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Ligand electronic fine-tuning and its repercussion
on the photocatalytic activity and mechanistic
pathways of the copper-photocatalysed aza-
Henry reactiont
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A family of six structurally related heteroleptic copper() complexes of the form of [Cu(NAN)(PAP)]* bearing
a 2,9-dimethyl-1,10-phenanthroline diimine (NAN) ligand and a series of electronically tunable xantphos
(PAP) ligands have been synthesized and their optoelectronic properties characterized. The reactivity of
these complexes in the copper-photocatalyzed aza-Henry reaction of N-phenyltetrahydroisoquinoline was
evaluated, while the related excited state kinetics were comprehensively studied. By subtlety changing the
electron-donating properties of the PAP ligands with negligible structural differences, we could tailor the
photoredox properties and relate them to the reactivity. Moreover, depending on the exited-state redox
potential of the catalysts, the preferred mechanism can shift between reductive quenching, energy transfer
and oxidative quenching pathways. A combined study of the structural modulation of copper()
photocatalysts, optoelectronic properties and photocatalytic reactivity resulted in a clearer understanding
of both the rational design of the photocatalyst and the complexity of competing photoinduced electron

rsc.li/catalysis and energy transfer mechanisms.

Introduction

Photoredox catalysis has become an increasingly employed tool
in synthesis as many organic transformations can be promoted
under mild conditions with often excellent chemoselectivity and
high yields."? The key to the vast majority of photoredox
catalysis reactions is the use of a visible-light photoactive
compound that, when photoexcited, can initiate a single
electron transfer (SET) reaction with an organic substrate.* The
most popular photocatalysts® used are those based on
ruthenium(u) and iridium(m) complexes as their optoelectronic
properties have been widely studied and their excited state
redox potentials enable a wide range of chemical
transformations. For instance, potent photooxidants such as
[Ru(bpz);]*" (E%q = 1.45 V vs. SCE in MeCN) and [Ir(dF(CF;)
ppy)2(dtBubpy)]” (E%q = 1.21 V vs. SCE in MeCN) have been used
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for the photocatalytic oxidation of benzylic alcohols to
aldehydes,® while powerful photoreductants such as fac-Ir(ppy)s
(E%x of =1.73 V vs. SCE in MeCN) have enabled the reduction of
unactivated alkyl, alkenyl and aryl iodides.” Recently, non-toxic,
Earth-abundant and inexpensive copper(i) complexes have been
investigated as alternative photocatalysts with, in certain cases,
superior excited-state redox properties.® For instance,
[Cu(XyBnta)(dppb)]" is a very strong photoreductant (E%, = —2.40
V vs. SCE in THF)® while [Cu(bath)(ThioPOP)]" is a strong
photooxidant (E%q = 1.56 V vs. SCE in MeCN)."® Copper(i)
photocatalysts have been successfully employed in a diverse set
of transformations such as photo-catalytic hydrogen production,
cyclisations, atom transfer radical additions (ATRAs) and C-H
activation chemistry.'®™® In terms of their chemical structure,
the majority of copper(i) photocatalysts can be divided into one
of two families: homoleptic complexes of the form [Cu(N"N),]"
and heteroleptic complexes of the form [Cu(N*N)(P*P)]’, where
NN and P*P are diimine and bis(phosphine) ligands,
respectively. Unlike homoleptic copper(i) complexes, where the
exited state energies are usually small (Eq ) = ~2 €V)'® and the
optoelectronic properties difficult to modulate, the modular
structure of heteroleptic complexes provides great opportunity
to fine-tune their photophysical, structural and electrochemical
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properties.”*'”*® Collins et al studied a library of 50
heteroleptic copper(i) complexes with different and mostly
commercial bis(phosphine) and diimine ligands in a series of
photoredox, proton-coupled electron transfer (PCET) and energy
transfer reactions and demonstrated how the yields could be
optimized through the tuning of the optoelectronic properties
of the photocatalyst.”” However, to date this strategy has been
underexplored in the context of photoredox catalysis. Indeed,
the development of [Cu(N~N)(P~P)]"-based photocatalysts has
relied on a combination of commercially available
bis(phosphine) ligands and electronically tuned N*N ligands to
modulate  their  photophysical —and/or  photocatalytic
performance. For instance, Costa et al. demonstrated how the
solid-state photophysical and electroluminescent properties of
[Cu(4,4"-R,bpy)(xantphos)]” complexes could be systematically
tuned as a function of the nature of the R group on the
bipyridine ligand."” More recently, Housecroft et al. studied the
effect of phosphine tuning in heteroleptic [Cu(N~N)(P~P)]"
complexes as emitters for light-emitting electrochemical cells
(LEECs) and demonstrated that the enhanced performance of
the LEECs could be attributed to steric modification of the
backbone of the xantphos ligand with tert-butyl groups.”® To
date, electronic tuning of the PP ligand and its impact on the
optoelectronic and photocatalytic properties of heteroleptic copper(1)
complexes remains comparatively unexplored, likely due to the
challenging and air-sensitive syntheses required.”’ Among the
different combinations of (P*P) and (N”N) ligands, complexes
bearing xantphos and phenanthroline derivatives have shown
the most promising results as they have been successfully
employed in the production of hydrogen from water,'*"**7
reduction of CO, to CO,?” C-C bond formation in the synthesis
of carbazoles,***” cyclisations,*® polymerizations.*® and oxygen
sensing.*

The parent complex, 3 [Cu(dmphen)(xantphos)]’, has been
previously reported as a photocatalyst and sensor in
polymerisations, oxidative-cyclisations of triarylamines to
make N-substituted carbazoles and stilbenoids to make
helicenes.”®*®* More widely, xantphos-type ligands have
been widely used in homogeneous catalysis®’**> and are
particularly attractive as they possess rigid backbones and
enforce large bite-angles, which at the same time stabilize
the tetrahedral geometry and disfavor the square planar
geometry. The latter feature has proven to be a powerful tool
in catalytic transformations.**> Xantphos was originally
designed to stabilize the bisequatorial coordination mode in
trigonal bipyramidal rhodium hydroformylation catalysis
leading to extremely high selectivity for the linear aldehyde.*®
An additional advantage of these wide bite-angle ligands is
the facile electronic fine-tuning leading to further
optimization of catalyst activity and selectivity.”” The
combination of steric constraints to enforce a preferred
coordination mode with subtle fine-tuning of electronic
properties can lead to wunprecedented performance in
homogeneous catalysis. A striking example is the Ni catalyzed
hydrocyanation of alkenes, where traditional phosphines had
been inactive, but xantphos-type ligands induced high activity
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and selectivity.*®*° We anticipated that we could also observe
these structure-activity relationships in the context of
photocatalytic transformations.

Herein, we report a Hammett series of five well-defined
[Cu(dmphen)(p-R xantphos)]PFs (dmphen = neocuproine; R =
CF;, F, H, Me, OMe) complexes (1-5, Fig. 1) where the
optoelectronic properties of the complexes are systematically
tuned as a function of the substituent located on the
arylphosphine moiety of the xantphos ligand. We studied the
reactivity of these complexes in the aerobic photoinduced
cross-dehydrogenative coupling of tetrahydroisoquinoline
with nitromethane, which is one of the most well-studied
photocatalytic transformations. Previous mechanistic studies
have shown that this reaction can proceed through one or
several different pathways simultaneously.*”** However, the
effect of the intrinsic photoredox properties of the catalyst on
their preferred reaction mechanism are not well understood.
In this study, we have systematically tuned the electronic
properties of a series of Cu(i) photocatalysts. We have
investigated how excited state kinetics and (photo)stability as
a function of the structure of the photocatalyst can impact
reaction yield and working mechanism in this model
reaction. By applying the gained photophysical and
mechanistic knowledge, a more conscious catalysts and
process design can be anticipated.

Results and discussion

The [Cu(dmphen)(P*P)]PF, complexes, 1-5, were obtained in
good to excellent yield in two steps: stoichiometric reaction
of [Cu(NCMe),]PF, with xantphos type ligands substituted by
4-CF3, 4-F, 4-H, 4-Me and 4-OMe (ref. 36, 37 and 44) followed
by addition of dmphen in dichloromethane (Fig. 2).

Crystals suitable for X-ray analysis of 1 and 5 were
obtained by slow diffusion of diethyl ether into a saturated
dichloromethane solution at room temperature, confirming a
distorted tetrahedral coordination sphere of the copper
center. Ellipsoid representations and the complete
crystallographic information can be found in the ESL}

Solution-state stability studies

Dynamic ligand exchange in solution has been observed for
certain [Cu(dmphen)(P*P)]" complexes. As described by
Armaroli et al. the ratio of heteroleptic [Cu(dmphen)(P*P)]"

1 Ar = 4-CF,Ph
2 Ar = 4-FPh
3Ar=Ph

4 Ar = 4-MePh
5 Ar = 4-OMePh

Fig. 1 Hammett series of [Cu (dmphen)(PAP)]* complexes in this
study.

This journal is © The Royal Society of Chemistry 2020
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1, PAP, r.t., 2h
2, dmphen, -78 °C, 2h
[Cu(NCMe),][PF¢]
CH,Cl,
[1 - 5][PF¢]
50 - 76%

Fig. 2 Synthesis of [Cu(dmphen)(PAP)]PF¢ complexes.

to homoleptic [Cu(dmphen),]” and [Cu(P"P),]" is highly
dependent on the nature of the P*P ligand and its impact on
the relative thermodynamic stabilities of the complexes.*
However, the homoleptic complex [Cu(xantphos),][PFs], was
identified unequivocally by single crystal X-ray diffraction by
Yuasa et al., corroborating the stabilization of the tetrahedral
coordination mode of xantphos.*® This complex was found to
be poorly soluble in most organic solvents and thus the
potential precipitation of this product from the reaction
mixture can take the system out of equilibrium and affect the
catalytic species in solution.

We next studied the stability of 1-5 in MeCN under inert
atmosphere upon photoirradiation with a 420 nm blue LED
light (see Fig. S4 in ESIT for selected examples).

Complex 3, was found to be stable over the 4-hour
experiment as were complexes 4 and 5 possessing electron-
donating substituents on the PP ligand. By contrast,
complexes bearing electron-withdrawing substituents on the
P~P ligand (1 and 2) showed decomposition with the
apparent formation of [Cu(dmphen),]" as evidenced by the
emergence of a new MLCT band at ca. 480 nm, results
consistent with those of Beller et al.'® and Walton et al.*’

Redox properties

The electrochemistry of 1-5 was studied by cyclic
voltammetry (CV) in order to discern the redox behaviour of
the complexes.”® Measurements were carried out in
acetonitrile (MeCN) under a nitrogen atmosphere. The CV
traces are shown in Fig. 3 and the data are collected in
Table 1. All five complexes show irreversible oxidation and
quasi-reversible reduction waves.

Density functional theory (DFT) calculations indicate that
the lowest unoccupied molecular orbital (LUMO) of 1-5 is
located on the dmphen ligand while the highest occupied
molecular orbital (HOMO) consists of copper d-orbitals with
contributions from the P*P ligands (Fig. 4). There is a strong
correlation between the nature of the substituent on the P P
ligand on both the experimentally inferred and calculated
HOMO and LUMO energies, as evidenced by the Hammett
plots in Fig. 5.

The oxidation wave is shifted to less positive potentials in
the presence of electron-donating substituents on the P"P
ligand, leading to a shallower HOMO while the oxidation
wave is shifted anodically, leading to a more stabilized
HOMO in the presence of electron-withdrawing substituents

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 CV traces of 1-5 measured in degassed MeCN with 0.1 M
TBAPFg as the supporting electrolyte using a glassy carbon working
electrode, a platinum wire counter electrode, a Ag/Ag* pseudo-
reference electrode and referenced vs. SCE using Fc/Fc* as an internal
standard (0.38 V in MeCN).*® Scan rate: 20 mV s ™%, scanning only from
the first reduction to first oxidation.

on the PP ligand. There is a strong Hammett correlation
with respect to Eo, (R* = 0.93, Fig. 5a).

A Hammett analysis of the MeCN EbL: data shows a
correlation with an R* of 0.89 (Fig. S12af). The reduction
potentials of complexes 1-5 showed a moderate Hammett
correlation (Fig. S12b,i R* = 0.83), which can be rationalized by
the small influence of the electronics of the PP ligand on the
copper metal, which is also implicated, albeit to a very small
extent, in the reduction along with on the dmphen ligand. It
has been reported in the literature that [Cu(bathocuproine)
(xantphos)]" has an E,, of 1.31 V vs. SCE in DCM, which is
more positive than that of complex 3 (E,x = 1.18 V in DCM)
despite possessing the same P~P ligand, while the
corresponding E.q of —1.67 V is also cathodically shifted by
0.36 V compared to that of 3 in DCM, which is due to the
extended n-conjugation of the N*N ligand."® A second literature
complex [Cu(dmphen)(DPEphos)|BF, has a reversible 1st
reduction at E.eq of —1.72 V vs. SCE in MeCN that is anodically
shifted by 20 mV compared to that of 3 but is close to the
reduction potential of 2 (DPEPhos = bis(2-diphenylphosphino)
phenyl ether).”® Coppo et al.>* reported the electrochemistry of
the structurally related [Cu(dmbpy)(xantphos)]” with Eo, = 1.27
V and Epq = -1.10 V (dmbpy = 6,6"-dimethyl-2,2"-bipyridine).
Their reported oxidation potential is moderately more positive
than that of 3.”

The energies of HOMO and LUMO were estimated from
the onset of the redox waves (Table 1).>' The trend in HOMO
energies follows a Hammett trend where complexes 4 and 5
have the next highest HOMO (Exyomo = —5.49 eV) while
complexes with electron-withdrawing substituents (1 and 2)
show the lowest-lying HOMO (1, Exomo = —5.82 eV). There is
a moderate Hammett correlation for the LUMO energies (R*
= 0.72, Fig. 5b); however, this correlation is expectedly not as
strong, as the electronics of the P*P ligand influence the
HOMO more strongly than the LUMO. The trends in the
experimentally determined redox gaps are consistent with
those in the DFT-calculated HOMO-LUMO gaps (Table 1,
Fig. 4).

Catal. Sci. Technol., 2020, 10, 7745-7756 | 7747
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Table 1 Ground and excited state electrochemical data of 1-5
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c c
E tx E >1!'<ed

ona Ereda AEreclnxa E(O,O)b EHOMOd ELUMOd AEH*L
Complex [V] [V] [V] [V] [V] [V] [eV] [eV] [eV]
1 1.51 -1.63 3.14 2.79 -1.28 1.16 -5.82 -2.78 3.03
2 1.20 -1.73 2.93 2.66 -1.46 0.93 -5.54 —-2.69 2.85
3 1.21 -1.74 2.95 2.61 -1.40 0.87 -5.54 -2.70 2.84
4 1.19 -1.72 2.91 2.58 -1.39 0.86 —-5.49 -2.71 2.78
5 1.17 -1.75 2.92 2.53 -1.36 0.78 -5.49 -2.69 2.80

@ Electrochemical measurements carried out in a degassed HPLC grade MeCN with glassy carbon working electrode, Ag/Ag" reference electrode and a
platinum wire counter electrode. Fc/Fc" was used as the internal standard and the data reported versus SCE (0.38 V vs. SCE in MeCN).* ? Optical gap
inferred from the intersection points of the normalized absorption spectra and the tangent of the onset of the normalized emission spectra in MeCN,
defined as the energy at 10% relative intensity of the maximum on the low energy tail. © Excited state redox potentials calculated with equation E%, =
Eox— E(O,O)y Efed = Erea + E(O,O)-SO ¢ Exnomo = _(E[onsct,ox vs. Fe/Fe'] T 4.8 eV); Evumo = _(E[onsct,red vs. Fe/fer] T 4.8 eV)-Sl

Energy / eV
IS

7 —_— —
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Fig. 4 DFT calculations for 1-5 (PBEO/ECP1/PCM(DCM)//PBEO-D3/ECP1 level). Kohn-Sham energy diagram with electron density distribution of
HOMO and LUMO shown. Red bars represent Cu orbitals, green bars represent orbitals on the NAN ligand and the blue bars represent orbitals on

the PAP ligand.

Further analysis of Mulliken electronic contributions
showed that Cu metal ion contributes less (P*P ligand
contributes more) to the HOMO with more electron-donating
ligands, while there was no strong trend found for
contributions to the LUMO as the this is localized on the
dmphen ligand.

In order to assess the viability of this family of complexes as
photoredox catalysts, the excited state redox potentials were
calculated from the ground state electrochemistry and the
optical gap (Table 1).°° Given that the trends in redox behaviour
and absorption spectroscopy complement each other, there is
therefore no Hammett correlation observed for the excited state
redox potentials (Fig. S12c and df). The excited state oxidation
potentials of 1-5 vary from -1.46 eV for 2 to —1.28 €V for 1.
These values are close to the well-studied photocatalyst
fac-Ir(ppy)s (Eéx = —1.73 V vs. SCE in MeCN), which is one of the
most powerful photoreductants, and are higher than that of
[Ru(bpy)s]** (E% = -0.81 V vs. SCE in MeCN), which is widely
used in photoredox catalysis reactions following oxidative
quenching pathways.>* Comparing 1-5 with [Cu(dap),]Cl (dap =

7748 | Catal. Sci. Technol., 2020, 10, 7745-7756

2,9-anisylphenanthroline) (E#, = -1.43 V), a well-studied copper-
based photoreductant,® complex 2 was found to be stronger
photoreductants (Eéx = —1.46 V).

In the literature, the redox potentials for 3 were likewise
measured in degassed acetonitrile (Eopx = 1.20 V; Ereq = —1.73 V;
E% = —1.44 V; E%,q = 0.91 V);>® the discrepancy is primarily due
to the small difference in the extrapolated Eqp; (Eope = 2.64 €V).
On the other hand, these copper complexes also have the
potential of being photooxidants. The excited state reduction
potentials of 1-5 vary from 0.78 V (for 5) to 1.16 V (for 1). The
E#eq for 1 is close to that of workhorse photocatalyst [Ir(dF(CF;)
ppy)2(dtBubpy)]” (E%q = 1.21 V),>” while all six complexes have
larger E%q than [Ru(bpy)s]** (E%q = 0.77 V)** and all complexes
are more photooxidizing than the commonly used fluorescent
organic photocatalyst Eosin Y (E%q = 0.79 V).>®

UV-visible absorption

The absorption spectra for 1-5 are shown in Fig. 6 and the
data compiled in Table 2.*®* The absorption spectra are

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 a) Hammett plot of the optical band gap; b) Hammett plot of
the HOMO and LUMO energies determined from electrochemistry.

dominated by two features: an intense (¢ ~ 37000 M*
em™) high energy (250-300 nm), ligand-centred ('LC) n-m*
transition and a low energy (350-450 nm), hypochromic (¢
~ 2000 M™" ecm™) mixed charge-transfer transition. These
absorption profiles are in agreement with literature reports
of [Cu(dmphen)(P"P)]" complexes'**® where the high-
energy bands are usually assigned as LC transitions of both
the dmphen and P*P ligands, while the broad low-energy
bands are assigned as mixed charge transfer states
containing  d-m*qmphen Metal-to-ligand charge transfer
(MLCT) and ligand-to-ligand charge transfer (LLCT) from
the P*P ligand to dmphen. The experimental spectra are
consistent with the predicted electronic transitions from
TD-DFT (Table S47).

N
[

€/x10°M* ecm*?
N
o

I
w

250 300 350 400 450 500
A/nm

Fig. 6 Absorption spectra of 1-5. Measurements were carried out at
298 K in degassed HPLC grade DCM.
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Across the series, there is no discernible trend in the
energies of the m-n* bands. This is understandable as the
substituents on the PP ligands affect to a similar extent both
occupied and unoccupied orbitals on the bis(phosphine) and
thus the energy of this transition is not expected to change
significantly. By contrast, the energy of the CT bands and the
E,, transition (Eop,) extracted from the intersection points of
the normalized emission and absorption spectra, both
correlate strongly with the Hammett o, parameter of the
substituent on the bis(phosphine) (Fig. 7).° This is due to
the HOMO-directing influence of the PP, which indirectly
modulates the Cu-based HOMO level; the LUMO is mainly
localized on the dmphen ligand. When the P*P ligand is
substituted with electron-withdrawing groups both the Eqp
and the 'CT band move to higher energy while when the PAP
ligand contains electron-donating groups, these transitions
move to lower energy. This trend is reflected in the TD-DFT
calculated HOMO-LUMO transitions, though the
computations systematically predict slightly lower energies
for the 'CT transition. The extinction coefficients of the CT
states for 1-5 are also consistent with calculated oscillator
strengths, f, where complex 5 (¢ = 1900 @ 403 nm, f = 0.132
@ 434 nm) shows the weakest CT states.

Solution-state photophysics

The photophysical properties of 1-5 were studied in degassed
DCM at 298 K.*® This solvent was chosen as solution-state
photophysics is most commonly reported in DCM for this
class of complexes.®’ Their emission profiles are shown in
Fig. 8, and the photophysical data are given in Table 3. All
five complexes show broad and unstructured CT emission
profiles and luminesce over a narrow range in the green-
yellow with Ap;, spanning from 520 for 1 to 558 nm for 5. The
emission energies strongly fit a Hammett trend (Fig. S9at),
indicating that the excited state is influenced in a similar
manner to the ground state and demonstrating that
modulation of the electronics of the PP ligand can tune the
emission energy of the copper complex in a controlled
manner.

A second order Jahn-Teller distortion is commonly
observed for copper(i) complexes, which as a result are
typically not very emissive in solution.®>®* For example,
[Cu(pypz)(DPEphos)|BF, (pypz = 1-(2-pyridyl)pyrazole) is very
emissive in the solid state (®p, = 56% for the crystalline
powder) yet is almost non-emissive in DCM (Pp;, = 2.1%).
Thanks to the large degree of steric hindrance about the
metal centre conferred by both the dmphen and the bulky
P~P ligands, photoluminescence quantum yields, ®py, of ca.
10% were observed for 1-5. The excited state lifetimes, 7py, of
1-5 range from 3.00 to 6.83 us, indicating that the triplet
excited state is involved in the emission. Notably, though
complex 3 has been employed as a photocatalyst in a number
of papers,®®?”%* its solution-state photophysics data has as of
yet not been reported. Interestingly, the values of both the
radiative and non-radiative decay rate constants (k;, and k,,)

Catal Sci. Technol.,, 2020, 10, 7745-7756 | 7749
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Table 2 Experimental and calculated absorption data for 1-5
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Anm (¢ x 10°/M " em™)?

Calculated
Complex” LC CT Amm () Contributions® Nature®
1 278 (41) 376 (3.3) 375 (0.084) HOMO-LUMO (97%) MLCT&ILCT
2 275 (40) 385 (2.8) 390 (0.106) HOMO-LUMO (93%) MLCT&ILCT
3 276 (38) 393 (2.7) 391 (0.110) HOMO-LUMO (98%) MLCT&ILCT
4 276 (41) 392 (3.2) 398 (0.080) HOMO-LUMO (96%) MLCT&ILCT
5 274 (36) 403 (1.9) 413 (0.087) HOMO-LUMO (95%) MLCT&ILCT

“ [BF,] was used as counteranion. ” In HPLC grade DCM at 298 K.
ECP1/PCM(DCM) level.

across the series are smaller for complexes bearing electron-
donating substituents on the P~P ligand (4 and 5).

In the context of photoredox catalysis, an analysis of the
excited state redox behaviour of 1-5 reveals the attractive
potential of 5 as it has the highest excited state oxidation
potential, highest solution state @p;, and longest zpy..

The solid state photophysics and a discussion of the TADF
properties can be found in ESIL}

Photocatalysis

In order to assess the impact of the electronic properties of
the P*P ligands on the photocatalytic activity of copper-based
photocatalysts, these were tested in the model aerobic
photocatalyzed cross-dehydrogenative coupling (CDC) aza-
Henry reaction between N-phenyl-tetrahydroisoquinoline (6)
and nitromethane (Fig. 9). This model reaction can be easily
monitored by kinetic profiling enabling comparison of the
reactivity among our series of structurally related
photocatalysts (see below).

This reaction has previously been studied using a wide
range of different photocatalysts, including homogeneous
iridium(m),"* and chromium(m)®® complexes as well as
heterogeneous metal oxides (TiO,, Zn0).*” Relevant to the
current study, Che et al. used zwitterionic copper(i) complexes
bearing phenanthroline-based N”N and nido-carborane-
diphosphine ligands.**

Photocatalytic reactions with both pre-made PC 3 and in
situ generated PC 3 were performed and the use of both
showed similar yields of 78% and 85%, respectively (Table

3.4
—- 8 .
o
g
7 !
T I Rlz - t 3I 17

-0.3 -0.1 0.1 0.3 0.5 0.7

Fig. 7 Hammett plot of the energies of CT states for 1-5.
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TD-DFT calculated HOMO-LUMO transitions (oscillator strength), PBE0/

S6,f entries 1 and 2). Blank experiments showed that the
substrate 6 itself can be directly photoactivated providing
access to the coupling product 7 in a less efficient
background reaction (Table S6,f entry 9), while control
experiments demonstrated that light was an essential
component and that the reaction could not be thermally
activated (Table S6,f entries 4 and 5). These results are
consistent with experiments previously reported by
Stephenson et al.*' and Gschwind et al.*® The concentration
of oxygen greatly influences the reaction efficiency. Without
O, bubbling, only a modest 45% yield was achieved (Table
S6,f entry 3). The absence of [Cu(NCMe),][PF], neocuproine
or xantphos led to somewhat lower product yield after 18
hours of reaction (Table S6,} entries 6-8). In order to obtain
more detailed insight on reaction progression, reaction
progress kinetic analysis was followed by gas chromatography
(GC) and yields as a function of time are shown in Fig. 10.
For all of the five tested photocatalysts (under the
conditions outlined in Table S6,f entry 1) high yields (68-
94%) were observed after 16 hours. During the first two hours
of the reaction, rapid conversion of the starting material to
the product was observed for all photocatalysts (Fig. 10a).
The photocatalysts with more electron-donating substituents
on the P"P ligand showed higher conversion rates, and
generally followed a Hammett relationship (Fig. 11a), except
for complex 5, which showed a higher conversion rate than
complex 1 and 2, but lower than 3 and 4. These findings
point to a different or additional mechanistic pathway

Normalised intensity / a.u.

370 420 470 520 570 620 670 720 770
A/nm

Fig. 8 Normalised emission spectra for 1-5 in deaerated DCM
solution. dexc = 360 nm.

This journal is © The Royal Society of Chemistry 2020
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Table 3 Relevant solution-state photophysical data for 1-5¢
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Complex” JprS/mm Jpr//nm 7%/ o us Dpr 1% ke x 107457t kpr x 1074571
1 520 535 3.09 0.03 8 2.60 29.77
2 537 560 3.37 0.10 12 3.50 29.67
3 550 580 3.00 0.17 13 4.17 33.33
4 550 580 6.17 0.56 9 1.51 16.21
5 558 585 6.83 0.98 15 212 14.64

@ Measurements in deaerated DCM at 298 K. ” [BF,] was used as counteranion.  Aex. = 360 nm. 4 Quinine sulfate used as the reference (Ppy, =
54.6% in 0.5 M H,SO, at 298 K).*® ¢ . = 369 nm.” Measurements in deaerated MeCN.

operational when PC 5 is employed. At the late stages of the
reaction (2-16 hours), photodegradation of the product was
observed (Fig. 10b), with greater degradation observed for
photocatalysts with more electron-donating substituents
(Fig. 11b); again the behaviour of PC 5 is an outlier, which
showed a larger degradation of 7 than with PC 1 and 2, but
smaller than with 3 and 4. The degradation of the product
was especially apparent for PC 4, where the GC yield was
89% yield after 108 min but this decreased to 68% after 16
hours.

Based on the reaction profiles obtained from the kinetic
studies of the photocatalyzed aza-Henry reaction, we performed
additional mechanistic studies in order to assess the nature of
the unusual behavior of photocatalyst 5. Gschwind et al. had
previously studied the mechanism of the photocatalyzed aza-
Henry reaction of N-aryltetrahydroisoquinolines, and proposed
three  possible pathways with their corresponding
intermediates.’® However, the role of the photocatalyst, the
excited state kinetics during the reaction and the impact of the
photocatalysts' optoelectronic properties on the reaction activity
were not explored. Che et al had proposed that product
formation proceeded via a reductive quenching cycle based on
the EPR detection of O, using nitrone spin traps.*> However,
this observation cannot exclude the possibility of an oxidative
quenching pathway since O, can also be directly reduced by the
excited copper(i) complexes (Eq = 0.99 V < E%, of PCs 1-5 or
Ereq of PCs 1-5)°® while 6 can likewise be oxidized by the
oxidized copper(n) species (E,x > 1.1 V for PCs 1-5). More
recently, Detty et al. reported that singlet oxygen can activate the
quinoline substrate 6 while using a chalcogenorosamine
photocatalyst.** Complicating the analysis even further, oxygen
can be activated to singlet oxygen by photo-induced energy
transfer (PET) from the Cu(i) photocatalysts, and 'O, can then
oxidize 6.** Thus, there are three possible operative quenching

in situ [Cu(dmphen)(PAP)][PF¢]
(1.5 mol%)

[ I :N N
! \© 0, (1 atm), hv (hexe = 455 nm) \©
6

CH3NO, (10 mL), r.t., 16 h NO,

7
Yield = 68 - 94%
Fig. 9 General scheme for the aerobic photocatalyzed cross-
dehydrogenative coupling (CDC) aza-Henry reaction between
N-phenyl-tetrahydroisoquinoline (7) and nitromethane catalyzed by
[Cu(dmphen)(PAP)IPFs complexes 1-5.

This journal is © The Royal Society of Chemistry 2020

pathways of the photocatalyst in this reaction: reductive (A) or
oxidative (B) quenching via single-electron transfer and oxygen
photosensitization (C) via energy transfer (Fig. 12).

In order to evaluate the relative contributions of each one
of the possible mechanisms, stoichiometric solutions in
nitromethane of each photocatalyst 1-5 were irradiated at
420 nm using an LED array under air and monitored by UV-
vis spectroscopy (Fig. S171). For complexes 1-3, a new
absorption band at ~455 nm was observed, which is
consistent with the MLCT absorption bands of the
corresponding homoleptic copper species, as previously
observed via  spectroelectrochemistry  studies  after
electrochemical oxidation of 3. For complexes 4 and 5,
another band evolved over time at ca. 420 nm, which is
reminiscent to the absorption spectrum of an analogous
reduced copper complex reported by Dietzek and co-
workers.”® However, these small changes in the UV spectra
do not provide irrefutable evidence of a contribution from a
reductive quenching pathway.

Furthermore, in the photostability studies (Fig. S47), we
observed the appearance of additional absorption bands for
complexes 1 and 2. Hence, we cannot exclude direct
photodecomposition of the complex. Therefore, we next
investigated the photocatalyst reactivity with oxygen and 6 by
monitoring changes in the UV-visible absorption spectra
using MeCN solutions of complexes 3 and 4 (Fig. S18t). The
results show that 3 and 4 likely cannot be directly oxidized by
oxygen (Fig. S19a and df), suggesting that the reaction is
unlikely to proceed via the oxidative quenching pathway (B),
while the more electron-rich photoredox catalyst 5 can be
directly oxidized by oxygen (Fig. S18et). On the other hand,
with 6, new absorption bands were observed, which are
consistent with reduced 3, based on the cross comparison
with the spectroelectrochemistry (Fig. S18b+).”

Noting that 6 is itself photoactive under these conditions,
we next investigated NEt; as a non-chromophore surrogate of
6, which possesses a similar Eo, to 6 (Eox = 0.83 for NEt;,”"
Ereq = 0.82 V for 6). When NEt; is used as the quencher, only
small absorption changes were found at ~455 nm (Fig.
S18ct). Thus, for the most electron-rich photoredox catalyst,
5, all three paths contribute together to yield the radical
cation 8, while for the other analogues, only path A and path
C remain possible.

We next proceeded to quantify the magnitude of the
quenching by performing Stern-Volmer experiments from

Catal. Sci. Technol., 2020, 10, 7745-7756 | 7751
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Fig. 10 Reaction progress (yield of 7) of the aerobic photocatalyzed aza-Henry reaction between 6 and nitromethane followed by GC (lexc = 450),
a) the first 108 min; b) the entire 960 min. Data shown represent the average and standard deviations of three reactions.
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Fig. 11 Hammett plots (complex 5 was excluded from the linear fitting, see text) of a) slope of kinetic profile at the early stage of reactions (0-2

hours); b) final yield of the reaction at 16 hours.

which we were able to obtain quenching rates of oxygen and
triethylamine (the latter under a nitrogen atmosphere, Fig.
S17 and S187). Quenching rates could not be ascertained
using 6 as the quencher due to the overlap in the absorption
of 6 and 3 at the excitation wavelength. The pseudo first-
order quenching rates as well as quenching quantum yields
are summarized in Table 4 (see also ESIT).

Among the five photocatalysts, 1 shows the highest oxygen
quenching rate of 0.157 ns ', which is more than two times
faster than that of 4, which has the lowest k4 of 0.066 ns ..
There is a correlation between the oxygen quenching rate
shown and the energy of the T, state of the complexes. Thus,
1 and 2, with electron-withdrawing substituents showed the
highest quenching rates. Due to their higher excited state
reduction potentials, these two complexes also showed the
largest quenching rates with triethylamine (0.046 ns™ for 1
and 0.018 ns™* for 2). On the other hand, due to their longer
7p1, the rates of intrinsic deactivation of the excited states of
PCs 4 and 5 are much slower than those of PCs 1 and 2. For
all complexes, the quenching rate by oxygen is significantly
faster than that by NEt;, suggesting that path C dominates
over path A. As a result, the sum of @, and Pyg, for 3-5
(0.95-0.99) are higher than those of 1 and 2 (0.87 for 1 and
0.93 for 2), thereby pointing to fewer photons lost via
radiative or other non-productive non-radiative decay
pathways. The quenching kinetic studies showed that 6 can
be oxidized to 8 by both 'O, (path C) and reductive
quenching of the photocatalyst (path A), while the reaction is

7752 | Catal. Sci. Technol, 2020, 10, 7745-7756

likely to proceed via an oxidative quenching mechanism
(path B) only when 5 is used. In order to assess the formation
of singlet oxygen in the reaction via energy transfer (ET) from
the photoexcited sensitizer, we performed scavenging
experiments using TEMP (2,2,6,6-tetramethylpiperidine). This
compound is commonly employed as a singlet oxygen probe,
which upon oxidation with 'O, produces the stable radical
TEMPO that can be easily detected by EPR.** After some
minutes of irradiation, we could detect the characteristic EPR
signal of TEMPO as it accumulated in solution (see Fig. S57).
To exclude an electron transfer from the photosensitizer to
TEMP and a subsequent radical pathway for TEMPO
formation with *0, we also performed emission quenching
experiments with TEMP in the absence of oxygen.””> No-to-
negligible quenching was observed in the presence of a more
than 200 fold excess of TEMP, thus proving the presence of a
singlet oxygen sensitizing pathway (see Fig. S24t). The results
are consistent with our proposed mechanism for
photocatalysts 1-4 that path C dominates, but that path A
must also contribute to the overall reaction yield.

After the formation of the radical cation 8, hydrogen atom
abstraction from the benzylic position of 8 by O,” forms
radical 9 along with the hydroperoxyl radical HOO". Reaction
of these two species, either by direct recombination or single
electron oxidation, leads to an equilibrating mixture of
hydroperoxide 10 and iminium ion 11.”>”7° Finally, trapping
of 11 with nitromethane leads to the formation of the CDC
product 7.

This journal is © The Royal Society of Chemistry 2020
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Fig. 12 Proposed mechanism for the aerobic photocatalyzed cross-
dehydrogenative coupling between 6 and nitromethane performed by
[Cu(dmphen)(PAP)]* complexes, [Cul*. Path A: quenched via reductive
quenching pathway; path B: quenched via oxidative quenching
pathway; path C: quenched by oxygen via energy transfer.

Complicating the analysis, we observed significant
photodegradation of the product commencing after the first
2 hours of the reaction, where photosensitizers containing
more electron-donating ligands caused more significant
degradation. We therefore hypothesized that the product can
be reduced by the copper complexes. UV-vis absorption
spectroscopy of 7 in MeCN (Fig. S237), showed a slightly red-
shifted absorption spectrum compared to that of 6 with an
onset of 505 nm. The oxidation and reduction potentials of 7

View Article Online
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are 1.02 V and -1.60 V, respectively, while those of 6 are 0.89
V and -2.78 V, respectively (Fig. S21%). Thus, photoactive
product 7 can potentially both oxidize and reduce the excited
photocatalyst. Considering the trend observed in the kinetic
reaction profile, reductive degradation seems to be the more
likely process.

From this study, it becomes apparent that in order to
improve the photocatalytic activity, photocatalysts with
higher E(, o) and longer zp;, would promote the energy transfer
pathway, and would therefore lead to a higher initial
conversion rate at early reaction times. These features could
be achieved by employing P*P ligands with more c-donating
substituents. However, special care should be taken to limit
the o-donating power of the P*P ligand as exemplified by the
reduced rate of conversion with complex 5, which behaves
differently from the other photocatalysts studied. The design
of a photocatalyst with P"P ligands that are even more
o-donating than that found in 5 would likewise turn on the
oxidative quenching pathway, but this may not necessarily
lead to faster rates or higher conversions. On the other hand,
once all of the starting material is consumed, there would be
nothing left to turn the oxidative quenching cycle over and
thus, 5 eventually photodecomposed in the presence of
oxygen and could therefore not participate in the
photodegradation of the product 7.

Conclusions

We studied a family of five structurally related heteroleptic
copper(1) complexes of the form of [Cu(N~N)(P*P)]" bearing a
2,9-dimethyl-1,10-phenanthroline diimine (N*N) ligand and a
series of electronically tuned xantphos (P*P) ligands. The
complexes showed green to yellow emission in DCM with
moderate @p; s of 8 to 15% and microsecond emission lifetimes.
In the spin-coated neat films, complexes 2-5 showed bright
yellowish green emission with longer zps ranging from 11-33
us while complex 1 is very poorly emissive at solid states (@pr, <
1%). The MLCT nature of the emission is reflected in the very
small AEsr values, which ranged from 6-43 meV. An efficient
reverse intersystem crossing from T; to S; state as well as
thermally activated delayed fluorescence (TADF) was observed
for complexes 2 to 5. The electrochemical and photophysical
studies showed strong correlations between the para-Hammett

Table 4 O, and NEts quenching rates, intrinsic deactivation rates and the quantum yields

kq/sf1 D
0,° NEt,” kot 0, NEt;, ? kot
1 1.57 x 108 0.46 x 108 0.32 x 10° 0.67 0.20 0.13
2 1.21 x 108 0.18 x 108 0.10 x 108 0.81 0.12 0.06
3 1.10 x 108 0.06 x 10° 0.06 x 10° 0.90 0.05 0.05
4 0.66 x 10° 0.06 x 10° 0.02 x 108 0.89 0.08 0.02
5 0.74 x 108 0.03 x 10° 0.01 x 108 0.95 0.04 0.01

“ Bubbled with pure O, gas, O, atmosphere (1 bar), same as the reaction conditions. ?
¢ ko represent the rate of radiative and non-radiative decay, which shows the

calculated from the Stern-Volmer quenching experiment results.

66 equiv. (1.5 mol% catalyst loading) quenching rates

rate of the intrinsic deactivation of the excited state of copper(r) complexes.

This journal is © The Royal Society of Chemistry 2020
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parameters and the optoelectronic properties of Cul(i)
complexes. The photostability of these species is dictated also
by the electronics of the PP ligand that contributes to the
strength of the m-back bonding from the metal ion to the
dmphen ligand. Indeed, use of the electron-rich photocatalyst 4
resulted in the highest conversion rate over the first two hours.
When the reactions progressed over longer time courses, a
photodegradation of the product was observed, itself most
prominent with electron-rich complexes were used, and the
more electron-poor photocatalyst 1 resulted in the highest final
yield of 7 (94%). In order to interpret the correlation between
the photocatalytic activity and optoelectronic properties, we
interrogated the mechanism via a series of quenching studies.
We found that the reaction follows mainly two pathways: singlet
oxygen sensitization and reductive quenching. Notably, when
the most electron-rich catalyst 5 was used an additional
oxidative quenching process became accessible and led to a
lower conversion rate at early reaction times. However, we also
discovered that electron-poor photocatalysts, though generating
product faster, also contributed more readily to
photodegradation of the product, resulting in lower yields at
long reaction times. Therefore, in order to improve the
photocatalytic activity, photocatalysts with higher Eyq and
longer zp;, should be selected. While higher Efeq and E ) could
be obtained by destabilizing the N*N-based LUMO or stabilizing
the metal-based HOMO, longer zp;, could be obtained through
the use of electron-rich P*P ligands. A caveat is that employing
P*P ligands that are sufficiently electron-rich opens up an
oxidative quenching pathway that correlates with reduced
reaction rates. In short, the electron-donating properties of the
P7P ligands can be systematically changed without altering the
structural properties. Thus, we could tailor the photoredox
properties of the catalysts and modulate their activity.
Remarkably, the preferred mechanistic pathway can shift
between reductive quenching, energy transfer and oxidative
quenching depending on the inherent redox potential of the
photo-excited catalysts. Importantly, when the product of a
photocatalysis reaction is itself photoactive, it is essential to
probe its reactivity under the photocatalysis conditions. As
exemplified here, the combination of photocatalyst and product
contributed to the latter's undesired decomposition.

Acronyms

bpz 2,2'-Bipyrazine

bpy 2,2"-Bipyridine

SCE Saturated calomel electrode

MeCN Acetonitrile

dF(CF;)ppy 2-(2,4-Difluorophenyl)-5-(trifluoromethyl)
pyridine

dtBubpy 4,4'-Di-tert-butyl-2,2'-bipyridine

ppy 2-phenylpyridinato

XyBnta N-(2-(1-Benzyl-1H-1,2,3-triazol-4-yl)phenyl)-2,6-
dimethylaniline

dppb 1,2-Bis(diphenylphosphanyl)benzene

THF Tetrahydrofuran
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Bath 2,9-Dimethyl-4,7-diphenyl-1,10-phenanthroline

ThioPOP  10,10’-(2,8-Dimethylphenoxathiine-4,6-diyl)
bis(2,8-dimethyl-10H-phenoxaphosphinine)

PCET Proton-coupled electron transfer

NMR Nuclear magnetic resonance

DCM Dichloromethane

dmphen 2,9-Dimethyl-1,10-phenanthroline

DPEphos  (Oxybis(2,1-phenylene))bis(diphenylphosphane)
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