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[Cu(N^N)(P^P)]
+
 complexes with 2,2':6',2''-

terpyridine ligands as the N^N domain 

Niamh S. Murray,a Sarah Keller,a Edwin C. Constable,a
 Catherine E. 

Housecroft,*a
 Markus Neuburgera and Alessandro Prescimonea 

The first examples of [Cu(N^N)(POP)]+ complexes (POP = bis(2-(diphenylphosphino)phenyl)ether) in 

which the N^N domain is a 2,2':6',2''-terpyridine (tpy) ligand have been prepared and characterized; 

N^N = tpy, 5,5''-dimethyl-2,2':6',2''-terpyridine (1), 4'-(4-tolyl)-2,2':6',2''-terpyridine (2), 4'-(4-
npropoxyphenyl)-2,2':6',2''-terpyridine (3) and 4'-(4-nbutoxyphenyl)-2,2':6',2''-terpyridine (4). In solution, 

the tpy domain in each [Cu(N^N)(POP)][PF6] complex is C2-symmetric, consistent with either tridentate 

coordination or a low energy dynamic process involving bidentate ligands; for [Cu(2)(POP)][PF6] and 

[Cu(4)(POP)][PF6], the 1H NMR spectra showed negligible change between 295 and 210 K. The single 

crystal structures of [Cu(tpy)(POP)][PF6] and [Cu(4)(POP)][PF6] are presented. The asymmetric unit of 

[Cu(tpy)(POP)][PF6] contains two independent cations; in one the tpy ligand is tridentate and in the 

other, it is bidentate with the non-coordinated pyridine ring facing the Cu atom (Cu...N = 3.146(1) Å). In 

contrast, the solid-state structure of [Cu(4)(POP)][PF6] features a [Cu(4)(POP)]+ cation containing a 

bidentate tpy-domain with the non-coordinated pyridine ring oriented with the N-atom facing away 

from the Cu atom; this conformation may be associated with inter-cation N...HC non-classical hydrogen 

bonds. The photophysical properties of [Cu(N^N)(POP)][PF6] with N^N = tpy or 1–4 are described. In the 

solid state at room temperature, the compounds are poorly emissive. In solution, the emission 

behaviour is consistent with ligand dissociation. This is supported by 1H and 31P NMR spectroscopic data 

which show POP and [Cu(POP)2]+ in solutions of aged samples; mass spectrometric data are consistent 

with the formation of [Cu(N^N)2]2+ in these samples.  

 

Introduction 

Light-emitting electrochemical cells (LECs) are a developing 

technology in solid-state lighting and, in common with organic 

light-emitting diodes (OLEDs), offer increased energy savings 

when compared to traditional white-light sources.1 LECs 

possess a simpler device architecture than OLEDs and are 

assembled using solution, rather than vacuum, processing. 

Typically, the emissive layer in a LEC is a conjugated light-

emitting polymer mixed with an ionic iridium(III) or 

ruthenium(II) complex.1 However, a future with sustainable 

energy encourages the use of Earth-abundant metals in place of 

rare platinum group metals. Copper(I)-based complexes of the 

type [Cu(N^N)(P^P)]+ or [Cu(P^P)2]
+ (N^N and P^P = 

chelating ligands) are encouraging contenders for applications 

in LECs.2,3,4,5,6 Emission is improved by incorporating sterically 

demanding P^P ligands1 and two popular choices are bis(2-

(diphenylphosphino)phenyl)ether (POP) and 4,5-

bis(diphenylphosphino)-9,9-dimethylxanthene 

(xantphos).2,6,7,8,9,10,11,12,13,14  

 The most commonly employed N^N chelates in  

[Cu(N^N)(P^P)]+ complexes are those based on 2,2'-bipyridine 

(bpy) or 1,10-phenanthroline (phen). Recently, we 

demonstrated that 2,2':6',2''-terpyridines bind to iridium(III) in a 

bidentate mode in octahedral [Ir(C^N)2(N^N)]+ (C^N = 

cyclometallated ligand) complexes. These complex cations 

were successfully employed in LECs which displayed rapid 

turn-on times, although their efficiencies were relatively low.15 

We were therefore encouraged to investigate the use of 

2,2':6',2''-terpyridine (tpy) ligands in [Cu(tpy)(P^P)]+ 

complexes. By using a Kröhnke16 or one-pot method,17 it is 

straightforward to synthesize a range of 4'-functionalized tpy 

ligands (4'-Xtpy), and thereby tune the electronic properties of 

[Cu(4'-Xtpy)(POP)]+. To the best of our knowledge, no 

[Cu(tpy)(P^P)]+ complexes have previously been described, 

although a handful of related [Cu(tpy)(PPh3)2]
+ complexes have 

been structurally characterized.18,19,20 In 

[Cu(tpy)(PPh3)2][ClO4],
18 and [Cu(4'-Phtpy)(PPh3)2][BF4]

19 (4'-

Phtpy = 4'-phenyl-2,2':6',2''-terpyridine), the tpy ligand is 

tridentate and the copper(I) centre is in a distorted trigonal 

bipyramidal environment. In contrast, in [Cu{4'-(2-Br-5-

py)tpy}(PPh3)2][BF4] (4'-(2-Br-5-py)tpy = 4'-(2-bromo-5-

pyridyl-2,2':6',2''-terpyridine), the tpy domain acts as an N^N 

chelate.20 We now report the syntheses and properties of 
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[Cu(tpy)(POP)][PF6] and four of its derivatives containing 

ligands 1–4 (Scheme 1). 

 
Scheme 1. Structures of ligands 1–4; ring labelling for NMR spectroscopic 

assignments, see also Scheme 2. 

Experimental 

General 

1H, 13C{1H} and 31P{1H} NMR spectra were recorded on a 

Bruker Avance III-500 NMR spectrometer (chemical shifts 

with respect to δ(TMS) = 0 ppm for 1H and 13C, and 85% 

aqueous H3PO4 for 31P). Solution electronic absorption and 

emission spectra were recorded on an Agilent 8453 

spectrophotometer and Shimadzu 5301PC 

spectrofluorophotometer, respectively. Electrospray ionization 

(ESI) mass spectra were recorded on a Bruker esquire 3000plus 

mass spectrometer. Solution and solid-state quantum yields 

were measured using a Hamamatsu absolute PL quantum yield 

spectrometer C11347 Quantaurus_QY. Lifetimes and emission 

spectra of powdered samples were measured using a 

Hamamatsu Compact Fluorescence lifetime Spectrometer 

C11367 Quantaurus-Tau; an LED light source with excitation 

wavelength of 365 nm was used. 

 The compounds tpy,21 1,21,22 2,23 324 and 424 and 

[Cu(MeCN)4][PF6]
25 were prepared as previously reported.   

All other chemicals were used as received. 

[Cu(tpy)(POP)][PF6] 

A colourless solution of [Cu(MeCN)4][PF6] (56 mg, 0.15 

mmol) and POP (81 mg, 0.15 mmol) in CH2Cl2 (30 mL) was 

stirred for 2 h. Then tpy (35 mg, 0.15 mmol) was added causing 

a colour change to yellow; the solution was stirred for 2 h. The 

solution was filtered, all volatiles were removed in vacuo and 

the yellow residue was washed with hexane (5 × 5 mL). 

[Cu(tpy)(POP)][PF6] was isolated as a yellow powder (156 mg, 

0.14 mmol, 95%). 1H NMR (500 MHz, CD2Cl2, 295 K) ∂ / ppm 

8.19 (dd, J = 5.2, 1.9 Hz, 2H, HA6), 8.07 (m, 1H, HB4), 8.01 (m, 

2H, HB3), 7.80 (d, J = 7.9 Hz, 2H, HA3), 7.62 (td, J = 7.8, 1.8 

Hz, 2H, HA4), 7.27 (m, 6H, HC5+D4), 7.10–7.02 (overlapping m, 

12H, HC4+D3+A5), 6.96 (m, 2H, HC6), 6.87 (m, 2H, HC3), 6.83 (m, 

8H, HD2). 13C{1H} NMR (126 MHz, CD2Cl2, 295 K) ∂ / ppm 

158.2 (t, JPC = 6.0 Hz, CC1), 155.7 (CB2), 154.7 (CA2), 149.9 

(CA6), 139.5 (CB4), 138.3 (CA4), 134.7 (CC3), 133.7 (t, JPC = 8.0 

Hz, CD2), 132.5 (CC5), 131.6 (t, JPC = 16.0 Hz, CD1), 130.3 

(CD4), 129.0 (JPC = 4.5 Hz, CD3), 125.6 (overlapping CC2+C4), 

125.4 (CA5), 124.6 (CB3), 123.3 (CA3), 120.4 (CC6). 31P{1H} 

NMR (162 MHz, CD2Cl2, 295 K) ∂ / ppm −12.5 (broad, 

FWHM = 420 Hz, POP), −144.5 (septet, JPF = 710 Hz, [PF6]
−). 

UV-Vis (CH2Cl2, 2.5 × 10–5 mol dm–3): λ / nm (ε / dm3 mol–1 

cm–1) 229 (46200), 273 sh (22300), 300 sh (19000), 392 (2600). 

ESI MS: m/z 834.5 [M–PF6]
+ (calc.  834.2), 601.4 [M–PF6–

tpy]+ (base peak, calc. 601.1). Found C 62.48 H 4.41, N 4.47; 

C51H39CuF6N3OP3 requires C 62.48, H 4.01, N 4.29%. 

[Cu(1)(POP)][PF6]   

A colourless solution of [Cu(MeCN)4][PF6] (93 mg, 0.25 

mmol) and POP (134 mg, 0.25 mmol) in CH2Cl2 (40 mL) was 

stirred for 2 h. Compound 1 (88 mg, 0.25 mmol) was added; the 

now yellow solution was stirred for 4 h. Solvent was removed 

in vacuo; the yellow residue was dissolved in CH2Cl2 (4 mL) 

and the solution layered with Et2O. [Cu(1)(POP)][PF6] 

precipitated and was isolated as a yellow powder (211 mg, 0.24 

mmol, 95%). 1H NMR (500 MHz, CD2Cl2) ∂ / ppm 8.02 (m, 

1H, HB4), 7.99 (d, J = 2.1 Hz, 2H, HA6), 7.93 (m, 2H, HB3), 7.65 

(d, J = 8.1 Hz, HA3), 7.40 (dd, J = 8.1, 1.5 Hz, HA4), 7.26 (m, 

6H, HD4+C5), 7.08 (m, 8H, HD3), 7.03 (td, J = 7.6, 1.1 Hz, HC4), 

6.95 (m, 2H, HC6), 6.85 (m, 10H, HC3+D2), 2.04 (s, 6H, HMe). 
13C{1H} NMR (126 MHz, CD2Cl2) ∂ / ppm 158.2 (JPC = 5.9 

Hz, CC1), 155.8 (CB2), 152.1 (CA2), 150.5 (CA6), 139.3 (CB4), 

138.5 (CA4), 135.7 (CA5), 134.7 (CC3), 133.9 (t, J = 8.0 Hz, 

CD2), 132.4 (CC5), 131.6 (t, J = 16.0 Hz, CD1), 130.3 (CD4), 

128.9 (t, J = 4.4 Hz, CD3), 125.6 (overlapping, CC4+C2), 123.9 

(CB3), 122.7 (CA3), 120.2 (CC6), 18.7 (CMe). 31P{1H} NMR (202 

MHz, CD2Cl2) ∂ / ppm −12.1 (broad, FWHM = 310 Hz, POP), 

−144.5 (septet, JPF = 710 Hz, [PF6]
−). UV-Vis (CH2Cl2, 2.5 × 

10–5 mol dm–3): λ / nm (ε / dm3 mol–1 cm–1) 228 (47100), 250 

sh (31000), 274 sh (26800), 306 sh (20200), 390 (2600). ESI 

MS: m/z 862.6 [M–PF6]
+ (base peak, calc. 862.2). Found C 

62.31, H 4.48, N 4.34; C53H43CuF6N3OP3
.H2O requires C 

62.02, H 4.42, N 4.09%. 

[Cu(2)(POP)][PF6]    

A colourless solution of [Cu(MeCN)4][PF6] (93 mg, 0.25 

mmol) and POP (134 mg, 0.25 mmol) in CH2Cl2 (40 mL) was 

stirred for 2 h. Then 2 (81 mg, 0.25 mmol) was added cauing a 

colour change to yellow. This solution was stirred for 2 h, was 

then filtered and the solvent removed in vacuo. 

[Cu(2)(POP)][PF6] was isolated as an orange-yellow powder 

(180 mg, 0.17 mmol, 67%). 1H NMR (500 MHz, CDCl3) ∂ / 

ppm 8.23 (s, 2H, HB3), 8.21 (overlapping d, J ≈ 5 Hz, 2H, HA6), 

7.99 (d, J = 7.9 Hz, 2H, HA3), 7.77 (d, J = 8.1 Hz, 2H, HE2), 

7.67 (td, J = 7.8, 1.6 Hz, 2H, HA4), 7.40 (d, J = 8.0 Hz, 2H, 

HE3), 7.27 (m, 6H, HD4+C5), 7.14–7.07 (m, 10H, HA5+D3), 7.05 (t, 

J = 7.5 Hz, HC4), 6.97 (m, 2H, HC6), 6.85 (m, 10H, HC3+D2), 
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2.45 (s, 3H, HMe). 13C{1H} NMR (126 MHz, CDCl3) ∂/ppm 

157.7 (t, JPC = 6.0 Hz, CC1), 155.8 (m, CB2), 154.6 (CA2), 151.3 

(CB4), 149.3 (CA6), 140.9 (CE4), 138.2 (CA4), 134.4 (CC3), 133.3 

(t, JPC = 7.9 Hz, CD2 overlapping with CE1), 132.1 (CC5), 131.0 

(t, JPC = 16.1 Hz, CD1), 130.4 (CE3), 130.0 (CD4), 128.7 (t, JPC = 

4.6 Hz, CD3), 127.3 (CE2), 125.3 (CC4), 125.0 (overlapping, 

CA5+C2), 123.3 (CA3), 121.7 (CB3), 119.9 (CC6), 21.5 (CMe). 
31P{1H} NMR (162 MHz, CDCl3). ∂ / ppm −12.4 (broad, 

FWHM = 100 Hz, POP), −144.2 (septet, JPF = 713 Hz, [PF6]
−). 

UV-Vis (CH2Cl2, 2.5 × 10–5 mol dm–3): λ / nm (ε / dm3 mol–1 

cm–1) 229 (51200), 282 (40600), 398 (3900). ESI MS: m/z 

924.6 [M–PF6]
+ (base peak, calc. 924.2). Found C 64.18, H 

4.45, N 4.07; C58H45CuF6N3OP3·H2O requires C 64.00, H 4.35, 

N 3.86%. 

[Cu(3)(POP)][PF6]   

A colourless solution of [Cu(MeCN)4][PF6] (93 mg, 0.25 

mmol) and POP (134 mg, 0.25 mmol) in CH2Cl2 (40 mL) was 

stirred for 2 h. Then 4 (92 mg, 0.25 mmol) was added to give a 

yellow solution that was stirred for 4 h. Solvent was removed in 

vacuo; the yellow residue was dissolved in CH2Cl2 (4 mL) and 

the solution layered with Et2O. This yielded [Cu(4)(POP)][PF6] 

as a yellow precipitate which was collected by filtration (264 

mg, 0.24 mmol, 95%). 1H NMR (500 MHz, CD2Cl2) ∂ /ppm 

8.22 (d, J = 4.5 Hz, 2H, HA6), 8.15 (s, 2H, HB3), 7.86 (d, J = 8.0 

Hz, 2H, HA3), 7.77 (m, 2H, HE2), 7.62 (td, J = 7.8, 1.8 Hz, 2H, 

HA4), 7.26 (m, 6H, HD4+C5), 7.13–7.06 (m, 12H, HD3+A5+E3), 

7.03 (t, J = 7.5 Hz, 2H, HC4), 6.96 (m, 2H, HC6), 6.84 (m, 10H, 

HC3+D2), 4.02 (t, J = 6.6 Hz, 2H, HOCH2), 1.85 (m, 2H, 

HOCH2CH2), 1.07 (t, J = 7.4 Hz, 2H, HMe). 13C{1H} NMR (126 

MHz, CD2Cl2) ∂ / ppm 161.9 (CE4), 158.3 (CC1), 156.2 (CB2), 

155.1 (CA2), 149.9 (CA6), 144.7 (CB4), 138.3 (CA4), 134.8 (CC3), 

133.8 (t, JPC = 7.9 Hz, CD2), 132.5 (CC5), 131.6 (t, JPC = 15.9 

Hz, CD1), 130.3 (CD4), 129.0 (CD3+E2), 128.7 (CE1), 125.6 (CC4), 

125.3 (overlapping, CA5+C2), 123.3 (CB3), 121.7 (CA3), 120.4 

(CC6), 115.9 (CE3), 70.4 (COCH2), 23.0 (COCH2CH2), 10.7 (CMe). 
31P{1H} NMR (202 MHz, CD2Cl2) ∂ / ppm −12.5 (broad, 

FWHM = 280 Hz, POP), −144.5 (septet, JPF = 711 Hz, [PF6]
−). 

UV-Vis (CH2Cl2, 2.5 × 10–5 mol dm–3): λ / nm (ε / dm3 mol–1 

cm–1) 230 (57300), 280 (36900), 315 sh (32000), 393 (5300). 

ESI MS: m/z 968.7 [M–PF6]
+ (base peak, calc. 968.3). Found C 

62.17, H 4.66, N 3.79; C60H49CuF6N3OP3
.2H2O requires C 

62.64, H 4.64, N 3.65%.  

[Cu(4)(POP)][PF6]  

A colourless solution of [Cu(MeCN)4][PF6] (93 mg, 0.25 

mmol) and POP (134 mg, 0.25 mmol) in CH2Cl2 (40 mL) was 

stirred for 2 h, and then 5 (95 mg, 0.25 mmol) was added. The 

yellow solution was stirred for 4 h, after which time, the solvent 

was removed in vacuo. The yellow residue was dissolved in 

CH2Cl2 (4 mL) and after an Et2O layer had been added, the 

product precipitated. Yellow [Cu(5)(POP)][PF6] was collected 

by filtration (242 mg, 0.24 mmol, 96%). 1H NMR (500 MHz, 

CD2Cl2) ∂ /ppm 8.22 (d, J = 4.9 Hz, 2H, HA6), 8.14 (s, 2H, 

HB3), 7.86 (d, J = 8.0 Hz, 2H, HA3), 7.76 (m, 2H, HE2), 7.62 (td, 

J = 7.8, 1.7 Hz, 2H, HA4), 7.27 (m, 6H, HD4+C5), 7.12–7.06 (m, 

12H, HD3+A5+E3), 7.03 (td, J = 7.5, 1.1 Hz, 2H, HC4), 6.96 (m, 

2H, HC6), 6.84 (m, 10H, HC3+D2), 4.07 (t, J = 6.5 Hz, 2H, 

HOCH2), 1.81 (m, 2H, HOCH2CH2), 1.53 (m, 2H, HCH2Me), 1.00 (t, J 

= 7.4 Hz, 2H, HMe). 13C{1H} NMR (126 MHz, CD2Cl2) ∂ / ppm 

162.0 (CE4), 158.3 (CC1), 156.3 (CB2), 155.4 (CA2), 149.9 (CA6),  

138.3 (CA4), 134.7 (CC3), 133.8 (t, JPC = 8.0 Hz, CD2), 132.3 

(CC5), 131.7 (CD1), 130.3 (CD4), 129.0 (CD3+E2), 128.7 (CE1), 

125.9 (CC2), 125.3 (CC4), 125.0 (CA5), 123.2 (CA3), 121.7 (CB3), 

120.3 (CC6), 115.9 (CE3), 68.5 (COCH2), 31.4 (COCH2CH2), 19.6 

(CCH2Me), 14.0 (CMe), (CB4 not resolved). 31P{1H} NMR (162 

MHz, CD2Cl2) ∂ / ppm −12.4 (broad, FWHM = 180 Hz, POP), 

−144.5 (septet, JPF = 710 Hz, [PF6]
−). UV-Vis (CH2Cl2, 2.5 × 

10–5 mol dm–3): λ / nm (ε / dm3 mol–1 cm–1) 230 (52400), 282 

(34600), 316 (30100), 390 (5300). ESI MS: m/z 982.7 [M–

PF6]
+ (base peak, calc. 982.3). Found C 64.70, H 4.81, N 3.79; 

C61H51CuF6N3OP3
 requires C 64.92, H 4.56, N 4.02%. 

Crystallography 

Single crystal data were collected on a Bruker APEX-II 

diffractometer with data reduction, solution and refinement 

using the programs APEX26 and CRYSTALS,27 and diagrams 

and structure analysis used Mercury v. 3.0.1 and v. 3.3.28,29   

[Cu(tpy)(POP)][PF6]  

C51H39CuF6N3OP3, M = 980.35, yellow block, monoclinic, 

space group P21/n, a = 25.8524(15), b = 13.7588(8), c = 

27.0506(16) Å, β = 111.601(2)o, U = 8946.1(9) Å3, Z = 8, Dc = 

1.456 Mg m–3, µ(Cu-Kα) = 2.283 mm−1, T = 123 K. Total 

90551 reflections, 16223 unique, Rint = 0.0231. Refinement of 

15682 reflections (1235 parameters) with I >2σ (I) converged 

at final R1 = 0.0331 (R1 all data = 0.0336), wR2 = 0.0352 (wR2 

all data = 0.0373), gof = 1.0943. CCDC 1041066. 

[Cu(4)(POP)][PF6]  

C61H51CuF6N3O2P3, M = 1128.55, yellow needle, monoclinic, 

space group P21/n, a = 14.5733(12), b = 20.7239(18), c = 

18.0544(16) Å, β = 105.530(5)o, U =  5253.6(5) Å3, Z = 4, Dc = 

1.427 Mg m–3, µ(Cu-Kα) = 2.036 mm−1, T = 123 K. Total 

31539 reflections, 9143 unique, Rint = 0.062. Refinement of 

9133 reflections (685 parameters) with I >2σ (I) converged at 

final R1 = 0.0688 (R1 all data = 0.0336), wR2 = 0.0896 (wR2 

all data = 0.1962), gof = 0.9709. CCDC 1041067. 

 

 
Scheme 2. Schematic structure of [Cu(tpy)(POP)]+ with atom labelling for NMR 

spectroscopic assignments. In the PPh2 units, the Ph rings are labelled D. See also 

Scheme 1 for ring labels. 
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Results and discussion  

Complex synthesis and mass spectrometric and NMR 

spectroscopic characterization 

The complex [Cu(tpy)(POP)][PF6] was prepared by reaction of 

[Cu(MeCN)4][PF6] with POP followed, after 2 hours, by 

treatment of the reaction mixture with tpy. This strategy2  does 

not require the isolation of the intermediate complex 

[Cu(POP)(MeCN)2],
30 and avoids competitive formation of 

homoleptic copper(I) complexes containing tpy ligands.31 An 

analogous method was used to prepare [Cu(1)(POP)][PF6], 

[Cu(2)(POP)][PF6], [Cu(3)(POP)][PF6] and [Cu(4)(POP)][PF6], 

and the five complexes were isolated as yellow solids in yields 

ranging from 67–96%. The electrospray mass spectrum of each 

complex exhibited a peak envelope corresponding to [M–PF6]
+ 

with a characteristic isotope pattern for copper. In the mass 

spectrum of [Cu(tpy)(POP)][PF6], the base peak corresponded 

to the [Cu(POP)]+ ion.  

 The room  temperature solution 1H and 13C{1H} NMR 

spectra of the five complexes were assigned using COSY, 

HMQC and HMBC methods. In [Cu(2)(POP)][PF6], an HMBC 

cross peak between HMe and CE3 (see Scheme 1) distinguished 

the 13C NMR signals for CE3 and CE2. Further confirmation of 

these assignments comes from the shift for the 13C NMR signal 

for CE3 from ∂ 130.4 ppm in [Cu(2)(POP)]+ to ∂ 115.9 ppm in 

[Cu(3)(POP)]+ and [Cu(4)(POP)]+ as the alkoxy substituents are 

introduced (Scheme 1). The 1H NMR spectrum of 

[Cu(tpy)(POP)][PF6] is shown in Fig. 1 and is consistent with a 

C2-symmetric tpy domain. This was true for all the complexes. 

The 1H NMR spectra of [Cu(2)(POP)][PF6] (Fig. 2, 295 to 220 

K) and of [Cu(4)(POP)][PF6] (Fig. S1†, 290 to 210 K) were 

essentially invariant upon cooling, showing only slight shifting 

of several signals. These data indicate either that the tpy 

domain acts as a tridentate ligand and that the copper(I) centre 

is 5-coordinate, or that the tpy unit is bidentate and undergoes 

dynamic behaviour on the NMR timescale with a low energy 

barrier to the process. The C2-symmetric tpy domain in 

[Cu(4)(POP)]+ observed in solution on the NMR timescale 

contrasts with the solid-state structure discussed below. 

 

Fig. 1. 500 MHz 1H NMR spectrum of [Cu(tpy)(POP)][PF6] (295 K, CD2Cl2); see 

Scheme 2 for atom labelling. Chemical shifts in ∂ / ppm. 

 

 
Fig. 2. Variable temperature 500 MHz 1H NMR spectra of [Cu(2)(POP)][PF6] (in 

CDCl3; aromatic region only). Chemical shifts in ∂ / ppm. * = residual CHCl3. 

 Over time, the copper(I) complexes are rather unstable. In 

the 1H NMR spectrum of each complex, signals arising from 

the free POP ligand were observed for aged samples, but no 

signals for a second tpy environment were apparent. In the 31P 

NMR spectra (Fig. S2†), signals for free POP (∂ −19.9 ppm) 

and [Cu(POP)2]
+ (∂ −13.6 ppm)11,32 were observed, most 

noticeably for [Cu(tpy)(POP)][PF6], [Cu(1)(POP)][PF6], 

[Cu(3)(POP)][PF6] and [Cu(4)(POP)][PF6]. A colourless, 

sometimes slightly blue precipitate, was also observed in the 

NMR tubes suggesting the formation of a copper(II) species. 

For an NMR sample of [Cu(3)(POP)][PF6], the CD2Cl2 was 

decanted off and the wet precipitate was dried and redissolved 

in a mixture of MeCN and MeOH, and was analysed by 

electrospray mass spectrometry. Dominant peak envelopes at 

m/z 601.3 and 368.2 were assigned to [Cu(POP)]+ (calc. m/z 

601.1) and [3+H]+ (calc. m/z 368.2); peak separation for each 

envelope was consistent with a singly charged ion. The third 

most intense peak envelope at m/z 398.8 with half-mass peak 

separation was assigned to [Cu(3)2]
2+ (calc. m/z 398.6). These 

observations indicate that the [Cu(tpy)(POP)]+ complexes are 

less stable with respect to dissociation of POP and oxidation of 

copper(I) than [Cu(N^N)(POP)]+ complexes in which N^N is a 

bpy-containing ligand.2,6 The emission behaviour (see later) of 

the complexes also provides evidence for ligand dissociation in 

solution. 

Single crystal structures of [Cu(tpy)(POP)][PF6] and 

[Cu(4)(POP)][PF6] 

Single crystals of [Cu(tpy)(POP)][PF6] and [Cu(4)(POP)][PF6] 

were grown from CH2Cl2 solutions of the respective complex 

layered with Et2O. Both compounds crystallize in the 

monoclinic space group P21/n. The asymmetric unit of 

[Cu(tpy)(POP)][PF6] contains two independent cations Fig. 3. 

Table 1 lists pertinent bond parameters in the coordination 

spheres of the two independent Cu atoms, and Fig. 4 presents 

an overlay of the two cations. The conformations of the POP 

ligands are very similar, and the positions of the two central 

pyridine rings (Fig. 4, right) are approximately superimposed. 
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In both cations, the P–Cu–P bite angle of the POP ligand is 

≈121o (Table 1). In the two independent cations, the shortest 

Cu–Ntpy bond involves the central pyridine ring, as expected for 

{M(tpy)}n+ domain.33 These distances of 2.0901(11) and 

2.0923(11) Å (Table 1) are similar to those observed for the 

Cu–Ncentral-py distances in [Cu(tpy)(PPh3)2][ClO4] (2.102(3) 

Å),18 and [Cu{4'-(2-Br-5-py)tpy}(PPh3)2][BF4] (2.121(3) Å).20 

In both cations, one of the  Cu–Nouter-py distances is significantly 

shorter than the second. In cation A (Fig. 3a), the tpy domain is 

bidentate. Atom N54 of the non-coordinated pyridine ring faces 

towards the copper atom; analysing the thermal ellipsoids in 

both possible orientations of the pyridine ring (i.e. exchanging 

positions of N54 and C58, Fig. 3a) showed unambiguously that 

the chosen ring orientation was correct. The non-bonded 

separation Cu1...N54 is 3.146(1) Å and is associated with this 

pyridine ring being twisted 40.6o with respect to the central 

pyridine ring (Fig. 4). These structural features are similar to 

those observed in [Cu{4'-(2-Br-5-py)tpy}(PPh3)2]
+.20 The 

coordinated pyridine ring containing N41 is tilted through 27.5o 

with respect to the Cu–N bond vector, a feature that we have 

discussed in [Cu(bpy)(POP)]+ complexes.6 In cation B, the two 

Cu–Nouter-py distances are 2.2310(12) and 2.6021(12) Å (Table 

1). Although the latter is longer than a typical Cu–N bond 

length, the values are similar to the corresponding bond 

distances in [Cu(tpy)(PPh3)2][ClO4]
18 in which the tpy is 

considered to be tridentate with the outer pyridine N-donors 

occupying the axial sites of a trigonal bipyramidal structure. 

The lattice of [Cu(tpy)(POP)][PF6] contains two independent 

[PF6]
– ions, one disordered; this has been modelled over two 

sites of occupancies 90 and 10%. 

 
(a)    (b) 

Fig. 3. The two independent cations in [Cu(tpy)(POP)][PF6] containing (a) 4-

coordinate Cu1 and (b) 5-coordinate Cu59 (see text). Ellipsoids are plotted at 

30% probability, and H atoms omitted for clarity. 

Table 1. Selected bond parameters within the coordination spheres of Cu1 
and Cu59 in the two independent [Cu(tpy)(POP)]+ cations. 

Cation A 
Bond  Distance / Å Bond angle Angle / deg 

Cu1–N41 2.1117(11) N41–Cu1–N48  79.78(4) 
Cu1–N48 2.0901(11) N48–Cu1...N54 63.15(4) 
Cu1...N54 3.146(1) P1–Cu1–P2  121.334(15) 
Cu1–P1 2.2190(4) N41–Cu1–P1  110.28(3) 
Cu1–P2 2.3001(4) N48–Cu1–P1 129.54(3) 

  N41–Cu1–P2  94.10(3) 
  N48–Cu1–P2 106.31(3) 
    

Cation B 
Cu59–N99 2.2310(12) N99–Cu59–N102 76.56(4) 

Cu59–N102  2.0923(11) N102–Cu59–N105 70.62(4) 
Cu59–N105 2.6021(12) P3–Cu59–P4  121.782(15) 

Cu59–P3  2.2925(4) N99–Cu59–P4 104.54(3)   
Cu59–P4  2.2725(4) N102–Cu59–P4 125.21(3) 

  N99–Cu59–P3  106.09(3) 
  N102–Cu59–P3 109.48(3) 

 

 
Fig. 4. Overlay of the structures of the two independent cations in 

[Cu(tpy)(POP)][PF6]. One cation needs to be inverted before creating the overlay 

by matching the phosphorus atoms and the oxygen atom of the POP ligands. 

 Fig. 5 depicts the structure of the [Cu(4)(POP)]+ cation in 

[Cu(4)(POP)][PF6]; bond lengths and angles in the coordination 

sphere are given in the caption. The P2–Cu1–P18 angle of 

115.07(5)o is smaller than those in the independent cations in 

[Cu(tpy)(POP)][PF6] (Table 1). Ligand 4 coordinates in a 

bidentate mode, and the rings comprising the coordinated bpy-

domain are mutually twisted by 15.8o. The non-coordinated 

pyridine ring (with N65) is twisted 29.7o with respect to the 

ring containing atom N41 (Fig. 5) and atom N65 faces away 

from Cu1. This contrasts with the conformation of the non-

coordinated pyridine ring in cation B in [Cu(tpy)(POP)][PF6] 

(Fig. 3b) and in [Cu(tpy)(PPh3)2][ClO4].
18 The correct 

orientation of the ring with N65 was confirmed by examination 

of the thermal ellipsoids of N65 and C69 when their positions 

were exchanged. The preference for this orientation may arise 

from a close inter-cation N...H–Cphenyl contact (N65...H341iC34i 

= 2.66 Å; N65...H341i–C34i = 134o). Propagation of these 

interactions results in the formation of chains of cations along 
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the b-axis (Fig. 6); each extended n-butoxy substituent 

embraces an adjacent cation. 

 
Fig. 5. Structure of the [Cu(4)(POP)]+ caion in [Cu(4)(POP)][PF6]; ellipsoids are 

plotted at 30% probability, and H atoms omitted for clarity. Important bond 

parameters: Cu1–P2 = 2.2316(13), Cu1–P18 = 2.3341(13), Cu1–N41 = 2.106(4), 

Cu1–N44 = 2.094(4) Å; P2–Cu1–P18 = 115.07(5), P2–Cu1–N41 = 128.90(11), P18–

Cu1–N41 = 104.97(10), P2–Cu1–N44 = 121.04(12), P18–Cu1–N44 = 98.89(12), 

N41–Cu1–N44 = 80.12(15)o. 

 
Fig. 6. Packing of cations in [Cu(4)(POP)][PF6] along the b-axis. 

Photophysical properties 

The solution absorption spectra of [Cu(N^N)(POP)][PF6] (N^N 

= tpy, 1–4) are shown in Fig. 7. In each complex cation, π*←π 

and π*←n transitions34 give rise to an intense high energy band 

at ≈230 nm and broader absorptions in the 270–330 nm range. 

The spectra of [Cu(tpy)(POP)][PF6] and [Cu(1)(POP)][PF6] are 

similar, consistent with these complexes differing only in the 

introduction of two methyl substituents on going from tpy to 1. 

Enhancement of the absorption band at 282 nm on going from 

[Cu(tpy)(POP)][PF6] to [Cu(2)(POP)][PF6] follows from the 

introduction of the tolyl group in 2. Similarities between the 

UV regions of the absorption spectra of [Cu(3)(POP)][PF6] and 

[Cu(4)(POP)][PF6] and their relatively  intense bands ca. 280–

320 nm are consistent with the extended π-conjugation in 

ligands 3 and 4 compared to tpy. All the complexes exhibit a 

low intensity metal-to-ligand charge transfer (MLCT) band ca. 

390 nm, which is at a similar energy to those observed for 

[Cu(bpy)(POP)]+, [Cu(6-Mebpy)(POP)]+, [Cu(6,6'-

Me2bpy)(POP)]+, [Cu(phen)(POP)]+ and [Cu(2,9-

Me2phen)(POP)]+ 2,6,13,35 (6-Mebpy = 6-methyl-2,2'-bipyridine; 

6,6'-Me2bpy = 6,6'-dimethyl-2,2'-bipyridine; 2,9-Me2phen = 

2,9-dimethyl-1,10-phenanthroline). 

 
Fig. 7. Solution absorption spectra of [Cu(N^N)(POP)][PF6] for N^N = tpy, 1–4. 

(CH2Cl2, 2.5 x 10–5 mol dm–3 ). 

 In the solid state, the complexes are all weakly emissive 

when excited at 365 nm. Emission bands are broad and without 

structure (Fig. 8). Since X-ray diffraction studies have revealed 

differing coordination modes of the tpy domain in the solid 

state, it is difficult to say anything about the trend in values of 

the emission maxima. However, the range of λem
max values (535 

to 589 nm, Table 2) is consistent with λem
max for solid [Cu(6-

Mebpy)(POP)][PF6] (567 nm) and [Cu(6,6'-

Me2bpy)(POP)][PF6] (535 nm).6 The photoluminescence 

quantum yields of the tpy-containing [Cu(N^N)(POP)][PF6] 

complexes are very low and the emission lifetimes all around 1 

µs (Table 2). 

 
Fig. 8. Normalized emission spectra of powdered [Cu(N^N)(POP)][PF6] for N^N = 

tpy, 1–4. 

Table 2. Emission maxima,a photoluminescence quantum yields and lifetimes 
for powdered samples of [Cu(N^N)(POP)][PF6]. 

Complex cation λem
max / nm τ / µs PLQY / % 

[Cu(tpy)(POP)]+ 582 1.12 0.8 
[Cu(1)(POP)]+ 573 1.07 0.6 
[Cu(2)(POP)]+ 535 1.88 1.0 
[Cu(3)(POP)]+ 589 1.18 0.7 
[Cu(4)(POP)]+ 542 1.10 0.8 

aλexc = 365 nm.   

 Dichloromethane solutions of [Cu(N^N)(POP)][PF6] with 

N^N = tpy or 1–4 were very poorly emissive at room 

temperature and, where observed, emission maxima were blue-

Page 9 of 11 Dalton Transactions



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 7  

shifted with respect to those recorded for powder samples. As 

an example, Fig. 9 shows the normalized powder and solution 

spectra for [Cu(1)(POP)][PF6]. This shift to higher energy is not 

consistent with the trend observed for [Cu(6-Mebpy)(POP)]+,6 

[Cu(6,6'-Me2bpy)(POP)]+,6 [Cu(POP)(pypz)]+,10 and 

[Cu(POP)(3-Mepypz)]+,10 (pypz = 2-pyridylpyrazole, 3-

Mepypz = 3-methyl-2-pyridylpyrazole) where a significant red-

shift in λem
max occurs on going from solid to solution. The 

emission at 396 nm for [Cu(1)(POP)][PF6] in solution (Fig. 9) 

is close to that observed for free 1,36 and the observed spectrum 

most probably arises from 1 or protonated ligand36,37 rather than 

the copper(I) complex. It is well established that in solution 

(both in coordinating and non-coordinating solvents) tetrahedral 

copper(I) complexes undergo exciplex formation leading to 

solvent quenching of the emission.38,39 The solution spectra of 

[Cu(N^N)(POP)][PF6] with N^N = tpy or 1–4 are therefore 

easily dominated by emissions arising from dissoication 

products, even if present only in small amounts. A CH2Cl2 

solution of [Cu(tpy)(POP)][PF6] excited at 340 nm exhibited 

broad emissions with λem
max = 438 nm and 502 nm. The former 

is close to that reported for free POP (λem
max = 430 nm in air-

free THF at room temperature).32 These data are consistent with 

the NMR spectroscopic evidence for ligand dissociation 

discussed earlier. 

 

Fig. 9. Normalized emission spectra for solid [Cu(1)(POP)][PF6] (λexc = 365 nm) 

and for a CH2Cl2 solution of [Cu(1)(POP)][PF6] (λexc = 340 nm); the emission in 

solution probably arises from 1 or [H1]+ (see text). 

 The complex [Cu(4)(POP)][PF6] was employed in 

preliminary tests in a LEC device configuration40  but did not 

exhibit electroluminescence. 

Conclusions 

We have prepared and characterized the first examples of  

[Cu(N^N)(POP)]+ complexes in which the N^N domain is a 

2,2':6',2''-terpyridine ligand. Single crystal X-ray diffraction 

data confirm that 2,2':6',2''-terpyridines can function in this type 

of copper(I) complex as bidentate or tridentate ligands. 

However, the structural data suggest that the energy difference 

between different modes of coordination are small and are 

easily tipped by packing interactions. In solution, the tpy 

domain is C2-symmetric even at low temperature, consistent 

with either tridentate coordination or a low energy dynamic 

process involving bidentate ligands. In contrast to 

[Cu(N^N)(POP)]+ complexes in which N^N is bpy or phen-

based, those with tpy ligands are less stable with respect to 

ligand dissociation and oxidation of copper(I). 

[Cu(N^N)(POP)]+ complexes with N^N = tpy or 1–4 are poorly 

emissive in the solid state at room temperature, and in solution, 

emission behaviour is consistent with ligand dissociation. We 

conclude that members of this family of compounds, while 

structurally interesting, are not promising candidates for LECs.  
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