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Abstract: A series of [Cu(POP)(N"N][PFs] and [Cu(xantphos)(N"N][PFs] compounds has been
prepared and characterized in which POP = bis[2-(diphenylphosphanyl)phenyl]ether (IUPAC
PIN oxydi(2,1-phenylene)bis(diphenylphosphane), xantphos = 4,5-bis(diphenylphosphanyl)-9,9-
dimethyl-9H-xanthene (IUPAC PIN (9,9-dimethyl-9H-xanthene- 4,5-diyl)bis(diphenylphosphane))
and the N'N ligands are 4-(4-bromophenyl)-6,6’-dimethyl-2,2’-  bipyridine (1),
5,5’-bis(3-methoxyphenyl)-6-methyl-2,2’-bipyridine  (2), and 6-benzyl-2,2’-bipyridine (3).
The single crystal structures of [Cu(xantphos)(1)][PFs]-CH,Cl,, [Cu(xantphos)(2)][PFs]-CH,Cl,
and [Cu(POP)(3)][PF¢]-0.5H,O were determined by X-ray diffraction. Each complex contains a
copper(I) ion in a distorted tetrahedral environment with chelating N"N and PP ligands. In the
[Cu(xantphos)(1)]" and [Cu(xantphos)(2)]* cations, there are face-to-face m-stackings of bpy and
PPh; phenyl rings (i.e., between the ligands); in addition in [Cu(xantphos)(2)][PFs]-CH,Cl,,
inter-cation 7-embraces lead to the formation of infinite chains as a primary packing motif.
In [Cu(POP)(3)][PF¢]-0.5H,0, centrosymmetric pairs of [Cu(POP)(3)]" cations engagein C-H ... «
(phenyl to bpy) and offset face-to-face (bpy ... bpy) contacts. The electrochemical and photophysical
properties of the compounds containing ligands 1 and 2 are reported. They are green or yellow
emitters in the solid-state (A¢m in the range 535-577 nm) with values for the photoluminescence
quantum yield (PLQY) in the range 19%—41%.

Keywords: copper(I); bis(phosphane); 2,2’-bipyridine; heteroleptic complex; X-ray
crystallography; emission

1. Introduction

Over the last decade, interest has grown in the use of [Cu(P'P)(N'N)]" complexes
(N"N = diimine, P"P = bisphosphane) in the emissive layers of light-emitting electrochemical
cells [1-5].  This family of luminescent materials has been developed from the work of
McMillin and co-workers who were the first to observe that copper(l) complexes containing
both bisphosphane or PPh; ligands and 2,2’-bipyridine (bpy) or 1,10-phenanthroline (phen) exhibited
low-lying metal-to-ligand charge transfer (MLCT) excited states [6,7]. [Cu(P"P)(N"N)]* complexes
containing the wide bite-angle bisphosphanes 4,5-bis(diphenylphosphanyl)-9,9-dimethyl-9H-xanthene
(xantphos, = IUPAC PIN  (9,9-dimethyl-9H-xanthene-4,5-diyl)bis(diphenylphosphane))  and
bis(2-(diphenylphosphanyl)phenyl)ether (POP, IUPAC PIN oxydi(2,1-phenylene)]bis(diphenylphosphane))
(Scheme 1) have been widely investigated and show particular promise as materials exhibiting high
photoluminescence quantum yields (PLQYs).
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In our own investigations, we have focused mainly on [Cu(POP)(N"N)]* and [Cu(xantphos)(N"N)]*
complexes in which N"N is a 6-Xbpy or 6,6’-X,bpy in which Xis an alkyl [8,9], alkyloxy [10], alkylthio [10],
aryl [9,11], halo [12] or trifluoroalkyl [13] substituent. Some of the highest values of PLQY for solid-state
compounds have been observed for [Cu(xantphos)(6-Mebpy)][PF;] (34%), [Cu(xantphos)(6-Etbpy)][PF¢]
(37%), [Cu(xantphos)(6,6’-Me,bpy)][PFg] (37%) [9] and [Cu(xantphos)(6-PhSbpy)][PFs] (38%) (6-Mebpy
= 6-methyl-2,2’-bipyridine, 6-Etbpy = 6-ethyl-2,2"-bipyridine, 6,6’-Me,bpy = 6,6’-methyl-2,2’-bipyridine,
6-PhSbpy = 6-phenylthio-2,2’-bipyridine) [10]. A recurring feature of the solid-state structures of
[Cu(xantphos)(6-Xbpy)]* complexes is the accommodation of the X group within the bowl-shaped
cavity of the xanthene unit.

Armaroli, Nierengarten, Delavaux-Nicot, and coworkers have demonstrated that in
[Cu(P"P)(phen)]* and [Cu(P"P)(4,7-Phyphen)]* (4,7-Phyphen = 4,7-diphenyl-1,10-phenanthroline)
complexes, a factor which contributes to enhanced PLQY is the presence of intramolecular 7r-stacking
interactions within the coordination sphere of the ground-state complex. This inhibits flattening of the
structure in the excited state; the flattening is associated with a change from tetrahedral to square-planar
copper which accompanies oxidation of copper(I) to copper(Il) in the MLCT excited state [14]. Many
[Cu(POP)(6-Xbpy)]* and [Cu(POP)(6,6’-X,bpy)]* cations exhibit face-to-face 7-stacking between one
phenyl ring of a PPh; unit and one arene ring of the POP backbone, while in [Cu(xantphos)(6-Xbpy)]*
and [Cu(xantphos)(6,6’-Xobpy)]* cations, face-to-face 7-stacking between two phenyl rings of different
PPh, units may be observed, see for example in reference [10]. However, since these 7-stacking
interactions are within a single ligand rather than between the P"P and NN ligands, they may not
be effective in preventing flattening of the coordination sphere. In terms of solid-state emission,
inter-cation m-stacking might also be beneficial in militating against structural reorganization upon
excitation. Examples of [Cu(P"P)(N"N)]* complexes in which the N"N ligand contains an extended
m-system and in which the single crystal structures reveal inter-cation m-stacking interactions include
[Cu(xantphos)(N"N)][PFs] in which N"N = 4,4’-bis(4-fluorophenyl)-6,6’-dimethyl-2,2’-bipyridine
or 4,4'-bis(4-iodophenyl)-6,6’-dimethyl-2,2’-bipyridine. Interestingly, these two compounds also
exhibit intra-cation 7-stacking between the P"P and N"N ligands [15]. We were therefore motivated
to investigate the structural features of a series of compounds in which intra- and/or inter-cation
mi-stacking in the solid state should be possible. We selected three N"N ligands, 1-3 (Scheme 1) to
combine with POP or xantphos in [Cu(P"P)(N"N)][PF¢] compounds.
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Scheme 1. Structures of ligands 1-3, POP and xantphos with atom labelling used for NMR spectroscopic
assignments. The phenyl rings of the PPh; units in POP and xantphos are labelled D.
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2. Materials and Methods

2.1. General

'H and "*C{'H} NMR spectra were recorded on a Bruker Avance I1I-500 spectrometer (Bruker
BioSpin AG, Fillanden, Switzerland) at 298 K. The IH and 3C NMR chemical shifts were referenced
with respect to residual solvent peaks (60 TMS = 0). A Shimadzu UV-2600 spectrophotometer and
a Shimadzu RF-5301PC spectrofluorometer, respectively (Shimadzu Schweiz GmbH, 4153 Aesch,
Switzerland) were used to record solution absorption and emission spectra. A Shimadzu LCMS-2020
instrument (Shimadzu Schweiz GmbH, 4153 Aesch, Switzerland) was used to measure electrospray
ionization (ESI) mass spectra (MeOH solutions). Quantum yields (CH,Cl, solutions or powder samples)
were determined using a Hamamatsu absolute photoluminescence quantum yield spectrometer C11347
Quantaurus-QY (Hamamatsu Photonics, 4500 Solothurn, Switzerland). Emission lifetimes and powder
emission spectra were recorded with a Hamamatsu Compact Fluorescence lifetime Spectrometer
C11367 Quantaurus-Tau (Hamamatsu Photonics, 4500 Solothurn, Switzerland) with an LED light
source (Aexc = 365 nm).

Cyclic voltammograms were recorded using a CH Instruments 900B potentiostat (HPLC grade
CH,Cl, solutions, ca. 107 mol dm™3; 0.1 M ["BuyN][PF¢] as supporting electrolyte; scan rate of
100 mV s7!). The working, reference and counter-electrodes were glassy carbon, a leakless Ag*/AgCl
(eDAQ ET069-1) and platinum wire, respectively. Referencing was against an internal Fc/Fc* couple.

6-Bromo-2,2’-bipyridine [16], compounds 1 [17], 2 [18] and 3 [19], and [Cu(MeCN)4][PF¢] [20]
were prepared as previously described. The yield of compound 3 was only 20% (24 mg) and for ease of
handling, a stock solution in CH,Cl, (0.01 M) was prepared. POP and xantphos were purchased from
Fluorochem (Fluorochem Ltd., Hadfield, UK). Inert conditions were not required for the reactions.

2.2. [Cu(POP)(1)I[PF¢]

[Cu(MeCN)4][PF¢] (0.25 mmol, 93.1 mg) was dissolved in CH,Cl, (30 mL) and POP (0.30 mmol,
160 mg) was added to the solution. The solution was stirred for 1.5 h at room temperature. Compound
1 (0.25 mmol, 84.7 mg) was added and the reaction mixture was again stirred for 1.5 h at room
temperature. The reaction mixture was filtered, and the solvent was evaporated under reduced
pressure. The crude product was washed with hexane (5 x 20 mL) and dried under vacuum, then
recrystallized from CH,Cl, and Et,O. [Cu(POP)(1)][PF;] (0.172 mmol, 186.4 mg, 68.6%) was obtained as
a yellow solid. 'H NMR (500 MHz, acetone-dg) 6/ppm 8.50 (d, ] = 1.6 Hz, 1H, H®?), 8.47 (d, ] = 8.0 Hz,
1H, HA3), 8.05 (t, ] = 7.9 Hz, 1H, HA%), 7.91 (m, 2H, H?), 7.76 (m, 3H, HF3*B%), 7.48-7.43 (m, 3H,
HAS*C5) 7.37-7.31 (m, 4H, HP*), 7.31-7.27 (m, 4H, HS+4), 7.23-7.19 (m, 8H, HP?), 7.17-7.12 (m, 8H,
HP?), 7.07 (m, 2H, H®), 2.37 (s, 3H, HMeB), 236 (s, 3H, HMeA), 13C{1H} NMR (126 MHz, acetone-dg)
5/ppm 160.1 (CB®), 159.6 (CA%), 159.1 (t, Jpc = 6 Hz, C*1), 154.1 (CAZ/B2), 153.4 (CAZ/B2), 150.3 (CB4),
139.9 (CA%), 136.8 (CE1), 134.5 (C3/€4), 133.9 (broad, CP2), 133.3 (C?), 133.2 (CE3), 132.8 (m, CP1), 130.8
(broad, CP%), 130.2 (CF2), 129.6 (t, Jpc = 5 Hz, CP?), 127.2 (CA%), 126.2 (m, CE¥/C4+C2) 1249 (CE4), 124.5
(CP5), 121.4 (C*3), 121.0 (t, Jpc = 2 Hz, C<°), 118.7 (CB3), 27.0 (CMeA), 26.9 (CMeB)_ 31p{1H} NMR (202
MHz, acetone-ds) 0/ppm —13.6 (broad, FWHM = 130 Hz), —144.2 (septet, Jpr = 708 Hz, [PF¢] 7). ESI-MS
mjz 941.13 [M-PF¢]* (calc. 941.13), 601.13 [M-PF¢-1]* (base peak, calc. 601.09). UV-Vis (CH,Cl,,
2.5 x 107 mol dm™3): A/nm (¢/dm3 mol~! ecm™1) 272 (42,700), 307sh (24,500), 320sh (17,400), 385 (4,100).
Found C 58.13, H 4.07, N 2.44%; Cs4Hy3BrCuFgN,OP3-0.5CH,Cl, requires C 58.21, H 3.91, N 2.47%.

2.3. [Cu(xantphos)(1)I[PF]

[Cu(MeCN)4][PFg] (0.25 mmol, 93.0 mg) was dissolved in CH,Cl, (15 mL). 1 (0.25 mmol, 84.7 mg)
and xantphos (0.25 mmol, 145 mg) were dissolved in CH,Cl, (15 mL) in a separate flask and this
solution was added to the solution of [Cu(MeCN)4][PFg]. The reaction mixture was stirred for 1.5 h at
room temperature. The solution was then filtered, and the solvent was evaporated under reduced
pressure. The crude product was washed with hexane (5 X 20 mL) and dried under vacuum, then
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recrystallized from CH,Cl, and Et,O. [Cu(xantphos)(1)][PF¢] (0.164 mmol, 184.9 mg, 65.7%) was
obtained as a yellow solid. 'H NMR (500 MHz, acetone-dg) §/ppm 8.42 (d, ] = 1.8 Hz, 1H, H®3), 8.41 (d,
] =7.8 Hz, 1H, HA3), 8.00 (t, ] = 7.8 Hz, 1H, HA%), 7.88 (m, 2H, HF?), 7.84 (dd, | = 7.8, 1.4 Hz, 2H, HS),
7.75 (m, 2H, H®), 7.72 (d, ] = 1.8 Hz, 1H, H®S), 7.44-7.38 (overlapping m, 5H, HA>*D4+D'4) 734 7 30
(dd, ] = 7.8, 7.8 Hz, 2H, H), 7.27-7.16 (overlapping m, 16H, HP>+D'2+D3+D'3y ¢ 98 (m, 2H, H), 2.23
(s, 3H, HMeB) 2 15 (s, 3H, HMeA), 1.77 (s, 3H, HMexantphos) | 75 (g 31, Me~xantphos) 131} NMR
(126 MHz, acetone-dg) §/ppm 159.6 (CB®), 159.2 (CA%), 155.9 (t, Jpc = 6 Hz, C*1), 153.8 (CA?/B2), 153.2
(CA2/B2),150.3 (CB4), 139.8 (CA%), 136.7 (CEY), 134.8 (t, Jpc = 2 Hz, C©°), 134.1 and 134.0 (overlapping t,
Jec = 8 Hz, CP?*D’2) 133.2 (CB3), 132.5 and 132.4 (overlapping t, Jpc = 15 Hz, CP*P'1), 131.1 (C®3),
131.05 (CP¥P'4), 131.0 (CP¥P'4), 130.2 (CF?), 129.75 and 129.7 (overlapping t, Jpc = 5 Hz, CP3+D'3),
128.7 (C%), 126.8 (CA%), 126.4 (t, Jpc = 2 Hz, C%), 124.9 (CE4), 124.0 (CP), 122.6 (t, Jpc = 14 Hz, C2),
121.4 (CA3), 118.7 (CBS)’ 36.9 (Cxantphos— bridge), 28.8 (CME—Xanl’phOS)’ 28.6 (CMe—xantphOS)/ 271 (CMeB)’ 27.0
(CMeA) 31p{1H} NMR (202 MHz, acetone-dg) o/ppm —13.6 (broad, FWHM = 160 Hz), —144.2 (septet,
Jpr = 708 Hz, [PF¢] 7). ESI-MS m/z 981.16 [M-PF¢]* (base peak, calc. 981.16), 641.14 [M-PF¢-1]* (calc.
641.12). UV-Vis (CH,Cl,, 2.5 x 107 mol dm™3): A/nm (¢/dm3 mol~! ecm™1) 274 (45,200), 251sh (38,300),
321sh (15,600), 385 (4,200). Found: C 61.23, H 4.32, N 2.44%; Cs;H,;BrCuFsN,OP; requires C 60.78,
H 4.21, N 2.49%.

2.4. [Cu(POP)(2)I[PF¢]

[Cu(MeCN)4][PF¢] (0.25 mmol, 93.2 mg) was dissolved in CH,Cl, (30 mL) and POP (0.3 mmol,
162 mg) was added. After stirring for 1.5 h at room temperature, compound 2 (0.25 mmol, 95.6
mg) was added and the reaction mixture was stirred for another 1.5 h at room temperature. The
mixture was filtered, and the solvent removed under reduced pressure. The crude product was
washed with hexane (5 X 20 mL) and dried in vacuo, redissolved in CH,Cl, and precipitated with
Et,O. [Cu(POP)(2)][PF¢] (0.172 mmol, 194.8 mg, 69.0%) was isolated as a yellow solid. TH-NMR
(500 MHz, acetone-dg) 6/ppm 8.64 (d, ] = 8.3 Hz, 1H, HA%), 8.58 (dd, | = 2.3, 0.8 Hz, 1H, HA%), 8.53
(d, ] = 8.1 Hz, 1H, H3), 8.36 (dd, ] = 8.3, 2.3 Hz, 1H, HA%), 7.97 (d, | = 8.1 Hz, 1H, HP*), 7.46-7.39
(overlapping m, 4H, HF5+E5+C5) 7 397 31 (overlapping m, 10H, HPH/D4+D3/D'3+D2/D'2y 7 58 (m, 2H,
HP¥D'4) 722716 (m, 6H, HP¥D'3+C6) 714 (td, ] = 1.0, 7.5 Hz, 2H, H*), 7.04 (ddd, ] = 8.3, 2.6, 0.9 Hz,
1H, HE¥F) 701 (ddd, | = 8.4, 2.6, 1.0 Hz, 1H, HE¥F), 6.97 (m, 4H, HP?P'2), 6.93 (m, 2H, H), 6.88
(m, 1H, HE?¥2) 6.84 (ddd, ] = 7.7, 1.8, 0.9 Hz, 1H, HE®F¢) 675 (ddd, ] = 7.5, 1.6, 0.9 Hz, 1H, HE®/F6),
6.70 (dd, ] = 2.6, 1.6 Hz, 1H, HF%¥2),3.89 (s, 3H, HOMe), 3.83 (s, 3H, HOMe), 2,60 (s, 3H, HMe). 13C{1H]}
NMR (126 MHz, acetone-dg) &/ppm 161.3 (CE/F3), 160.7 (CF¥3), 158.9 (t, Jpc = 6.0 Hz, C¢1), 156.8
(CB®), 152.1 (CA%/B2), 151.3 (CA¥B2), 148.2 (CA%), 140.5 (CEVFL), 140.4 (CB*), 140.2 (CP), 138.7 (CAY),
137.7 (CEVF1) 137.3 (CA%), 135.0 (C©3), 134.4 (t, Jpc = 8 Hz, CP'%P2) 1334 (t, Jpc = 8 Hz, CP'%P2) 133.3
(C©5),131.9 (CPYP'1) 131.7 (CPYP'T), 131.3 (CP'4P4), 131.2 (CES/F5), 130.9 (CP4P4), 130.7 (CEF5), 129.9
(t, Jpc = 5 Hz, CP'¥D3) 1296 (t, Jpc = 5 Hz, CP¥3) 126.2 (t, Jpc = 2 Hz, C*), 125.0 (t, Jpc = 15 Hz,
C©2), 123.5 (CA3), 121.8 (CEOF6) 121.3 (t, Jpc = 2 Hz, C<°), 121.25 (CB3), 120.0 (CEO/F6), 115.4 (CEYF4),
115.2 (CE¥¥2), 114.5 (CE4F4), 113.3 (CE2/F2), 55,9 (COMe) 55,8 (COMe) 27,0 (CMe), 31P{1H} NMR (202
MHz, acetone-dg) 6/ppm —12.0 (broad, FWHM = 160 Hz), —144.2 (septet, [pr = 708 Hz, [PF¢]™). ESI-MS
m/z 983.29 [M-PF¢]* (base peak, calc. 983.26), 601.12 [M-PF¢—2]* (calc. 601.09). UV-Vis (CH,Cl,,
2.5 x 107 mol dm™3): A/nm (e/dm3 mol~! ecm™1) 274 (35,600), 332 (30,200), 395 (2,990). Found: C 64.84,
H 4.67, N 2.34%; Cg1H50CuFsN,O3P;3 requires C 64.86, H 4.46, N 2.48%.

2.5. [Cu(xantphos)(2)I[PF]

Solid 2 (0.25 mmol, 95.6 mg) and xantphos (0.25 mmol, 144 mg) were dissolved in CH,Cl,
(15 mL) and this solution was added to a solution of [Cu(MeCN)4][PFs] (0.25 mmol, 93.3 mg) in
CH,Cl, (15 mL). The mixture was stirred for 1.5 h at room temperature, and was then filtered and
the filtrate collected. The solvent was removed under reduced pressure. The crude product was
washed with hexane (5 X 20 mL) and dried under vacuum, then recrystallized from CH,Cl, and
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Et,O. [Cu(xantphos)(2)][PFg] (0.169 mmol, 197.8 mg, 67.6%) was isolated as a yellow solid. 'H NMR
(500 MHz, acetone-dg) &/ppm 8.67 (d, | = 8.5 Hz, 1H, HA%), 8.53 (d, ] = 8.1 Hz, 1H, H?3),8.35 (dd, ] = 8.4,
2.3Hz, 1H, HA%),8.02 (d, ] = 8.1 Hz, 1H, HB%),7.83 (dd, ] = 7.8, 1.4 Hz, 2H, H®®), 7.68 (d, ] = 2.2 Hz, 1H,
HA®), 7.43-7.35 (m, 6H, HES*F5+D4/D'4) 758 7 21 (m, 16H, HEA+D3+D3+D2/D'2+4D4/D'4y 7 05 (dd, | = 8.3,
2.5 Hz, 1H, HE¥F4) 701 (dd, | = 8.3, 2.5 Hz, 1H, HE¥F), 6.96 (m, 4H, HP?P'2) 6.80 (dt, ] = 7.6, 1.2
Hz, 1H, HEOF6), 6.78-6.71 (m, 4H, HE2+F2+C3) 6 41 (m, 1H, HE®F6) 3.89 (s, 3H, HOMe), 3.81 (s, 3H,
HOMe) 2 73 (s, 3H, HMeB), 1.90 (s, 3H, HMexantphos) 1 59 (5 3H, HMe-xantphos) 13C(1H} NMR (126 MHz,
acetone-dg) 6/ppm 161.3 (CF¥F3),160.8 (CF3/F3), 156.5 (CB®), 155.9 (t, Jpc = 6 Hz, CC1), 152.2 (CA2/B2),
150.9 (CA2/B2), 146.9 (CA®), 140.5 (CBHASB5) 140.4 (CBYASB5) 140.3 (CBYA5/B5) 138.9 (CEVFL), 138.0
(CA%),137.4 (CEVFL) 135.2 (t, Jpc = 2 Hz, C<°), 134.0 (t, [pc = 8 Hz, CP2/P'2) 1335 (t, Jpc = 8 Hz, CP¥P'2),
132.4 and 132.2 (overlapping t, Jpc = 18 Hz, CP1*P'1), 131.6 (C©3), 131.3 (CP++P'4), 130.9 (CF¥F5), 130.7
(CF5F5),129.9 and 129.8 (overlapping t, [pc = 5 Hz, CP3*P'3),128.7 (C°), 126.4 (t, ] = 2 Hz, C*), 123.9
(CA3), 121.8 (CEO/F6) 121.4 (CB3), 121.0 (t, Jpc = 13 Hz, C*?), 119.8 (CEO/F6), 115.4 (CFZF2), 114.9 (CF4F4),
114.5 (CE¥F4), 113.9 (CE¥F2), 55.8 (COMe), 55.70 (COMe), 37,03 (Cxantphos-bridge) 3() g (CMe-xantphos) 77 3
(CMeB) 25 2 (CMe-xantphos) “31p{l{} NMR (202 MHz, acetone-dg) 6/ppm —12.0 (broad, FWHM = 170 Hz),
—144.2 (septet, Jpp = 708 Hz, [PF4]"). ESI-MS m/z 1023.30 [M-PF¢]* (base peak, calc. 1023.29), 641.14
[M-PF¢—2]" (calc. 641.12). UV-Vis (CH,Cly, 2.5 X 107> mol dm™3): A/nm (e/dm® mol~! ecm™1) 277
(41,500), 333 (26,200), 395 (2,910). Found: C 65.61, H 4.81, N 2.35%; CgyHs4CuFgN,O3P3 requires C
65.72, H 4.65, N 2.40%.

2.6. [Cu(POP)(3)][PF¢]

POP (0.054 mmol, 29.1 mg) was added to a CH,Cl, (15 mL) solution of [Cu(MeCN)4][PF¢]
(0.0494 mmol, 18.4 mg). The mixture was stirred for 1.5 h at room temperature and then 3 (0.0491 mmol,
0.01 M in CH,Cl,, 5 mL) was added and the reaction mixture was stirred again for 1.5 h. After
filtration, the solvent was evaporated from the filtrate under reduced pressure. The crude product
was washed with Et,O (10 x 20 mL) and dried under vacuum. The solid product was crystallized
from CH,Cl, layered with Et,O to obtain [Cu(POP)(3)][PF¢] (0.0008 mmol, 0.8 mg, 1.6%) as a yellow
solid. "H NMR (500 MHz, acetone-ds) 6/ppm 8.74 (m, 1H, HA%), 8.61 (d, ] = 8.2 Hz, 1H, HA3), 8.53 (d,
J =7.9 Hz, 1H, H®%), 8.17-8.09 (m, 2H, HA*+B4) 7 49-7 36 (m, 8H, HAS*E4+C5+D4+D'4y 7 35 7 95 (m, 8H,
HP3+D'3) 7 21-7.10 (m, 10H, HE3+C4+Co+D2/D2y ‘7 10_7 03 (m, 5H, HB>+DPZD'2) 6 87 (m, 2H, H®?), 6.50
(m, 2H, HF?), 4.11 (s, 2H, H?). 13C{'H} NMR (126 MHz, acetone-dg) o/ppm 162.1 (CB®), 158.2 (C1),
152.0 (CA2+B2) 149.7 (CA®), 139.4 (CA4+BY), 1375 (CEL), 134.2 (C©3), 133.3 (CPZP'2) 1329 (CPZP'2),
132.5 (C5), 131.4 (CPI+D'L) 130.2 (CP++D'4+E4) 129 2 (CE2), 129.0 (CP3+D'3), 127.0 (CC2), 125.9 (CAY),
125.5 (CP?), 125.2 (CC4++E3), 123.2 (CA3), 120.6 (C°), 120.2 (CB3), 46.4 (C?). 3'P{'H} NMR (202 MHz,
acetone-dg) O/ppm —13 (broad, FWHM = 300 Hz), —144.2 (septet, Jpr = 708 Hz, [PF¢]™). ESI MS m/z
847.13 [M-PF¢]* (base peak, calc: 847.21), 601.12 [M-PF¢-3]* (calc. 601.13). Insufficient material for
elemental analysis.

2.7. [Cu(xantphos)(3)][PFs]

Compound 3 (0.0491 mmol, 0.01 M in CH,Cl,, 5 mL,) and xantphos (0.0491 mmol, 28.4 mg)
were dissolved in CH,Cl, (8 mL) and this solution was added to a CH,Cl, (8 mL) solution of
[Cu(MeCN)4][PFg] (0.0491 mmol, 18.3 mg). The reaction mixture was stirred for 1.5 h at room
temperature and was then filtered. The solvent was removed from the filtrate under reduced pressure.
The crude product was washed with Et,O (5 X 20 mL) and dried under vacuum. The solid was
dissolved in CH,Cl, and was crystallized by layering with Et,O. [Cu(xantphos)(3)][PFs] (0.0013 mmol,
1.4 mg, 2.8%) was isolated as a yellow solid. 'H NMR (500 MHz, acetone-dg) 6/ppm 8.80 (br, 1H,
HA%) 8.61 (d, ] = 8.2 Hz, 1H, HA3), 8.54 (d, ] = 7.9 Hz, 1H, H®3), 8.18-8.08 (overlapping m, 2H,
HA4BY) 764 (dd, ] = 7.9, 1.6 Hz, 2H, H®), 7.58 (m, 1H, HA%), 7.41-7.31 (overlapping m, 4H, HP4+D'4),
7.28-7.19 (overlapping m, 10H, HC4*D¥D'3+D2/D'2) 7 18 7 11 (overlapping m, 5H, HF4*P3D'3) 7. 07-6.99
(overlapping m, 3H, HP>*E3), 6.91-6.84 (m, 4H, HP?P'2), 6.63 (m, 2H, H3), 6.30 (m, 2H, HF?), 3.61 (s,
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2H, H?), 1.56 (s, 6H, HMexantphos) 13C{1H]} NMR (126 MHz, acetone) &/ppm 162.8 (CB®), 156.0 (C¢1),
152.9 (CAZB2) 140.4 (CA4/BY), 140.1 (CA%B4), 137.4 (CEY), 135.0 (CC°), 134.1 (CP#P'2), 133.3 (CPZP'2),
131.5 (CP*D'1) 131.3 (C3), 130.7 (CP4++D'4), 129.9 (CP3/D'3) 129.8 (CPP'3), 129.5 (CE2), 129.3 (CE3),
128.7 (C5), 127.6 (CE4), 127.2 (CA%), 126.1 (C*), 125.8 (CB?), 123.7 (CA3), 121.6 (C<2), 121.5 (CB3), 47.2
(C?), 36.9 (Cxantphos-bridge) 37 1 (CMe-xantphosy 94 g (CMe-xantphos) gjona] for CA not observed. 31 P{1H]}
NMR (202 MHz, acetone-dg) 6/ppm —12.8 (broad, FWHM = 300 Hz), —144.3 (septet, Jpr = 708 Hz,
[PFs]7). ESI-MS m/z 887.21 [M—PF4]* (base peak, calc. 887.24), 640.88 [M—PFs-3]* (calc. 641.12).
Insufficent material for elemental analysis.

2.8. Crystallography

Single crystal data were collected on a Bruker APEX-II diffractometer (CuK« radiation) with data
reduction, solution and refinement using the programs APEX [21], ShelXT [22], Olex2 [23] and ShelXL v.
2014/7 [24]. Structure analysis including the ORTEP-style diagrams used Mercury CSD v. 4.1.2 [25,26].

2.9. [Cu(xantphos)(1)I[PF4]-CH,Cl,

Cs58H49BrCl,CuFgN,OP3, M, = 1211.25, yellow plate, triclinic, space group P-1, a = 12.4425(14),
b =14.0675(15), ¢ = 17.4500(19) A, a = 111.123(3), B =102.141(3), y = 103.614(3), V = 2618.2(5) A3,
D.=1536g em™3, T=130K,Z =2, 7" =1, w(CuKx) = 3.840 mm™!. Total 33672 reflections, 9336
unique (Rint = 0.0276). Refinement of 9219 reflections (671 parameters) with I > 20(I) converged at final
R1 =0.0256 (R; all data = 0.0259), wR; = 0.0676 (wR; all data = 0.0679), gof = 1.035. CCDC 1963589.

2.10. [Cu(xantphos)(2)I[PFs]-CH,Cl,

Co5Hs6Cl,CuFgN,O3P3, M, = 1254.46, yellow block, triclinic, space group P-1, a = 11.7930(9),
b =14.3983(10), ¢ = 16.9872(12) A, a = 84.628(2), B = 89.728(2), y = 88.073(2), V = 2870.1(4) A3,
D.=1452¢g ecm™3, T=130K,Z=2,7 =1, y(CuKa) = 2.768 mm™~'. Total 22437 reflections, 10140
unique (Rint = 0.0563). Refinement of 9282 reflections (744 parameters) with I > 20(I) converged at final
R1 =0.0500 (R; all data = 0.0546), wR; = 0.1399 (wR; all data = 0.1439), gof = 1.036. CCDC 1963587.

2.11. [Cu(POP)(3)][PF]-0.5H,0

Cs3Hy3CuFgN,O1 5P5, M, = 1002.34, yellow needle, monoclinic, space group P2;/n, a = 9.8270(6),
b = 28.8706(18), c = 16.3488(12) A, p = 102.702(3), V = 4524.8(5) A3, D, = 1471 gcm™3, T = 130K, Z = 4,
7' =1, W(CuKx) = 2.271 mm~!. Total 39894 reflections, 8262 unique (Rjps = 0.0423). Refinement of
7426 reflections (607 parameters) with I > 20(I) converged at final R; = 0.0485 (R; all data = 0.0533),
wRy = 0.1226 (wR; all data = 0.1275), gof = 1.122. CCDC 1963588.

3. Results and Discussion

3.1. Synthesis and Mass Spectrometric and NMR Spectroscopic Characterization of the Copper(I) Compounds

As previously discussed [9-11], the synthetic route to [Cu(POP)(N"N)][PFs] and
[Cu(xantphos)(N"N)][PFs] compounds differs because of competing equilibria in solution leading
to homoleptic [Cu(N"N),]* and [Cu(P"P),]" complexes. For the POP-containing compounds,
[Cu(MeCN)4][PFq] was first treated with POP in CH,Cl,, and after about 1.5 h at room temperature,
ligand 1, 2 or 3 was added. For the preparation of [Cu(xantphos)(N"N)][PF¢], a CH,Cl, solution
of the N"N ligand and xantphos was added to a solution of [Cu(MeCN),][PF¢] in CH,Cl, at room
temperature. The products were isolated as yellow solids and, after recrystallization, the compounds
containing ligands 1 or 2 were isolated in yields of between 65.7% and 69.0%. Yields of recrystallized
[Cu(POP)(3)][PFs] and [Cu(xantphos)(3)][PFs] were very low (<3%).

Figures S1-S6 (see Supporting Information) display the electrospray mass spectra of the
[Cu(POP)(N"N)][PF¢] and [Cu(xantphos)(N"N)][PF¢] compounds with N°"N =1, 2 or 3. All show
peaks arising from the [M—PF¢]* ion in addition to the [M-PF¢-1]*, [M-PF¢-2]* or [M-PF4-3]* ion.
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For compounds containing 1, [M-PF¢-1]* gives rise to the base peak, whereas for ligands 2 and 3,
the dominant peak arises from the [M-PF4]* ion.

The 'H, 3C{H} and *'P{*H} NMR spectra were recorded in acetone-dg, and COSY, NOESY, HMQC
and HMBC experiments were used to assign the 'H and '3C NMR resonances. For [Cu(POP)(3)][PF]
and [Cu(xantphos)(3)][PFs], well-resolved 1D 13C{TH} NMR spectra were not obtained and the 13¢c
chemical shifts were identified by using the HMQC and HMBC spectra. NMR spectra are shown
in Figures S7-S27 (see Supporting Information). The 3'P{'H} NMR spectrum of each of the six
compounds exhibits one broadened signal in addition to the septet for the [PF¢]™ ion (Figure 528,
see Supporting Information).

In each N"N ligand, the pyridine rings are non-equivalent on the NMR spectroscopic time scale at
room temperature. In 1, this is a consequence of the 4-(4-bromophenyl)-substituent which is remote
from the copper(I) coordination sphere. In 2 and 3, the asymmetry of the bpy domain is due to the
presence of the 6-methyl (in 2) or 6-benzyl (in 3) substituent which is spatially close to the phenyl rings of
the POP or xantphos ligands. Dynamic processes affecting the PPh; units in [Cu(POP)(N"N)]* involve
rotation of the phenyl groups around the P-C bonds and conformational changes of the Cu(POP)
8-membered chelate ring. The coordinated xantphos ligand is significantly less flexible than POP.
Dynamic processes involving the xantphos in [Cu(xantphos)(N"N)]* include rotation of the phenyl rings
and inversion of the xanthene ‘bow!’. These differences are nicely illustrated by comparing the aromatic
regions of the room temperature 'H NMR spectra of [Cu(POP)(1)][PF¢] and [Cu(xantphos)(1)][PF]
(Figure 1a,b) and the 3C{'H} NMR spectra (Figure 2). The signals for the phenyl protons HP? and
HP? (ortho and meta positions) split into two sets on going from [Cu(POP)(1)][PF¢] (Figure 1a) to
[Cu(xantphos)(1)][PFs] (Figure 1b). In the 13C{TH} NMR spectra, two sets of signals for CcPbt cb2, b3
and CP* are observed for [Cu(xantphos)(1)][PFs] (Figure 2b) corresponding, respectively, to the two
phenyl rings pointing towards and away from the bpy unit. In [Cu(POP)(1)][PF¢], the broadened
signals for CP? and CP* (Figure 2a) indicate slow exchange of the ‘up’ and ‘down’ sets of phenyl
rings on the NMR timescale at 298 K, consistent with the greater flexibility of coordinated POP versus
xantphos ligands. The fact that the signal for CP? is sharp presumably reflects a small chemical shift
difference between resonances for CP3 and CP"3 in the ‘up’ and ‘down’ positions in [Cu(POP)(1)][PF¢].
This is indeed observed in [Cu(xantphos)(1)][PFs] in Figure 2b. The alkyl regions of the 'H NMR
spectra of [Cu(POP)(1)][PF¢] and [Cu(xantphos)(1)][PFs] are shown in Figure 1c,d. Apart from the
appearance of the signals for the xantphos methyl groups, the chemical environments of the bpy 6- and
6’-methyl groups change significantly. This reflects the location of one methyl group over the xanthene
‘bowl” and will be discussed further in Section 3.2.
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Figure 1. Comparison of the 'H NMR spectra of [Cu(POP)(1)][PF¢] and [Cu(xantphos)(1)][PF]
(500 MHz, acetone-dg, 298 K). (a) Aromatic region of [Cu(POP)(1)][PF¢]. (b) Aromatic region of
[Cu(xantphos)(1)][PFs]. (c) Alkyl region of [Cu(POP)(1)][PF¢]. (d) Alkyl region of [Cu(xantphos)(1)][PFg].
in (c) and (d): * = residual acetone-ds. See Scheme 1 for atom labelling. Scales: 6/ppm.
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Figure 2. Comparison of parts of the BC{IH} NMR spectra (126 MHz, acetone-dg, 298 K) of (a)
[Cu(POP)(1)][PF4] and (b) [Cu(xantphos)(1)][PF¢]. See Scheme 1 for atom labelling. Scale: 6/ppm.

Compared to 1, ligands 2 and 3 are sterically more demanding when we consider the
immediate environment of the copper centre. Figure 3 shows part of the '>*C{'H} NMR spectrum of
[Cu(POP)(2)][PF¢] in which signals assigned to two sets of PPh, phenyl rings are observed. This is also
detected in the HMQC spectrum of [Cu(POP)(3)][PF;] (Figure S24). These data are consistent with the
dynamic behaviour of the backbone of the POP ligand (concomitant with conformational changes of
the Cu(POP) chelate ring) being slower on the NMR timescale at 298 K than in [Cu(POP)(1)][PFs].

C3

D2/D"2 D2/D"2 £ D3/D'3
C5 F5 D4/

D3/D'3

D1/D"1
D1/D"1

1352 1348 1344 1340 1336 1332 132.8 1324 1320 131.6 1312 130.8 1304 130.0 129.6 129.2
Figure 3. Part of the BC{IH} NMR spectra (126 MHz, acetone-dg, 298 K) of [Cu(POP)(2)][PF4]. See
Scheme 1 for atom labelling. Scale: 6/ppm.

3.2. Crystal Structures of [Cu(xantphos)(1)I[PF]-CH,Cl,, [Cu(xantphos)(2)][PFs]-CH,Cl,
and [Cu(POP)(3)][PF]-0.5H,0

Single crystals of [Cu(xantphos)(1)][PFs]-CH,Cl, and [Cu(POP)(3)][PF¢]-0.5H,O were obtained
by slow evaporation of CH,Cl, solutions of the compounds, while X-ray quality crystals of
[Cu(xantphos)(2)][PFs]-CH,Cl, grew from a CH,Cl, solution layered with hexanes. The compounds
withligands 1and 2 crystallize in the triclinic space group P-1 and [Cu(POP)(3)][PF]-0.5H,O crystallizes
in the monoclinic space group P2;/n. The structures of the [Cu(xantphos)(1)]*, [Cu(xantphos)(2)]" and
[Cu(POP)(3)]* cations are shown in Figures 4-6, respectively, and selected bond parameters are given
in the figure captions. In each [Cu(P"P)(N"N)]* cation, the copper atom is in a distorted tetrahedral
environment and Table 1 compares the bond parameters for the coordination spheres. The distortion
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away from an ideal tetrahedral geometry is significant and may be quantified using Houser’s 14
parameter [27] which has values of 1.00 for T4 and 0.85 for C3, symmetries. The values in Table 1
are consistent with distorted C3, symmetries and a greater distortion for the xantphos-containing
complexes, with one large P-Cu-N bond angle in each cation (see captions to Figures 3 and 4) being a
contributing factor.

Br1

Figure 4. ORTEP-representation of the [Cu(xantphos)(1)]* cation in [Cu(xantphos)(1)][PF¢]-CH,Cl,.
Ellipsoids are plotted at 50% probability level and H atoms are omitted for clarity. Selected bond
parameters: Cul-P1 = 2.2589(5), Cul-P2 = 2.3038(5), Cul-N1 = 2.1142(13), Cul-N2 = 2.0796(13),
01-C36 = 1.3932(18), O1-C45 = 1.3946(19), Br1-C10 = 1.9039(16) A; P1-Cul-P2 = 116.050(17),
N1-Cul-P1 = 112.60(4), N1-Cul-P2 = 113.19(4), N2-Cul-P1 = 126.62(4), N2-Cul-P2 = 103.97(4),
N2-Cul-N1 = 79.05(5), C36-01-C45 = 114.09(12).

Figure 5. ORTEP-representation of the [Cu(xantphos)(2)]* cation in [Cu(xantphos)(2)][PF]-CH,Cl,.
Ellipsoids are plotted at 50% probability level and H atoms are omitted for clarity. Selected bond
parameters: Cul-P1 = 2.2241(6), Cul-P2 = 2.2729(6), Cul-N2 = 2.0654(18), Cul-N1 = 2.0693(18),
01-C5 = 1.367(3), 01-C63 = 1.432(3), 02-C18 = 1.367(3), 02-C64 = 1.426(3), O3-C37 = 1.388(3),
03-C41 = 1.380(2) A; P1-Cul-P2 = 120.05(2), N-Cul-P1 = 116.33(5), N2-Cul-P2 = 102.15(5),
N2-Cul-N1 = 79.45(7), N1-Cul-P1 = 124.81(5), N1-Cul-P2 = 105.28(5), C5-01-C63 117.41(19),
C18-02-C64 = 117.31(19), C41-0O3-C37 = 116.52(17).
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o7 @ﬁ C39

Figure 6. ORTEP-representation of the [Cu(POP)(3)]* cation in [Cu(POP)(3)][PFs]-0.5 H,O. Ellipsoids
are plotted at 40% probability level for clarity, and H atoms are omitted. Selected bond parameters:
Cul-P2 =2.2789(7), Cul-P1 = 2.2662(7), Cul-N2 = 2.060(2), Cul-N1 = 2.127(2), O1-C36 = 1.388(3),
01-C31 = 1.399(3) A; P1-Cul-P2 = 112.83(3), N2-Cul-P2 = 114.28(6), N2-Cul-P1 = 115.64(6),
N2-Cul-N1 = 79.68(8), N1-Cul-P2 = 111.24(6), N1-Cul-P1 = 119.34(6), C36-0O1-C31 = 119.64(19),
C10-C11-C12 = 116.1(2).

Table 1. Comparison of the bond lengths and angles in the coordination sphere of each complex cation.

[Cu(P"P)(N"N)]*

Cation Cu-N/A Cu-P/A P-Cu-P/°  N-Cu-N/° Ty !
. 2.1142(13), 2.2589(5),
[Cu(xantphos)(1)] 2.0796(13) 2.3038(5) 116.050(17) 79.05(5) 0.83
L 2.0654(18), 2.2241(6),
[Cu(xantphos)(2)] 2.0693(18) 2.2729(6) 120.05(2) 79.45(7) 0.82
. 2.060(2), 2.2789(7),
[Cu(POP)(3)] 2.127(2) 22662(7) 112.83(3) 79.68(8) 0.89

1, parameter, see reference [27].

The packing interactions in the three compounds illustrate both intra-cation and inter-cation
m-contacts. In [Cu(xantphos)(1)][PF¢]-CH;Cl,, the N'N and P°P ligands engage in a
face-to-face m-stacking interaction involving the pyridine ring with N2 and the phenyl ring
containing C46 (Figure 7a). The interaction is not optimal [28] since the angle between
the ring planes is 22.6° and the centroid ... centroid distance is 3.95 A. Nonetheless, it is
interesting to note that a similar interaction occurs in [Cu(xantphos)(N"N)][PFs] where N"N is
4,4'-bis(4-halophenyl)-6,6’-dimethyl-2,2’-bipyridine [15], symmetrical analogues of ligand 1. The N"N
and PP ligands in [Cu(xantphos)(2)][PFs]-CH,Cl, also interact through face-to-face m-stacking of a
pyridine ring (with N1) and a PPhy phenyl ring (the ring containing C51). This is depicted in Figure 7b.
Once again, the interaction is not optimal [28] with an angle between the ring planes of 29.1° and
a centroid ... centroid distance of 4.14 A. A search of the Cambridge Structural Database (CSD, v.
5.40 with February 2019 updates [29]) for {Cu(xantphos)(bpy)}-containing compounds (excluding
{Cu(xantphos)(phen)}) revealed 33 entries of which only six contained N"N/P"P ligand n-stacking
interactions, always face-to-face stacking of the bpy domain and a PPh; phenyl ring. These six structures
have CSD refcodes EVADOW [15], EVADUC [15], EVAFEO [15], EVAFOY [15], VAWDUYV [11] and
VICREH [13]. In two other structures (CSD refcodes HIJQUP [30] and VANYUH [31]), inefficient
bpy ... phenyl n-stacking occurs with angles between the least squares planes of the rings of 38.3°
(HIJQUP) and 27.3° (VANYUH). In [Cu(xantphos)(2)][PF¢]-CH,Cl,, there are also efficient inter-cation
face-to-face m-contacts between ligands 2 (Figure 7c). These are between centrosymmetric pairs of
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arene rings with C18 and C18! (symmetry codei = —x, 1 — y, 1 — z) and centrosymmetric pairs of phenyl
rings containing C25 and C25! (symmetry code ii = —x, =y, 2 — z). In both motifs, the stacked rings are
offset. For the first interaction, the distance between the ring planes is 3.53 A and between the ring
centroids is 3.93 A, and for the second, the corresponding distances are 3.15 and 4.34 A. The inter-cation
embraces extend to produce infinite chains as shown in Figure 7c.

(a) (b) ' (c)

Figure 7. Intra-cation m-stacking in (a) [Cu(xantphos)(1)]* and (b) [Cu(xantphos)(2)]*. (c) Inter-cation
m-stacking interactions in [Cu(xantphos)(2)][PFs]-CH,Cl, extend to give infinite chains which run
obliquely through the unit cell.

The introduction of the 6-benzyl substituent in ligand 3 allows the possibility of intra-cation
m-stacking with an aryl ring of the POP or xantphos ligand. In the solid-state structure of
[Cu(POP)(3)][PF¢], the benzyl unit faces towards the (CgHy)>O-unit of the POP ligand but is not
engaged in 7-contacts, neither edge-to-face nor face-to-face. The only intra-cation 7-stacking occurs
between the aryl rings containing C24 and C36 (Figure 8a), but since the angle between the ring planes
is 26.5° and the centroid ... centroid distance is 4.15 A, this interaction is not optimal. Centrosymmetric
pairs of [Cu(POP)(3)]* cations engage in a combination of C-H ... 7 (phenyl to bpy) and offset
face-to-face (bpy ... bpy) contacts (Figure 8b) which generate a motif which is reminiscent of the
‘parallel quadruple aryl embrace” described by Dance et al. for [Ru(bpy)s] [32]. The offset bpy ...
bpy interaction involves the rings containing N2 and N2! (symmetry codei=1-x,1 -y, 1 — z) with
an inter-plane separation of 3.50 A and centroid ... centroid distance of 3.93 A, parameters that are
consistent with an efficient interaction [28]. The C-H ... 7t contacts involve C3-H3 and the phenyl ring
containing C18' with a C-H ... centroid separation of 2.62 A.

Figure 8. Packing motifs in [Cu(POP)(3)][PF¢]-0.5H;0. (a) Intra-cation face-to-face m-stacking of one
aryl ring of the POP backbone and one phenyl ring of a PPh, unit. (b) Inter-cation C-H ... 7t (phenyl to
bpy) and offset face-to-face (bpy ... bpy) contacts.
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3.3. Electrochemical and Photophysical Properties

The low yields of the copper(I) complexes containing ligand 3 precluded investigations of
their electrochemical and photophysical properties. We focus, therefore, on the behaviour of
[Cu(POP)(1)][PF¢], [Cu(xantphos)(1)][PFs], [Cu(POP)(2)][PF¢], and [Cu(xantphos)(2)][PF¢]. Cyclic
voltammograms of CH,Cl, solutions of these compounds are shown in Figures 529-532 (see Supporting
Information) and Table 2 gives the potentials of the electrochemical processes. Each of
[Cu(xantphos)(1)][PF¢], [Cu(POP)(2)][PFs] and [Cu(xantphos)(2)][PFs] undergoes a quasi-reversible
oxidation process assigned to the Cu*/Cu®* redox couple. For [Cu(POP)(1)][PF¢], the process
is irreversible; no well-defined reduction process is visible on the return wave (Figure S29).
The oxidation potentials in Table 2 for the compounds containing ligand 2 compare to values
of +0.69 V for [Cu(POP)(6-Mebpy)][PFs] [8] and +0.85 V for [Cu(xantphos)(6-Mebpy)][PFs] [13].
The oxidation potential of +0.87 V for [Cu(xantphos)(1)][PFs] is similar to the +0.92 V observed
for [Cu(xantphos)(4)][PFs] where 4 is 4,4’-bis(4-bromophenyl)-6,6’-dimethyl-2,2’-bipyridine [15].
The irreversible process for [Cu(POP)(1)][PF;] is consistent with the irreversible copper(I) oxidation
observed for [Cu(xantphos)(4)][PF] [15]. [Cu(POP)(1)][PF¢] and [Cu(xantphos)(1)][PFs] show only
irreversible reduction processes (Table 2) while [Cu(POP)(2)][PFs] and [Cu(xantphos)(2)][PFs] show
reversible reduction processes at —2.04 and —2.00 V, respectively.

Table 2. Cyclic voltammetric data for [Cu(P"P)(N"N)][PFs] complexes referenced to internal
F¢/Fc* = 0.0 V; CH,Cl, solutions with ["BuyN][PF] as supporting electrolyte and scan rate of 0.1 V s7L,

Cation in [Cu(P"P)(N"N)][PF] E1,®/V Epc — Epa/mV Eyp™d/v Epc — Epa/mV
[Cu(POP)(1)]* +0.922 - -2.21,-2.11b -
[Cu(xantphos)(1)]* +0.87 80 -2.18,-2.10b -
[Cu(POP)(2)]* +0.81 100 -2.04 130
[Cu(xantphos)(2)]* +0.84 110 -2.00 130

a The value is for Epc; the process is irreversible. b The values are for Epa; each process is irreversible.

Table 3 and Figure 9 present the solution absorption spectroscopic data for the [Cu(POP)(N"N)][PF¢]
and [Cu(xantphos)(N"N)][PF¢] complexes containing ligands 1 and 2. The profiles of the spectra are
strongly dependent upon the N"N ligand. The lowest energy absorptions are assigned to spin-allowed
ligand-based transitions while the broad absorption band close to 400 nm arises from metal-to-ligand
charge transfer (MLCT).

50,000 -
— [Cu(POP)(1)][PF4]
40,000 — [Cu(xantphos)(1)][PFs]
L — [Cu(POP)(2)][PFg]
< 30,000 1 — [Cu(xantphos)(2)][PFe]
g
E 20,000 1
&
10,000 -
0 . . : . .
240 290 340 390 440 490

Wavelength / nm

Figure 9. Solution absorption spectra of the [Cu(P"P)(N"N)]J[PFs] complexes in CH,Cl,
(2.5 x 107> mol dm™3).
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Table 3. Solution absorption maxima for the [Cu(P"P)(N"N)][PF¢] complexes in CH,Cl, (2.5 X 10~3 mol dm™3).

Amax/nm (¢/dm3 mol-1 cm~1)

Cation in [Cu(P"P)(N"N)][PF]

Ligand-Based Absorptions MLCT
[Cu(POP)(D)]* 260 sh (40,000), 272 (42,600), 308 sh (24,100), 322 sh (16,300) 390 (4100)
[Cu(xantphos)(1)]* 253 sh (38,500), 274 (45,200), 321 sh (15,100) 390 (4100)
[Cu(POP)(2)]* 276 (35,500), 333 (30,200) 400 (2700)
[Cu(xantphos)(2)]* 277 (41,450), 333 (26,200) 400 (2700)

The emission behavior of the compounds was investigated in CH,Cl, solution (deaerated and
non-deaerated) and for powdered samples, and data are summarized in Tables 4 and 5. The solid-state
emission spectra are shown in Figure 10a. When excited at 365 nm, solutions of [Cu(POP)(2)][PF¢] and
[Cu(xantphos)(2)][PFs] both emit at 500 nm, and a red-shift is observed on going from [Cu(P"P)(2)][PFs]
to [Cu(P"P)(1)][PF¢] (Table 4). In deaearated solutions, the compounds show PLQY values in the range
of 10%—20%. The emission maxima of [Cu(POP)(1)][PFs] and [Cu(xantphos)(1)][PF¢] are blue-shifted
on going from solution to the powdered samples, and this follows the typical trend [9,12]. However,
for the compounds containing ligand 2, a red-shift is observed from solution to solid (Figure 10b)
and this is probably associated with the extensive intermolecular 7-stacking between ligands 2 that is
confirmed in the crystal structure of [Cu(xantphos)(2)][PFs]-CH,Cl,. Where a comparable red-shift has
been observed for other emissive metal coordination compounds, strong intermolecular interactions
(e.g., in thin films) have been suggested as the cause [4]. The PLQY is significantly enhanced on
going from solution to the solid state (Table 5) with the compounds containing ligand 1 having the
highest values.

14 — [Cu(POP)(1)][PFq] — [Cu(POP)(2)][PFs] solid
11 AN .
— [Cu(xantphos)(1)][PFg ] / ‘1 = [Cu(xantphos)(2)][PFg] solid
A — [Cu(POP)(2)I[PFs] S A 3 +++* [Cu(POP)(2)][PFg] solution
= — [Cu(xantphos)(2)][PF; ©
8 e phos)2)IPFs] = 3 *+** [Cu(xantphos)(2)][PFg] solution
z k2
2 5
5 E
£ °
g .g R
N ©
© €
E S H
2 z
/
0 T T T T T 0 T T T T T T g
450 500 550 600 650 700 750 800 400 450 500 550 600 650 700 750
Wavelength / nm Wavelength / nm
(a) (b)

Figure 10. (a) Normalized emission spectra of powdered samples of the [Cu(P"P)(N"N)][PF¢] complexes
(Aexc = 365 nm). (b) Normalized emission spectra of solution (CH,Cly, 2.5 X 10~® mol dm™3) and
powdered samples of the [Cu(P"P)(2)][PFs] complexes (Aexc = 365 nm).

Table 4. Emission maxima and photoluminescence quantum yield (PLQY) values for [Cu(P"P)(N"N)][PF¢]
complexes in CH,Cl, solutions.

Cation in Aee/nm Aepn/nm PLQY? PLQY?
[Cu(P"P)(N"N)][PF] exc em: (Non-Deaerated)/% (Deaerated)/%
[Cu(POP)(1)]* 365 575 2 20
[Cu(xantphos)(1)]* 365 570 1 12
[Cu(POP)(2)]* 365 500 3 10
[Cu(xantphos)(2)]* 365 500 3 10

2 Solution concentration = 2.5 x 107 mol dm~2 for compounds with 1 and 2.5 x 107° mol dm~2 for compounds
with 2.
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Table 5. Solid-state emission maxima, PLQY values and excited-state lifetimes for [Cu(P"P)(N"N)][PF¢]
complexes in CH,Cl; solutions.

Cation in

[Cu(P*P)(N"N) I[PF] Aexc/nm Aem/nm PLQY/% T1j2/1s
[Cu(POP)(1)]* 365 535 41 9.4

[Cu(xantphos)(1)]* 365 560 35 11.1
[Cu(POP)(2)]* 365 560 27 9.2

[Cu(xantphos)(2)]* 365 577 19 5.0

4. Conclusions

We have described the synthesis and characterization of [Cu(P"P)(1)][PF;], [Cu(P"P)(2)][PFs] and
[Cu(P"P)(3)][PFs] with the wide bite-angle P"P ligands POP and xantphos. Solution multinuclear
NMR spectroscopic data for the compounds are presented. The single crystal structures
of [Cu(xantphos)(1)][PFs]-CH,Cl,, [Cu(xantphos)(2)][PFs]-CH,Cl, and [Cu(POP)(3)][PF4]-0.5H,O
were determined, confirming a distorted tetrahedral copper(l) coordination environment in each
compound. The complex cations exhibit a range of intra- and inter-cation m-interactions. In both
[Cu(xantphos)(1)][PFs]-CH,Cly, [Cu(xantphos)(2)][PFs]-CH,Cly, the N°N and PP ligands engage in
face-to-face m-stacking of bpy and PPh; phenyl rings. In [Cu(xantphos)(2)][PF]-CH,Cl,, inter-cation
m-embraces lead to the formation of infinite chains as a primary packing motif. Packing of the
[Cu(POP)(3)]* cations in [Cu(POP)(3)][PFs]-0.5H,0 involves a combination of C-H ... 7 (phenyl to
bpy) and offset face-to-face (bpy ... bpy) contacts. The compounds containing ligands 1 or 2 are green
or yellow emitters in the solid-state (Aem in the range 535-577 nm) with values of the PLQY in the range
19%—41%. For [Cu(xantphos)(2)][PFs] and [Cu(POP)(2)][PFs], a red-shift in the emission maximum
on going from CH,Cl, solutions to the solid-state is attributed to the extensive m-stacking between
ligands 2 that is observed in the crystal structure of [Cu(xantphos)(2)][PF¢]-CH,Cl,.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/10/1/1/s1.
Cifs for the crystal structures. Figures S1-56: mass spectra of the copper(I) compounds; Figures S7-528:
NMR spectra of the copper(I) compounds; Figures 529-532: cyclic voltammograms for [Cu(POP)(1)][PFg],
[Cu(xantphos)(1)][PFs], [Cu(POP)(2)][PFs] and [Cu(xantphos)(2)][PF].
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