dtbbpy)]* ] }
137! /-0.89 +1.21 +1.69
’ ‘ [Ir(dF(CF3)2ppy)a(bpy)l* l ‘
-137  -1.00 +1.32 +1.69

. Front. 2014, 1, 562.
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EnT and ET in Sequence

Na
N y
a A
Ru- 8a energy- redox- N
ArTxX atalyzed il Ar/\/CFB Ar/\ transfer ,N neutral Ph \ Ph
@ CFs * pathway |Ph Ph| pathway
E-product Z-product MeO,C CO;Me MeO5C CO;Me
‘ Ir- Ir- part Il 2a 1a 3a: 92% yield
catsallg_%ed Ca.}frlé?red Reaction conditions:
__________________________________________________________________________________________________________ 0.3 mmol of 11a,1.5 mmol of 2a and 0.015 mmol of photocatalyst 4 or
b visible Iight

+

[Ru(bpy)+Cls] in 3 mL DCE for 16 h under the irradition of 450-460 nm biue LED.
Ru(bpy);2**

1 *
I (ppy)s Ve
-0.81V -1.73V
Ey=212eV Er=241eV 0
1M (ppy)s TTET Me' Me
H

=
cr P s
Ru(bpy)s* u(bpy)s®* AT Ar/Kl“‘ 3 =
+1.29V SET

N
E-product (Sg)

Control experiments for
the reaction from 8a to 1a:

standard conditions (2.5 h):
95% yield

without visible light (2.5 h):
19% yield

\ ~
L 4 Me Clog |: [Ru{bw)sclﬂ without photocatalyst (2.5 h):
C (T4) 26% yield
s CF e CF successful failed
Are N3 A Spsh
B
N 1

! R ! - ;

] : Ar XX (-)-riboflavin, hv

| Ar)\/ CF3 /\

CF5
. byproducts : Z-product (Sp)

/O isomerization
O LU e
/—\ cyclization
\2) (SET)

one pot, up to 91% yield

Xuan, J. et al. Angew. Chem., Int. Ed. 2014, 53, 5653.
Lin, Q. et al. J. Org. Chem. 2014, 79, 10434.
Metternich, J. B.; Gilmour, R. J. Am. Chem. Soc., 2016, 138, 29
1040.



SET at Long-lived Triplet State

[Ir-FIPF5 (2.0 mol%)
HFIP (0.2 M)

C[’/f@ [Ir-F]PFg (1.0 mol%), DIPEA (1.0 equiv.) @\/ﬁ@
P o=
X MeNH;Cl (10 mol%), DMF (0.01 M), air X

90,X=C,N 94, X = CH,, NH 25-30°C, 450 nm, 16 h
Tr 14-89% vyield
MeNH,
22-96% yield >95:5 d.r., >95:5 r.r.
i |EnT protonation
Me;Hg
m SET m HAT @\f/jij
X / ; X :.,, ;\ X
I il DIPEA
91 I Ir 92 93
DIPER- STl T iPr\ﬁ,iPr iPr\N,iPr
DIPEA I >_< N
MeNH; MeﬁH;

Chatterjee, A.; Konig, B. Angew. Chem., Int. Ed. 2019, 58, 14289.
Bellotti, P. et al. J. Am. Chem. Soc. 2022, 144, 15662. 30



SET at Long-lived Triplet State: Chain Reaction

L I,

0
P * -
o oY

1a (2.0 equiv)

2a (1.0 equiv)

[A] = none, @=0.20

[A] = p-TsOH-H,0, @=7.7

Ir-F (2 mol%)
[A] (0.50 equiv)

CH,Cl, (0.10 M)

blue LEDs (Anax = 415 nm)
rt

[A] = Sc(OTf),, = 8.8

[A] = Sc(OTf)3, no Ir-F, @=0.48

* || pu——r | [
X EnT EN i hv, 'r\
+iz or —m= | i -
plj direct excitation I“Il % SET\
[A] hv [A] [A]
A B
energy radical
transfer chain
pathway initiation
|r|||—>*|r.|||
P o ~%— then — =
N 3 radical-radical SET
H recombination Il
F

Kleinmans, R. et al. J. Am. Chem. Soc. 2023, 145, 12324.

BEN

Cc

cyclization

cQ, &t

| Sc(

OTf)3
photocatalyst

(0.50 equiv)

CH,Cly (0.1 M)

blue LED, rt, 30 min

a (2.0 equiv) 2a (1.0 equiv)
aniy PC Eqp (M'IM™)  Eqpp (M*/M')
(2 mol%) (V) )
1 [Mes,Acr(t-Bu),]JCIO, +2.00
2 [Ru(bpy)sl(PFe)2 +0.77 -0.81
3 [Ru(bpz)3](PFe)2 +1.45 -0.26
4 [Ir{ppy)(dtbbpy)l(PFe) +0.66 -0.96
5 fac-{Ir(ppy)s] +0.31 -1.73
6 4CzIPN +1.35 -1.04
7 Ir-F +1.21 -0.89
8 fac-[Ir(dFppy)s] +0.34 —1.44
| RS
~
N
SET
c

Y

Er
(kcal/mol)

465
48.4
492
58.1
~60

61.8

63.5

3a

3a yield

(%)
1
<1
1
<1
<1
17
32
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Chain?!

yes

yes



ET vs. EnT: Comparing AG?

R1

Are

hv, 2.5 mol% cat.
MeCN, -40 °C

e

Y o

then NaOH

OHC

) 1
Ar' 2R

cat. Eqp(M™"M"™) Er(kcal/mol)  conversion(2 h)
(V vs. SCE.)
Ru(bpz)3(PFs)2 -0.26 50 100% EnT only
Ru(bpy)3(PF)2 -0.81 49 100% EnT and SET
Ir(ppy)3 -1.73 58 <10% EnT and SET
sub. -0.83 49

Hormann, F. M. et al. Angew. Chem., Int. Ed. 2020, 59, 9659.



Outline

¢ Introduction

o E;-based Selectivity: Stereo- or Chemoselectivity

o Merger of ET and EnT Catalysis

e Summary
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Summary and Outlook

e Different reaction mode for relatively low ISC rate
systems

e Alkene isomerization:
E+(adiabatic) fOr reactivity

E+vertican fOr selectivity

e ET and SET: compete, circumvent and merge
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