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A B S T R A C T   

A 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) functionalized phosphaalkene was used as a bidentate ligand towards a [Cu(I)L2]+ complex. The spectroscopic, 
electrochemical and photophysical properties of the compound were studied revealing a rich redox chemistry indicative of ligand non-innocence. The compound is 
weakly emissive with excited state lifetimes of up to 9 ns. NMR and electrochemical analysis indicate a complex dynamic behavior of this photosensitizer in solution.  

1. Introduction 

The synthesis of main group molecular compounds in low co
ordinate and atypical bonding states allows for the design of systems 
possessing useful optical and electronic properties which can be further 
fine-tuned using various strategies depending on the heteroelement 
incorporated and the desired application in mind [1–4]. Derivatization 
of the heteroelement, e.g. oxidation is widely used to tailor the optical 
properties of group 15 containing heterocyclic compounds [5–9]. On 
the other hand, Lewis acid base chemistry is extremely versatile for 
optoelectronic materials containing group 13 and 15 elements to trigger 
rapid and very specific optical responses [10–14]. Transition metal 
coordination to organopnictogen compounds in unusual bonding si
tuations has been studied extensively for optoelectronic and catalytic 
applications [15,16]. Phosphaalkenes and phosphinines as well as their 
heavier analogs are explored as ligands for their weakly σ-donating, but 
strongly π-accepting properties, which has proven beneficial by stabi
lizing low oxidation states of catalytically active species (Fig. 1, I to III)  
[17–20]. Chelating ligands combining a heavy (phosphorus and hea
vier) and a light (nitrogen) pnictogen center emerged as an excellent 
class of ligands over the past decade combining the soft and hard Lewis 
base properties with different degrees of σ-donation and π-acceptor 
capabilities [21–24] (Fig. 1, I–III, V, VII). 

Copper (I) complexes of phosphaalkenes are relatively rare, span
ning coordination numbers from two to four depending on the em
ployed Cu(I) salt and the ligand framework [25,26]. A linear [CuL2]+ 

complex was described by Weber and coworkers using non-co
ordinating tetrafluoroborate counter ions [27], while mono and bi
dentate phosphaalkene ligands with coordinating counter ions resulted 
in tricoordinate neutral copper complexes [CuX(P_P)] (IV) or [CuX(L)2]  

[28–30]. Tetragonal(ly distorted) complexes are also found for some 
bidentate phosphaalkene ligand frameworks in a variety of chloride 
bridged and solvent assisted coordination [31]. Interestingly, highly 
restricted tridentate PNP-ligand frameworks often result in highly dis
torted tetragonal or planar T-shaped geometries (V) [24,32–34]. 

Recently, large efforts are made to develop systems capable of 
converting solar energy into chemical fuels. Common photosensitizers 
for the light harvesting process use rare metals (e.g. Ru or Ir) [35], so 
alternatives are needed for large scale sustainable applications. Recent 
efforts shifted towards using cheap and abundant copper metal cations 
allowing also for facile Cu(I/II) single electron transfer processes. Bi
pyridine, phenanthroline and phosphine based Cu(I) complexes are 
studied extensively in light harvesting and as opto-electronic materials  
[36,37]. These π-acceptor type ligands often allow forpronounced 
metal–ligand-charge transfer excited states [38]. Recently, they have 
found applications as photosensitizers for hydrogen generation and 
carbon dioxide reduction [39–41]. However, both stability and excited 
state lifetimes of copper complexes are often limited due to the fact that 
upon excitation, the preferred coordination sphere of the Cu(I) metal 
center changes from a tetrahedral configuration via Pseudo-Jahn-Teller 
distortion towards a more flattened tetragonal or square planar con
figuration [42], additionally opening up a fifth or sixth coordination 
site [43]. These effects often compromise excited state life-times and 
emission quantum yields [44]. Many studies especially on homoleptic 
copper complexes with phenanthroline-based ligands have been done 
to determine the influence of ligand makeup on the photophysical 
properties of the complex [45]. A promising strategy to increase life
times and quantum yields is to include steric and geometric constraints 
introduced by the ligand framework, in order to hinder the flattening 
effect [46]. In recent years, mixed-ligand Cu complexes have gained 
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attention, as this strategy increases the flexibility of ligand modification  
[43]. This includes homoleptic and heteroleptic complexes with e.g. 
one phenanthroline and one xantphos ligand [47,48]. 

As opposed to phosphinines [25] and phospholes [49], phos
phaalkenes and their coordination compounds rarely exhibit strong 
luminescence [50]. Recently, we have studied the Lewis acid base in
teractions of the 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU)-functiona
lized phosphaalkene DBU-PA illustrating the protonation of the imine 
using Brønsted acids and stabilization of the phosphaalkene hydro
chloride adduct by a hydrogen bonded water dimer (VI) [51]. Metal 
coordination of this ligand was limited to the formation of metal (0) 
carbonyl complexes (where M = Fe, Mo, Cr), increasing the kinetic 
stabilization by the steric bulk of the metal carbonyl fragments [52], 
and a cis-PdCl2 complex (VII) [51]. In view of the possibility to use the 
phosphaalkene and imine center in a concerted fashion, the electron 
accepting nature, and the steric overcrowding of this framework we 
were intrigued to probe its reactivity as a ligand towards Cu(I) centers. 
The reaction occurs rapidly as evidenced by 31P NMR spectroscopy, 
yielding a sensitive, intense pink-red, emissive species. The optical and 
electronic properties are studied using electro-chemical analysis and 
optical spectroscopy. 

2. Results and discussion 

The synthesis of the copper(I) complexes occurred straightforwardly 
using suitable copper sources with BF4

− and PF6
− counterions, i.e. [Cu 

(MeCN)4]X. Based on the non-coordinating nature and redox innocence 
of the counter ions we expect almost identical photophysical and 
electrochemical properties in solution, in line with numerous other 
examples [53,54]. In order to ensure good solubility of both starting 
materials and the complex, the reaction is performed in a 1:1 DCM/ 
MeCN mixture. The onset of the reaction occurs immediately as ob
served by an intense color change from pale yellow to dark red. The 
complex can be isolated in 65% yield after filtration through Celite® 
and evaporation of all volatiles. Despite numerous efforts we were 
unable to grow single crystals of this complex, however high resolution 
mass spectrometry allowed us to confirm formation of the expected [Cu 
(DBU-PA)2]+ molecular fragment (Fig. 2). 

With these findings we have optimized the structure of this complex 
in the gas phase using a density functional theory (DFT) approach 
(BPE86/Def2TZV). Due to the semi-rigid ligand backbone and the steric 
demand of the Mes* substituent we identified two distinctively different 
conformations as local minima on the relative shallow PES (Fig. 3, and  
Table 1). The two presented models M1+ and M2+ differ only by ca. 
3.6 kcal/mol, supporting the idea that this complex may exist in a 

number of different conformations in solution. The core of M1+ shows 
a highly distorted tetragonal arrangement with P-Cu distances sig
nificantly longer (> 2.5 Å) compared to the previously reported 
structures of mono- bi- and tri-dentate ligand frameworks [24,31]. The 
distortion from an ideal tetrahedral arrangement is most evident from 
the significantly widened P-Cu-P and N-Cu-N angles, as well as from the 
small P-Cu-N angle (ca. 80°) imposed by the ligand backbone. The angle 
between planes of the ligands P,N atoms and the copper center is re
duced to ca. 52.8°. The structure of M2+ is slightly less distorted, also 
showing shorter P-Cu and longer N-Cu distances of 2.4 and 2.0 Å, re
spectively. Most notably the N-Cu-N and P-Cu-P angles are significantly 
reduced (113.1 and 124.1°), while the angle between the two P,N,Cu 
planes is closer to a right angle (79.8°). 

The 31P NMR resonance of the complex 1-BF4 displayed a slight shift 
to lower frequencies (δ31P = 241 ppm) compared to the free ligand 
(254 ppm). This small coordination shift of Δδ = 13 ppm is indicative 
of weak bonding to the transition-metal fragment to this non-polarized 
phosphaalkene. The obtained 31P NMR signals were also significantly 
broadened (FWHM = 116 Hz, See SI Fig. 3). Similarly, proton and 
carbon resonance are broadened, which complicates a detailed assign
ment of these resonances. This behavior can be rationalized by an in
termittent de-coordination of the phosphorus atoms due to the weak 
binding of the ligand as well as a dynamic behavior of energetically 
quite similar conformers in solution. 

In order to study the photophysical properties of the Cu(I)-complex 
we have studied the electronic absorption and emission properties of 1- 
BF4. Further support of the assignments was corroborated by means of 
(TD-)DFT studies (Fig. 3, right). Solvation - using single point calcula
tions in a continuum solvation model - has a minor impact on transition 
probabilities and energies, but does not alter the nature of the states 
significantly. Notably, both solvents (DCM and MeCN) show very si
milar results and in the following only results in DCM are discussed. 
The experimental UV–Vis absorption spectrum in DCM consists of two 
discernible bands. The strong transition with an absorption maximum 
at 277 nm (ε277nm = 13,160 M−1cm−1) was assigned to ligand-cen
tered (LC) π → π* and metal–ligand charge transfer (MLCT) transitions  
[55]. The low-energy absorption contributions are observed as a broad 
shoulder with an inflection point in the UV region at ~380 nm and 
extending well into the visible region of the spectrum 
(λonset ~ 600 nm). Interestingly the two studied model compounds 
M1+ and M2+ show a large difference of the low energy transitions. 
The calculated isomer M1+ has a prominent MLCT band around 
515 nm (f = 0.0753) and a weaker MLCT transition at 460 nm 
(f = 0.0057); in contrast M2+ shows a MLCT band composed of a weak 
transition at 495 nm (f = 0.0015) and a prominent transition at 458 nm 

P(TMS)2HC N

(I)

N
PP

Mes*Mes* Cu
L

L = NCMe

P
Mes

R

N

O

Ir

(COT)

OTf-

(V)

N

N
P

Mes*

P N P P

R R

Mes*Mes*
Cu
Cl

(II)

Ph

Ph

[Ir]

[Ir] = IrClCp*
(IV)

M
(CO)4

(III)
M = Cr, Mo, W

P=C/N=C complexes and P=C copper complexes

P=C functionalized DBU: reactivity to Brønsted and Lewis acids

N

N
P

Mes*

DBU-PA

H
X

X = Cl-, OTf-, PF6
-

(VI)

N

N
P

Mes* M

M = PdCl2, and
M'(CO)4 for M' = Fe, Cr, Mo,

(VII)

This work:

N
N

P
Mes*

Cu+

N
N

P
Mes*

1-X

Fig. 1. Literature known complexes of ligands with unsaturated P and N centers; selected phosphaalkene copper complexes; Reactivity and coordination behavior of 
DBU-PA. (Mes* = 2,4,6-tris-tert-butyl phenyl). 

S.T. Clausing, et al.   Inorganica Chimica Acta 513 (2020) 119958

2



(f = 0.0585). These theoretical calculations allow us to assign the ex
perimentally absorption tailing into the visible region to different MLCT 
states typical of these copper complexes [38,56]. These findings also 
support the dynamic equilibrium and presence of different isomeric 
forms. 

The emission spectrum of 1-BF4 was measured in DCM and resulted 
in an emission wavelength maximum at 555 nm. In view of the mostly 
non-emissive nature of phosphaalkene (complexes) we were quite in
trigued to further study this phenomenon. The emission of 1-BF4 was 
probed by irradiating the low-lying MLCT electronic transitions (λEx of 
470 nm), so as to avoid overlap with LC events which would complicate 
the analyses. The emissive behavior of 1-BF4 changes with concentra
tion; while the absorption has the expected linear dependency fol
lowing Lambert-Beer’s law, increasing the concentration tenfold se
verely reduced the emission intensity (See SI Fig. 6). This behavior has 
been previously observed in copper(I) diimine complexes and was re
lated to flattening distortions in the excited state and opening of non- 
radiative decay pathways [55]. The observed quenching of the emission 
in 1-BF4 on the other hand, could have additional contributions from 
solution dynamics and other complex phenomena as evidenced by the 

Fig. 2. a) Synthesis of homoleptic complex 1. i) MeCN:DCM 1:1, r.t. 1 h. for X = BF4
− or PF6

− b) calculated models M1+ and M2+ of the synthesized complex.  

Fig. 3. Left: Absorption and emission spectra of 1-BF4 in DCM at r.t. λex = 470 nm). Right: Calculated absorption spectrum of M1+ and M2+ including selected 
Electron Density Difference Map (EDDM) plots of the major transitions (blue surfaces and red surfaces indicate a decrease and increase in electron density re
spectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Selected distances [Å] and angles [°] of optimized structures of 1. DFT PBE86/ 
def2TZV gas phase. a Relative free Energy differences at room temperature (kcal 
mol−1). b Relative difference of electronic energies (kcal mol−1). c Angle be
tween the planes spanned by the P,N-atoms of one ligand and the copper center.      

M1+ M2+  

ΔGa +3.6 0.0 
ΔEb +3.5 0.0 
P1-Cu 2.578 2.381 
P2-Cu 2.713 2.379 
N1-Cu 1.948 1.989 
N2-Cu 1.949 1.995 
P1-Cu-P2 135.1 124.1 
N1-Cu-N2 159.8 113.1 
P1-Cu-N1 81.2 83.1 
P2-Cu-N2 79.9 82.9 
P2-Cu-N1 101.8 134.4 
P2-Cu-N2 112.0 124.4 
(PCuN) vs. (PCuN)c 52.8 79.8 
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signal broadening of the complex’s NMR spectra (vide infra). 
A more complete overview of the emission properties in 1-PF6 was 

acquired by a combined extinction-emission spectrum in a frozen MeCN 
matrix at 77 K; as can be seen in Fig. 4 (left), separate LC and MLCT 
absorption and emission events occur. Two “islands” of emission be
longing to LC and MLCT states respectively are visible, as well as a 
Raman line stemming from water. Clearly shown is the separation be
tween a ligand-based “island” and the MLCT one in the visible. It is 
interesting to mention the disappearance of the emission band at 
570 nm at an excitation wavelength of 470 nm. 

In order to increase our understanding of the excited state dynamics 
in phosphaalkene-containing 1-BF4, time resolved fluorescence spec
troscopy was used to investigate the decay of the excited states arising 
from the low-lying MLCT transitions. The observed results varied from 
3 to 9 ns (Fig. 4, right), which are at best only moderate for state-of-the- 
art copper sensitizers [47,57]. The longest but still rather modest life
time of ~9 ns was observed with the use of a 10−4 M solution of 1-BF4 

in DCM, whereas higher concentrations gave the lower lifetimes, in line 
with the observed concentration dependent self-quenching effects. 

The electrochemical properties of the copper complexes were 
probed via cyclic voltammetry and compared to that of the ligand 
framework. The DBU-PA ligand shows a fully reversible one electron 
reduction at a mid-potential of −1.853 V vs. Fc/Fc+. The facile re
duction substantiates the low lying LUMO levels based on the anti- 
bonding phosphaalkene orbitals in conjunction with the imine moiety. 
The oxidative processes are irreversible with anodic peaks at +0.876 
and +1.148 V, typical of phosphaalkene containing compounds [58]. 

Electrochemical studies of 1-BF4 show ambipolar behavior in the 
studied window. The complex shows on the reductive side three elec
trochemical events; two at −1.883 and −2.286 V are clearly visible, as 
well as a third one close to the solvent window (−2.467 V, Fig. 5). 
These events are all almost completely chemically irreversible, even at 
scan rates (SR) up to 1 V s−1. Based on our DFT calculations, the LUMO 
is mainly located on the ligand backbone, specifically at the phos
phaalkene-imine antibonding orbitals with minor contributions from 
the metal, potentially promoting ligand dissociation and irreversible 
reductions. The further reductive events are tentatively assigned to both 
ligand and metal-based reductions. On the oxidative cycle, i.e. anodic 
sweep, the phosphaalkene copper(I) complex is equally complex. The 
presence of two oxidation events as shoulders and peaks with anodic 
peak potentials occurring at approximately +0.111 V and +0.393 V vs. 
Fc/Fc+ at significant milder potentials compared to the oxidation of the 
free ligand indicate metal centered oxidation to play a major role of this 
Cu(I) complex. Based on the DFT calculations the first event potentially 
corresponds to a metal-centered CuI/CuII oxidation with minor anti
bonding metal–ligand contributions. At higher scan rates, this process 

becomes quasi-reversible. Further oxidation events could be assigned to 
ligand-based oxidations. The nature of the process at ~0.9 V vs. Fc/Fc+ 

is less conclusive because the signal coincides with the oxidation po
tential of uncoordinated ligand. This could correspond to free ligand 
(from dynamic equilibria or scrambling processes) but also be a con
sequence of ligand de-coordination as a result of the metal centered 
oxidation. 

3. Conclusion 

An interesting aspect of this ligand framework is the presence of two 
very distinct nitrogen centers, i.e. the imine and the amine nitrogens. 
While the former is in conjugation with the phosphaalkene moiety and 
leads to the stabilization of the π-symmetric LUMO levels, and thus 
gives the ligand framework a distinct acceptor character, the latter acts 
as an internal electron donor moiety via a different delocalization 
pathway (see orbital depictions SI). In contrast to other pyridine sub
stituted phosphine ligand systems, this framework does not easily allow 
to reduce the steric demand at the phosphorus center without com
promising its ambient stability. However, replacing the DBU fragment 
with other commercially available diazabicyclic systems with different 
ring sizes, e.g. DBN, 1,5-diazabicyclo-[4.3.0]-non-5-ene, could give 
easy access to electronically very similar imine-phosphaalkene systems 
that differ only in their P,N-bite angle. This could as well impact the 
steric interactions of the Mes* substituents favoring stronger ligand 
binding. Further studies on the impact of this geometric parameter are 
currently studied in our lab. In summary, we have synthesized a new 
type of homoleptic copper complex using an imine-phosphaalkene 
based bidentate ligand framework. Theoretical and spectroscopic stu
dies illustrate the acceptor character of the ligand and excited state 
lifetimes of up to 9 ns upon irradiating into the MLCT band. This re
presents a rare example of an emissive phosphaalkene complex opening 
new possibilities for the design of luminescent materials. 

4. Experimental section 

4.1. Materials and methods 

All non-deuterated solvents were dried and distilled under argon 
using standard methods; THF, acetonitrile (MeCN) were dried over 
sodium / benzophenone and DCM over CaCl2. Deuterated chloroform 
(CDCl3) and DCM (CD2Cl2) were purchased from Sigma Aldrich, dried 
over molecular sieves and distilled. DBU was bought from Sigma 
Aldrich, dried from calcium hydride and distilled under reduced pres
sure. [Cu(MeCN)4]BF4 and [Cu(MeCN)4]PF6 were purchased from 
Sigma Aldrich and used as received. All synthetic reactions were 

Fig. 4. 3D Emission/Excitation plot of a 0.43 mM solution of 1-PF6 in frozen MeCN at 77 K. b) Emission decay measurement of 1-BF4 (DCM, 0.1 mM); excitation 
wavelength: 470 nm. 
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performed under argon using Schlenk techniques or in the glovebox. 
NMR measurements (1H, 13C, 31P) were performed on a JNM-ECZ400S/ 
L1 JEOL 400 MHz spectrometer and analyzed with a licensed version of 
Mestrenova 12.01. Chemical shifts are reported as δ values (ppm) re
lative to residual solvent signals or referenced externally. High-resolu
tion mass spectra were measured using ESI in the positive mode in a 
Bruker spectrometer. DFT analyses were performed using Gaussian 09 
revision D.01 software. The cyclic voltammetry experiments were car
ried out in the glovebox, using a standard three-electrode electro
chemical cell set-up: Working electrode (WE): glassy carbon (GC), 
3 mm; Counter electrode (CE): platinum; Reference electrode (RE): Ag/ 
AgNO3 (silver wire in a 0.1 M AgNO3 acetonitrile solution). The elec
trolyte was a 0.1 M solution of TBAPF6 in MeCN, with a cell volume of 
6 mL, containing a 0.01 M solution of 1-BF4. The signals were refer
enced to the ferrocene redox couple (Fc/Fc+). Electrochemical mea
surements were performed using an Autolab PGSTAT302 potentiostat 
with a GPES electrochemical interface. UV/vis, steady state, and ex
cited-state lifetime spectroscopy measurements were made in 1 cm 
path-length cuvettes from 3 mL of solution using Varian Cary 50 Bio 
UV–Vis spectrophotometer and FluoroMax-3 (JOBIN YVON, HORIBA), 
and Horiba Scientific FluoroMax 4 spectrofluorophotometer. 

Synthesis of 1-X: The phosphaalkene ligand (DBU-PA) was synthe
sized according to our previously reported procedure [59], [Cu(DBU- 
PA)2]+ (1-X) was synthesized with either a BF4

− (1-BF4) or a PF6
− (1- 

PF6) counterion using identical procedures. Because of the instability of 
the complexes, the spectroscopic and electrochemical measurements 
were measured using freshly prepared complex species. The electro
chemical experiments were done using 1-BF4 unless otherwise stated 
and the complex was synthesized directly and used without purifica
tion. In a glovebox, 46 mg (0.11 mmol, 2 eq.) of DBU-PA and 17 (or 20) 
mg of [Cu(MeCN)4]BF4 (or [Cu(MeCN)4]PF6) (0.05 mmol) were dis
solved in 10 mL of a 1:1 MeCN:DCM mixture. The resulting red solution 
was stirred at room temperature for 1 h and used without further 
purification. For spectroscopic characterization the sample is filtered 
through Celite® and all volatiles are removed under reduced pressure. 
The product can be isolated as dark red solid (1-BF4 in 65% isolated 
yield (35 mg). 1H NMR (400 MHz, CDCl3) δ 7.43 (br, 4H, Ar-H), 
3.67–3.21 (m, 18H, DBU-CH2), 2.00 (br, residual MeCN), 1.76 (br, 10H, 
DBU-CH2), 1.51 (m, 36H), 1.32 (m, 18H). 31P{1H}NMR (162 MHz, 
CDCl3) δ 242.4 ppm. 13C{1H}-NMR (101 MHz, CDCl3) 166.5, 163.8, 
154.6, 152.3, 122.9, 119.6, 54.8, 50.9, 48.8, 47.9 (d), 40.0, 38.4, 35.2, 
33.7, 32.5, 31.7, 31.3, 26.7, 25.1, 24.3, 23.9, 22.8, 19.5. HRMS (ESI, 
CH3CN, positive mode): m/z = cald. for [Cu(DBU-PA)2]+ 

(C54H86N4P2Cu): 915.56237; found 915.56106. 
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