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An introduction to excited-state reactivity
Different electronic configurations of B-myrcene possess distinct reactivity

® A classic study by Hammond found that different products arise from the singlet and triplet excited states

of the monoterpene B-myrcene:

|
ﬁ 4
-
electrocyclization
product

Hammond, J. Am. Chem. Soc., 1964, 86, 1892

*

hv

-myrcene
(So)

A

hv

sens.

A§
[2+2]

cycloadduct

Sensmzer



An introduction to excited-state reactivity

A simplified picture of the electronic energy levels of B-myrcene

Upon absorption of a photon, the ground-state
substrate is promoted to the first singlet
excited (S,) state.

After relaxing to the lowest vibrational energy
level of the S, state, the compound may
undergo an excited-state reaction;
alternatively, it may return to the singlet ground
(Sy) state by emitting a photon (fluorescence)
or by non-radiative means (internal
conversion).

Excited-state compounds may also relax via
the first excited triplet (T,) state, which is
generally lower in energy (Hund’s rule) and
longer-lived than the S, state; this is obtained
by intersystem crossing from the S, state.

For B-myrcene, however, intersystem crossing
(ISC) is very inefficient, and so T, cannot be
accessed by direct excitation. To promote a
reaction from the triplet hypersurface, a triplet
sensitizer must therefore be used.

Hammond, J. Am. Chem. Soc., 1964, 86, 1892
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An introduction to excited-state reactivity

‘Triplet sensitization’ of B-myrcene

= A stepwise [2+2] cycloaddition occurs from the triplet hypersurface of B-myrcene, which is readily obtained

by triplet energy transfer (TET) from the T, state of benzophenone.

= The overall process of triplet energy transfer is spin-conserved.
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The overall result is that
the substrate is promoted to
the T, state without itself
absorbing a photon.



Direct excitation vs. triplet energy transfer
T, states are desirably long-lived but sometimes difficult to access

= |n general, the T, state of a molecule is longer-lived than its S, state. Access to the T, state by direct

excitation, however, is often hampered by inefficient intersystem crossing from S, to T,.

= Triplet energy transfer from a donor molecule provides an alternative, ‘indirect’ entry to the T, state.

T, state by direct excitation

hv —— T

I Substrate

___________________________________

Glorius, Chem. Soc. Rev., 2018, 47, 7190
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Triplet energy transfer
Features of the Dexter energy transfer mechanism

= Triplet energy transfer occurs by a double electron exchange (Dexter) mechanism, in which an electron
is transferred from the ‘LUMO’ of the donor (D) to the LUMO of the acceptor (A) while an electron in the
HOMO of A is transferred to the ‘HOMO'’ of D:

Mo S o +
oo TRt

3D* 1A 1D 3A*

= Dexter energy transfer is a ‘through-bond’ exchange process, requiring close-contact between the donor
and acceptor. Diffusion rates therefore affect the overall rate of energy transfer.

Glorius, Chem. Soc. Rev., 2018, 47, 7190



Triplet energy transfer

Features of the Dexter energy transfer mechanism

m The rate of energy transfer within a collision complex depends on the degree of spectral overlap between
the donor’s emission spectrum and the acceptor’s absorption spectrum; this value is difficult to obtain
experimentally but can be qualitatively assessed from the energy gap between the T, states of the donor

and acceptor:

Exergonic energy transfer:
AET = ET(A) - ET(D) <0

-

Photocatalyst

or Donor, D Acceptor, A

a large number of coupled transitions are possible
— rate of energy transfer is large

Glorius, Chem. Soc. Rev., 2018, 47, 7190; Glorius, J. Am. Chem. Soc., 2018, 140, 28, 8624.
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Triplet energy transfer
Features of the Dexter energy transfer mechanism

m The rate of energy transfer within a collision complex depends on the degree of spectral overlap between
the donor’s emission spectrum and the acceptor’s absorption spectrum; this value is difficult to obtain
experimentally but can be qualitatively assessed from the energy gap between the T, states of the donor

and acceptor:

Exergonic energy transfer:
AET = ET(A) - ET(D) <0

Photocatalyst

or Donor, D Acceptor, A

a large number of coupled transitions are possible
— rate of energy transfer is large

Glorius, Chem. Soc. Rev., 2018, 47, 7190; Glorius, J. Am. Chem. Soc., 2018, 140, 28, 8624.

Endergonic energy transfer:
AET = ET(A) - ET(D) >0
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Summary so far
Requirements for, and benefits of, triplet sensitization

= |n general, the triplet energy of the sensitizer
(donor) must be higher than that of the substrate
(acceptor) for efficient Dexter energy transfer.
Close-contact between the donor and acceptor
(and thus high diffusion rates) are also necessary.

Exergonic energy transfer:
AET = ET(A) - ET(D) <0

® A good sensitizer will undergo rapid intersystem
crossing from S, to T, and possess a long triplet
lifetime.

= A sensitizer is usually selected that absorbs more
strongly at longer wavelengths than the substrate.

Rl
el

m [ssues that can be circumvented by using a ,
sensitizer to promote a triplet-state reaction: hv’
* [ntersystem crossing from S, to T, is inefficient g ' \
- i.e. the T, state is inaccessible via direct excitation T4-Sy transition induces .
to the S, state a coupled S,-T, transition "\
= Reactions arising from the S, state compete with within collision complex
intersystem crossing to the T, state

= Direct excitation to the S, state requires photons of
very high energy - i.e. the necessary irradiation
conditions are too harsh and/or hazardous to operate

Substrate Photocatalyst
or Acceptor, A or Donor, D

Glorius, Chem. Soc. Rev., 2018, 47, 7190. 8



Triplet sensitizers old and new
Ketones vs. transition metal photocatalysts

m Ketones have traditionally been used as triplet sensitizers but do not absorb visible light.

= Many ruthenium and iridium photocatalysts are efficient sensitizers (high E+, ¢,5c and 1) with significant
absorptivity at wavelengths above 400 nm.

e} — _
t-Bu [Ir(dF{CF3}ppy),(dtbbpy)]PFg
(MLCT)
Benzophenone E+ =61.7 kcal/mol
z
(n>*) disc > 0.95
ET =69.1 kcal/mol £Bu )\flongest =450 nm
¢ISC > 0.95 =3 us
Mongest = 380 nm
=50 pus L

Glorius, Chem, 2020, 6, 1888.



A triplet-state alkene [2+2] cycloaddition mediated by visible light
Pioneering use of an iridium(i) photocatalyst as a visible-light triplet sensitizer

= One of the first reports of using a transition metal photocatalyst as a triplet sensitizer in a carbon-carbon
bond-forming reaction was by Yoon and co-workers in 2012 on the intramolecular [2+2] cycloaddition of
electronically diverse styrenes:

OoN
NO 2
2 [IN(dF{CF3}ppy);(dtbbpy)IPFq a

styrene (1 mol%]) A
energy

acceptor O 23 W CFL
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Yoon, Angew. Chem. Int. Ed., 2012, 51, 10329. 10



A triplet-state alkene [2+2] cycloaddition mediated by visible light
Pioneering use of an iridium(i) photocatalyst as a visible-light triplet sensitizer

= The observation of E/Z isomerization also supports an energy transfer-based mechanism:
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= The mild reaction conditions allow the use of ordinarily photolabile organyl iodides:

P | Conditions
Conditions X ' [Ir] (1 mol%), 23 W CFL, DMSO, 15 h
I > (90% yield)
T J/ H H
N N hv (A = 254 nm), no sensitizer, 2 h
Ts (0% yield)

Yoon, Angew. Chem. Int. Ed., 2012, 51, 10329.



Lewis acid catalysis of an enone [2+2] photocycloaddition
Asymmetric catalysis of photochemical reactions is very challenging, particularly with UV light

m Thorsten Bach and co-workers developed a highly enantioselective Lewis acid-catalysed [2+2]
photocycloaddition of cyclic enones mediated by UV light.

'Oxazaborolidine’

/ (50 mol%)
Br3A| B||||||||O .
(A = 366 nm)
DCM -70 °C
'Oxazaborolidine’ 80-90% ee

= A major challenge in designing a catalytic enantioselective photochemical reaction is preventing the
racemic, uncatalysed background reaction.

= |n this transformation, the chiral Lewis acid plays a dual role in:

1. Red-shifting the UV-absorption of the enone substrate upon binding, thus enabling preferential excitation of the
catalyst-substrate complex; and

2. Providing enantiofacial discrimination in the ensuing radical cyclization step.

Bach, Science, 2013, 342, 840.
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Lewis acid catalysis of an enone [2+2] photocycloaddition
Despite a substantial bathochromic shift, the uncatalysed background reaction is still competitive

= The UV/vis spectrum of the optimization substrate in DCM (c = 0.5 mM) exhibits a strong absorption at
Amax = 291 nm (g = 17,400) in addition to a weaker, broader absorption at A, = 360 nm (g = 70).

= The strong absorption at A, = 291 nm was shifted to A, = 343 nm (e = 21,400) upon addition of EtAICI,
(20 equiv.) and to A, = 348 nm (g = 24,200) upon addition of BCI3 (20 equiv.).

Ar
Ar
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14 / k. o
,\', fj Br3AI (X mol /o)
, Py 3 N ©/
|, LN 0
hv (A = 366 nm)

230 2680 330 380 430 480 ‘E)(CM 70 °C X = 50 mol%, 88% ee

wavelength [nm] X =40 mol%, 64% ee

1 1-EAICL, —1BCl; — =366 nm »=419 nm = S el S e

® |n the presence of sufficient quantities of the chiral Lewis acid, the catalyst-substrate is selectively excited
as aresult of its stronger absorption relative to the unbound substrate at the irradiation wavelength.

= The racemic background reaction is largely prevented under the standard reaction conditions though
becomes more substantial at lower catalyst loadings due to competitive excitation of the ‘free’ substrate.

Bach, Science, 2013, 342, 840. 13



Dual Lewis acid and energy transfer catalysis of an enone [2+2] photocycloaddition
Triplet sensitization by [Ru(bpy);]°* precludes direct excitation of the unbound substrate

= Yoon and co-workers devised a two-catalyst approach to the enantioselective [2+2] photocycloaddition.

[Ru(bpy)3](PFg)2 (2.5 mol%)

P ¢

10 equiv.

Intensity (counts)

1100 1200 1300

Wavelength (nm)

9S00 1000

Yoon, Science, 2016, 354, 1391.

Sc(OTf)3 (10 mol%) OH O
(S,S)-t-Bu-PyBox (15 mol%) ,

i-PrOAc-MeCN (3:1) 1"

23 W CFL, 20 h Ph™ e

[Ru(bpy);]PFg
E+ = 46 kcal/mol

E+(exp) =

1600

1500

1400

54 kcal/mol

84% yield

{ 93% ee, 3:1 d.r.

» DFT and experimental studies indicate a substantial lowering of triplet energy upon

complexation of the enone and Lewis acid — exergonic triplet energy transfer from
the excited photocatalyst is only possible for the Lewis acid-complexed substrate:

[Sc]

i

E+(exp) = 33 kcal/mol
E+(calc) = 32 kcal/mol

14



Azetidine synthesis by the [2+2] photocycloaddition
A triplet-state alkene [2+2] cycloaddition enables the synthesis of fused azetidines

= |[n 2019, Schindler and colleagues reported a method to construct fused azetidines via the [2+2]
cycloaddition of a triplet-state alkene to a ground-state oxime:

Ir(dF{CF dtbb PF
styrene Ph o/ [ir(dF{ ;z}(»)pg )r,r:é(l% ) PY)IPFs Ph O— Ph O/
energy — _N . N i AP
acceptor N J/ " H H via . Ul
hv (A =427 nm)
o THF, 30 min O )
96% vyield, >20:1 d.r.

= Due to the low lifetime of the styrene triplet, this reaction could not be performed intermolecularly; the
reaction also failed with non-conjugated alkenes, owing to their higher triplet energies.

= To overcome these limitations, the Schindler lab explored the possibility of an intermolecular aza-Paterno-
Biichi reaction between a triplet-state imine derivative and ground-state alkene:

Paterno-Biichi reaction R3 aza-Paterno-Biichi reaction R4
hv [R4 R’ R3 hv R3 * [Res R® R*
e I O B g S LS [
1 1
R1 R2 R1 R2 R R2 R4 R1 R2 R1 R2 R R2 R5

Schindler, Nat. Commun., 2019, 10, 5095. For a review on the aza-Paterno-Buchi reaction, see: Schindler, Chem. Sci., 2020, 11, 7553. 15



Azetidine synthesis by the [2+2] photocycloaddition
A triplet-state oxime [2+2] cycloaddition mediated by visible light

= A challenge in developing a successful aza-Paternd-Blichi reaction is overcoming the tendency of
excited-state imine derivatives to undergo geometric isomerization; this is a very fast relaxation pathway

that generally outcompetes any desired cycloaddition process (intra- or intermolecular):

rapid C-N 0 R"
' ISC
8<R" bond rotation . R. _N=R" R R /IEI mixture of
R Gk , " \( geometric isomers
R R' RI
planar T, perpendicular T, Sy
(low ISC probability) (high ISC probability)

= To shut down this non-productive isomerization pathway and increase the lifetime of the triplet state,
Schindler and co-workers employed an oxime chromophore constrained within a 5-membered ring:

. Rl/\
oxime triplet energy . _ H H
energy NI/O R transfer N-O0 R unactivated alkene R.WR oc CO,Et
acceptor Etoj(l\)<R > EtOW<R > R N \h/
A1, CO,Et
O 0 [2+2] CO,Et BocN__X X
cycloaddition CO,Et

MeCN, Blue LED with restricted C-N bond rotation

fac-[Ir(dFppy),] } long-lived T, state 96% yield, 3:1d.r.

References: Schindler, Nat. Chem., 2020, 12, 889. For follow-up work, see: Schindler, JACS, 2021, 143, 16235 16
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Cis-trans isomerization of alkenes
A useful reaction in its own right

m» Photochemical cis-trans isomerization of alkenes is an important (bio)chemical transformation:

3
N2 /IJ\rl 4Opsm

, Light =
Opsin -
4

Photochemical E/Z-isomerisation is the
foundation of vision

m Alkenes are often isolated as impure mixtures of E- and Z-stereoisomers, which can be difficult to separate
from one another. One solution to this problem is to isomerize the undesired isomer in a subsequent step.

Classic thermal strategies (cationic, radical, TM-hydride): Photochemical strategy:
H R R A .
ONg  H v . R ~ R
=
e N o leale
R R R
Usually give thermodynamic product Usually gives kinetic product

Coyle, Introduction to Organic Photochemistry, Wiley, 1986. 17



Triplet-state E-to-Z-isomerization of alkenes mediated by visible light
An iridium(in) photocatalyst selectively excites the E-isomer of functionalized styrenes

fac-[Ir(ppy)al
b o
AP G
MeCN

i-P i-P -P

Blue LED, 30 °C, 24 h Jr SN o IS
Weaver, JACS, 2014 -Pr N X
E A 2 >3 \i-Pr

m Excited-state molecules possess different geometries to their
ground-state counterparts - e.g. triplet alkenes prefer a 90°
dihedral angle to minimize p-orbital repulsion.

= Vertical de-excitation (Franck-Condon rule) at 90° leads to the . ;
rotational transition state of the singlet (S,) hypersurface. et 50% TET

m At this point on the potential energy surface, there is ca. 50%
probability of relaxing to either the E- or Z-isomer.

® Enrichment of one of two isomers can occur if the other
isomer is selectively excited.

= Triplet energy transfer (TET) here leads to selective excitation
of the E-isomer (better catalyst-substrate interaction, lower
triplet energy, etc.)

Saltiel, J. Phys. Chem., 1987, 91, 2755; Weaver, J. Am. Chem. Soc., 2014, 136, 5275. 18



Triplet-state E-to-Z-isomerization of alkenes mediated by visible light
From the photocatalyst’s perspective...

m The E: Z selectivity depends on the relative rates of
energy transfer from the excited photocatalyst.

m Catalyst—substrate interactions can be measured
through Stern-Volmer fluorescence quenching
experiments.

e
ISC

/
r(lny*

A

Weaver, J. Am. Chem. Soc., 2014, 136, 5275.

3Ir(l)

r(l1)

4

‘s
gols )

]

Stern-Volmer equation
I ' d(I7 /1)
d([@])

Stern-Volmer quenching

3.5
3 #Z-19a
WmE-19
2.5 - @ y =0.0915% + 0.9628

R =0.9929

1.5
1 -
v =0.012x + 0.9953
0.5 - R?=0.9047
0 .
0 10 20 30
[19a] mM

Slope ratio =86 : 14
Experimental cis-trans ratio = 93: 7

19



Triplet-state E-to-Z-isomerization of alkenes mediated by visible light

State of the art

fac-[Ir(ppy)s]
DIPEA

N NJ\ N h
©M)\ MeCN ©/\LNJ\

Blue LED, 30 °C, 24 h )\

Weaver, JACS, 2014
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Gilmour, JACS, 2016
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\\ MeCN
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-~ \N
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MeCN

Blue LED, r.t.,, 16 h

Y
vy
O

Gilmour, Science, 2020

Future directions:

= New triplet energy lowering functional groups

m E-to-Zisomerization as a mechanistic step in
cascade synthesis (e.g. Gilmour, JACS, 2016)

Weaver, J. Am. Chem. Soc., 2014, 136, 5275; Gilmour, J. Am. Chem. Soc., 2015, 137, 11254; Gilmour, J. Am. Chem. Soc., 2016, 138, 1040;

Gilmour, Angew. Chem. Int. Ed., 2018, 57, 3168; Gilmour, Science, 2020, 369, 302.



Triplet-state isomerization of allenes
Selective excitation of a chiral allene could lead to enrichment of one enantiomer

= What do the singlet and triplet potential energy surfaces of allenes look like?

R1\ 2
X R
R2 R'I/\/
: diastereomers
: : * TET
50% Yo 50% TI.ET |:> so% _V__ : R2 R’ R2
: : R’ R3 R®
enantiomers
T >
0 90 180 © 90 180 270 ©

= |n the case of a chiral allene, the excitation of a single enantiomer would lead to racemization in the
absence of a stereo-differentiating environment.

= However, if one enantiomer could be excited selectively, could enrichment of the other enantiomer
occur?

Bach, Nature, 2018, 564, 240. 21



Deracemization

A challenging but highly appealing strategy to enantioenriched material

= Enantioenrichment of a racemic or scalemic mixture can be achieved by ‘chemical’ resolution
(chromatography, crystallization, etc.) or through a kinetic or dynamic kinetic resolution:

% & Resolution \ &
+ > o +

Separated

= Theoretical Yield = 50%
= Multi-step process or expensive chiral chromatography

= Deracemization provides an alternative means of
enantioenrichment, but presents several serious
challenges:

» Entropically unfavourable (requires a chemical fuel)
= Kinetically difficult (microscopic reversibility)

= Both of these challenges can be overcome in the
excited state.

Bach, Nature, 2018, 564, 240; Ye, Angew. Chem. Int. Ed., 2020, 59, 4998.
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Deracemization of allenes by triplet energy transfer
A chiral triplet sensitizer can discriminate between enantiomers of a chiral allene

Deracemization using a visible-light-absorbing triplet sensitizer

NH
H 0 H
4 y
ff%R nandile g
y e hu (% = 420 nm), MeCN, 4 h y e
rac up to 96% ee

= The rate of energy transfer is distance dependent:

= DFT calculations show that the distance between the
sensitizer and substate is larger for the ‘major’
enantiomer (left) — this enantiomer is therefore less
efficiently sensitized and hence accumulates as the
reaction progresses.

= NMR titrations reveal a ca. 4.7-times higher association
constant for the ‘minor’ enantiomer (right) — the
selective excitation of this enantiomer leads to its
consumption during the reaction.

accumulates ‘consumed’
during reaction during reaction

Bach, Nature, 2018, 564, 240; Ye, Angew. Chem. Int. Ed., 2020, 59, 4998. 23



Other modes of reactivity attainable with triplet energy transfer
Homolysis of o-bonds using visible light

= Electron-transfer-mediated fragmentation of weak N-O bonds: 3lr (Hn*
i S i — O
@) (o) @) ox1dat/ve
oo |0 S o e O quench
/ R \ /] o quenching
N\OJ\R }fN‘) )L }f“ -O)J\R
O i o) | o)
B Ir(1V)

= An additional SET event is necessary to close catalytic cycle - this can be
beneficial (e.g. enabling a radical-polar crossover event) or problematic
(e.g. introducing redox compatibility issues).

= Energy-transfer-mediated fragmentation of weak N-O bonds: e

O TET

O .
A N o) - CO,
Ar\(/N\O)J\R - Ar?&SJLR S r\f )J\ R’ ho triplet

Ar o) R sensitization
Ar Ar

= No auxiliary oxidant or reductant is required to close the catalytic cycle. r(1lf)
* Success not dependent on redox properties of substrate or reagent(s).

Electron-transfer-based: Fu, Asian J. Org. Chem., 2017, 6, 368. Energy-transfer-based: Glorius, Angew. Chem. Int. Ed., 2019, 58, 10514. 24



Other modes of reactivity attainable with triplet energy transfer
Decarboxylative functionalization of aryl carboxylic esters mediated by energy transfer

= Energy-transfer-mediated fragmentation of D SCF, |
weak N-O bonds: >(Ej >(©/ >(©/

F
0 [X]-source
o Ns O [Ir(dF(CF3)ppy),(dtbpy)]PF 83% (CDCl3)  71% (PhSO,),NSCF; 83% (CHol,)

Solvent, Blue LED
BPin

74% (CCI3Br) 83% (B,Piny) 83% (diF-benzene)

= Strategy not limited to N-O bonds:

Ru(dtbb PF
/S\S/ /\/\/COOMe [Ru( PY)I(PFe)2 /@\
0 O g N~ ~COOMe

[Ir(dF(CF3)ppy),(dtbbpy)]PFg N3 CHCls, Blue LED H
> via
MeCN, Blue LED S A COOMe
| /\/l>/
N

Glorius, Angew. Chem. Int. Ed., 2019, 58, 10514; Glorius, Nat. Chem., 2018, 10, 981; Yoon, Angew. Chem. Int. Ed., 2013, 53, 793. 25



Other modes of reactivity attainable with triplet energy transfer
Hydrogen atom abstraction

= 1,5-HAT from a biradical intermediate:

O 3

o~ fac-[Ir(dFppy)s] 1,5-HAT

PhMe, 100 °C
Blue LED

= Reaction proceeds via 1,5-HAT followed by 1,4-radical recombination.

ISC

= 1,5-HAT following N-O bond homolysis enables an enantioselective synthesis of 1,2-amino alcohols:

Ph N. * PhO._
¥ “OPh [Ir(dF{CF3}ppy),(dtbbpy)]BAr, d=n o Guirtn g7 Cu(ll)

/}
0 - A, e e —— et
Cu(l) source / L* © O _~ 0O
(+)-Camphoric acid Ph \/LPh

Pentane-Et,0 (2:1) _ _ _
Blue LED 94% ee = Lewis acid lowers triplet-state energy and
provides source of enantioselectivity

Koert, Org. Lett., 2019, 21, 4365; Nagib, Nat. Chem., 2020, 12, 697. 26



Other modes of reactivity attainable with triplet energy transfer
Metal-catalysed cross-couplings

= Reductive elimination from electronically excited Ni(ll):

Br fac-[Ir(ppy)s] O.__Ph
HO Ph
o ™y - T
MeOOC O [Ni(dtbbpy)(cod)] MeOOC

(t-Bu)(i-Pr)NH
DMF, CFL

= *Ni(ll) intermediate has a lower barrier to reductive elimination.

= Oxidative addition to electronically excited Au(l):

OH © 3
[Ir(dF(CF3)ppy)2(dtbbpy)]PFe )—Ph
R——1I - via
% Au(l) source / L \\
Ph K,CO4
MeCN, Blue LED R

N @)
< \Nill/
N/ \Ar

= Triplet energy transfer from the excited photocatalyst triggers oxidative addition at Au(l).

MacMillan, Science, 2017, 355, 380; Fensterbank, Nat. Chem., 2019, 11, 797.




Other modes of reactivity attainable with triplet energy transfer
Reactions of alkenes beyond the [2+2] photocycloaddition

= 611-photocyclization:

o fac-Ir(dF ) ° o 1
o ac PPY)3 . 0 con
\© KOAc, MeCN 2 \© ISC
Me

Blue LED, 60 °C

@éo
5

Me

X
<
)

= DFT suggests that the cyclization transition structure is not aromatic (a formal 6).
= Diastereoselectivity determined by post-cyclization epimerization.

= |nterrupted [2+2] photocycloaddition:

3 “) 1 ®
@E\> fac-Ir(dFppy); ©j\>f)’j cyliz. + H* A\
N N N | —— N
)/\( NaOAc, EtOAC )\( ISC Ph =
o)
O bh Blue LED, r.t. i O Ph | S 0]

= Planar amide geometry prevents the formation of a four-membered ring.
= DFT and trapping experiments suggest that the reaction process via a zwitterionic intermediate.

Smith, Angew. Chem. Int. Ed., 2017, 56, 9468; Smith, Angew. Chem. Int. Ed., 2020, 59, 23020. 28



Future directions of triplet sensitization with transition metal photocatalysts
Exergonic energy transfer as a design principle for new reaction development

= Two main strategies to expand the scope of reactions mediated by visible-light energy transfer catalysis:
= Develop new photocatalysts with higher triplet energies

= Lower the triplet energy of the substrate (through ‘engineering’ or catalytic activation)

Maximum energy of a
photon of visible light

(400 nm = 71.5 kcal/mol)
N
— NH N N
CCC N o (O
(60.0) H Z~d
(42.6) (66.0) (72.0)
/ CO,Me
o] / Z 0
Ph, Ph Na _Ph . Ph Ph Ph
N=N PR N F'")LNS PR PR COMe Ph)LH Ph—NH,
(28.9) (35.4) (41.0) (49.3) (54.3) (58.6) (61.7) (67.4) (718 (76.8)
| l | R Ty k- ]
I | = /) LR 1
30 40 50 60 70
NO, = Ph—Ph CN Q
NO, R CN cI CH;, OEt Ph §:’ (65.5) H/U\H
60.3
(56.9) (59.3)  (60.0)  (60.7) (61.9) (60.3) Ny b (72.5)
0 (62.4
I l l 1 l o 763
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NH, Ph COH OH,Br,I H 0 @
(57.1) (58.6) (59.5) (60.3) (61.0) (53.6) (61.0) H
(70.8)

Glorius, Chem. Soc. Rev., 2018, 47, 7190.

Upper limit of commercial

photocatalyst triplet energies
(61-63 kcal/mol)
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Future directions of triplet sensitization with transition metal photocatalysts
Exergonic energy transfer as a design principle for new reaction development

= Two main strategies to expand the scope of reactions mediated by visible-light energy transfer catalysis:
= Develop new photocatalysts with higher triplet energies
= Lower the triplet energy of the substrate (through ‘engineering’ or catalytic activation)

Glorius, Science, 2021, 371, 6536
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Glorius, Chem. Soc. Rev., 2018, 47, 7190.



Future directions of triplet sensitization with transition metal photocatalysts
Exergonic energy transfer as a design principle for new reaction development

= Two main strategies to expand the scope of reactions mediated by visible-light energy transfer catalysis:
= Develop new photocatalysts with higher triplet energies
= Lower the triplet energy of the substrate (through ‘engineering’ or catalytic activation)

Review: Oderinde, Tetrahedron, 2021, in press
(https://doi.org/10.1016/j.tet.2021.132087):

\\_\ H \\H
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-
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Blue LED Ph
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Glorius, Chem. Soc. Rev., 2018, 47, 7190.



Thank you!
Some further reading...

= Reviews:

Glorius, Chem., 2020, 6 1888.
Xiao, Angew. Chem. Int. Ed., 2019, 58, 156 8.
Glorius, Chem. Soc. Rev., 2018, 47, 7190.

Energy transfer mediated indole dearomatizations:
Oderinde, Tetrahedron, 2021, in press
(https://doi.org/10.1016/j.tet.2021.132087):

Photophysical properties of transition metal
photocatalysts: McCusker, Chem. Soc. Rev., 2016,
45, 5808.

= Books/book chapters:

Balzani, V., Ceroni, P., Juris, A., Photochemistry and
Photophysics, Wiley, 2014.

Unett, D.J.,, Caldwell, R.A., The triplet state of alkenes:

Structure, dynamics, energetics and chemistry.
Res. Chem. Intermed., 1995, 21, 665
(https://doi.org/10.1163/156856795X00639).

BN TN

Vincenzo Balzani, Paola Ceroni, and Alberto Juris

Photochemistry
and Photophysics

Concepts, Research, Applications

30



	Slide 1: Accessing excited-state reactivity with visible light
	Slide 2: An introduction to excited-state reactivity
	Slide 3: An introduction to excited-state reactivity
	Slide 4: An introduction to excited-state reactivity
	Slide 5: Direct excitation vs. triplet energy transfer
	Slide 6: Triplet energy transfer
	Slide 7: Triplet energy transfer
	Slide 8: Triplet energy transfer
	Slide 9: Summary so far
	Slide 10: Triplet sensitizers old and new
	Slide 11: A triplet-state alkene [2+2] cycloaddition mediated by visible light
	Slide 12: A triplet-state alkene [2+2] cycloaddition mediated by visible light
	Slide 13: Lewis acid catalysis of an enone [2+2] photocycloaddition
	Slide 14: Lewis acid catalysis of an enone [2+2] photocycloaddition
	Slide 15: Dual Lewis acid and energy transfer catalysis of an enone [2+2] photocycloaddition 
	Slide 16: Azetidine synthesis by the [2+2] photocycloaddition
	Slide 17: Azetidine synthesis by the [2+2] photocycloaddition
	Slide 18: Coffee break?
	Slide 19: Cis–trans isomerization of alkenes 
	Slide 20: Triplet-state E-to-Z-isomerization of alkenes mediated by visible light
	Slide 21: Triplet-state E-to-Z-isomerization of alkenes mediated by visible light
	Slide 22: Triplet-state E-to-Z-isomerization of alkenes mediated by visible light
	Slide 23: Triplet-state isomerization of allenes
	Slide 24: Deracemization
	Slide 25: Deracemization of allenes by triplet energy transfer
	Slide 26: Other modes of reactivity attainable with triplet energy transfer
	Slide 27: Other modes of reactivity attainable with triplet energy transfer
	Slide 28: Other modes of reactivity attainable with triplet energy transfer
	Slide 29: Other modes of reactivity attainable with triplet energy transfer
	Slide 30: Other modes of reactivity attainable with triplet energy transfer
	Slide 31: Future directions of triplet sensitization with transition metal photocatalysts
	Slide 32: Future directions of triplet sensitization with transition metal photocatalysts
	Slide 33: Future directions of triplet sensitization with transition metal photocatalysts
	Slide 34: Thank you!

