A N

§

Showcasing research from Dr Joshua Philip Barham's laboratory,
Faculty of Chemistry and Pharmacy, University of Regensburg,
93040 Regensburg, Bavaria, Germany.

Hole-mediated photoredox catalysis: tris(p-substituted)
biarylaminium radical cations as tunable, precomplexing and
potent photooxidants

Photocatalytic and electrochemical redox chemistries experiences
fundamental limitations: i) the inabilities to harness the full photon
redox energy and to engage molecules outside the solvent redox
window as well as ii) thermodynamic redox potential-guided
selectivity. Photoelectrochemistry circumvents such limitations
for high-power redox processes. Triarylamines are introduced

as tunable, electroactivated photocatalysts for super-oxidations.
Our discovery of dispersion precomplexation rationalizes i) the
photochemistry of picosecond-lived photoexcited radical ion
catalysts and ii) anti-Kasha photochemistry harnessing the full
photon redox energy. Dispersion precomplexation presents a new
selectivity handle, overturning redox potential-guided selectivity in
photocatalysis.

Image created by Sarah S. Coutts and reproduced by permission of
Joshua P. Barham.

CCS RNV ROYAL SOCIETY

EETY SOCIETY OF CHEMISTRY

Efox 7 4.0V vs SCE!

"I”

“
I

CAUTION
Anti-Kasha!
T<10ps!

~
As featured in: A

B

ORGANIC
CHEMISTRY

FRONTIERS

See Joshua P. Barham et al.,
Org. Chem. Front., 2021, 8, 1132.

rsc.li/frontiers-organic

- ,ﬂl /\(,‘

068,07 :4equnu Ajlueyd paislsibay



Open Access Article. Published on 03 March 2021. Downloaded on 9/7/2023 1:12:38 PM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

ORGANIC CHEMISTRY

A 4‘,_({‘)

CHINESE v | Ne)
CHEMICAL ((‘\\r) ™ RovAL SOCIETY

FRONTIERS

RESEARCH ARTICLE

t ") Check for updates ‘

Cite this: Org. Chem. Front., 2021, 8,
1132

Received 21st December 2020,
Accepted 17th February 2021

DOI: 10.1039/d0go01609h

SOCIETY LN o OF CHEMISTRY

1950

View Article Online

View Journal | View Issue

Hole-mediated photoredox catalysis:
tris(p-substituted)biarylaminium radical
cations as tunable, precomplexing and potent
photooxidants

Shangze Wu, © 2 Jonas Zurauskas, @ +* Michat Domanski, @ 12
Patrick S. Hitzfeld, @ 12 Valeria Butera, @ ° Daniel J. Scott, @2 Julia Rehbein, 2
Ajeet Kumar, @ € Erling Thyrhaug, @ € Jurgen Hauer @ ¢ and Joshua P. Barham @ *?

As a combination of visible light photoredox catalysis and synthetic organic electrochemistry, electroche-
mically-mediated photoredox catalysis emerged as a powerful synthetic technique in recent years, over-
coming fundamental limitations of electrochemistry and photoredox catalysis in the single electron trans-
fer activation of small organic molecules. Herein we report a tunable class of electroactivated photoredox
catalyst, tri(para-substituted)biarylamines, that become superoxidants in their photoexcited states even
able to oxidize molecules beyond the solvent window limits of cyclic voltammetry (such as polyfluoro-
benzene and trifluorotoluene). Furthermore, we demonstrate that precomplexation not only permits the
excited state photochemistry of tris(para-substituted)biarylaminium cations to overcome picosecond life-
time, but enables and rationalizes the surprising photochemistry of their higher-order doublet (D)

rsc.li/frontiers-organic

Introduction

Synthetic Organic Electrochemistry (SOE)" and visible light
PhotoRedox Catalysis (PRC),” which offer entries to single elec-
tron transfer (SET) chemistry and radical intermediates under
mild conditions, have risen to the fore of contemporary
organic synthesis. A key factor underpinning the success of
PRC is the host of available photocatalyst structures with well-
characterized photophysical and redox data, allowing chemists
to ‘tune’ a given excited state to a desired process. Although
PRC exhibits a selectivity benefit in transferring visible light
photon energy to a colored transition metal-based or organic
dye photocatalysts, its scope of applications are partially redox
potential-limited by this photon energy (ca. 1.8-3.1 eV).
Multiple-photon-accumulation strategies such as consecutive
photoelectron transfer (conPET)® and triplet-triplet annihil-
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excited states, unlocking extremely high oxidative potentials (up to a record-breaking ~+4.4 V vs. SCE).

ation upconversion (TTA-UC)* have proven elegant means to
achieve powerful SET reductions, but their use in oxidations
has eluded chemists. A limiting restriction in conPET is that
both ground and radical ion states must be photoactive.
Furthermore, net-oxidative/reductive PRC processes employ
excess of a sacrificial oxidant/reductant which is necessary for
photocatalyst turnover, but which may (or whose by-products
may) (i) interfere with downstream chemistry and (ii) require
separation.

In comparison to PRC processes, SOE can employ
uncapped potentials to chemical redox reactions at the turn of
a dial. However, electrode surfaces typically’ cannot discrimi-
nate between organic molecules aside from their innate order
of thermodynamic redox potentials. Moreover, low electrical
conductivity in organic solvents typically require applied
potentials to be much higher than the target substrate’s redox
potential.® This encourages deleterious redox processes, such
as those involving solvent especially if target SET processes lie
near the electroactive window (typically ca. +3 to —3 V).’ In
addition, mechanistic characterization of the heterogeneous
electrolysis step (heterogeneous SET at the electrode surface)®
has remained a key challenge in SOE. Screening of electrode
materials is inevitable, despite efforts to characterize materials
by overpotential, resistivity, surface area, stability and cost.’

As a result of these limitations, synthetic photoelectochem-
istry is emerging as a state-of-the-art in SET-mediated

This journal is © the Partner Organisations 2021
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chemistry.'*"?
and electrochemistry have been reported, including interfacial
photoelectrochemistry (iPEC) involving photoelectrodes'® and
decoupled photoelectrochemistry (dPEC) where photo- and
electrochemical steps serve distinct mechanistic roles." A
third category involves an intimate and synergistic relationship
of photo- and electrochemical steps within the same catalytic
cycle. Xu,"”*? Lambert,"* Lin'*? and Ackermann'®® reported
elegant examples using electrochemistry to turnover spent
photoredox catalysts thus obviating the need for sacrificial oxi-
dants/reductants. This category can also electrogenerate photo-
catalysts to achieve super-oxidations or super-reductions
beyond those accessible via photocatalysis alone.'® A variety of
nomenclature has been coined for this sub-category: “electro-
photocatalysis”*®®  “photoelectrocatalysis”*® and “electron-
primed photoredox catalysis”.'® We coined nomenclature
“electrochemically-mediated PhotoRedox Catalysis (e-PRC)” as
a blanket term to cover both net-oxidative/net-reductive var-
iants'® and to avoid any misunderstanding with iPEC (Fig. 1A).
In the net-oxidative direction, Moutet and Reverdy achieved
the first e-PRC bimolecular cyclization of 1,1-diphenylethylene
using phenothiazine (PTZ) as catalyst (Fig. 1C and E), but uti-
lized UV light and only a few catalyst turnovers were repor-

Different categories for the merger of photo-

@ Catalysis E] is the key to

@ Energy  pimolecular X .
S 1442V SET “e-PRCat
R e, (e
&-PRC 1 4 ”
- ~lr | hv ©
visible photon :| | ) X o :
redox energy J"\v/' Y e-PRCat m___ e-DI?Cat unimolecular
! SET
----------------------- —t+ov (Sub)  {Sub} 54
eloctrochem. [&Q g & ;‘ Precomplex
redox energy = h . ®
.................... —Lov (-)(cathode) @ (+) = (S“")

@ Previous e-PRCats for net-oxidation @ Triarylamines (this work)
224079V Ea= 126V Ar Eyp=4092 5131V
s (PTZ*OPTZ) = - Eng (TAC2O__ 1 av E¥ g (TPAOTTPA)
TAC®) : =~+4,0 5 4.4V (max)
) /A\
L0 "
y JORS
H Ar Ar
P1Z TPA
Increasing Oxidative Power of Elect

E] icati of Holl di P Red Calal’ysls

Moutet, Reverdy. 6 mol% PTZ UV light
01M LlC‘O.
Ph___Ph w catalytic turnovers
2 \[r Hg Lamp, <400 nm p -
MeCN, +0.79V h Facile oxidation

Lambert: R 8 mol% TAC
10 eq. AcOH R
Ne-a . Limited catalyst tui
Yol 6+6) equiv. LICIO, g
A+ B N By
H CED Py =
MeCN. 1, CFL (23 W)
This work:
5-10 mal% TPA
R\ 10 equiv. MeOH or AcOH R R! R
) ) s, ).
o (645) squv. "BUNPFy__ (Y r'?‘A'
) x v -
oo G e o P via: | g g2
Uger =+1.d or +1.8V, MeCN, it
Purple LED (400 nm. 3 8 W) Precomplex
challenging Ar-H / redox-tunable catalyst / novel discovery of precomplexation /

Ly Up 10 trifluorotoluens, trifiuorobenzene, acetophenone

Fig. 1 (A) Concept of electrochemically-mediated photoredox catalysis.
(B) Precomplexation rationalizes successful reactivity of picosecond life-
time photoexcited radical ions. (C) Previous e-PRCats for net oxidation.
(D) Triarylamines as e-PRCats. (E) Applications of hole-mediated photo-
redox catalysis and contextualization of this work.
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ted.'®® Recently, Lambert reported an exotic trisaminocyclopro-
penium cation (TAC) as an e-PRCat for Nicewicz-type oxidative
coupling. Chloro-, dichloro- and fluorobenzene, typically
beyond reach of photoredox catalysis alone, could be engaged
(Fig. 1C and E)."® In context of these seminal reports, a class
of e-PRC catalyst that offers tunability, to provide more power-
ful potentials or new handles for selectivity, is highly
attractive.

Tri(p-substituted)arylamines, discovered by Walter and co-
workers"” are renowned for their photophysical properties as
hole-transport materials in OLEDs and in photovoltaics,"® as
oxidative mediators in SOE'>?*° and as oxidants in radical
chain reactions.*" They exhibit fully reversible 1e~ oxidations
by cyclic voltammetry. Generally colorless in their neutral
state, their oxidized tris(para-substituted)aminium radical
cation forms are intensely colored. While the commercial tris
(4-bromophenyl)aminium radical cation presents issues in
synthesis,”* better behaved radical cations derive from tri
(para-substituted)biarylamines (TPAs) that are easily be pre-
pared in a single/few steps from Pd-catalyzed cross-coupling
reactions of tri-p-bromophenylamine with appropriate partners
or after appropriate activation. Barham reported the use of tris
(para-substituted)arylaminium radical cations bearing p-Me or
p-Ph substituents that exhibited good solution stability and
excellent stability as isolated solids, that mediated highly selec-
tive N-CH; oxidative functionalizations.?® Given their favorable
properties and facile synthetic accessibility, we foresaw TPAs
as a suitable class of customizable e-PRC catalyst that would
open new avenues to customize redox and photophysical para-
meters of e-PRCats. Moreover, the excellent stability of isolated
TPA™'s could be leveraged in photophysical and mechanistic
characterization. Herein, we disclose TPAs as powerful and
effective e-PRCats (up to EPo, (*ArzN"/Ar;N) ~ +4.3 V vs. SCE)
that engage unactivated or electron-poor aromatic systems
(EPox = +2.1 V to >3.0 V) in SET oxidation (Fig. 1D and E). Of
key importance is the first discovery of precomplexation in the
ground state (Fig. 1B), which (i) circumvents ultrashort life-
times of excited states, (ii) allows engagement of higher order
excited states and (iii) enables contra-thermodynamic redox
selectivity. Photoexcited triarylaminium radical cations are
demonstrated as novel superoxidants in organic synthesis.

Results and discussion
Synthetic results

We began by screening different TPA e-PRCats (Generation 1,
Fig. 2) with different half-wave oxidation potentials in the
Nicewicz model reaction;** the oxidative C-H amination of
mesitylene (EP,, = +2.1 V vs. SCE)** with pyrazole (Table 1).
After setting an anodic constant potential of Uey = +1.4 V
(Fig. 3), color developed in the anodic compartments for each
TPA e-PRCat, consistent with the expected formation of their
TPA™'s. Gratifyingly, irradiation under the specified conditions
afforded C-H activation product 3aa. Control reactions in
absence of light, potential or e-PRCat confirmed the operation

Org. Chem. Front, 2021, 8, 1132-1142 | 1133



Open Access Article. Published on 03 March 2021. Downloaded on 9/7/2023 1:12:38 PM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

& o0 & oo
LT, O gla, O

TpTA TpBPA TBPA
4 _
2.0x10 e, Eu £
1.5x10 1 2
< 1.0x10% S/
= E
[~ -5 112
5.0x10°
g TPAA, +0.56 V
a 0.0 ——TpTA, +0.79V
. ——TpBPA, +0.92V
N 5 X
5.0x10 ——TBPA, +1.14V
-1.0x10 T T T T T T T T )
00 02 04 06 08 10 12 14 16 18

Potential (V) (vs. SCE)

Fig. 2 First generation TPA e-PRCats (top).
(bottom).

Cyclic voltammograms

Table 1 Optimization of e-PRC C—H heteroamination using first gene-
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Fig. 3 Yield as a function of increasing applied Ucey(top). Development
of color with increasing applied Ucey(bottom).

Table 2 e-PRC C-H heteroaminations using TpBPA

10 mol% TPA
10 equiv. R'OH

ration TPAs
Q? . Yield 3aa
(ers) equiv. "BusN PFy N \ / " xg g'l‘;nhal 2%

/@ b
(ancdef@ | ‘cathodel-) NoTPA: 2%
TPA

22 Uy, = +1.4V, solvent, nt, Ny, 60 h 3aa

35equiv. 02mmol Purple LED (400 nm, 3.8 W)

Entry R' R? Anode/cathode  Yield 3aa/r.s.m.“  Solvent
1 Ac OMe Croam/Pt 21/— MeCN
2 Ac  Me Croam/Pt 23/14 MeCN
3 Ac Br Croam/Pt 35/— MeCN
4 Ac  Ph Croam/Pt 69/15 MeCN
5% Ac  Ph Croam/Pt 18/8 MeCN
6 Me Ph Croam/Pt 72/— MeCN
7 Me Ph Crere/Pt 53/— MeCN
8 Me Ph Croam/Fe 70/— MeCN
9 Me Ph Croam/CU 88°/— MeCN
10 Me Ph?  Cpoam/Cu 75/— MeCN
11 Me Ph Ctoam/Cu 60/— MeCN®
12 Me Ph Cioam/CU —/— DMF
13 Me Ph Ctoam/CU 82/— DCM

r.s.m., returned starting material. “Yields determlned by '"H NMR
using dibromomethane as an internal standard. ? 0.35 W 400 nm LED.
¢ Average of two replicates. 5 mol% TPA. ° LiClO, as electrolyte.

of e-PRC. Interestingly, tri([1,1-biphenyl]-4-yl)amine (TpBPA)
afforded a notably higher yield of 3aa than the commercial tris
(4-bromophenyl)amine (entry 4) despite having an appreciably
lower E;/,. After further optimization, using MeOH as proton
source, carbon foam as WE and copper as CE gave the best
result (entry 8). The yield of 3aa tracked well with increasing
applied constant potential (Fig. 3). For full optimization
studies, see the ESI.f With optimal conditions in hand, the
amination of arenes with a variety of pharmaceutically-relevant
N-heterocycles was explored (Table 2). Halide-bearing and car-
bonyl (aldehyde, ketone and ester)-bearing pyrazoles, triazole,
benzotriazole, and a functionalized derivative of benzimida-
zole afforded generally good to excellent (50-89%) yields of
aminated mesitylenes 3aa-3aj. We note that benzimidazole

N34 | Org. Chem. Front., 2021, 8, 132-1142
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a 10 mol% TPBPA oA
10 equiv. MeOH ' G
VB e Y OO
Rlg— + &@) (6+6) equiv. "BuyNPFg R‘@ A

= N EILC_MQ

1 2 Ugat = +1.4 V, MeCN, 1t 3
3.5 equiv. 0.2 mmol Purple LED (400 nm, 3.8 W)

COEt | Br
QN@ Qu;j ‘ QNL? AQ—N;j

3ad

TpBPA

85% (82% in DCM solvent) 80% 71%

Q@ {%ﬁ* Qﬁ* Q

COZEt

Cr
N

3bb

70% 53% 32% 62% (1 mL)
:/<| p /j/cozst CO;E( /j/coza co,Et
A <:> C
3cb 3db 3eb
88% (1 mL) 30% (1 mL) 81% (1 mL) 30% (48% rsm, 1mL)*
10:1CyJC; 1.7:1C{Cy 3:1C4C;

COEL

e

N
0% (40% r.s.m., 1 mL)®

Unless otherwise stated, all reactions used 3.5 eq. arene; isolated
yields. Yields in parenthesis determined by 'H NMR. “Pt CE and
AcOH were used.

derivatives have not been reported as nucleophiles in previous
photoelectrochemical arene amination or conPET photo-
catalytic methods."**'%*?* 6-Chloro-2-fluoropurine afforded a
modest yield of 3ak (32%). Xylenes and toluene were tolerated
to afford 3bb-3fb in moderate to excellent (30-88%) yields.
Interestingly, the reactivity trend of xylenes followed the order

This journal is © the Partner Organisations 2021
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meta- > ortho- > para-xylene, despite EP,, following the opposite
trend (see Mechanistic Study).”® Toluene has a higher EP,,
than xylenes but reacted to give 81% of 3eb.>® Bromobenzene
afforded a 30% yield of 3fb with notable r.s.m., while iodoben-
zene gave no reaction (60% r.s.m.). Benzene and PhCl were
unsuccessful, presumably due to their notably higher EP,
(only a 10% yield of 3gb was obtained, even with 72 h and an
excess of PhCl). CE Substitution of Cu for Pt wire cathode and
substitution of MeOH for AcOH increased the yield to 35%
(Table 3). We could not improve the yield beyond this
threshold. Leveraging the facile customization of TPAs, we syn-
thesized TpBPA derivatives (Fig. 4) with electron-withdrawing
groups to bolster their TPA™ excited state potentials (entries

-4). Of these, tris(4’-cyano-[1,1-biphenyl]-4-yl)Jamine (TCBPA)
increased the yield of 3gb to 46% (Table 3). In contrast to
TpBPA, the optimal TCBPA catalyst loading was 5 mol%
(entries 4-8), increasing the yield of 3gb to 69% (entry 6).
Notably, the reaction was still eff cient with only 1.5 mol% of
TCBPA (entry 8). Under optimal conditions, reactions of PhCl,
benzene and even fluorobenzene were enabled, affording 3gb-
3ib in modest to good (30-65%) yields (Table 4). Our con-
ditions tolerated free carboxylic acids (3hm), prone to de-
carboxylation under typical PRC. Interestingly, under the same
applied constant potential U as in Table 2 and in contrast to
the use of TpBPA, here toluene underwent benzylic oxidation
instead of amination, while a pyrazole-4-carboxaldehyde
underwent oxidation to give ultimately 3hm. Bromobenzene
gave a lower yield of 3fb than in Table 2. These observations
indicate a less oxidizing TPA™" excited state (*IpBPA™) is ben-
eficial for certain substrates and demonstrates the value of
tunability presented by this class of e-PRCats. We further
probed the limits of arene SET oxidations with TCBPA™, by tar-
geting 1,2-dichlorobenzene and trifluorotoluene, and were
encouraged to detect products, albeit in low yields, when

Table 3 e-PRC C-H heteroamination optimization with second gene-
ration TPA e-PRCats

x molt TPA FOE
E10,C 10 equiv. ACOH ») R
O g G OO
v N (646) equiv. "BusNPFs P ] \ 7
cl N i Py [ oa
19 2b = +14V, MeCN, 1, Ny, T2h 3gb
1mL 0.2 mmol  Purple LED (400 nm, 3.8 \%)

Entry R R* Yield 3gb/r.s.m.” Catalyst loading ‘x’
1 H H 35/33 10
2 tBu H 38/22 10
3 F F 36/18 10
4 CN H 46°/25 10
5 CN H 40/18 20
6 CN H 69/— 5
7 CN H 52/— 3
8¢ CN H 45/25 1.5
r.s.m., returned starting material. “Yields determlned by '"H NMR

using dlbromomethane as an internal standard. ” Average of two repli-
cates. “Reaction conducted with 1g (1 mL), 2b (0.4 mmol), TCPBA
(0.006 mmol), AcOH (4 mmol), "BuyN-PF¢ ((1.2 + 1.2) mmol), MeCN
(3.5 + 3.5 mL).

This journal is © the Partner Organisations 2021

View Article Online

Research Article

R R?

q N
=

N
"(@»Bv P(PPh;)q
o 5 Na,CO, O
_ .

E1OH/H;OPhMe

+
(HO)B R 3 R
Suzuki
R 6 reachon

R'

TCBPA XRD Q

R'=Bu R?*=H. TBBPA, 54% 04 g

R'=R*F, TdFBPA, B5%, 1.3 g

From 4-cyanophenylboronic acid pinacol ester
R'sCNR*sH, TCBPA, 88%, 1.7 g

From N[p-(CyHa)Bpin]y and 2 4.dicyanobromobenzene
R'=R?*=CN, TACBPA, 98%, 0.6 9

sz E1;2
—— TtBBPA, +0.82 ——TCBPA, +1.03
—— TpBPA, +0.92 ———TdCBPA, +1.31
2.0x10% 1—— TdFBPA, +0.98
1.5x10

1.0x10"
5.0x10°
0.0 =

Current (A)

-5.0x10°° A

-1.0x10" . SCE)

00 02 04 06 08 10 12 14 16 18
Potential (V)

Fig. 4 Second Generation of TPA e-PRCats, and the XRD structure of
TCPBA (top). Thermal ellipsoids are set at the 50% probability level. H
atoms omitted for clarity. C atoms (grey), N atoms (blue). Cyclic voltam-
metry (bottom).

Table 4 e-PRC C-H heteroamination using TCBPA

R2

5 mol% TCBPA i
R? 10 equiv. AcOH &
T R T Ll [y ey O
R'!—O A (646) cqui. BN, R'_E\/f ]
F 2
H (e HLTE)
1 2 Ueen = #1.4V, MeCN, 1t 3 TCBPA

0.2 mmol Purple LED (400 nm 38W)

oy o e

co Et oAt

% o5 o

3gb 399
65% 3% (23%, 773‘ rsm) 65% 58%
3:1C4C, 34:1C4C, 4:1C4C,
CO;E( COOH COsEt
S O O™
O - - =

3hi 3hl 3hm 3ib

30% 45% 37% (32%, 45% rs.m)
34:1C4C, 16 1:1.2NJININy C4C4/Cy3hb = 5/1/1/3.8

3eb (N.D) N7 (3hm, 39%)
PhiMe oxidation to PhCOOH  ArCHO oxidation to AACOOH

3jb 3ib
17% NMR (8% rsm.) 6% NMR (19% rsm.)
(20 eq)

Tune up to more powerful e-PRC catalyst (TdCBPA) Tune down to less powerful e-PRC catalyst (TpBPA)

N.D. not determined. Unless otherwise stated, reactions used 1 mL
arene; isolated yields. Yields in parenthesis determined by "H NMR.

using TCBPA (17% of 3jb and 7%, respectively). Yields did not
increase with extended time (96 h) or higher potential (U =
+1.8 V).

Gratifyingly, further e-PRCat tuning in the form of the even
more electron-deficient tris(2',4"-dicyano-[1,1-biphenyl]-4-yl)
amine (TdCBPA) increased the yield of 3jb to a satisfactory
31% (Table 5). Acetophenone could also be oxidized giving

Org. Chem. Front, 2021, 8, 1132-1142 | 1135
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Table 5 e-PRC activation of highly electron-deficient arenes
using TACBPA

R?
5 mol% TACBPA A
R equiv. AcOH s,
N Y2 10—’ N N@:’
R‘E—O . oﬁ. (696) equiv. "BUNPF,  R'-
& &
G Py
1 Ueur = +1.8V, MeCN, 1t 3
TmL 02mmol Purple LED (400 nm, 3.8 W)
o cl B
COEt COEL COEL CO£L
a N ' S N r-@’-w’j
2 N L N N =/ N
34 Wb 3mb 3ib
31% 27% (10% rs.m) 20% (32% rs.m.) 45% (31% rs.m.)

145:1CJC, CJCJC,3hb = 1251 41125

O
Cl

o FJQ’—F
3 CO,Et E o CO.EL
b”ﬁ COEt E CO.Et —N ]
g™ o™
3ob

3hb 3ib
17% (22% rs.m.) 20% (35% rsm) (11%)
25:1C4C,

(20eq)

3nb
20%, 37% rsm
2:9:1C/C4Cy

Isolated yields. Yields in parenthesis determined by 'H NMR.

3nb in 20% yield. Although polyfluorinated arenes gave 3ob in
modest yields (~20%), oxidative SyAr-type activation of such a
challenging substrate has not been previously accomplished.
In competition with C-H activation, due to the role of F atom
as good leaving group in SyAr, net redox-neutral C-F substi-
tution occurred to give 30b."”**” Interestingly, C¢Hs-bearing
compound 3hb was isolated from the reaction of trifluoroto-
luene, indicating SyAr of a CF; group. While the role of CF;
groups in promoting SyAr reactions is well-known, no prior
examples of a formal C(sp®)-CF; to C(sp*)-N(Het-Ar) substi-
tution exist. The potentials (EP,,) of most arenes in this study
have been measured by previous reports'>“*®
acetophenone, trifluorotoluene and 1,2,4-trifluorobenzene
exceed the solvent windows of MeCN and DMF (>+3.0 V vs.
SCE). This reflects the remarkable oxidizing power of
TdCBPA™’s excited state. In contrast to a previous report'®
and in line with reactivity of xylenes herein, product yields
increased as a function of the substitution pattern on dichlor-
oarenes (1,4- < 1,3- < 1,2-dichlorobenzene). This was surpris-
ing, given the corresponding increasing EPo, (1,4- < 1,2- < 1,3-
dichlorobenzene)."*

while those of

Mechanistic studies

Spectroelectrochemical analysis of TpBPA (Fig. 5) TCBPA and
TdCBPA (see ESIt) revealed the formation of their respective
TPA™'s by the disappearance of the TPA band (Amax = ca

TPBPA™ 2 mi
in0.1 M TBAP in DCM
0—=>+13V vs, AgiAgCl
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(0.1 M TBAP In DCM)
+1.3 —> 0 Vvs. Ag/agCl

~»
°

°

Absorbance (a.u.)
o ° °

-

-

Absorbance {au)
s o - -
3 & 5 &
=
<

20 400 &0 0 1000 200 400 600 800 1000
Wavelengh (nm) Wavslangth (nm)

Fig. 5 Spectroelectrochemistry of ToBPA.
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345 nm) and appearance of two broad absorption bands
between 360-430 nm (Apna = ca. 420 nm) and between
600-900 nm (Anax = ca. 719, 856 nm), when the potential was
increased from 0 to +1.3 V. Excellent reversibility was observed
upon returning the potential to +0.0 V, indicating high stability
of the TPA™'s as e-PRCats.

Neutral TpBPA possesses a strong absorption at Amax =
365 nm, where TpBPA™" absorbs poorly. Performing our opti-
mized synthetic procedure for 3aa with 365 nm LEDs afforded
only 11%, suggesting photoexcitation of neutral TpBPA is not a
dominant mechanistic factor. The aforementioned control
reaction without applied potential afforded only 4% of 3aa. In
contrast to TpBPA, TCBPA does absorb appreciably at 395 nm.
Nevertheless, in the absence of an applied potential for the
optimized synthesis of 3gb, only a 12% yield of 3gb was
observed. The very substantial yield differences when applied
potential is present or absent confirm the pivotal role of the
TPA"'s and e-PRC as the main product-forming pathway.
Inspecting the UV-visible absorption spectra of TpBPA™ and
TCBPA™, we reasoned the longest wavelength bands (Anay at
ca. 719 and 856 nm, respectively) must contain their D, — Dy
transitions. Based on the photochemical interpretation of
Kasha’s rule that prohibits photochemistry from higher order
excited states, we irradiated the reactions forming 3aa and 3gb
with 740 nm and 850 nm and were mystified to observe no
reaction in either case (Fig. 6). That successful reaction was
only observed at 395 nm implicated anti-Kasha behavior; a
higher-order excited state participating in SET photooxidation.
Such behavior is as surprising as it is intriguing, since (i) not
only are examples of photochemistry violating Kasha’s rule
rarely reported in organic synthesis*”*“**?° but (ii) the reported
lifetimes of photoexcited radical ion species are already ultra-
short.*® In fact, despite a number of conPET/e-PRC reports
invoking their photochemistry in super-oxidations/reductions,
the question of how photoexcited radical ion species could
ever participate in photochemical processes has eluded che-
mists. The ultrashort lifetimes of these species lie beneath
timescales of diffusion-controlled bimolecular quenching.'®

Greatly aiding our mechanistic study was the fact that
TPA™'s can be isolated as bench stable PFg salts.”® Their crystal
structures revealed a common propeller-type structure consist-
ent with parent TPAs (Fig. 7). However, attempts to investigate
quenching of photoexcited TPA™'s were thwarted by the fact
that they do not exhibit steady-state fluorescence (see ESITt).
Consistent with this observation, reported lifetimes of related

Wavelength-dependance on yield

Wavelength-dependence on yielkd
Reaction affording 3aa e

Reaction affording 3gb

Normakzed Absorbance (a.u.)
o
¥
>

400 €00 Lo
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Fig. 6 Wavelength dependence on product yields.
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Fig. 7 Synthesis of TpBPA™, TCBPA™ and their XRD crystal structures.
Thermal ellipsoids are set at the 50% probability level. H atoms omitted
for clarity; C atoms (grey), F atoms (cyan), N atoms (blue), P atoms
(orange).

excited N radical cation species® lie within the femto- to pico-
second timeframe. Transient absorption spectroscopy (TAS)
was therefore employed to determine the lifetimes of excited
TpBPA™" and TCBPA™. Pumping with a broadband visible light
source (490-900 nm)*? revealed a ground state bleach in the
600-850 nm bands (Fig. 8) and an excited state absorption
between 490-570 nm, indicative of absorption by the D, (or
D,) excited state. The lifetimes of the D; excited states of
TpBPA™" and TCBPA™" were 4.6 ps and 8.6 ps, respectively,
clearly ruling out diffusion-controlled bimolecular quenching.
It is reasonable to assume higher order excited states posses-
sing even shorter lifetimes.

Precomplexation could rationalize productive, unimolecular
SET and the aforementioned anti-Kasha behaviour. Presuming
that precomplexes may possess different UV-vis absorptions
than their parent TPA™'s, we investigated quenching of the
absorption of TPA™'s in the presence of representative concen-
trations of arenes (Fig. 9). In the presence of mesitylene
the spectrum of TpBPA™ unchanged.
Gratifyingly, irradiation with 395 nm light effected gradual
conversion of TpBPA™ to TpBPA, corroborating the expected

however, was

(8) TAS of TpBPA™ at different time delays

{b) Decay-associated spectra of TPBPA™*
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Fig. 8 Transient absorption and decay-associated spectra of TPA™*s.
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Fig. 9 UV-vis spectra of TpBPA™* (top) and TCBPA™ (bottom) in the
presence of mesitylene and PhCl, respectively and after irradiation at
395 nm.

SET from mesitylene to the photoexcited TPA™. Interestingly
and in contrast, the spectrum of TCBPA™ was altered by PhCI;
a small bathochromic perturbation of the peak at 384 nm to
395 nm occurred. Irradiation with 395 nm completely con-
verted TCBPA™ to TCBPA after minutes.

Given the paramagnetic nature of TPA™'s, we reasoned that
a change in their EPR spectra in the presence of representative
arene concentrations would be more conclusive in corroborat-
ing precomplexation. The EPR signal of TpBPA™ showed a
triplet (ay = 8.9 G). Addition of mesitylene to TpBPA™ caused
its EPR signal to shift (AB = 4.5 G) to lower G values (Fig. 10),
but the signal shape was largely unchanged. This indicates
that the spin density of the TpBPA™ is largely unaffected when
it undergoes precomplexation with mesitylene. A less pro-
nounced shift in G value occurred in the presence of iodoben-
zene (AB = 2.0 G) but flattening of the triplet shoulders was
observed (see ESIt). Based on these spectroscopic differences,
we hypothesize that a different type of precomplex occurs in this
case that is ‘unreactive’, to rationalize the inability to engage
this substrate under the reaction conditions despite its more
accessible redox potential (EP,, = +2.07 vs. SCE) than toluene
(EPox = +2.28 V vs. SCE).>® In contrast to TpBPA™, simulated
fitting of the EPR signal from TCBPA™ revealed two radical
species, one triplet and one superimposed singlet appearing
as a large broad central feature. We presume TCBPA™" exists as
a mixture of rotamers in solution, one propeller-type as
observed in the solid state, and one in which a biphenyl unit
falls into conjugation with the N radical cation, consistent
with reported behaviour for similar compounds.*"** Addition
of PhCI caused a notable change in the signal shape, giving
exclusively the triplet signal (Fig. 11), consistent with the
change in UV-vis (Fig. 9) and indicating that the spin density

TPBPA*, 2 mi TpBPA™* , 2 mM
in (0.1 M TBAP in DCM) in (0.1 M TBAP in DCM)
N A Wireul sbsrate —— Wihcut subs¥ate

lodobeegana

\ \ —— Nestyena

320 3440 e 240 3420 3440 w40 3480

Fig. 10 EPR spectra of TpBPA™* with reactive mesitylene (left, 350 eq.)
and unreactive iodobenzene (right, 350 eq.).

Org. Chem. Front,, 2021, 8, 132-1142 | 1137



Open Access Article. Published on 03 March 2021. Downloaded on 9/7/2023 1:12:38 PM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Research Article

TCBPA™ , 2mM in (0.1 M TBAP in DCM)
with 'reactive’ substrates

TCBPA™*, 2mMin (0.1 M TBAP in DCM)
with 'unreactive’ substrates

—— Without substrate
Chlorobenzene
1,2:Dichlorobenzene

\7

3420 3460 3420 3440 3460 3480
BIG B/IG

—— Without substrate
Bromobenzene
1,4-Dichlorobenzene

Fig. 11 EPR spectra of the TCBPA™ with reactive (left) and unreactive
(right) substrates (350 eq.).

of TCBPA™ is notably affected by precomplexation with PhCl. A
similar change was detected upon addition of 1,2-dichloroben-
zene, but not for its 1,4-congenor (17% yield of 3jb vs. 6%
yield of 3lb under TCPBA e-PRC) and not for PhBr (22% of 3fb
from TCPBA e-PRC) which instead all gave spectra clearly favor-
ing the ‘unreactive’ complex (singlet signal).*®

Density Functional Theory (DFT) calculations modelled pre-
complexation of various TPA''/arene combinations (Table 6).
For unsymmetrical (halo)arene substrates, orientations of the
complex with halogen facing both ‘in’ to the N radical cation
and ‘out’ were explored (see ESIf for full investigations). We
assumed that n-stacking interactions®” at the TPA™"’s biphenyl
unit could be responsible for precomplexation. Attempts to
position PhCI or mesitylene substrates in a sandwich or paral-
lel-displaced n-n stacking interaction (“m-n” complex) around
the inner N-bearing ring of their respective TPA™'s led to dis-
sociation, whereas positioning of the substrates around the
terminal aromatic ring identified local minima resembling
T-type stacking interaction (“T-n” complexes). For this

Table 6 Free energies and intermolecular distances for T-n or n—=x
precomplexes

Intermolecular

Complexation AG C
distance (A)

(keal mol™)

Complex” T-n -7 T-n -7
TpBPA™ +1,3,5TMB  +7.2° +4.95/ 3.3-5.57 3.6-4.25
TpBPA™ + PhI +28.479 128307 47-6.5"7  52-5.577
+28.1%¢  +26.1 3.8-6.22¢  6.2-6.8"°
TCBPA™ + PhCl +4.507 429900 45-68"7  3.7-4.39%S
+3.5;‘i 3.2—5.3;"
+5.17¢ 4.8-7.4”¢
TCBPA™ + PhBr +30.89 29,7 3.4-6.227  4.9-5.4"7
+31.42¢  N.D.P¢ 3.7-6.97¢ .D.be
TCBPA™ + 1,2PhCICl  +4.5%¢  +6.67¢ 4.2-6.424  53-5.774
+4.7%¢ N.D.>¢ 4.6-6.9"¢ .D.be
TpBPA™ +1,3-PhCICl  +4.9%7  N.D.>%¢ N.D. N.D.>4¢
+5.25¢ N.D.2®¢  4.9- 7. 4 N.D.D#
TCBPA™ + 1,4-PhCICI N.D.2¢  +4.204 N.D.># 5.5-5.8%4

N.D. not determined. In all cases, MeCN solvent was modelled
implicitly. Pseudopotentials were applied to I and Br atoms (see ESIT).
Intermolecular distances quoted are not centroid-to-centroid of the
arene rings and are defined in the ESLT “ Hypothesized orientation of
the precomplex matchlng UV-vis/EPR data and reactivity patterns.
b uB3LYP/6-31+g(d,p). ¢ ©@B97XD/6-31+g(d,p). “ Halogen atom(s) facing
“out”. “Halogen atom(s) facing “in”. /Rearranged from the T-p
complex. ¢ Dissociated.
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Fig. 12 DFT spin densities of TpBPA™ without (left) vs. with (right)
Mesitylene.

complex, minimal change in the spin density was detected for
TpBPA™ + mesitylene (Fig. 12), whereas a large shift in spin
density occurred for TCBPA™ + PhCl where the Cl atom was
facing inwards (Fig. 13). This is consistent with the changes in
EPR and UV-vis spectra, and so we assigned this T-t complex
as the one responsible for the triplet EPR signal and successful
reactivity, since. On the other hand, for less successful sub-
strate PhBr and unsuccessful PhI (no product, 60% recovered
2b), a ©-n complex was presumed to be responsible for the
broad singlet EPR signal. Delocalization of the N radical cation
over the biphenyl aromatic system would lead to stabilization,
presumably decreasing EP., of the photoexcited TPA™. Free
energies of precomplexation were endergonic at the levels of
theory employed,*® this was confirmed to be a result of the
implicit solvation model (see ESIf). It is most important to
consider relative trends. Intermolecular distances for T-n

stacking and n-=n stacking were close to previously-reported dis-
39-41

tances for simpler complexes/dimers.

Fig. 13 DFT spin densities of TCBPA™ without (left) vs. with (right)
PhCl, T-rn complex, Cl atom facing “in".
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taining 0.1 M "Bu4N-PFs. Negligible TD-DFT excitations (coeff cient f <
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Mesitylene, chlorobenzene, 1,2-dichlorobenzene and their
respective TPA™'s all had accessible AG values (+3.5-7.2 kcal
mol ") for the ‘reactive’ T-n complex. An accessible AG was
also found for 1,3-dichlorobenzene (+4.9-5.2 kecal mol™") con-
sistent with its reactivity (20% 3 kb under the TCBPA e-PRC
conditions of Table 4). Iodo- and bromobenzene as substrates
gave very high AG values for T-r complexes and their 7-x com-
plexes were more accessible albeit still highly endergonic.
Attempts to obtain a T-r complex for TCBPA™ with 1,4-dichlor-
obenzene led to dissociation, while its n-r complex was
accessible.

Time-dependent density functional theory (TD-DFT) calcu-
lations investigated the energies of higher order excited D,
states for TpBPA™, TCBPA™" and TdCBPA™, using both
CAM-B3LYP/6-31G(d,p) and ®B97XD/6-31+G(d,p).>'“** The cal-
culated UV-visible spectra of TpBPA™ and TCBPA™ in MeCN
reasonably agreed with experimental spectra (Fig. 14). The
broad visible band (ca. 580-850 nm) is known to result from
symmetry breaking®>® of the first excited state Dy in solution
and in the excited state to give the D, and D, states, meaning
TD-DFT transitions of the 580-850 nm region were less accu-
rate than those of higher order excitations. Canonical mole-
cular orbital (MO) calculations®'*** revealed that excited states
involved HOMO-‘n’ to SOMO transitions, typical of hole-par-
ticle excitations (Fig. 15A)."°**'“ Due to the complexity in
interpretation of Canonical MO transitions of higher excited
state transitions, Natural Transition Orbitals (NTOs) were
employed to visualize the changes in ‘hole density’.** For all
TPA"'s studied, the first (and second) excited states
(Do—Dg_.D; ) involved = — n* transitions around the core aro-
matics, while the higher order excited states (D,_D,) corres-
ponding to 395 nm involved ® — n* transitions around the
peripheral aromatics (Fig. 15B). The concentration of ‘hole
density’ at peripheral aromatics is exactly where it would be in
closest proximity to substrate arenes in reactive T-rt precom-
plexes. Ruling out participation of the first two excited states
and states accessed at wavelengths <380 nm, we predict
‘effective maximum’ excited state potentials of TpBPA™" at
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+4.02 V, TCBPA™ at +4.19 V and TdCBPA™ at +4.41 V vs. SCE
from the Rehm-Weller equation.”> A mechanism is proposed
consistent with spectroscopic and computational studies herein
(Fig. 16). Anodic SET oxidation generates the TPA™ from its
TPA. Photoexcitation of the TPA™ to its D;/D, or higher D,
states followed by bimolecular SET reductive quenching is pro-
hibited by the TPA™"s picosecond lifetime. Instead, preassocia-
tion occurs to give a reactive T-n or an unreactive n1-1 precom-
plex (PRCX), depending on the sterics of the arene
substrate.”>"” In the latter case, conjugative stabilization of the
N radical cation decreases EP., of the *TPA™" below the
threshold for productive unimolecular SET such that photo-
excitation of the PRCX leads simply to non-radiative photo-
physical relaxation processes (such as internal conversion). In
the former case, photoexcitation of the PRCX yields unimolecu-
lar SET reductive quenching of the *TPA™, regenerating the TPA
and generating the arene radical cation to be intercepted by the
N-heterocyclic nucleophile 2b followed by loss of protons and
further SET (anodic or by the TPA™) to yield product 3. The pre-
requisite for precomplexation rationalizes the typical require-
ment for an excess of arene (3.5 eq. up to 1 mL, ~40 eq. herein)
to drive precomplexation equilibrium in arene amination reac-
tions mediated by radical cations.'>*'*

Conclusions

We report tri(p-substituted)biarylamines (TPAs) as a novel class
of tunable, electroactivated photoredox catalyst. Photoexcited tris
(p-substituted)biarylaminium radical cations (TPAs™") are demon-
strated as highly potent SET oxidants. Straightforward customiza-
tion of TPAs allows tuning of UV-vis absorptions, redox potentials
and handles for precomplexation within the TPAs™". We report
the first evidence of dispersion controlled (n-stacking) precom-
plexation in synthetic photoelectrochemistry and in the photo-
chemistry of excited radical ions, which serves as a unique
control element. Precomplexation enables remarkable photoche-
mical phenomena: (i) circumvention of the ultrashort lifetimes of
excited radical ion states for their use in photocatalysis, (ii) anti-
Kasha fashion engagement of higher-order excited states in photo-
catalysis, (iii) overturning of thermodynamic selectivity dictated
by redox potentials by virtue of steric/electronic factors involved
in the precomplex. We are excited to witness future opportunities
in reactivity and selectivity that dispersion precomplexation may
provide to photocatalysis, in addition to recent developments in
the control of photochemical outcomes through confined spaces
and ordering of solvent.*®™°
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