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Synthesis, structural characterization, photophysical properties,
DFT and TDDFT calculations, and photoredox catalysis studies of
2,9-di(aryl)-1,10-phenanthroline copper (I) complexes

M. Mustafa Cetin, Roman T. Hodson,’ C. Robin Hart,? David B. Cordes,” Michael Findlater,’
Dominick J. Casadonte, Jr.,> Anthony F. Cozzolino,” Michael F. Mayer*®

The synthesis, characterization, photophysical properties, theoretical calculations, and catalytic
applications of 2,9-di(aryl)-1,10-phenanthroline copper (I) complexes are described. Specifically,
this study made use of di(aryl)-1,10-phenanthroline ligands including 2,9-di(4-methoxyphenyl)-
1,10-phenanthroline (1), 2,9-di(4-hydroxyphenyl)-1,10-phenanthroline (2), 2,9-di(4-methoxy-3-
methylphenyl)-1,10-phenanthroline (3), and 2,9-di(4-hydroxy-3-methylphenyl)-1,10-
phenanthroline (4). The 2:1 ligand-to-metal complexes, as PFg salts, i.e., ([Cu-(1),]PFs, [Cu-(2),]PF,
[Cu-(3),]PFg, and [Cu-(4),]PFs) have been isolated and characterized. The structures of ligands 1
and 2 and complexes [Cu-(1),]PFs and [Cu-(3),]PF¢ have been determined by single-crystal X-ray
analysis. The photoredox catalytic activity of these copper () complexes was investigated in an
atom-transfer radical addition (ATRA) reaction and the results showed fairly efficient activity, with
a strong wavelength dependence. In order to better understand the observed catalytic activity,
photophysical emission and absorption studies, and DFT calculations were also performed. It was
determined that when the excitation wavelength was appropriate for exciting into the LUMO+1 or
LUMO+2, catalysis would occur. On the contrary, excitations into the LUMO resulted in no
observable catalysis. In light of these results, a mechanism for the ATRA photoredox catalytic
cycle has been proposed.

The discovery of 1,10-phenanthroline and its use as a ligand
for application in coordination chemistry dates back to the late
nineteenth century.l Since these early studies, 1,10-
phenanthroline and the substituted derivatives have been
used extensively for their many desirable structural and
chemical properties, such as: aromaticity, basicity, planarity,
rigidity, and chelating t:apability.2 As ligands, 1,10-
phenanthroline and numerous substituted derivatives strongly
coordinate to most of the transition metal ions, in a chelating
bidentate fashion, as fairly powerful o-donors and m-
aCCEptOI’S.Za'3 Thus, these ligands and their complexes, e.g.,
complexes as shown in Fig. 1, have been the subject of a
multitude of studies in organic, inorganic and supramolecular
t:hemistry.za’a’5 In particular, there has been much interest in
the coordination chemistry, photophysical properties and
redox properties of metal-phenanthroline complexes.s"8
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[Cu-(1),]PFs; R=OCHs, R =H
[Cu-(2),]PFs; R=OH, R =H
[Cu-(3),]PFs; R = OCHa, R = CHj
[Cu-(4),]PFs; R=OH,R'=CHs;

Fig. 1 Structures of [Cu-(1),]PFs, [Cu-(2),]PFs, [Cu-(3),]PFs, [Cu-(4),]PFs.

Though the preparation of metal complexes of 1,10-
phenanthroline ligands has been studied broadly,l'8 the
coordination chemistry of substituted 1,10-phenanthroline
ligands, in particular, has undergone remarkable growth in
recent years.Zb Further interest in the complexes has arisen
due to their unique structural, magnetic, electronic, and
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spectroscopic properties. These compounds have been used
as: luminescent probes,7 contrast agents for magnetic
resonance imaging (MRI),8 components in efficient light-
emitting devices,g'10 sensitizers for solar hydrogen catalysis,11
and shift reagents for nuclear magnetic resonance (NMR)
experiments.12

The robust nature of metal-phenanthroline complexes also
makes them attractive scaffolds for the development of
transition metal-based catalysts. A broad range of
transformations are now reported to be catalyzed by metal-
phenanthroline complexes, including: Mizoroki-Heck
coupling,13 alcohol  oxidation,* conjugate addition,*®
asymmetric catalysis,16 ethylene oligomerization,17 metal-

promoted C-C coupling,3b’18 photoredox catalysis,w'20 atom-
transfer radical-polymerization (ATRP),20 C-H
functionalization’* and hydroamidation.22 Within  this

burgeoning new application of metal-phenanthroline
complexes, a unique role for copper has emerged. Importantly,
copper (I) is an inexpensive, earth-abundant, and attractive
alternative to precious metal ions. For example, a copper-
based catalyst has been reported to be capable of ATRP with
use of a blue LED.>® Miura and co-workers have reported the
construction of biaryl heterocycles in good to moderate yields
using [(1,10-phenanthroline)CuF,] and a base at room
temperature.23 In one remarkable example, the direct
oxidation of cyclohexane to cyclohexanone was achieved with
selectivity using CuCl,, 1,10-phenanthroline and 2 equivalents
of potassium carbonate at room temperature under air.?*

Of relevance to the current catalysis study, vide infra, metal
complexes of 1,10-phenanthroline ligands have also been used
in an atom-transfer radical-addition (ATRA) reactionlgb’zsa, i.e.,
the Kharasch addition (Scheme 1). ATRA is a fundamental and
versatile reaction in which radical addition of mainly
polyhalogenated compounds to a C=C (or C=C) bond results in
the formation of both C-C and C-X bonds. Kharasch and co-
workers first reported this addition reaction in 1945
(preliminary studies were carried out in 193725f).25b Kharasch,
in particular, investigated the addition of polyhalogenated
methane derivatives, such as CBr,, CCl;, CBr;Cl and CBrCls;, to
olefins in the presence of free radical initiators or Iight.zs'c"26

catalyst X
o 7 R’
initiator/additive R
and/or reductant

X + R-X
(X =Cl, Br, I)

Scheme 1 General atom-transfer radical-addition (ATRA) reaction.
Peroxides,ZSb‘27 triethylboron,28 azobisisobutyronitrile (AIBN),29
and organotin reagents30 were commonly used as initiators in
ATRA reactions. However, these initiators are not ideal for
ATRA reactions due to concerns such as cost, toxicity, air
sensitivity, and more importantly, operational safety.30°'30e'31
Transition metal (Cu,32 Ru,33 Fe,34 or Ni35) complexes can be
employed as alternatives to these initiators. In order to
achieve desirable yields however, these metal complexes are
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typically used at relatively high loading. In most of these
reactions, ascorbic acid (as a reducing agent), AIBN and V-70
(free-radical initiators and reducing agents for ATRA at
ambient temperatures) are used to complete the catalytic
cycle by reducing the metal in the complex.z‘r"35 As a result of
the factors mentioned above, metal-mediated visible light-
driven photoredox catalysis with reducing agents has been
employed as a useful technique for a growing number of
organic transformations.?*>%

The use of a relatively low loading of copper catalyst in a few
successful ATRA reactions'*™3%3® has encouraged us to further
investigate and improve the understanding of these
photocatalytic ATRA reactions. In light of these reports, we
prepared and probed 2,9-di(aryl)-1,10-phenanthroline copper
(I) complexes with various substituents (Fig. 1). More
specifically, herein we report the preparation, structural
characterization,  photophysical properties, theoretical
calculations and catalytic studies of complexes [Cu-(1),]PFs,
[Cu-(2),]PFs, [Cu-(3),]PFs, and [Cu-(4),]PFs. Importantly, the
results of these catalytic studies show very efficient catalytic
activity, with 100% atom economy, without the use of any
reducing agents. All theoretical, synthetic, spectroscopic,
photophysical and catalytic results for the copper (I)
complexes of 2,9-di(aryl)-1,10-phenanthroline ligands are
presented along with X-ray crystal structures of some of the
ligands and complexes, i.e., 1, 2, [Cu-(1),]PFs, and [Cu-(3),]PFe.

Experimental
Materials and methods

Anhydrous dichloromethane and acetonitrile were distilled
over CaH, under nitrogen and stored over molecular sieves
prior to use. Ligands (1 and 2)39 and ligands (3 and 4)40 were
prepared using known literature procedures. [Cu(CH3CN),]PFg
was purchased from Aldrich. Styrene was purchased from
Acros (stabilized, 99%) and the inhibitor (p-tert-butylcatechol)
was removed by passing the styrene through a basic alumina
column prior to use. All other starting materials were either
purchased from commercial sources and used without any
further purification, or they were prepared according to the
procedures reported in literature. 'H NMR and “*C NMR
(decoupled mode) spectra were recorded on a JEOL ECS-400 or
Varian Unity Inova 500 MHz spectrometer. DMSO-dg (99.9% D
with 0.05% v/v TMS) was used as the NMR sample solvent.

Preparation of ligands and complexes

The syntheses of the ligands (1-4) have been previously
reported.39'40 The detailed synthetic procedures for the
complexes and the molecular structural characterization data

for the target compounds are presented below.

[Cu(2,9-(4-MeOCgH,),-1,10-phen),]PF¢ ([Cu-(1),]PFs)

A solution of 1 (100 mg, 0.255 mmol) in DCM (10 mL) and
acetonitrile (10 mL) was prepared at room temperature under
a nitrogen atmosphere. The orange-colored solution was

This journal is © The Royal Society of Chemistry 20xx
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stirred until ligand 1 was dissolved completely. To this
solution, tetrakis(acetonitrile)copper(l) hexafluorophosphate
(47.5 mg, 0.127 mmol) was added and the solution was stirred
for 20 minutes at room temperature. The color of the solution
turned to a dark red-black. Concentration of the mixture under
reduced pressure using a rotary evaporator provided the crude
product. Purification on silica gel by flash column
chromatography, using DCM-methanol (99:1) as eluent,
afforded the corresponding copper (I) complex, [Cu-(1),]PFg,
(107.4 mg, 85%) as a red glassy solid, m.p. >260 °C; 'H NMR
(500 MHz, ds-DMSO) 6 8.69 (d, J = 8.5 Hz, 4H), 8.17 (s, 4H),
8.01 (d, J = 8.5 Hz, 4H), 7.44 (d, J = 8.5 Hz, 8H), 6.05 (d, J = 8.5
Hz, 8H), 3.38 (s, 12H); **C NMR (125 MHz, ds-DMSO) & 159.6,
155.6, 142.8, 137.3, 130.9, 129.1, 127.7, 126.0, 124.2, 112.2,
54.8; HRMS (ESI) m/z caled for CsyHsCuN,O, [M-PF¢]
847.2340, found 847.2346; Anal. calcd for Cs,HaCuFgN,O4P: C,
62.87; H, 4.06; N, 5.64; found: C, 62.50; H, 3.68; N, 5.82.

[Cu(2,9-(4-HOCgH,),-1,10-phen),]PF¢ ([Cu-(2),]PF¢)

A solution of 2 (100 mg, 0.274 mmol) in DCM (10 mL) and
acetonitrile (10 mL) was prepared at room temperature under
a nitrogen atmosphere. The vyellow-colored solution was
stirred until ligand 2 was dissolved completely. To this
solution, tetrakis(acetonitrile)copper(l) hexafluorophosphate
(51.1 mg, 0.137 mmol) was added and the solution was stirred
for 20 minutes at room temperature. The color of the solution
turned to a dark red-black. Concentration of the mixture under
reduced pressure using a rotary evaporator provided the crude
product. Purification on silica gel by flash column
chromatography, using DCM-methanol (99:1) as eluent,
afforded the corresponding copper (I) complex, [Cu-(2),]PFg,
(107.5 mg, 84%) as a red glassy solid, m.p. >260 °C; 'H NMR
(400 MHz, ds-DMSO) 6 9.33 (s, 4H), 8.65 (d, J = 8.3 Hz, 4H),
8.14 (s, 4H), 7.95 (d, J = 8.2 Hz, 4H), 7.34 (d, J = 8.7 Hz, 8H),
5.88 (d, J = 8.7 Hz, 8H); *C NMR (100 MHz, d-DMSO) & 158.1,
155.8, 142.9, 137.2, 129.4, 129.1, 127.6, 126.0, 124.1, 113.6;
HRMS (ESI) m/z calcd for C,gH;,CuN,O, [M-PFg]" 791.1714,
found 791.1698; Anal. calcd for C,gH3,CuFgN,O4P: C, 61.51; H,
3.44; N, 5.98; found: C, 61.37; H, 3.52; N, 5.59.

[Cu(2,9-(3-Me-4-MeOC¢H;),-1,10-phen),]PF¢ ([Cu-(3),]PF¢)

A solution of 3 (100 mg, 0.238 mmol) in DCM (10 mL) and
acetonitrile (10 mL) was prepared at room temperature under
a nitrogen atmosphere. The light yellow-colored solution was
stirred until ligand 3 was dissolved completely. To this
solution, tetrakis(acetonitrile)copper(l) hexafluorophosphate
(44.3 mg, 0.119 mmol) was added and the solution was stirred
for 20 minutes at room temperature. The color of the solution
turned to a dark brown-red-black. Concentration of the
mixture under reduced pressure using a rotary evaporator
provided the crude product. Purification on silica gel by flash
column chromatography, using DCM-methanol (99:1) as
eluent, afforded the corresponding copper (I) complex,
[Cu-(3),]PFs, (106.6 mg, 85%) as a red glassy solid, m.p. >260
°C; 'H NMR (400 MHz, ds-DMSO) & 8.67 (d, J = 8.7 Hz, 4H), 8.17
(s, 4H), 8.00 (d, J = 8.2 Hz, 4H), 7.43 (s, 4H), 7.25 (d, J = 8.7 Hz,
4H), 6.27 (d, J = 8.2 Hz, 4H), 3.51 (s, 12H), 1.05 (s, 12H); **C

This journal is © The Royal Society of Chemistry 20xx
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NMR (100 MHz, ds-DMSO) 6 157.8, 155.7, 142.9, 137.0, 130.4,
129.2, 127.5, 126.5, 126.0, 124.0, 124.0 108.7, 55.2, 14.9;
HRMS (ESI) m/z calcd for CsHusCuN,O, [M-PF¢]" 903.2966,
found 903.2939; Anal. calcd for CsgHyugCuFgN,O4P: C, 64.09; H,
4.61; N, 5.34; found: C, 63.94; H, 4.65; N, 4.94.

[Cu(2,9-(3-Me-4-HOCgH;),-1,10-phen),]PF¢ ([Cu-(4),]PFg)

A solution of 4 (100 mg, 0.255 mmol) in DCM (10 mL) and
acetonitrile (10 mL) was prepared at room temperature under
a nitrogen atmosphere. The dark green-colored solution was
stirred until ligand 4 was dissolved completely. To this
solution, tetrakis(acetonitrile)copper(l) hexafluorophosphate
(47.5 mg, 0.127 mmol) was added and the solution was stirred
for 20 minutes at room temperature. The color of the solution
turned to a dark red-black. Concentration of the mixture under
reduced pressure using a rotary evaporator provided the crude
product. Purification on silica gel by flash column
chromatography, using DCM-methanol (99:1) as eluent,
afforded the corresponding copper (I) complex, [Cu-(4),]PFg,
(106.7 mg, 84%) as a red glassy solid, m.p. >260 °C; "H NMR
(500 MHz, ds-DMSO) & 9.30 (s, 4H), 8.61 (d, J = 8.5 Hz, 4H),
8.14 (s, 4H), 7.91 (d, J = 8.5 Hz, 4H), 7.45 (s, 4H), 7.08 (dd, J =
2.0, 8.0 Hz, 4H), 6.23 (d, J = 8.5 Hz, 4H), 0.84 (s, 12H); *C NMR
(125 MHz, ds-DMSO) & 156.3, 155.8, 142.9, 136.8, 129.5,
129.2,127.4,125.9, 124.0, 122.2, 113.0, 49.0, 14.6; HRMS (ESI)
m/z calcd for CsyHeoCuN,O, [M-PFg]" 847.2340, found
847.2348; Anal. calcd for Cs,HzoCuFgN,O4P: C, 62.87; H, 4.06;
N, 5.64; found: C, 62.49; H, 3.87; N, 5.52.

General procedure of photoredox ATRA reaction to provide
(1,3,3,3-tetrabromopropyl)benzene

The protocol for this photoredox reaction was adapted from a
literature report.19b A solution of styrene (1.5 mmol), carbon
tetrabromide (1.5 mmol), and copper () complex ([Cu-(1),-
]PFs—[Cu-(4),]PFs) (0.3 mol%) in 1.5 mL CH,Cl, was placed
under an argon atmosphere in a capped 20 mL vial equipped
with a magnetic stirring bar. Then the dark red-colored
reaction mixture was stirred and irradiated with an LED light
(Figs. S9 and S10) for 20 hours at room temperature. (Another
set of reactions involved irradiation of the sample with a
General Electric 40 W soft white light bulb (Fig. S14) under the,
otherwise, same conditions.) After stirring 20 hours, the
reaction mixture was concentrated under reduced pressure
using a rotary evaporator, washed with brine, and then
purified on a short pad of silica gel by elution with pure
hexanes.

Crystallography

Diffraction data for compounds [Cu-(1),]PFs, [Cu-(3),]PFe, and
2, were obtained on a Bruker Smart Apex Il CCD
diffractometer, and data for compound 1 were obtained on a
Rigaku SCX-Mini CCD diffractometer. Data for compound 2
were collected at room temperature, while those data for
compounds [Cu-(1),]PFg, [Cu-(3),]PFs and 1 were collected at
low temperature ([Cu-(1),]PFs and [Cu-(3),]PFs at 100 K, 1 at
173 K), using graphite-monochromated Mo-Ka. radiation (A =
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0.71073 A). Intensity data were collected using ®-steps
accumulating area detector images spanning at least a
hemisphere of reciprocal space. All data were corrected for
Lorentz polarization effects. A multi-scan absorption correction
was applied using SADABS™ (compounds [Cu-(1),]PF¢, [Cu-(3),-
]PFg and 2), or CrystaICIear42 (compound 1). Structures were
solved by direct methods using XS (compounds 1 and 2) or XM
(compounds [Cu-(1),]PFs and [Cu-(3),]PFs) and refined by full-
matrix least-squares against F (XL). Structure solution and
refinement were conducted within the SHELXTL interface.*® All
hydrogen atoms bound to carbon were assigned riding
isotropic displacement parameters and constrained to
idealized geometries. Hydrogen atoms bound to oxygen were
located from the difference Fourier map and refined
isotropically subject to a distance restraint. Compound
[Cu-(1),]PF¢ was affected by non-merohedral twinning, with a
twin law of [0.045 -0.955 -0.056 -1.045 -0.045 0.056 0 O -1],
and a refined twin fraction of 0.34. This was accounted for in
the refinement by the use of an HKLF5 file, generated using
the TWINROTMAT routine in PLATON.** The MeCN solvent
molecule in [Cu-(3),]PFs showed symmetry-induced disorder
by reflection. Compound 1 appeared to contain diffuse,
disordered solvent molecules running along the c-axis, which
could not be adequately modelled. The SQUEEZE procedure in
PLATON was used to remove the electronic contribution from
this solvent, amounting to 138 electrons per unit cell, or 23
electrons per molecule. This was taken to be equivalent to two
waters per molecule of 1. The electron density thus accounted
for has been included in the formula, formula weight, p, u and
F(000). Crystal and refinement details are summarized in Table
S6.

Photophysical measurements

Absorption spectra were obtained using a Shimadzu UV-
2401PC, UV-VIS recording spectrophotometer. The emission
spectra were obtained using an SLM 8000 fluorimeter that was
retrofitted for single photon counting by the Ollis Corporation.
Lifetime measurements were obtained on a Jobin Yvon HR
time-correlated single-photon counting (TCSPC) spectrometer.
All lifetime measurements were obtained in triplicate. The
Cu(l) solutions were prepared in dried DCM under argon in an
LC technologies LC-1 glovebox.

Calculations

Calculations were performed using the ORCA 3.0 quantum
chemistry program package from the development team at the
Max Planck Institute for Bioinorganic Chemistry.45 For
geometry optimizations the LDA and GGA functionals
employed were those of Perdew and Wang (PW-LDA, PW91).46
All geometry optimizations were carried out using the def2-
TZV(2pf) basis set for the copper atoms, the def2-TZV basis set
for the hydrogen atoms, and the def2-TzZV(p) set for all
others.*”* Spin-restricted Kohn—Sham determinants were
chosen to describe the closed shell wavefunctions, employing
the Rl approximation49 and the tight SCF convergence criteria
provided by ORCA. All geometry optimizations were followed
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by frequency calculations using the analytical frequencies
option in ORCA to ensure that there are no negative
frequencies. TDDFT was used to calculate the 50 and 200
lowest energy singlet and triplet excitations for the ligands and
complexes, respectively with PW91 to establish the general
ordering of transitions. Additional polarization functions were
added to the H and main-group elements for the TDDFT
calculations. TDDFT calculations were also run with the hybrid
functionals using Becke (888)50 with 30% HF for the exchange
and Perdew and Wang (PW91)46 for the correlation on the
lowest 10 transitions for the ligand and the lowest 20
transitions for the complex.

Results and Discussion
Synthesis of ligands 1-4

Ligands 1-4 were synthesized (Schemes 2 and 3) in high yield
by use of literature procedures.”'40 The ligands were
characterized by spectroscopic analysis and the spectra
matched that reported in the literature.>®*® In this work, the
solid-state structures of ligands 1 and 2 were determined by
single-crystal x-ray analysis.

OCHs 1) n-BuLi, THF, 78 °C, 2 h 7NN\ £ whol

2) 1,10-phenanthroline, THF, 0 °C, 16 h = = W
=

3) MnO,, DCM, 1, 30 min 210°C, 16 h

Br

HaCO OCH3

78% 91%
(70%)* (92%)*

Scheme 2 Synthesis of ligands 1 and 2.

The two methyl groups directly bonded to the phenyl rings, in
both ligands 3 and 4, helped serve as additional spectroscopic
markers for identification of the ligands as well as the
corresponding copper () complexes of 3 and 4.

oH OCH, OCHs
HaC CHz),S0, NBS 1) n-Bui, THF, 78 °C, 2 h
N \© (CHo50s H:’C\© HeC 2) 1,10-phenanthroline
NaOH CHSCN, 1t, 24 h THF, 0°C, 16h
acstone, rt Br 3) MnO,, DCM, tt, 30 min
8% 5
T8y 78%
(78%)40a
< <

@N HCI

N N =N N=
—_—
210°C,24h
w T Oy == el
3 4
HyCO 78% OCHg HO 96% OH
(78%)40 (96%)%°P

Scheme 3 Synthesis of ligands 3 and 4.

Synthesis of copper (I) complexes [Cu-(1),]PF¢-[Cu-(4),]PF¢

Bis(2,9-di(aryl)-1,10-phenanthroline) copper (I) complexes
[Cu-(1),]PF¢-[Cu-(4),]PFg were synthesized in high vyield, as
shown in Scheme 4, and they were characterized by a variety
of spectroscopic techniques. The complexes are air-stable and
capable of being dissolved in most common organic solvents.
The solid-state structures of two of the complexes ([Cu-(1),]PFg
and [Cu-(3),]PFs) were determined by single-crystal x-ray
analysis.

This journal is © The Royal Society of Chemistry 20xx
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. [Cu(CH3CN),]*PFg
2 Ligand » [Cu(Ligand),]*PFg’
CH,Cl,:CH3CN (1:1)

rt, 20 min
84-85%

Scheme 4 General synthetic scheme for the synthesis of complexes.

X-ray structures of ligands 1 and 2

Colorless and yellow single crystals of ligands 1 and 2 were
grown by slow cooling and evaporation of the ethanol and
ethanol/water (1:1), solutions, respectively. Both of these
compounds adopt slight variations on what might be the
expected geometry of the compound, with the phenanthroline
adopting an almost planar arrangement in both compounds,
and the benzene rings twisted out of the plane by varying
amounts (Fig. 2).

Fig. 2 Structure of ligand 1 (left) and ligand 2 (right, water molecules have been omitted
for clarity). Thermal ellipsoids are drawn at the 50 % probability level.

Ligand 1 shows slightly less planarity in the phenanthroline
than 2 (RMS deviations from planarity are 0.0065 and 0.0631
A, respectively), with the benzene rings twisted out of this
plane by 26.59(6)° for 2, compared with 5.2(2)° and 28.4(3)°
for 1. Despite the apparent physical similarities between 1 and
2, the intermolecular interactions seen in their X-ray structures
vary greatly. In compound 1, the primary intermolecular
interactions are a series of CH/m interactions, between aryl
hydrogens and the methoxyphenyl rings of the compound [C—
H---centroid distances 2.70-2.86 A, C--centroid distances
3.447(7)-3.763(7) A, shortest C—H---C distances 2.74-2.86 A].
These weak interactions, acting together, are the only
directional interactions acting in the structure of 1, as neither
1Tt interactions (shortest distance between centroids 4.62 A),
nor hydrogen-bonds of any type (none observed during early
attempts at modelling the disordered water molecules) are
seen. In contrast, in compound 2, no m-interactions of any
kind occur (shortest distance between centroids 4.14 A), two
sets of hydrogen bonds comprise the intramolecular
interactions. The first set of these, two complementary
interactions between the alcohol hydroxy groups and waters
[distances: RO-H--OH, 1.671(17) A, RO---OH, 2.6385(18) A;
HO—H--OR 1.978(18) A, HO—H:--OR 2.8262(19) A], gives rise to
a hydrogen-bonded tetramer of two alcohols and two waters.
This tetrameric linker leads to the formation of one-
dimensional undulating chains of 2, running along the [2 0 1]
diagonal axis (Fig. 3). The second set of hydrogen bonds,

This journal is © The Royal Society of Chemistry 20xx

between one water, and the nitrogen of the phenanthroline
[distances: HO-H--N 2.00(2) A, HO--N 2.8885(18) A], and
complimented by a weak hydrogen bond between a
phenanthroline hydrogen and the same water oxygen anions
[distances: CH:--:O 2.60, C---O 3.525(2)], links the one-
dimensional chains into a three-dimensional network.

,xf

é‘}% 5‘}%
- A

Fig. 3 (bottom) View of the one-dimensional hydrogen bonded chain formed by 2,
propagating along the crystallographic [2 0 1] diagonal axis. Hydrogens, other than
those involved in hydrogen-bonding are omitted for clarity. (top) View of the hydrogen-
bonded tetrameric linker in 2. Hydrogen bonds involved in forming the tetranuclear
cluster are shown in blue, those further linking adjacent hydrogen-bonded nitrogen
atoms are shown in green.

X-ray structures of complexes: [Cu-(1),]PF; and [Cu-(3),]PFg

Dark red single crystals of both complexes [Cu-(1),]PFs and
[Cu-(3),]PF¢ were grown by slow cooling and evaporation of a
toluene/acetonitrile (1:2) solution. The solid-state structures
of each of these complexes (Fig. 4), occupying the triclinic
space group P1 ([Cu-(1),]PF¢) and the monoclinic space group
C2/c ([Cu-(3),]PFg), both comprise two molecules of their
respective ligands (1 and 3) as well as a PFg anion. In addition,
[Cu-(3),]PF¢ includes an acetonitrile solvent molecule. The Cu—
N bond lengths are all typical [2.026(4) to 2.050(4) A for
[Cu-(1),]PFg, 2.049(2) and 2.050(2) A for [Cu-(3),]PF¢] of such
complexes, and, although the geometries around the Cu atom
show significant distortion from the ideal tetrahedral
geometry [NCuN/NCuN interplanar angle 71.6° for [Cu-(1),]PFg,
72.0° for [Cu-(3),]PFg], this is in agreement with previously
reported examples.51 These distortions have been thought to
enable a more spatially-efficient packing of the individual
t:omplexes.51
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Fig. 4 X-ray structure of the complexes [Cu-(1),]PFs (left) and [Cu-(3),]PFs with MeCN
(right). The backbone atoms of one ligand in each complex have been highlighted to
better show the molecular arrangement. Thermal ellipsoids are drawn at the 50%
probability level and hydrogens have been omitted for clarity.

This appears to be borne out in [Cu-(1),]PFe, as this geometry
about the metal allows several intramolecular 7Tt
interactions to take place [centroid---centroid distances
3.643(3) to 3.824(3) A]. Conversely, in [Cu-(3),]PFg, only one
intramolecular interaction occurred; a very weak
C(methyl)H---m(phenanthroline) interaction [C—H---centroid
distance 3.00 A, shortest C—H---C distance 2.97 A]. This
distance is slightly larger than the conventional van der Waals
limit but CH--m interactions have been suggested to be
effective at distances beyond this value.** In addition, both
compounds do show a variety of intermolecular interactions.
In [Cu-(1),]PFs, the more common of these are weak hydrogen
bonds between both aromatic and methyl hydrogens and
either methoxy oxygens, or fluorides of the PFg anions
[CH---acceptor distances 2.24 to 2.59 A, C---acceptor distances
3.013(8) to 3.383(7)]. Less common are CH/m interactions
between two aryl hydrogens and methoxyphenyl rings [C—H---
centroid distances 2.73 and 2.83 A, C--centroid distances
3.356(6) and 3.457(6) A, shortest C—H---C distances 2.87 and
2.79 Al. In [Cu-(3),]PFs, weak hydrogen bonds are the more
common intermolecular interaction, between both aromatic
hydrogens of the complex and either nitrogens of the MeCN or
fluorides of the PFg anions, as well as between hydrogens of
the MeCN and fluorides of the PFg anions [CH:--acceptor
distances 2.47 to 2.56 A, C---acceptor distances 3.152(4) to
3.474(8)]. One set of intermolecular -1 interactions was also
found to occur [centroid---centroid distance 3.667(2) Al.

The methyl groups of the 3-methyl-4-methoxyphenyl groups of
3 in complex [Cu-(3),]PFs show a trans orientation with respect
to each other (Fig. 5). The phenyl rings they are bound to are
rotated such that, for each ligand, one methyl is positioned
above, the other below the plane of the phenanthroline, and
the Cpheny-Cmethyi bONds are approximately orthogonal to each
other.

6 | J. Name., 2012, 00, 1-3

Fig. 5 View of complex [Cu-(3),]PF illustrating the trans orientation of methyl groups of
each ligand within the complex. The relevant methyl groups are highlighted in green for
one ligand, yellow for the other.

NMR spectra of ligands and complexes

The structures of ligands 1-4 (with labelled protons) and the
structures of complexes [Cu-(1),]PFg—[Cu-(4),]PFg are shown in
Fig. 6. The 'H NMR spectra of the ligands and complexes are
shown in Fig. 7.

4 [Cu-(4),]PFs

Fig. 6 Structures of 1, [Cu-(1),]PFs, 2, [Cu-(2),]PFs, 3, [Cu-(3),]PFs, 4 and [Cu-(4),]PFs with
proton labels.

The 'H NMR spectrum of ligand 1 (Fig. 7a in blue) consisted of
just six signals in total (due to both free rotation about the
sigma bond that connects the phenyl and phenanthroline
moieties as well as average C,, symmetry for the ligand),
where there were five signals in the aromatic region and one
signal at ca. 3.9 ppm. These signals are assigned to proton sets
H, — He. and OCHjs, respectively, as labeled in Fig. 6. The 'H NMR
spectrum of [Cu-(1),]PFg (Figs. 7a in red) also contained just six
signals (due to average D,,; symmetry for the complex). In

This journal is © The Royal Society of Chemistry 20xx
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comparison of the '"H NMR spectra of 1 and [Cu-(1),]PF¢ (Fig.
7a), all six signals shifted (also see Table S1). Most significantly,
the signals for the Hy and H. proton sets both underwent
substantial upfield chemical shifts (A84q = 1.04 ppm; Ay =
1.13 ppm), as expected, upon complex formation as a result of
the proximity of the Hy and H, proton sets to the faces of the
large aromatic phenanthroline moieties. Such shifts, resulting
from a diamagnetic anisotropic effect, are well-documented
and they are indicative of bis(2,9-di(aryl)-1,10-phenanthroline)
copper (I) complex formation.>**°® Similar shifts were
observed in the 'H NMR spectra of ligand 2 and the
corresponding complex [Cu-(2),]PFg (Fig. 7b and Table S2).

Comparison of the 'H NMR spectra of ligand 3 versus
[Cu-(3),]PFs (as well as ligand 4 versus [Cu-(4),]PFs) also
showed similar diagnostic shifts upon complex formation, Figs.
7c-d and Tables S3 and S4. For ligand 3, the 6 chemical shift-
equivalent methoxy protons produced one singlet at 3.91 ppm,
whereas the 6 equivalent methyl protons produced one singlet
at 2.35 ppm (Fig. 7c in blue); both signals displayed shifts,
intensities and multiplicities in accord with expectations for
these common aromatic substituents. For [Cu-(3),]PFs, while
the 12 methoxy protons produced one singlet with a small
upfield shift (Adgcyz = 0.40 ppm, compared to 3), the 12
methyl protons produced one singlet with a very substantial
upfield chemical shift (Adcyz = 1.30 ppm, compared to 3),
analogous to the upfield shift observed, upon complexation,
for the H, protons of ligand 1. This pronounced upfield shift for
the protons of the methyl groups in complex [Cu-(3),]PFs is a
direct manifestation of strong ligand complexation in solution.
Ligand 4 and the corresponding complex [Cu-(4),]PF¢ showed a
similar large upfield shift (AScyz = 1.47 ppm).

This journal is © The Royal Society of Chemistry 20xx

a)
Ho HaHeHa He

e iV o —
10.0 9.0 8.0 70 6.0 5.0 40 3.0 20 1.0 0
b) A3 (ppm)

OHHo HaHe Ha He H0  DMSO acetone

6.0 5.0 40 30 20 1.0 0
AS (ppm)

OCH;‘_R H20 DMSO CHs acetone TMS

10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 20 1.0 0
d) A3 (ppm)

H20 DMSO CHs acetone TMS

10.0 9.0 8.0 7.0 6.0 5.0 40 30 20 1.0 0
Ad (ppm)

Fig. 7 "H NMR spectra of: a) 1 (blue) and [Cu-(1),]PFs (red), b) 2 (blue) and [Cu-(2),]PFe
(red), c) 3 (blue) and [Cu-(3),]PFs (red), d) 4 (blue) and [Cu-(4),]PF (red).

Stereoisomers of [Cu-(3),]PFg and [Cu-(4),]PFs, mechanism of cis-
trans isomerization

The presence of the methyl groups in ligands 3 and 4, in
contrast to ligands 1 and 2, allows for numerous limiting
stereoisomeric structures for [Cu-(3),]PFg and [Cu-(4),]PFg,
respectively. For example, for [Cu-(3),]PFg, as illustrated in Fig.
6, the two methyl groups of the blue ligand are oriented in
opposite (trans) directions; likewise, the two methyl groups of
the green ligand are oriented in opposite directions. Thus, Fig.
6 illustrates a trans, trans-isomer (i.e., an atropisomer) of
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[Cu-(3),]PFs. The x-ray crystal structure of [Cu-(3),]PFs as
partially shown in Fig. 5, reveals, indeed, a solid-state
preference for a pair of enantiomeric trans, trans-
atropisomers, again where only one of the two enantiomers
present in the crystallographic space group are displayed in
Fig. 5. As it is, Fig. 5 and Fig. 6 illustrate the same trans, trans-
atropisomer. Again however, also possible are: cis, trans-
atropisomers and cis, cis-atropisomers. From molecular
models (see Fig. S11 for representations), the cis, cis-
atropisomer is chiral and, as such, can exist in two limiting
mirror-image forms. The cis, trans-atropisomer is also chiral
and can exist in two limiting mirror-image forms. Interestingly,
the trans, trans-atropisomer can exist in three separate
limiting stereoisomeric forms where two trans, trans-
atropisomers are chiral and are mirror-images of one another
(as seen in the solid-state) and a third trans, trans-atropisomer
is achiral. Thus, in all, seven limiting stereoisomers are possible
and, due to degeneracy, four energetically-distinct
diastereomeric structures result, i.e., three racemic pairs of
enantiomers and one achiral diastereomer.

The 'H NMR spectrum of [Cu-(3),]PFs (dg-DMSO solution at
room temperature) shows just one signal for the 12 protons of
the 4 methyl groups (Fig. 7c in red). In principle, such an
observation could be consistent with up to three
structural/dynamics possibilities. The first possibility, assuming
diastereomers to be *H NMR-differentiable, is that only one of
the racemic pairs of enantiomers (or the achiral diastereomer)
of [Cu-(3),]PF¢ is present in solution. While such a possibility is
consistent with the x-ray structure for [Cu-(3),]PFs, where the
solid-state structure was found to be composed of one pair of
trans, trans-enantiomers, in this case, this first possibility is
unlikely as no particular diastereomer stands out as being
more (or less) stable than the others (of the four energetically-
distinct diastereomers). The second possibility is that two or
more stereoisomers are present but that, by coincidence,
there is negligible chemical shift difference for all of the
corresponding signals for the various isomers. This second
possibility is also unlikely as NMR spectra of [Cu-(3),]PFs at
different '"H NMR frequencies or in different NMR sample
solvents or at different NMR sample temperatures showed no
additional signals or even signal broadening for the signal due
to the methyl protons. The third possibility is that two or more
stereoisomers are present, but where they are in very fast
dynamic equilibrium such that the NMR spectrum shows only
one signal for the methyl groups with a weighted-average
chemical shift.

That no signal broadening was observed in spectra of the
complexes, for samples cooled as low as —94 °C, suggests that
the energetic barrier to cis-trans isomerism is negligible at
room temperature for rotation about the sigma bond that
connects the phenyl and phenanthroline moieties. Fig. 8
supports this low-energetic-barrier hypothesis as it illustrates a
facile mechanism for cis-trans isomerization. In particular, Fig.
8 shows that both planes of the phenyl groups of one ligand of
3, in the [Cu-(3),]PFs complex, are angled outwards and away
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(by 30° in the idealized structure) from the sandwiched plane
of the phenanthroline moiety of the other ligand in the
complex. Due to this angle, it is conceivable that the phenyl
groups might be able to rotate 180° such that the methyl
group swings between the phenyl and phenanthroline
moieties. In contrast, however, it is much more likely that the
phenyl group would rotate in the opposite direction. In this
direction, a facile cis-trans isomerization can occur where the
phenyl group rotates 180° such that the methyl group swings
around the outside of the complex (rather than in between the
phenyl group and the phenanthroline moieties). Given such a
facile mechanism for cis-trans isomerization (i.e., atropisomer
interconversion), the average structure in solution is likely
within a range of structures on the cis, cis-, cis, trans-, and
trans, trans- continuum of stereoisomers (in contrast to the
solid-state structural preference for the racemic trans, trans-
atropisomers).

+/- 180° rotation
of phenyl moiety

CHgy

HsCO QCHj4

30° between
planes (idealized) "

Y \

Fig. 8 Mechanism of trans-cis isomerization. A 180° rotation of the shown phenyl
groups interconverts the methyl groups on the ligand from a trans to a cis orientation.
The phenyl groups of the lower phenanthroline ligand are omitted for clarity.

Absorption studies

The absorption properties of the substituted 1,10-
phenanthroline ligands (1-4) and the Cu(l) complexes in
solution are shown in Fig. 9 and Table 1.

This journal is © The Royal Society of Chemistry 20xx
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Table 1 Absorption properties of 1 —4and [Cu-(1),]PFe-[Cu-(4),]PFe

Wavelength (nm)

(b)

Fig. 9 Absorption spectra of (a) free ligands (in DMSO) and (b) Cu(l) complexes (in
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sulfoxide (DMSO) solution. However, due to the solvent cut-off
window for DMSO (<268 nm), the higher-energy bands
typically observed with phenanthrolines in the 220-260 nm
region could not be resolved. The free ligands display a band
around 286-289 nm and a second, lower-intensity band set
between 340 and 350 nm. The peak around 290 nm is most
likely the 1La transition (according to the nomenclature of
Platt>® and Brayss). The corresponding transition in
unsubstituted 1,10-phenanthroline is also at 289 nm.>® This
transition is polarized along the long axis (perpendicular to the
symmetry axis in each t:ase).‘r’s’57 The bands between 340 and
350 nm correspond to the lowest-energy 't-n* transition of
the substituted 1,10-phenanthroline ligands (most likely the
1L.c, transition>**°), with a possible admixture of states from the
"n-mt* transition of the phenyl substituent. A bathochromic
shift of the low-energy absorption bands is typically observed
in substituted 1,10-phenanthroline Iigands.ss'59 This has been
ascribed in solution to dipole-dipole and induced dipole-dipole
interactions in the ground state with a consequent weakening
of the ability of the heteroatoms to hydrogen bond (i.e.,
poorer ground state soIvation).Ze Another effect which aids in
the bathochromic shift of the substituted phenanthrolines is
the ability of the phenyl substituents to resonance stabilize the
n* orbitals of the phenanthroline through hyperconjugation.
This situation is enhanced by the presence of electron-

donating hydroxy and methoxy groups on the phenyl rings.

In the visible region, the Cu(l) complexes display the
characteristically broad d-m* metal-to-ligand charge transfer
(MLCT) band between 430-470 nm in DCM (g = 3.58 x 10° -
8.00 x 10° M'lcm"l; the peak maxima are listed in Table 1). The
blue shift in the charge transfer bands, compared to the Cu(l)
2,9-dimethyl-1,10-phenanthroline analog (454 nm),2e is most
likely due to the electron-donating effects of the hydroxy and
methoxy groups on the phenyl rings. The reduction in the
molar absorptivity of some 2,9-diphenyl-substituted 1,10-
phenanthroline Cu(l) complexes has been previously
attributed, from a valence bond perspective, to a decrease in
the transition dipole Iength.60 The bands of the four copper
complexes are broad, unlike the characteristically well-defined
peak at 454 nm associated with the 2,9-dimethyl Cu(l)
analog.2e This has been suggested by McMillin and Sauvage, in
the case of the diphenyl analog, as being due to the low
symmetry of the structure in solution for the PFg salt.®!

Emission studies

The emission maxima and luminescent lifetimes observed in
this study for all of the free ligands and Cu(l) complexes in
solution are summarized in Table 2, as are the emission
maxima in the solid state. All of the free ligand emission
spectra were obtained with DMSO solutions that were
absorbance matched to 0.08 + 0.002. When the free ligands
were excited into the 1LB (lrt—r[*) absorption bands (in DMSO),
fluorescence from the 'm-m* states of the phenanthroline
ligands was observed, as shown in Fig. 10.

J. Name., 2013, 00, 1-3 | 9
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Table 2 Emission data for ligands 1-4 and [Cu-(1),]PFe-[Cu-(4),]PFs complexes

Emission Max

Ligand/Complex Excitation (nm)d and Lifetime
(nm) . (ns)
Assignment
1 g
r 345 405 (L (rem®) 2.6+0.03
emission)
1 ¥
bx 345 409 (L (m®) 2.430.07
emission)
1 ok
3’ 345 408 ( Ly (rem®) 2.9%0.02
emission)
1 ¥
& 345 407 (L (nm®) 2.9:0.03
emission)
([Cu-(1):]PFq)° 467 685 (principal MLCT 23642
emission)

b 681 (principal MLCT
([Cu-(2)]PFe) 467 emission) 21843
([Cu-(3),]PFe)” 467 691 (principal MLCT 18342

emission)

b 682 (principal MLCT
([Cu-(4),]PFe) 467 emission) 178+2
([Cu- (1),]PFo) 267 690 (prlr?ur.)al MLCT ot

emission)

c 649 (principal MLCT e
([Cu-(2)2]PFe) 467 emission) n.a.
([Cu-(3),]PFo) 267 693 (prlr?ur.)al MLCT ot

emission)
([Cu-(8),]PFe)" 467 663 (principal MLCT nat

emission)
2DMSO solution. °DCM solution. ¢ Solid state. ¢ Uncorrected. ©n.a. = not applicable.
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Fig. 10 Free ligand fluorescence (insets are expansions from 350 to 550 nm for ligands
2 and 4).

Anhydrous 1,10-phenanthroline exhibits structured
fluorescence in DCM solution from the lowest-lying singlet
state, S1, with peak maxima at 360, 380 and 400 nm.5%%3
Phenyl substituents at the 2 and 9 positions are known to
bathochromically shift the emission of phenanthroline
Iigands.62 The shift is even more pronounced when electron-
donating groups are present on the phenyl substituents, as is
the case with ligands 1-4. This is consistent with emission that
arises from a m-mt* state that is polarized along the transverse
axis (as is the case with the 1LB excited state56'57). Similar
effects have been observed with 3,8-disubstituted
phenanthroline Iigands.64

10 | J. Name., 2012, 00, 1-3

Room temperature fluid emission is often quenched in the
presence of either oxygen-containing or Lewis basic solvents.”
Nevertheless, charge-transfer emission has been observed for
bis-phenanthroline Cu(l) complexes in solutions of weakly
coordinating solvents such as dichloromethane if the copper (l)
metal center is sufficiently protected from Lewis base attack
through the use of bulky phenanthroline ligands such as when
phenyl groups are attached at the 2 and 9 positions.8 The Cu(l)
complexes in this study were all soluble in DCM, (the solvent
used for the ATRA reactions); and room temperature MLCT
emission spectra of all complexes were obtained as shown in
Fig. 11.

7.E404
—[Cu-(1).]PFs
6.E404
— [Cu-(2),]PFs
5.E+04 ——[Cu-(3),]PFs

— [Cu-(8),]PF
aEron (Cu-(4)1PFs

3.E+04

2.E+04

Relative Intensity (Photon Counts)

1.E+04
0.E+00
600 620 640 660 680 700 720 740
Wavelength (nm)
(a)
5.E+04 —[Cu-(1).]PFs

—[Cu-(2)2]PFs

4.E+04 —[Cu-(3).]PFs

— [Cu-(4);]PFs
3.E404

2.E+04

1.E+04

Relative Intensity (Photon Counts)

0.E+00
625 645 665 685 705 725 745

Wavelength (nm)

(b)

Fig. 11 a) Solution-state MLCT emission in DCM under argon from [Cu(Ligand),]PFs
complexes a) immediately after dissolution and b) after 24 hours.

The [Cu-(1),]PFg and [Cu-(3),]PFs complexes were readily
soluble in DCM. After sitting in the glovebox sealed under
argon for 24 hours, the absorbance and emission intensity
were virtually identical (cf. Figures 11(a) and (b)), indicating
essentially no change in solubility over time; see also
Electronic Supplementary Information (ESI) (Figures S17 and
S18). The MLCT Iluminescence from [Cu-(2),]PFs and
[Cu-(4),]PFs was comparatively weak, initially, in solution due
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to the relatively poor solubility of these complexes in DCM.
However, after sitting for 24 hours, the solubility of these
complexes and consequent emission intensity increased,
roughly, by a factor of three (see Figure 11(b)).

The presence of the phenyl groups at the 2 and 9 positions
provide protection for the Cu(l) metal center. In 3-D models
made from the crystal structure of [Cu-(3),]PFe, significant -
stacking interactions between the phenyl groups and the
phenanthroline rings help to stabilize a structure which
protects the copper center from attack by either donor
solvents or oxygen. Previous studies (involving sterically
demanding, non-tt-stacking, alkyl substituents at the 2 and 9
positions) indicate that one of the two phenanthroline ligands
can be lost and replaced by two solvent molecules with
relatively weak donor strength or other ligands due to ligand-
ligand interactions.®® However, this behavior was not observed
in the relatively poor donor solvent DCM in either study. When
samples were exposed to air and the emission spectra
obtained, no loss of emission intensity (which would be
indicative of quenching) was observed (see ESI (Figure S18)).
The lifetimes of all four samples (Table 2) are significantly
longer than the analogous lifetime for the 2,9-dimethyl analog
(90 ns).66 Yet the lifetimes are consistent with other 2,9-aryl
analogs (e.g., 270 ns for *Cu(dap););193 this is, again, indicative
of protection of the copper(l) center from donor quenching.

All four complexes display MLCT emission that is broad and red
shifted relative to the emission observed from the 2,9-
diphenyl analog at 675 nm.® We attribute these characteristics
to the electron-donating ability of the hydroxy and methoxy
groups to stabilize the excited-state orbitals.®” The ability of
phenolic moieties to undergo protonation/deprotonation is
also well-known to red shift their emission relative to
benzenoid species in solution.®® The emission spectra of the
Cu(l) complexes, in the solid state are shown in Fig. 12.

[Cu-(1)2]PFs
3.0

[Cu-(2)2]PFe
25 [Cu-(3)2)PFs

[Cu-(4).]PFs

=m0
o w o

Intensity (Relative Photon Counts) x 10°
o
o

550 570 590 610 630 650 670 690 710 730 750
Wavelength (nm)

Fig. 12 Solid-state MLCT emission from [Cu(Ligand),]PFs complexes.

Unlike the case of the phenyl-substituted analog, the emission
in the solid state does not match that in solution.®® The

emission maxima in the solid state for the complexes
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containing the phenol groups, i.e., [Cu:(2),]PFs and
[Cu-(4),]PFs, are blue-shifted relative to the dimethoxy-
substituted Cu(l) phenanthroline complexes, i.e., [Cu-(1),]PFg
and [Cu-(3),]PFe, as well as the emission maximum reported
for the unsubstituted 2,9-diphenyl phenanthroline analog (675
nm).s'67

of the hydroxy group. The effect is somewhat modulated in

This is most likely due to the electron-donating effect

the case of compound [Cu-(4),]PFs due to the electron-
releasing ability of the added methyl groups. The substantial
blue shift of the phenol-substituted phenanthroline, i.e.,
[Cu-(2),]PFg, in the solid state relative to fluid solution may also
be partially due to the ability of the phenol to hydrogen bond
in the solid state. Hydrogen bonding may inhibit the ability of
the Cu(l) complex to effectively Jahn-Teller distort in the
excited state, which may in turn blue shift the emission
maxima relative to the other Cu(l) substituted species, where
excited state geometric relaxation leads to a lower energy
MLCT excited state.

DFT and TDDFT calculations

DFT and TDDFT calculations were performed on all of the free
ligands and the cationic moieties of the complexes to further
the understanding of the photophysics. Calculations using
PW91 and def2-TZV/def2-TZV(p) accurately reproduced the
geometric parameters from the solid-state structures. Cu-N
bond distances of 2.051 or 2.052 were observed in each of the
calculated structures. The NCuN/NCuN interplanar angle was
between 70 and 71°, in excellent agreement with the crystal
structures. TDDFT was applied in order to elucidate the nature
of the electronic transitions observed by UV/vis spectroscopy
and utilized for the photocatalytic studies (vide infra). The
electronic excitations of the ligands were also calculated and
the lowest energy transitions with the highest oscillator
strengths are given in Table 3. These all correspond to m-mt*
transitions. The lowest energy transition compares well with
the experimentally measured absorption (Table 1) when
B3PW91 is (<0.2 eV difference). PW91 gives an
underestimation of the energy by ~0.4 eV. It should be noted

used

that solvent effects are not accounted for and may contribute
to the observed differences between experimental and
calculated values.

Table 3 Three lowest energy transitions in ligands 1-4 by B3PW91

Ligand A1 (nm) Az (nm) As (nm)
1 365 331 324
2 360 327 320
3 369 335 328
4 365 332 324

The calculated electronic excitations of the complexes
([Cu-(1),]" = [Cu-(4),]") contain transitions that are associated
with the ligand m-rt* transitions in the same (as above) energy
region. However, there are a number of new transitions that
appear at lower energy (Table 4). These new transitions have
smaller oscillator strengths (ranging from 0.23-0.45) and are
consistent with the expected d-m* transitions. The lowest

energy bands can be arranged in two sets, one originating
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from the HOMO (~570 nm) and one originating from the 2a)
HOMO-1 (~430 nm), that likely correspond to individual bands
in the absorption spectrum.

Table 4 Six lowest energy transitions in complexes [Cu-(1),]*- [Cu-(4),]" by TDDFT

Published on 12 April 2017. Downloaded by University of Newcastle on 12/04/2017 21:43:009.

Band 1 (dyomo = 1*) Band 2 (dyomo.1 = T*)

n* L L+1 L+2 L L+1 L+2
Complex Ai(nm)  A(nm)  As(nm)  As(nm)  As(nm)  As(nm)
[Cu-(1)]" 612 551 549 456 430 429
[Cu-(2)]" 609 552 543 453 429 423
[Cu-(3)a" 624 563 559 458 432.7 4315
[Cu-(4).]" 617 558 549 456 432 426

A distinction should be made between those that populate the
LUMO energy levels and those that populate the nearly
degenerate LUMO+1 and LUMO+2 levels. The three excitations
around 430 nm have the highest oscillator strengths of the two  b)
sets and likely correspond to the observed A... in the d-it*
region of the experimental absorption spectra (~¥450 nm). Fig.
13 illustrates the charge redistribution upon photoexcitation of
[Cu-(1),]" at A, and A;. These transitions correspond best with
the 525 nm light source used for excitation (see Photoredox
catalysis below). From the charge redistributions in Fig. 13, it is
clear that this is formally an oxidation of the metal center and
that the copper ion should be treated as cu® in such a
photoexcited state. Furthermore, the charge is well distributed
around the periphery of the phenanthroline rings when it is
transferred to the LUMO+1 or LUMO+2, in contrast to being
more localized in the interior of the complex when the
electron is transferred to the LUMO.

Fig. 13 Transition densities for d-m* excitations at 551 and 549 nm (a and b,
respectively) for complex [Cu-(1),]". Isosurface plotted at 0.001 au. Red and blue
represent the depletion and accumulation of electron density upon excitation,
respectively. Hydrogen atoms have been removed for clarity.

Photoredox catalysis

Photoredox catalysis, initiated by visible-light, is a rapidly
developing area of chemical research and it is quickly
becoming an attractive tool in organic synthesis.wb’zo’70
However, most transition metal-based photoredox catalysts,
that are capable of utilizing visible-light, incorporate
ruthenium or iridium.”* The high cost, scarcity and toxicity of
these metals makes their replacement with earth-abundant
elements, like copper and iron, highly desirable. Indeed some
of our recent efforts have focused on achieving this goal.72
Moreover, a number of successful precedents have
demonstrated copper-based complexes to be effective
photoredox catalysts.l%'md'73 As such, we hypothesized that,
with suitable irradiation from LEDs, [Cu-(1),]PF¢—[Cu-(4),]PF¢
might function as photocatalysts in an appropriate
photocatalytic reaction cycle.

To probe the viability of these complexes as photocatalysts,
the ATRA of CBr, to styrene was selected as a test reaction.

12 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Indeed, the closely related complex, i.e., [Cu(dap),Cl] (dap =
2,9-bis(para-anisyl-1,10-phenanthroline) was previously
demonstrated to be a viable catalyst in such a
transformation.*®® Thus, the new copper (1)
hexafluorophosphate  complexes  [Cu-(1),]PFg—[Cu-(4),]PFg
were screened for activity as possible photoredox catalysts in
this ATRA. The results of this ATRA study are listed in Table 5.

Table 5 Visible light-induced photoredox ATRA reactions

0.3 mol%
Br

copper (1) complex
P X + CBry )\/CB@
LED or white light PN

DCM, rt, 20 h
Entry LED Copper (1) Complex Isolated Yield (%)’
1 525 nm [Cu-(1),]PFs 91
2 525 nm [Cu-(2)]PFs 36
3 525 nm [Cu-(3),]PFs 95
4 525 nm [Cu-(4),]PFs 56
5 525 nm [Cu(CHsCN),]PFs N.R.
6 525 nm [Cu-(2,9-dmp),]PFs’ 12
7 525 nm [Cu-(4,7-dpp),]PFs N.R.
8 525 nm [Cu-(1),]CI 91
9 525 nm [Cu-(1),]BF4 9
10 450 nm [Cu-(1),]PFs 79
11 590 nm [Cu-(1),]PFs N.R.
12 40 W Soft [Cu-(1),]PFs 49
White

13¢ 525 nm [Cu-(1);]PFs 89

14° 525 nm [Cu-(1);]PFs 26
15° 525 nm [Cu-(1),]PFs 6

2 Average of 2 reactions.

©2,9-dmp = 2,9-dimethylphenanthroline.

©4,7-dpp = 4,7-diphenylphenanthroline.

4 The crude [Cu-(1):]PF¢ complex, without purification (no column
chromatography; the 'H NMR spectrum of the crude complex only showed
signals for the complex), was used directly in the ATRA reaction. The reaction
mixture was prepared (under an Ar atmosphere in a glove box) and sealed, prior
to irradiation and stirring.

€Similar procedure as in footnote d above except that the crude catalyst, without
purification, was dissolved in DCM and the reaction mixture was prepared and
sealed in an open-air environment, prior to irradiation and stirring.

f Ligand 1 was dissolved in freshly distiled DCM, and then 0.5 equiv.
[Cu(CH3CN)4]PFs was added to the solution. After stirring 20 min at room
temperature, styrene and CBr, were added into the solution. The reaction
mixture was prepared and sealed in an open-air environment, prior to irradiation
and stirring.

Under the semi-optimized reaction conditions (see
Experimental Section), the ATRA of CBr, to styrene occurs
readily to produce (1,3,3,3-tetrabromopropyl)benzene, in a
range of vyields, at room temperature with low catalyst
loadings (0.3 mol%). With LED irradiation (525 nm, green light)

This journal is © The Royal Society of Chemistry 20xx
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both complexes [Cu-(1),]PFg¢ and [Cu-(3),]PFs afforded
excellent yields of the corresponding ATRA product (Table 5,
Entries 1 and 3). In contrast, under identical conditions,
complexes [Cu-(2),]PFg and [Cu-(4),]PFs provided low to
modest yields of the ATRA product (Table 5, Entries 2 and 4).
The primary difference between [Cu-(1),]PFs and [Cu-(3),]PFg
versus [Cu-(2),]PF¢ and [Cu-(4),]PFs is the presence of the
methoxy- versus the hydroxy-substituents in the ligand
framework. The relative under-performance of [Cu-(2),]PFg
and [Cu-(4),]PFg as photocatalysts is likely due to the presence
of the phenolic moieties in the ligand structures, as phenolic
substances are well-known to serve as inhibitors, in low levels
(1.2 mol% in this case), of free radical chain reactions.”*

We examined the use of a related copper (lI) complex,
Cu(CH3CN),4PFg, in the absence of any phenanthroline ligand
(Table 5, Entry 5). In this case, no ATRA product was observed.
This suggests that the presence of the phenanthroline ligand
is, indeed, vital to the operation of the ATRA mechanism. To
further probe this hypothesis, copper (I) hexafluorophosphate
complexes of phenanthroline ligands that possess either
smaller 2,9-substituents or varied positioning of bulky diaryl
substituents were employed. Specifically, when 0.3 mol% of
bis(2,9-dimethylphenanthroline)copper (1
hexafluorophosphate was tested in the ATRA (Table 5, Entry
6), under otherwise identical conditions to the above trials,
only 12% of the ATRA product was isolated. Additionally, when
0.3 mol% of bis(4,7-diphenylphenanthroline)copper (I)
hexafluorophosphate was tested (Table 5, Entry 7), again
under the same reaction conditions, no ATRA product was
observed.

We were further interested in examining the role that the
counter anion may play in this reaction.®®”® It has been
demonstrated that, at sufficiently high concentrations, the
counter anion can participate in exciplex quenching of the
Jahn-Teller distorted excited-state complex and thereby
reduce the lifetime of the catalytically-active excited state.”®
This effect has been shown to be more pronounced with more
nucleophilic anions. Hence, we screened complexes
[Cu-(l)z]Cllgb and [Cu-(1),]BF, (Table 5, Entries 8 and 9) and
found little-to-no change in the product yields compared to
the best comparable results (Table 5, Entries 1 and 3). Thus,
although it may be anticipated that the chloride anion might
bind to the cationic copper center within such a complex and
possibly inhibit the reaction, no such deactivation was
observed. This experiment and those above suggest that the
copper (l) center, within either complex, [Cu-(1),]PFs and
[Cu-(3),]PFs, is sterically shielded by the bulky 2,9-diaryl
substituents on the phenanthroline ligands and thus
inaccessible to directly bind even a single chloride anion, let
alone the reactants as in a Lewis acid-catalyzed mechanism.
This is also consistent with the significantly less pronounced
exciplex quenching observed with copper(l) bis(2,9-diphenyl-
1,10-phenanthroline) as compared with the less sterically
crowded copper(l) bis(2,9-dimethyl-1,10-phenanthroline) by
various counter anions.” There is, however, still the possibility
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that the reaction proceeds more quickly with the less
nucleophilic anions, but that, after 20 h, the reaction proceeds
to completion so the difference cannot be discerned.

The effects of use of different wavelengths of light on the
reaction yield were also probed. Given that the observed A, .«
for the *MLCT occurs at ~450 nm, [Cu-(1),]PF¢ was submitted
to modified reaction conditions (LED = 450 nm, blue light;
Table 5, Entry 10) that sought to match the excitation and
absorption wavelengths. Surprisingly, this resulted in a
moderate decrease in the isolated yield of the ATRA product,
i.e., from 91% to 79%, despite a better energetic match and a
higher photon flux (see relative energies of the LED sources in
Fig. S16).

In an attempt to resolve this apparent discrepancy, a light
source (that was anticipated to excite only the HOMO-LUMO
transition) was used. Notably, under these conditions (LED =
590 nm, amber light; Table 5, Entry 11), [Cu-(1),]PF¢ proved to
be catalytically unviable. According to the DFT calculations,
this transition populates the LUMO (Table 1 and Fig. 14). This
indicates that the electron that is transferred to the LUMO is
unable to reduce CBr,, likely for one of, or some combination
of the following reasons: 1) outer sphere electron transfer to
the CBr, is inefficient because the charge is localized on the
interior of the molecule, 2) the LUMO, or more specifically the
resulting triplet, is not sufficiently reducing, or 3) the lifetime
of the MLCT state that populates the LUMO is too short to
allow for efficient electron transfer to CBry,.

Given this, it becomes possible to rationalize the poorer
performance of the higher energy (450 nm) light source. Given
that the DFT-calculated excitation (that overlays best with the
450 nm excitation) also populates the LUMO, a portion of the
emitted light will activate a transition that results in
catalytically-inactive excited state species. The observed
activity that does occur upon irradiation with the 450 nm
source likely only results from the more modest overlap with
the excitations centred at 551, 549, 432 and 426 nm (Table 4)
that populate the LUMO+1 and LUMO+2 as illustrated in Fig.
14. In contrast to the LUMO, these orbitals are higher in
energy and therefore more reducing, would have charge
localized on the periphery of the molecule and must have a
sufficient lifetime to allow the reaction to take place
efficiently.

A common 40 W soft white light bulb was also tested in this
reaction (Table 5, Entry 12). In this case, a lower yield (49%) of
the product was again observed. Thus, the wavelength of the
LED/light, or more specifically, the ligand orbital that is
populated upon excitation is indeed critical in the reaction.

14 | J. Name., 2012, 00, 1-3
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Fig. 14 MO diagram for [Cu-(1),]" with the six lowest energy transitions shown with
arrows. The arrow color represents the color of the LED (amber = 590 nm, green = 525
nm, blue = 450 nm) that corresponds to the energy of the transition. Relevant orbital
diagrams are provided plotted at isosurface values of 0.04 au.

Finally, we explored the use of relatively simplified reaction
procedures to more easily carry-out this ATRA chemistry. We
probed the use of crude catalyst, thereby eschewing the need
for chromatographic purification of the catalyst and we were
contented to find only a small decrease in the reaction yield
(Table 5, Entry 13). Lastly, we attempted to create an all-
bench-top protocol in which the reaction components were
added (sequentially) under air (Table 5, Entries 14 and 15). In
both cases a precipitous drop in the reaction yields were
observed (26 and 6%, respectively), underscoring the essential
need for inert-atmosphere techniques to successfully facilitate
this ATRA chemistry.

Mechanism of photoredox catalysis

A proposed mechanism for the copper (l)-catalyzed
photoredox ATRA reaction is shown in Scheme 5 (adapted
from reference 19b). Suitable irradiation of the reaction
mixture causes photoexcitation of complex A via metal-to-
ligand charge transfer (MLCT).73b’79 This photo-induced charge
separation thus leads to an excited state complex (*B) wherein
the copper center is oxidized from (I) to (I1) while a complexed
phenanthroline ligand is reduced to a radical anion
(nevertheless, the overall complex charge is unchanged, i.e.,
+1).66'79‘80 As the copper (lI) metal center in *B is Jahn-Teller
active, the complex undergoes tetragonal distortion from a
pseudo-tetrahedral geometry (*B) to a pseudo-square planar
geometry (*C),73b'79'80 in so much as possible with the bulky
2,9-diaryl substituents on the phenanthroline Iigands.so’81

This journal is © The Royal Society of Chemistry 20xx
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Jahn-Teller

q +PFg
*C Q
/ CBr,
LED W
or
white light | | [Ecx (CBry) =-0.48V]™®
(MLCT)

CBry

[Eox = +0.62 V]T®
[Eox = +0.37 V7
CBry CBry CBry

S

Ph Ph Ph

Scheme 5 Proposed mechanism of the copper (I) complex-catalyzed, photoredox, ATRA
reaction (Pathway | is followed if excitation populates the LUMO+1 or LUMO+2,
pathway Il is followed if excitation populates the LUMO).

Given this distortion and that the Cu(ll) center within the
excited state complex (*C) is coordinatively unsaturated, there
is potential for the Cu(ll) center to bind an additional ligand
(such as anion, substrate or solvent) and become a 5- (or 6-)
coordinate exciplex.%'81 However, given the significant bulk of
the 2,9-diaryl substituents and the poor coordinating nature of
the other reaction components (i.e., substrates, solvent), it is
unlikely that exciplex forms as such typically results in rapid
deactivation via non-operative processes.lga'ee'82 Rather, due to
the sufficiently long life of the excited state complex (*C),
(lifetime = 236 ns for *[Cu(dap),]PFs, vide supra; lifetime = 270
ns for *[Cu(dap)2+]BF4lga‘2°°), and the strong reducing potential
of *C, excited state complex *C may take part in an oxidative
quenching cycle when the excitation involves populating the
LUMO+1 and/or LUMO+2,'%%36%%

As *C is a strong reductant and sufficiently long-lived, fairly
efficient outer sphere electron-transfer occurs from the
complexed phenanthroline radical anion to the oxidative
quencher, in this case, CBr, (E,x = -0.48 V),76 except when the
electron of the radical ion is populating the LUMO. This results
in cleavage of one of the carbon-bromine bonds of CBr, and
thus forms the tribromomethyl radical and a bromide anion as
well as the ground state Cu(ll) complex D. The Cu(ll) in D is
surrounded by the two encaging phenanthroline ligands that
provide a tetragonally-distorted pseudo-tetrahedral ligand
environment. As this ligand environment is not optimal for the
Cu(ll) ion (where Cu(ll) is more stable in a 5- (or 6-) coordinate
ligand environment), complex D is strained and reactive. This
strain is evidently relieved by reduction of the Cu(ll) in D back
to Cu(l), which thus provides the original Cu(l) complex (A),
thereby completing the catalytic cycle.

This journal is © The Royal Society of Chemistry 20xx

The reduction of the Cu(ll) in D to Cu(l) in A is coupled to the
oxidation of the in situ-formed benzylic radical (derived from
the regioselective addition of the CBr; radical to the pi bond of
styrene) to provide the benzylic carbocation. While the Cu(ll)
complex (D) is associated with both the PFg and the Br anions,
reduction to Cu(l) (A) concurrently generates the carbocation
in close proximity to the (now) free bromide anion. Rapid
capture of the carbocation by the nucleophilic bromide anion
(in contrast to the non-nucleophilic PFg anion) completes the
regioselective addition reaction and thus provides the
observed product. It is this final redox couple involving
reduction of Cu(dap)22+ (i.e., reduction of D to A coupled to
oxidation of the benzylic radical to the benzylic carbocation)
that is key to closing the catalytic cycle without the need for
addition of an external stoichiometric reductant.”®

Conclusions

We have synthesized several 2,9-di(aryl)-1,10-phenanthroline
copper (I) complexes in high yield. The complexes were
characterized by 'H NMR and *c NMR spectroscopy, HR-MS,
and elemental analysis (CHN). The solid-state structures of
ligands 1 and 2 and complexes [Cu-(1),]PFs and [Cu-(3),]PFg
were determined by single-crystal X-ray analysis. Several of the
copper complexes were screened as catalysts in a photoredox
ATRA reaction involving the regioselective addition of CBr, to
styrene. Complexes [Cu-(1),]PFg and [Cu-(3),]PFs were found to
be very effective photoredox catalysts for this transformation
with a very low catalyst loading (0.3 mol%) and without the
need for any additional reaction components such as an
initiator or stoichiometric reductant. A combination of
experiments and calculations suggest that the strong
wavelength dependence of the reaction is a result of the
markedly differing abilities of the LUMO vs. LUMO+1/+2 in the
excited state complex to facilitate the reduction of the CBr,.
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