
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Dalton
 Transactions

www.rsc.org/dalton

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Journal Name  

ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 1  

Please do not adjust margins 

Please do not adjust margins 

a.
 Institute for Physical Chemistry and Abbe Center of Photonics, Friedrich-Schiller 
University Jena, Helmholtzweg 4, 07743 Jena, Germany. E-mail: 
martin.schulz.1@uni-jena.de 

b.
 Leibniz Institute of Photonic Technology (IPHT) Jena e. V., Albert-Einstein-Str. 9, 
07745 Jena, Germany. 

c.
 Institute for Inorganic and Analytical Chemistry, Friedrich-Schiller University Jena, 
Humboldtstr. 8, 07743 Jena, Germany. 

† Electronic Supplementary Information (ESI) available: Crystallographic data 
(excluding structure factors) has been deposited with the Cambridge 
Crystallographic Data Centre as supplementary publication CCDC-1432665 for 
CuN1P1, CCDC-1432667 for CuN2P1, CCDC-1432666 for CuN1P2, and CCDC-
1432668 for CuN2P2. Copies of the data can be obtained free of charge on 
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [E- mail: 
deposit@ccdc.cam.ac.uk]. Molecular structures and refinement data, UV-Vis 
absorption and emission data as well as percent contributions to selected frontier 
orbitals are given in the ESI. See DOI: 10.1039/x0xx00000x 

Received 00th January 20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Neutral, heteroleptic copper(I)-4H-imidazolate complexes: 
synthesis and characterization of their structural, spectral and 
redox properties†  

M. Schulz,*
,a,b

 F. Dröge,
a
 F. Herrmann-Westendorf,

a
 J. Schindler,

a,b
 H. Görls

c
 and M. Presselt

 a 

Facile synthetic access to four novel, neutral, heteroleptic copper(I)-complexes, incorporating 4H-imidazolates as well as 

the bisphosphane ligands XantPhos and DPEPhos is reported. The complexes were characterized in the solid state as well 

as in solution by means of single crystal X-ray diffraction as well as NMR spectroscopy, mass spectrometry and elemental 

analysis. The copper(I)-4H-imidazolate complexes show a broad intense absorption that spans almost the entire visible 

range. TD-DFT calculations revealed the charge transfer character of the underlying transitions. NMR as well as 

electrochemical investigations and UV-Vis absorption suggest a polarization of the complexes with the negative charge 

pushed towards the 4H-imidazolate moiety. 

   

Introduction 

2-Aryl-5-arylamino-4-arylimino-4H-imidazoles (in the following 

referred to as 4H-imidazoles; cf. HN1 and HN2 in Figure 1) and 

some of their transition metal complexes, e.g. ruthenium 

complexes show broad and intense absorption features in the 

visible range of the electromagnetic spectrum. The absorption 

properties of the 4H-imidazoles as well as of their metal 

complexes are tuneable by the choice of the 2-aryl and N-aryl 

substituents as well as by the choice of the metal centre.
1–7

 The 

panchromatic absorption in the visible range of these compounds 

suggests their application as photosensitizers e.g. for dye-

sensitized solar cells or as sensitizers in photocatalysis.
8–10

 The 2-

aryl-5-arylamino-4-arylimino-4H-imidazoles  (cf. HN1 and HN2 in 

Figure 1) are Wurster-type two-step redox systems with a cyclic 

π-system and exocyclic end groups, which can be reversibly 

reduced by two consecutive electron transfer steps.
11

  But also 

the 4H-imidazole-derived ruthenium complexes are able to 

reversibly store two electrons,
3
 this property renders these 

compounds interesting candidates for two electron 

photocatalysis such as CO2 or proton reduction catalysis or for 

application in molecular electronics.
9
 For instance, in the case of 

a previously published [Ru(II)(terpyridine)(N1)Cl] complex (cf. 

Figure 1) two electrons can be stored on the 4H-imidazolate 

ligand.  When the N-aryl substituent of the 4H-imidazolate ligand 

was p-tolyl rather than 4-ethylcarboxyphenyl (CH3 instead of 

COOEt in N1, cf. Figure 1) reduction lead to the first electron 

being localized on the 4H-imidazolate ligand and the second 

electron being localised on the terpyridine ligand.
12

 These 

observations emphasize the possibility to not only control the 

redox potential but also the localisation of the excited state on 

particular parts of the complex by subtle structural modifications 

of 4H-imidazolate complexes. Very recently the charge injection 

efficiency of ruthenium 4H-imidazolates into TiO2 was studied.
8
 

Besides their redox chemistry, 4H-imidazoles and their ruthenium 

complexes also show an interesting acid base chemistry. In 

typical 4H-imidazoles the neutral merocyanine type is red, the 

cationic cyanine type is blue to green and the anionic oxonole is 

violet.
3
 Protonation of Ru(II)-4H-imidazolates red shifts the 

intense metal-to-ligand charge transfer (MLCT) absorption and 

leads to swapping of the relative energetic position of excited 

triplet states, which are involved in the deactivation of the 

complex after excitation by light.
13

 

Besides the well investigated ruthenium complexes also Pd(II),
14

 

Ni(II),
14

 Ir(III),
5
 Zn(II)

 2
 an Cu(II) 

2
 complexes were examined. While 

copper(I) complexes of e.g. phenanthroline or bipyridine are in 

the focus of present research activities, 
15–28

  copper(I) complexes 
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of 4H-imidazoles are unknown as of yet. The present study lays 

the basis to exploit this novel class of copper(I)-complexes. 

Deprotonation of 4H-imidazoles affords a bidentate monoanionic 

4H-imidazolate ligands, which are well suited for copper(I) 

complexation. The contribution at hand presents a facile 

synthetic access to novel heteroleptic copper(I)-4H-imidazolate 

complexes and investigates their structural, spectral and redox 

properties.  

Results and discussion 

Synthesis 

The employed 4H-imidazole and bisphosphane ligands are 

depicted in Figure 1. The heteroleptic [Cu(I)(PP)(NN)] 

copper(I) complexes (CuN1P1, CuN1P2, CuN2P1 and 

CuN2P2) were synthesized from [Cu(acetonitrile)4]
+
 (PF6)

–
 by 

sequential addition of the ligands starting with the bulky 

phosphanes. Addition of the neutral 4H-imidazole ligand to 

the copper phosphane complex solution in the presence of 

the weakly basic anion exchange resin Amberlyst A21 

afforded a deep violet solution. The reaction mixture was 

stirred overnight monitoring the progress by UV-Vis 

absorption spectroscopy. Crystalline compounds were 

obtained by slow solvent evaporation of dichloromethane/n-

hexane or acetone/n-hexane solutions yielding analytically 

pure compounds. The overall, non-optimised yields were 

between 40% and 70%. All complexes were characterised by 
1
H- and 

31
P-NMR spectroscopy, mass spectrometry, 

elemental analysis as well as single crystal X-ray diffraction. 

All synthesized complexes are stable in solution as well as 

solids under atmospheric conditions. However, they are 

sensitive towards acids and react under decomplexation and 

formation of the free 4H-imidazole (vide infra). 
 

 
Figure 1 depicts the phosphane and 4H-imidazole ligands used in this study.  

Characterization 

1
H- and 

31
P-NMR spectroscopy. The reported complexes were 

studied by 
1
H- and 

31
P-NMR spectroscopy (see ESI). A single 

31
P-

NMR signal was observed for each complex in the range between 

-12 to -14 ppm, which is within the expected range for 

heteroleptic [Cu(I)(NN)(PP)] complexes.
20

 The 
31

P-signal of the 

PF6
-
 anion was absent in all cases. Comparison of the 

31
P-NMR 

data of [CuN1P1] and [CuN2P1] with those of free P1 as well as of 

those of the homoleptic [Cu(I)(P1)2]
+ 

indicate the formation of the 

neutral heteroleptic complexes in solution.  The same conclusions 

can be drawn for the complexes [CuN1P2] and [CuN2P2] based 

on the comparison of the 
1
H-NMR data

29
 of [Cu(I)(P2)2]

+
 with that 

of free P2 as well as of the 
1
H-NMR data of [CuN1P2] and 

[CuN2P2] (
31

P-NMR data of [Cu(I)(P2)2]
+
 is not reported in the 

literature). The 
1
H-NMR spectra of all complexes show a 1:1 ratio 

of the phosphane as well as the 4H-imidazolate integrals. Based 

on the above described observations and on steric considerations 

we conclude that the reported complexes adopt a mononuclear 

[Cu(I)(NN)(PP)] constitution in solution (and not  

[Cu(I)2(NN)2(PP)2]) or [Cu(I)(PP)2]
+
[Cu(I)(NN)2]

–
).

30,31
 This 

conclusion is supported by ESI mass spectrometry data and X-ray 

diffraction results (vide infra). Mass spectra were taken from an 

acetonitrile/methanol solution and comparison of the 

experimental and calculated isotope pattern confirms the 

formation of the mononuclear heteroleptic complexes. The most 

intensive signal could be assigned to [M+H]
+
 for [CuN1P1] and 

[CuN1P2] as well as [M+Na]
+ 

for the 4-pyridyl containing 

[CuN2P1] and [CuN2P2]. Furthermore, [M-N1]
+
 and [M-N2]

+ 

signals were observed. 

Complexation of the 4H-imidazolate by the copper(I)- 

phosphane fragment induced a considerable highfield shift 

of all 4H-imidazolate protons in the 
1
H-NMR spectrum. With 

respect to the uncoordinated neutral 4H-imidazole, the 

highfield shift is about 0.1 ppm for the 2-aryl ring and of 

about 0.5 – 0.6 ppm for both N-aryl rings. As a comparison, 

deprotonation of free 4H-imidazole by triethylamine (15-fold 

molar excess) induces a slight highfield shift of about 0.01 - 

0.03 ppm for all aryl protons. In contrast, lowfield shifting of 

most phosphane signals is observed for all complexes in the 
1
H-NMR spectrum. The negative charge is delocalized over 

the 4H-imidazolate ligand and the extent of which is 

governed by the aryl-bound substituents of the 4H-

imidazolate ligand. This is also supported by electrochemical 

data (vide infra), which shows a shift towards more negative 

potentials of the 4H-imidazolate-based reduction waves of 

the complexes with respect to the free 4H-imidazolate. 

Furthermore, two effects lead to the observed highfield shift 

of the 4H-imidazolates and the lowfield shift of the 

phosphanes, namely charge-induced shielding of the 4H-

imidazolate protons and ring current effects due the close 

proximity of the 4H-imidazolate N-aryl rings and the 

phosphane aryls (cf. Crystallography section). However, the 

charge induced shielding in the free 4H-imidazolates is less 

pronounced than in the complexes.  This observation may be 

interpreted as a complexation induced polarization of the 

ligands.  

Crystallography. All synthesized compounds could be 

crystallized either from a mixture of acetone/n-hexane or 

dichloromethane/n-hexane. The complexes CuN1P1, 

CuN2P1 and CuN1P2 crystallized in the triclinic space group 

P1̅ while CuN2P2 crystallized in the monoclinic space group 

P21/c. All complexes were found to be of the mononuclear 

[Cu(I)(NN)(PP)] type and the molecular structure of CuN1P2 
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is exemplarily depicted in Figure 2 (see ESI, Figures S12-S14 

for more structures).  

All complexes show heavily distorted tetrahedral copper 

coordination with N1-Cu-N2 angles of about 82° and P1-Cu-

P2 angles of 113-117° (see Table 1). Expectedly, the N-Cu-N 

angles are slightly larger than those reported for copper(I)-

diimine complexes such as phenanthroline or bipyridine.
31,32

 

CuN2P2 shows a slightly larger P-Cu-P angle which is 

attributed to packing effects. The planes spanned by P1-Cu-

P2 and N1-Cu-N2 are not perpendicular but twisted to 

87.33° (CuN1P1), 84.83° (CuN2P1), 81.30° (CuN1P2), 82.46° 

(CuN2P2). This twist depends on the phosphane ligand and 

is larger for the more rigid phosphane P2.  

All bond lengths are in the expected range and are 

summarized in Table 1. The imidazole ring C-N bond lengths 

are between single and double bond while the C1-C3 bond is 

about 1.5 Å in all complexes (see Table 1). The 2-aryl rings 

are not coplanar with the imidazole ring plane and adopt 

dihedral angles of 16.41° (CuN1P1), 20.64° (CuN1P2), 24.16° 

(CuN2P1), 11.24° (CuN2P2). The N-aryl rings mostly show 

larger dihedral angles between the N-aryl and the Cu-N1-C1-

C3-N2 plane. X-ray diffraction data suggests that all rings can 

rotate freely. This is supported by 
1
H-NMR data. Although in 

CuN1P2 one N-aryl ring is nearly coplanar with one phenyl 

ring of the P2 xanthene moiety, with the closest distance of 

about 3.8 Å. A similar π-π interaction was observed in 

CuN1P2 for two nearly coplanar, P-bound phenyl rings with 

the closest distance of about 3.5 Å as well as in CuN2P1 

between a P-bound phenyl ring and a phenylether ring 

(closest distance of about 3.4 Å). Despite the small distance, 

the complexes CuN1P1 and CuN2P2 do not show this type of 

π-π interactions, although possible. The interactions are 

therefore considered to be weak. 

 

 

 

 

 

 
Table 1 gives selected bond lengths (Å) and angles (°). 

Parameter CuN1P1 CuN1P2 CuN2P1 CuN2P2 

Cu-P1 2.2660(6) 2.2242(8) 2.3006(9) 2.2433(6) 

Cu-P2 2.2806(6) 2.2653(8) 2.2472(8) 2.2809(6) 

Cu-N1 2.1029(17) 2.093(2) 2.125(2) 2.0981(19) 

Cu-N2 2.1470(17) 2.073(2) 2.099(3) 2.1096(19) 

C1-C3 1.495(3) 1.502(4) 1.495(4) 1.500(3) 

C1-N1 1.309(3) 1.297(4) 1.306(4) 1.300(3) 

C3-N2 1.312(3) 1.307(4) 1.299(4) 1.312(3) 

N1-C4 1.413(3) 1.421(4) 1.422(4) 1.420(3) 

N2-C19 1.412(3) 1.413(4) 1.421(4) 1.413(3) 

C2-C13 1.471(3) 1.477(4) 1.480(4) 1.473(3) 

N1-Cu-N2 82.10(6) 82.24(9) 82.32(10) 82.31(7) 

P1-Cu-P2 114.56(2) 113.90(3) 113.85(3) 116.96(2) 

 

Electrochemistry. The ground state redox properties of the all 

reported complexes were investigated by cyclic voltammetry as 

well as square wave voltammetry at a Pt-electrode in 

dichloromethane against Ag/AgCl reference electrode. Ferrocene 

was added at the end of the experiment and all presented 

electrochemical potentials are referenced against the Fc/Fc
+ 

couple (E1/2(Fc/Fc
+
) = 0.560 V). The results are summarized in 

Table 2 and in the Figures S6-S7 in the ESI. Both the cathodic 

and anodic processes are electrochemically irreversible. 

Within the experimental window all compounds show one anodic 

wave, which is assigned to a copper based oxidation process. The 

assignment is based on the comparison with the oxidation 

potential of [Cu(phenanthroline)P1]
+
 (0.75 V vs. Fc/Fc

+
) and 

[Cu(2,9-(dimethyl)phenanthroline)P1]
+
  (0.88 V vs. Fc/Fc

+
).

31
 For 

the P1 containing compounds the flank of a second anodic 

process at potentials larger than 1.5 V was observable, which 

could possibly be due to phosphane based oxidations.
30,33

 

Observation of the complete second anodic wave of P1 

containing compounds was outside the electrochemical window 

for dichloromethane. Also, for the P2 containing compounds no 

second oxidation wave at all could be observed under the 

experimental conditions. The oxidation potentials are influenced 

both by the phosphane as well as by the 4H-imidazolate ligand, 

while the latter is having a more pronounced effect on the 

position of the oxidation peaks. A general trend towards more 

positive values is observed when going from P1 to P2 (ca. 40 mV) 

and from N1 to N2 (ca. 130 mV). 

In the cathodic region two distinct waves were observed, which 

are both assigned to the reduction of the 4H-imidazolate ligand. 

The reduction of free N1
-1 

occurs at: Ered,1 = 1.51 V; Ered,2 = 1.72 V 

(vs. Fc/Fc
+
). Comparison of the first reduction potential in 

dependence on the 4H-imidazolate ligand reveals that, the N1 

containing compounds show more negative values (ca. 30 mV) 

than the N2 containing compounds. The opposite behaviour is 

observed for the second reduction wave (ca. 70-100 mV). Also a 

slight effect of the phosphane ligands on the first 4H-imidazolate 

reduction was observed showing a trend towards more negative 

values when going from P2 to P1 (ca. 20 mV). The opposite effect 

Figure 2 gives the molecular structure of CuN1P2 with ellipsoids drawn at the 50% 

probability level. Hydrogen atoms and solvent molecules are omitted for clarity.
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was observed for the second reduction process for the N2 

containing compounds, i.e. a trend towards more negative 

potentials when going from P1 to P2 (40 mV). The phosphane-

induced potential difference for the N1 containing compounds is 

negligible. At this stage, the irreversible nature of the 

electrochemical processes precludes any further discussions. 

 
Table 2 gives the electrochemical properties of the reported complexes. 

Compound Ered
a
 in V Eox

a
 in V 

CuN1P1 –1.71, –2.07 +0.59 

CuN2P1 –1.68, –2.14  +0.72 

CuN1P2 –1.69, –2.08 +0.63 

CuN2P2 –1.66, –2.18 +0.76 
a Square wave voltammetry in dichloromethane with 0.1 M tetra-

butylammonium BF4
– vs. Fc/Fc+ couple with a step potential of 5 mV and a 

frequency of 64 Hz.  

UV-Vis spectroscopy. The UV-Vis spectra of the reported 

complexes are given in Figure 3 and are governed by two 

major bands, one smaller band in the UV region with the 

maximum between 250-300 nm and a broad less intense 

band ranging from about 400 to 600 nm with maxima 

between 517-530 nm (see Figure 3). The shape of the bands 

is mainly governed by the 4H-imidazolate ligands. 

Comparison of the UV-Vis data of the parent 4H-imidazole 

with the free, deprotonated 4H-imidazolate and the 

respective complexes reveals a deprotonation-induced red 

shift and significant broadening upon complexation with the 

copper phosphane fragment at the high energy site of the 

low energy absorption band. This suggests contributions of 

copper based orbitals to the transitions in the visible region 

while the UV region is governed by inner ligand and ligand to 

ligand charge transfer transitions. These suggestions are 

supported by TD-DFT calculations on CuN2P2 (vide infra). 

 

All complexes exhibit very weak emission, which was only 

detectable with a sensitive, cooled CCD detector upon laser 

excitation at 532 nm (see Figure S11, ESI). Noteworthy, all 

emission spectra show three distinguishable bands. 

Experiments to elucidate the origin of the emission as well 

as excited state lifetime studies are underway.  

Protonation can have a substantial impact on the absorption 

properties of 4H-imidazolate complexes. An earlier reported 

[Ru(II)(4H-imidazolate)(terpyridine)Cl] complex shows a red-

shift of the low energy MLCT absorption band upon 

protonation together with considerable differences in the 

Franck-Condon points between the protonated and 

unprotonated species.
13

 In a combined theoretical and 

experimental study it was found that charge transfer 

transitions to the imidazole sphere are favoured for the 

protonated [Ru(II)(4H-imidazole)(terpyridine)Cl]
+
. This is an 

important aspect, if directed charge-transfer is desired.  

Protonation of the copper(I) complexes presented in this 

contribution was followed by a colour change from violet to 

yellow. This was first discovered on silica TLC-sheets during 

attempts to monitor the reaction. In order to unravel the 

acid-dependent colour change, UV-Vis titration studies using 

trifluoroacetic acid (TFA) in acetonitrile were conducted. The 

spectral changes over the course of the TFA titration of 

CuN1P1 are given in Figure 4 (see ESI for further details). 

Upon addition of TFA a decrease of the low-energy flank of 

the Vis absorption band as well as around 300 nm is 

observed together with an overall increase of absorption in 

the range between 328–497 nm. These changes are 

indicative for the formation of the neutral 4H-imidazole. The 

inset in Figure 4 gives a comparison between the normalized 

UV-Vis absorption spectra of the titration endpoint and that 

of free neutral 4H-imidazole indicating the complete 

decomposition of the complex into 4H-imidazole and a 

copper(I) species, probably [Cu(I)(phosphane)(aceto-

Figure 3 depicts the UV-Vis absorption spectra of the reported complexes. Spectra 

were taken in acetonitrile. The molar absorption coefficients were determined with 

four different concentrations. 

Figure 4 presents the spectral change of solution of CuN1P1 over the course of 

titration with trifluoroacetic acid in acetonitrile. The total volume of TFA in the 

solution is given together with the molar equivalents, with respect to the complex, 

in parentheses. Isosbestic points are marked with red arrows (328 nm;  497 nm). 

The inset compares the UV-Vis spectrum of the titration endpoint (black) with the 

UV-Vis spectrum of the neutral 4H-imidazole ligand HN1 in acetonitrile (red), 

normalised to the absorption maximum. 
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nitrile)2]
+
, which does not absorb in the visible region. These 

results show that the colour change is associated with 

dissociation of the 4H-imidazolate ligand and its protonation 

under formation of the neutral 4H-imidazole. No 

intermediate species, such as a protonated Cu(I)-4H-

imidazole complex as in the case of the Ru(II)-complexes 

could be observed.  

Addition of an excess of the strong base 1,7-diazabicylco-

undec-7-ene (DBU) led to a partial recovery of the spectral 

signatures of the copper(I)-4H-imidazolate complexes (see 

ESI for further details). In fact, the obtained spectra can be 

regarded as a mixture of the spectra of free anionic 4H-

imidazolate and the respective Cu(I)-4H-imidazolate 

complex. The degree of recovery correlates with synthetic 

yield of the complexes showing higher values for the P2 

containing compounds. 

TD-DFT calculations. Time-dependent DFT calculations (TD-

DFT) were used in order to investigate the nature of the 

observed electronic transitions in the visible spectrum of 

CuN2P2. Vertical excitations were calculated using the CAM-

B3LYP functional
34

 based on the geometry optimized ground 

state structure. Although CAM-B3LYP often overestimates 

the energy of metal-to-ligand charge transfer transitions the 

band shape is usually well described. TD-DFT results show 

two major transitions at 466 nm and 418 nm and two minor 

transitions at 392 nm and 369 nm that compose the band in 

the visible spectrum. The calculated band shape agrees very 

well with the experimental but appears blue-shifted by 

about 65 nm. The four transitions, which compose the band 

in the visible spectrum, have charge transfer character. The 

major contributions are given in Table 3 (cf. Table S2, and 

Figure S15 ESI). 

Table 3 gives the wavelengths (nm) energy (eV), oscillator strengths f and major 

contributions to the first four singlet transitions for CuN2P2 based on TD-CAM-

B3LYP calculations. 

Trans. 
 

λ 
in nm 

E 
in eV 

f 
 

Major contributions 
 

S1 466 2.66 0.2534 H-1->LUMO (42%), HOMO->LUMO (49%) 

S2 418 2.97 0.2032 H-1->LUMO (44%), HOMO->LUMO (36%) 

S3 392 3.16 0.0188 H-3->LUMO (74%) 

S4 369 3.36 0.0069 H-2->LUMO (70%) 

 

Table 3 shows that the LUMO is the only acceptor orbital 

while the H-3, H-2, H-1 and the HOMO constitute the major 

donor orbitals. A Mullikan population analysis using the M06 

functional reveals a 4H-imidazolate based LUMO with 

negligible contributions of copper (2%) and phosphane (2%). 

Within the 4H-imidazolate ligand the imidazolate moiety 

(60%) as well as N-aryl rings (17%) and the 2-aryl ring (20%) 

contribute to this orbital. The four donor orbitals (HOMO, H-

1, H-2 and H-3) are mixed with significant contributions of 

copper and the imidazolate moiety as well as with significant 

contributions of the N-aryl rings to H-1 and H-3 and the 

phosphane ligand to HOMO and H-2. The 2-aryl ring has 

negligible contributions to all four orbitals (cf. Figure 5, and 

Table S2, ESI). 

Conclusion 

Four neutral, heteroleptic copper(I)-4H-imidazolate 

complexes with either a XantPhos or DPEPhos ligand were 

synthesized and structurally characterized by 
1
H and 

31
P 

NMR spectroscopy, mass spectrometry, elemental analysis 

as well as single crystal X-ray diffraction. The obtained data 

confirms the formation of the neutral, mononuclear, 

heteroleptic [Cu(I)(PP)(NN)] complexes in the solid state as 

well as in solution. NMR investigations as well as 

electrochemistry data show a polarization of the complexes 

with negative charge pushed towards the 4H-imidazolate 

moiety, with respect to the free ligands. All four complexes 

exhibit a broad absorption band in the visible range of the 

spectrum with extinction coefficients around 1.5×10
4
 M

–

1
cm

–1
. TD-DFT calculations revealed that the involved 

transitions have charge transfer character, i.e. from the 

phosphane-copper sphere to the 4H-imidazolate sphere. 

These properties render these complexes potential 

candidates as photosensitizers for e.g. dye-sensitised solar 

cells or photocatalysis. Despite the sensitivity of the 

complexes towards acids they are stable in neutral and basic 

solutions as well as solids under atmospheric conditions. 

Importantly, the acid induced decomplexation is reversible 

within the limits of the complexation equilibria. 

The spectral properties of the 4H-imidazoles as well as their 

electrochemical properties are tuneable by selection of the   

2-aryl and N-aryl bound substituents.
2–4,35,36

 Novel copper 

complexes with tuneable properties might be expected by 

virtue of the access to a wide variety of 4H-imidazoles, 

reported by Beckert and coworkers and the facile access to 

this new class of copper complexes, gained in this work.  

 

Figure 5 depicts the frontier orbitals of CuP2N2 (M06). These orbitals are the major 

donor and acceptor orbitals for the low energy electronic transitions. 
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Experimental 

Instrumentation. 
1
H- and 

31
P{1H}-NMR spectra were 

recorded on a Bruker Advance AC400 spectrometer with a 
resonance frequency of 400 MHz and 162 MHz respectively 
at 25°C. The signal was locked to the solvent residual peak. 
ESI-MS mass spectra were recorded either on a Finnigan 
MAZ95XL or on a Finnigan MAT SSQ 710. UV-Vis spectra were 
recorded either on a Varian Cary 5000 UV-Vis-NIR spectrometer 
or on a Perkin-Elmer Lambda 16 UV-Vis spectrometer using 
quartz cuvettes with an optical path length of 1 cm and 
acetonitrile as solvent. Emission spectra were recorded with a 
cooled PIXIS 400-eXcelon CCD attached to an Isoplane 320 
spectrograph obtained from Princeton Instruments. The 
setup is optimized for measuring red and NIR emission. A 
frequency-doubled Nd-YAG-laser with a wavelength of 
532 nm and 5 mW (cw) was used as excitation source. 
Electrochemical data was collected on an EcoChemie 
Autolab PGSTAT20 with a platinum disc as working 
electrode, glassy carbon as a counter electrode and Ag/AgCl 
as reference electrode at 20°C. Ferrocene was added at the 
end of the experiment and all presented electrochemical 
potentials are referenced against the Fc/Fc

+
 couple 

(E1/2(Fc/Fc
+
) = 0.560 V vs. Ag/AgCl). Dichloromethane was 

dried over P2O5 and distilled under argon atmosphere. The 
sample concentration was about 5 · 10

−4
 M in anhydrous 

dichloromethane and 0.1 M tetrabutylammonium 
tetrafluoroborate was used as electrolyte. The 
electrochemical cell was purged with nitrogen prior to and 
between the experiments.  
General synthetic procedure. All manipulations were carried 
out under argon atmosphere using standard Schlenk 
techniques. The copper(I) precursor as well as the 
phosphanes were commercially obtained and used as 
received. The synthesis of the 4H-imidazole ligands is 
described elsewhere.

1
 

In a 100 mL round bottom flask the phosphane (0.18 mmol, 
1 eq.) was dissolved in 50 mL of dichloromethane. The 
colourless solution was then transferred to a 100 mL Schlenk 
flask containing [Cu(acetonitrile)4]PF6 (0.18 mmol, 1.0 eq.) 
and the mixture was stirred for 1.5 h until all solid particles 
were dissolved. Then two spatula tips (approx. 10 mg) of dry 
Amberlyst A21 were added and the resulting dispersion was 
stirred for 0.5 h. Subsequently, a solution of 4H-imidazole 
(0.18 mmol, 1.0 eq.) in 8 mL of dichloromethane were added 
dropwise into the reaction flask over a period of 20 min. 
Instantly, the colour of the reaction mixture changed to 
reddish violet and the reaction mixture was allowed to stir 
for additional 16 hours. After that time, the Amberlyst A21 
beads were removed from the mixture by filtration and the 
solvent was removed in vacuo. The obtained dark red 
precipitate was then dissolved in a mixture of n-hexane and 
acetone 5:1 (v/v). Unreacted 4H-imidazole ligand was removed 
by separation on a basic aluminium oxide (Brockmann I) 
column. The violet fraction was collected and the products 
were obtained by evaporation of the solvents. Crystallization 
was achieved by slow solvent evaporation from either n-
hexane/acetone or n-hexane/dichloromethane solutions. 
 
CuN1P1. Yield: 80 mg (40 %) of dark red crystalline solid. 

1
H- 

NMR (400 MHz, dichloromethane-d2) ppm: 1.38 (t, J = 7.02 
Hz, 6H), 4.33 (q, J = 7.12 Hz, 4H), 6.71–6.77(m, 2H), 6.84–

6.97 (m, 4H), 7.05–7.30 (m, 22H), 7.33–7.40 (m, 4H), 7.41–
7.49 (m, 2H), 7.50–7.58 (m, 1H), 7.61–7.70 (m, 4H), 8.32–
8.42 (m, 2H). 

31
P{

1
H}-NMR (162 MHz, dichloromethane-d2) 

ppm: -13.67. MS (Micro-ESI pos. in 
dichloromethane/methanol) m/z: 1091 [M+Na

+
]

+
, 

1069 [M+H
+
]

+
, 601 [(M-N1)]

+
. CHN analysis: C63H51CuN4O5P2 

(1069.60 gmol
-1

), calcd. C 70.74%, H 4.81%, N 5.24%; found C 
69.12%, H 4.61%, N 5.12% (The low carbon content is 
attributed to carbide formation during elemental analysis). 
 
CuN1P2. Yield: 130 mg (65 %) of a dark red crystalline solid. 
1H-NMR (400 MHz, dichloromethane-d2) ppm: 1.39 (t, J = 
7.17 Hz, 6 H), 1.66 (s, 6H), 4.32 (q, J = 7.02 Hz, 4H), 6.44–6.56 
(m, 2H), 7.00–7.18 (m, 22H), 7.26 (t, J = 7.02 Hz, 4H), 7:40–
7:62 (m, 9H), 8.34–8.46 (m, 2H). 

31
P{

1
H}NMR (162 MHz, 

dichloromethane-d2) ppm: -13.03. MS (Micro-ESI pos. in 
dichloromethane/methanol) m/z: 2219, 1751, 1164, 1110 
[M+H

+
]

+
, 642 [(M-N1)]

+
. CHN analysis: C66H55CuN4O5P2 

(1109.66 gmol
–1

), calcd. C 71.44%, H 5.00%, N 5.05%; found 
C 71.05%, H 5.23%, N 4.55%. 
 
CuN2P1. Yield: 90 mg (45 %) of a dark red crystalline solid. 
1H-NMR (400 MHz, acetonitrile-d3) ppm: 6.71–6.79 (m, 2H), 
6.88–6.93 (m, 2H), 6.96 (td, J = 7.55; 1.07 Hz, 2H), 7.04–7:35 
(m, 26H), 7.50 (d, J = 7.93 Hz, 2H), 7.64 (s, 2H), 8.06 (d, J = 
5.80 Hz, 2H), 8.71 (d, J = 5.49 Hz, 2H). 

31
P{

1
H}-NMR (162 

MHz, acetonitrile-d3) ppm: -13.42. MS (Micro-ESI pos. in 
dichloromethane/ methanol) m/z: 1602, 1085 [M+Na

+
]

+
, 602 

[M-N2]
+
. CHN analysis: C58H40CuF6N5OP2 (1062.45 gmol

–1
), 

calcd. C 65.57%, H 3.79%, N 6.59%; found C 65.72%, H 
3.74%, N 6.58%. 
 
CuN2P2. Yield: 141 mg (70.5 %) of dark red crystalline solid. 
1
H-NMR (400 MHz, chloroform-d1) ppm: 1.66 (s, 6H), 6.49–

6.59 (m, 2H), 6.78–6.94 (m, 4H), 6.97–7.20 (m, 20H), 7.25 (t, 
J = 6.70 Hz, 4H), 7.49 (dd, J = 7.78, 1.37 Hz, 2H), 7.72 (s, 2H), 
8.22 (d, J = 5.80 Hz, 2H), 8.75 (d, J = 5.19 Hz, 2H). 

31
P{

1
H} 

NMR (162 MHz, chloroform-d1) ppm: -12.58. ESI-MS (Micro-
ESI pos. in dichloromethane/methanol) m/z: 2227, 1744, 
1157, 1125 [M+Na

+
]

+
, 642 [M-N2]

+
. CHN analysis: 

C61H44CuF6N5OP2 (1102.52 gmol
–1

), calcd. C 66.45%, H 4.02%, 
N 6.35%; found C 66.57%, H 3.81%, N 6.31%. 

 

Structure determination. The intensity data for the 
compounds were collected on a Nonius KappaCCD 

diffractometer using graphite-monochromated Mo-K 
radiation. Data were corrected for Lorentz and polarization 
effects; absorption was taken into account on a semi-
empirical basis using multiple-scans.

37–39
 The structures were 

solved by direct methods (SHELXS
40

) and refined by full-
matrix least squares techniques against Fo

2
 (SHELXL-97

41
). 

The hydrogen atoms of CuN1P1 (with exception of 
disordered ethyl group) and CuN2P2 were located by 
difference Fourier synthesis and refined isotropically. All 
other hydrogen atoms were included at calculated positions 
with fixed thermal parameters. All non-disordered, non-
hydrogen atoms were refined anisotropically.

41
 The crystal 

of CuN2P1 contains large voids, filled with disordered 
solvent molecules. The size of the voids is 406 Å

3
/unit cell. 

Their contribution to the structure factors was secured by 
back-Fourier transformation using the SQUEEZE routine of 
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the program PLATON
42

 resulting in 83 electrons/unit cell. 
Crystallographic data as well as structure solution and 
refinement details are summarized in Table S1, ESI. XP 
(SIEMENS Analytical X-ray Instruments, Inc.) was used for 
structure representations. 

Computational method. All calculations were carried out 
with the Gaussian 09 program suite.

43
 The geometries were 

optimized using the M06 functional.
44

 The MDF10 basis
45

 
with an effective core potential was used for the Cu atom 
while 6-31G(d)

46
 was used for the remainder. Tight 

convergence criteria were applied for the geometry 
optimization process and local minima were confirmed by a 
frequency calculation. Geometry optimizations were carried 
out in the presence of a solvent sphere, which was modelled 
by the IEF-PCM

47
 method in dichloromethane (ε=8.93). 

Orbital contributions were calculated by a Mulliken 
population analysis and evaluated using GaussSum.

48
 

Vertical excitations were modelled by a TD-DFT calculation 
with the geometry optimized ground state structures using 
the CAM-B3LYP

34
 functional and the MDF10 and 6-31G(d) 

basis set as explained above. The solvent sphere was 
modelled using IEF-PCM formalism with dichloromethane 
(ε=8.93) and acetonitrile (ε=35.688). 
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