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Two series of copper(I) complexes with diethoxyphosphoryl-
substituted 1,10-phenanthroline ligands were synthesized
and characterized in the solid state and in solution. The first
comprised mixed-ligand CuI complexes with phenanthroline
and triphenylphosphine. The second series includes bis-che-
lates with two phenanthroline ligands. According to the X-
ray data for the six complexes, the ditopic phenanthroline
ligands exhibit bidentate coordination to the copper(I) atom
through two nitrogen atoms in both series. Solution equilibria
involving different phenanthroline copper(I) species were
studied by 1H and 31P NMR spectroscopy, electrochemistry,
and spectroelectrochemistry. The solution speciation of these
labile complexes is different for these two series and depends
on the nature of solvent and the location of the phosphorus

Introduction

1,10-Phenanthroline complexes of transition metals have
played a key role in a large number of recent studies and
have been extensively studied by researchers working in
photochemistry and photophysics,[1] electrochemistry,[2]

biochemistry,[3] and supramolecular and materials science.[4]

The major interest in these complexes essentially stems
from their relevance to solar energy conversion, sequence-
selective DNA cleavage, and fine chemical production by
catalytic reactions. Surprisingly, advances in the various ap-
plication areas are still limited by the synthesis of function-
alized 1,10-phenanthroline ligands. Commercially available
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substituent on the phenanthroline backbone. Coordinating
solvents can replace a bromide, triphenylphosphine, and
even a phenanthroline ligand in the inner coordination
sphere of the metal center. Copper(I) complexes with α-sub-
stituted phenanthrolines easily dissociate even in noncoordi-
nating solvents such as CH2Cl2 and CHCl3. Ligand-ex-
change reactions leading to less sterically hindered species
were observed under the utilized solution conditions. The co-
ordination mode of the phenanthroline chelators does not
change under any of the utilized solution conditions, and
binding of the phosphoryl group to the metal center was
never observed by spectroscopic or spectroelectrochemical
methods.

2,9-dimethyl-1,10-phenanthroline (neocuproine) is often
used to attach additional functional groups to a phen-
anthroline moiety by reactions involving its methyl substitu-
ents.[3b] However, for a wide range of applications, the direct
functionalization of the heteroaromatic ring is needed.[3b,5]

Recently, we reported convenient conditions for the in-
troduction of diethoxyphosphoryl substituents into the
1,10-phenanthroline backbone in the presence of palladium
catalysts and synthesized a family of mono- and diphos-
phonate derivatives 1a–1f (Scheme 1).[6]

This is an unusual series of functionalized 1,10-phen-
anthrolines for which all positional isomers are readily
available, and they can be used for systematic studies of the
influence of electronic and steric factors on the physico-
chemical properties of 1,10-phenanthroline complexes.
These ditopic ligands should be promising for the develop-
ment of new supramolecular photoactive materials and cat-
alysts for use in organic media and water. Moreover, sup-
ported catalysts based on these ligands are simple to pre-
pare as organophosphonates can be readily incorporated
into inorganic matrices or grafted onto preformed inorganic
supports.[7]

In this work, the complexation of copper(I) ions by these
ligands was investigated. The CuI phenanthroline com-
plexes are of interest in various fields of research. Indeed,
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Scheme 1. Structures of diethoxyphosphoryl-substituted 1,10-phenanthrolines 1a–1f.

they are efficient catalysts for an impressive range of car-
bon–carbon and carbon–heteroatom bond-forming reac-
tions.[8] These compounds are also good candidates for the
development of bio-inspired Cu-catalyzed oxidation[9] and
sulfimidation reactions.[10] Moreover, studies of redox pro-
cesses involving simple copper(I)–O2 complexes are useful
to mimic the action of Cu-containing metalloenzymes.[11]

Copper phenanthroline complexes are key derivatives for
biochemical applications[12] and show antibacterial[13] and
antitumor[3c] activities. In addition, their photochemical
and photophysical properties have been widely studied.[14]

With this in mind, we report here a series of homoleptic
and heteroleptic copper(I) complexes with phosphorus-sub-
stituted phenanthroline ligands 1a–1f. Their solid-state
structures were resolved, and their solution behavior was
studied by different spectroscopic methods and electro-
chemistry. The results of our studies contribute to a better
understanding of the photophysical[14] and catalytic[15]

properties of these complexes and are important for the ra-
tional development of functional hybrid materials based on
1,10-phenanthroline complexes for various applications, in-
cluding light harvesting systems and catalysis.[16]

Results and Discussion

Ligands Synthesis

The target ligands 1a–1f were prepared by a Hirao reac-
tion from aryl halides 2a–2f according to a procedure re-
cently described by our groups (Scheme 2).[6] Remarkably,
both chlorides and bromides reacted smoothly under these
conditions; the chlorides are better suited as starting com-
pounds for the synthesis of 2- or 4-substituted phenanthrol-
ines owing to their low cost. The products were obtained in

Scheme 2. Synthesis of ligands 1a–1f.
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good yields (65–90%) after purification by column
chromatography.

Synthesis and Characterization of Copper(I) Complexes

The coordination affinity of (diethoxyphosphoryl)phen-
anthrolines 1a–1f was not significantly influenced by the
presence of the electron-withdrawing phosphorus substitu-
ents, and their reactivity towards copper(I) derivatives was
similar to that of the parent phenanthroline 1g and inde-
pendent of the number and position of the diethoxyphos-
phoryl groups with the exception of the sterically bulky 2,9-
diphosphonate 1e.

Indeed, the reaction of isomeric phosphonates 1a–1d and
1f with Cu(PPh3)3Br in chloroform afforded Cu(L)(PPh3)-
Br (L = 1a–1d, 1f) in 63–82 % yields, which are similar to
that with 1,10-phenanthroline (1g; Scheme 3). However, the
bulky diphosphonate ligand 1e failed to react under these
conditions.

The complexes 3a, 3c, 3d, 3f, and 3g are air-stable in the
solid state and in different organic solvents. Complex 3b is
also stable under most conditions, but a slow oxidation to a
blue solution of a copper(II) complex was observed during
attempts to grow crystals for X-ray analysis in chloroform/
methanol.

The synthesized complexes were initially characterized
by MALDI MS analysis and gave data consistent with the
expected formulas. Preliminary information on the struc-
tures of these complexes was obtained by IR spectroscopy,
because the PO stretching vibrations (ν̃ = 1240–1270 cm–1)
of aryl phosphonates are sensitive to variation in the envi-
ronment and a bathochromic shift of Δν̃ = 30–80 cm–1 oc-
curs upon hydrogen-bond formation or coordination to a
metal ion.[17] Only one ν(P=O) band at ν̃= 1239–1269 cm–1
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Scheme 3. Synthesis of heteroleptic CuI complexes 3a–3d, 3f and 3g.

was observed in the IR spectra of 3a–3d and 3f, which indi-
cates that the PO group is not coordinated to the copper(I)
ion.

The homoleptic bis-chelates [Cu(1a–1c)2]PF6 (4a–c) were
readily obtained by the reactions of [Cu(MeCN)4]PF6 with
the monosubstituted phenanthrolines 1a–1c in CH2Cl2
solution (Scheme 4). The steric hindrance of the 2-isomer
1a did not significantly influence the product yield. Under
these conditions, the bulky ligand 1e also reacted smoothly
to afford [Cu(1e)2]PF6 (4e) in 87 % yield.

Scheme 4. Synthesis of homoleptic CuI complexes 4a–4c and 4e.
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The complexes 4a–4c and 4e are air-stable in the solid
state and in CH2Cl2 or methanol solutions but slowly de-
compose in CHCl3. The MALDI MS spectra of 4a–4c and
4e gave data corresponding to the expected compositions
with ligand-to-metal ratios of 2:1.

The complexes were also characterized by IR spec-
troscopy, which indicated that the phenanthroline chelators
were coordinated to the copper(I) ion only through two ni-
trogen atoms with the phosphoryl groups not bound to the
copper center.
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The electronic absorption spectra of 3a–3d, 3f, 4a–4c,
and 4e are in line with the behavior of known compounds
similar to those investigated in the current study. The in-
tense ligand-centered bands at λmax = 230–280 nm are typi-
cal of the π–π* transitions of the phenanthroline ligands,
and the molar absorption coefficients are in the range ε =
25000–75000 m–1.[1e] The bands in the visible spectral region
at λmax = 340–520 nm are much weaker (ε = 1400–8500 m–1)
than those in the UV part of the spectra and are assigned to
metal-to-ligand charge-transfer (MLCT) absorptions.[14d,18]

Indeed, copper(I) is characterized by a d10 electronic config-
uration and exhibits a low oxidation potential, whereas
phenanthroline is a good π* electron acceptor.

The emissive properties of the homoleptic copper(I) com-
plexes 4a–4c and 4e were studied to compare these deriva-
tives with emissive copper(I) complexes bearing 2,9-dialkyl-
substituted phenanthroline ligands. The emission bands in
CH2Cl2 at room temperature were barely detectable. This
suggests that the diethoxyphosphoryl groups have an active
role in fluorescence quenching, which was previously re-
ported for bis(phenanthroline)copper(I) complexes with ap-
pended substituents bearing nitrogen or oxygen atoms.[19,20]

Crystal Structures

Hard and soft acids and bases (HSAB) theory classifies
CuI ions as a soft acid, and the preference of copper(I) ions
for soft donor ligands such as phosphines, thiols, or chelat-
ing diimine ligands (2,2�-bipyridine, 1,10-phenanthroline) is
well established. However, the copper(I) ion can accommo-
date both soft and hard donors in its coordination sphere
in the solid state and in solution.[21] Phosphine oxides are
suitable ligands to form such copper(I) complexes as was
demonstrated for diphenylphosphinoethane and diphenyl-

Figure 1. ORTEP[25] views of 3a, 3c, 3d and 3f. Thermal ellipsoids are drawn at 50% probability. Solvent molecules, disordered parts,
and hydrogen atoms are not shown for clarity.
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phosphinomethane monoxides,[22] 1,1�-bis(diphenylphos-
phanyl)ferrocene dioxide,[23] and 6-(4-diethylmethylphos-
phonatephenyl)-2,2�-bipyridine.[24] It was of interest to
compare the coordination mode of diethoxyphosphoryl-
1,10-phenanthrolines in various copper(I) complexes.

The crystal structures of the copper(I) complexes were
determined by single-crystal X-ray diffraction. The crystal-
lographic data for 3a, 3c, 3d, 3f, 4a, and 4e are presented
in Table 4; further structural information is available in the
Supporting Information (Figures S1–S6).

In the heteroleptic complexes 3a, 3c, 3d, and 3f, the four-
coordinate copper(I) ion adopts a distorted tetrahedral ge-
ometry (Figure 1). The chelators 1a, 1c, 1d, and 1f exhibit
bidentate coordination of the copper(I) atom by two nitro-
gen atoms, and the inner coordination sphere is completed
by a bromine atom and a phosphorus atom of the tri-
phenylphosphine ligand.

The selected bond lengths and angles reported in Table 1
lie in the usual ranges and are comparable with those for
Cu(phen)(PPh3)Br (3g),[26] except for those of 3a, which
bears a bulky diethoxyphosphoryl substituent at the α posi-
tion of the phenanthroline ligand.

The N1–Cu–P1 and N2–Cu–Br angles for 3a are signifi-
cantly different from those of the other studied complexes.
This difference in the orientation of the phosphorus and
bromine atoms is shown in Figure 2. When the phen-
anthroline rings of 3a and 3c are overlaid, the distances
between the corresponding heteroatoms are 0.651 and
0.762 Å for the phosphorus and bromine atoms, respec-
tively.

Another interesting feature of the studied compounds is
the similarity of the Cu–N bond lengths, which range from
2.077 to 2.1236 Å, independently of the number and loca-
tion of the electron-withdrawing substituents.
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Table 1. Selected bonds lengths [Å] and angles [°] in 3a, 3c, 3d, 3f and 3g.

Bond length or angle 3a 3c 3d 3f 3g[26]

Br–Cu 2.4490(11) 2.4096(8) 2.4359(6) 2.3812(2) 2.4436(10)
Cu–N1 2.1003(15) 2.119(4) 2.077(3) 2.0980(12) 2.079(3)
Cu–N2 2.1087(16) 2.077(4) 2.088(3) 2.1236(12) 2.104(2)
Cu–P1 2.1793(15) 2.1958(14) 2.1823(10) 2.1880(4) 2.1856(12)
N1–Cu–N2 79.75(6) 79.88(17) 79.98(12) 79.35(5) 79.89(10)
N1–Cu–P1 135.33(6) 113.16(12) 125.43(9) 109.74(4) 123.76(8)
N2–Cu–P1 112.28(6) 119.39(12) 118.69(9) 113.35(4) 118.59(8)
N1–Cu–Br 106.93(5) 111.06(12) 106.88(9) 109.12(3) 102.96(8)
N2–Cu–Br 96.93(5) 107.52(12) 109.67(9) 110.78(3) 105.84(8)
P1–Cu–Br 113.55(5) 119.24(4) 112.00(3) 125.051(13) 118.63(3)

Figure 2. Overlay of 3a (grey) and 3c (black).

The molecular packing for 3a is significantly different
from that of the other complexes. As shown in Figure 3, 3c,
3d, and 3f form dimers in which two phenanthroline moie-
ties are almost parallel, and their interplanar distance of
3.3 Å in all of the studied compounds indicates efficient π-
stacking interactions. The middle ring of each phenanthrol-
ine ligand overlaps in a face-to-face mode with the alternate
alignment of carbon atoms. In 3a, the diethoxyphosphoryl

Figure 4. ORTEP[25] views of 4a and 4e. Thermal ellipsoids are drawn at 50% probability. Solvent molecules, disordered groups, and
hydrogen atoms are not shown for clarity.
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group at the α position disturbs this π stacking, and the
heteroaromatic residues associate through edge-to-face C–
H···π interactions.

Figure 3. Views of the crystal packing in 3a, 3c, 3d and 3f.

ORTEP views of the bis-chelates 4a and 4e are presented
in Figure 4. Once again, the bulky diethoxyphosphoryl
group at the α position significantly influences the geometry
of the copper(I) ion.

The copper(I) ions in both 4a and 4e are in tetrahedral
environments with small distortions from Td symmetry.
This geometry is unusual for copper(I) bis-chelates, in
which a distorted seesaw geometry (C2v) for the metal cen-
ter is generally observed (Cambridge Structural Database
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refcodes: CSD-DIGXEW, CSD-LUPSEU) Selected bond
lengths and angles are given in Table 2.

Table 2. Selected bonds lengths [Å] and angles [°] in 4a[a] and 4e.

Bond length or an- Bond length or an-
4a 4e

gle gle

Cu–N1 2.081(3) Cu–N1 2.0056(14)
Cu–N2 1.996(3) Cu–N2 2.0089(14)
N1i–Cu–N1 124.29(17) Cu–N3 2.0245(14)
N2–Cu–N1 82.50(13) Cu–N4 2.0118(14)
N2–Cu–N1i 122.49(12) N1–Cu–N2 113.16(12)
N2i–Cu–N1 122.49(12) N1–Cu–N3 119.39(12)
N2i–Cu–N1i 82.50(13) N1–Cu–N4 111.06(12)
N2–Cu–N2i 128.4(2) N2–Cu–N3 107.52(12)

N2–Cu–N4 119.24(4)
N4–Cu–N3 125.96(6)

[a] Symmetry code (i) 1 –x, y, 3/2 + z.

In 4a, the two Cu–N bond lengths of each ligand are
similar (1.996 and 2.081 Å) and comparable to those of 4e
(2.0056–2.0245 Å) as well as the heteroleptic complexes 3a,
3c, 3d, and 3f (Table 1). Two stereoisomers of 4a cocrys-
tallized in the unit cell.

It is also interesting to compare the molecular packing
for 4a and 3a, which contain the same bulky α-(diethoxy-
phosphoryl)phenanthroline ligand (Figures 3 and 5). In
contrast to 3a described above, the 1,10-phenanthroline
rings of adjacent molecules are parallel in the racemic com-
pound 4a and are predisposed for π–π stacking. However,
a steric hindrance induced by the diethoxyphosphoryl sub-
stituent prohibits stacking interactions, as indicated by the
interplanar distance between these fragments, which is close
to 6.9 Å. Surprisingly, in the crystal of 4e, in which the li-

Table 3. Half-wave or peak potentials (V vs. SCE) and proposed site of electron transfer for redox reactions of the investigated compounds
(see Schemes 3 and 4 for structures).

Solvent Compound Oxidation Reduction

Br– (2) PPh3 Br– (1) CuI/CuII CuI/Cu0 Phenanthroline

CH2Cl2 3a 1.45[a] 1.25[a] 0.85[a] 0.35 –1.41[c] –
3b – 1.20[a] – 0.67[a], 0.17[c] –1.28[c] –
3c – 1.20[a] – 0.67[a], 0.11[c] –1.26 –
3d – 1.20[a] – 0.65[a], 0.07[c] –1.42[c] –
3f – 1.25[a] – 0.70[a], 0.24[c] –1.10 –1.60[c]

3g – 1.18[a] – 0.34[a,b], 0.10[c] –1.60[c] –
PPh3 – 1.26[a] – – – –
TBABr 1.25[a] – 0.84[a] – – –
4a – – – 0.32 –1.46[b] –
4b – – – 0.48 –1.40[b] –1.57
4e – – – 0.49 –1.45[b] –1.89[c,d]

PhCN 3a 1.40[a] 1.15[a] 1.00[a] 0.33 –1.32 –1.86
3b 1.38[a] 1.10[a] 1.10[a] 0.60,[a] 0.14[c] –1.22 –1.72[c]

3c 1.37[a] 1.14[a] 1.14[a] 0.63,[a] 0.10[c] –1.24 –1.73[c]

3d 1.35[a] 1.13[a] 0.96[a] 0.58,[a] 0.09[c] –1.38[b]

3f 1.50[a] 1.23[a] 1.00[a] 0.64,[a] 0.23[c] –1.08 –1.46
3g 1.38[a] 1.08[a] 0.90[a] 0.36,[a,b] 0.05[c] –1.50 –
PPh3 – 1.26[a] – – – –
TBABr 1.40[a] 0.80[a] – – –
4a – – – 0.32 –1.34 –1.80[d]

4b – – – 0.33 –1.30[c] –1.51, –1.76
4e – – – 0.83,[a] 0.39[c] 0.84[c] –1.21, –1.59,[c] –1.68[d]

[a] Epa at a scan rate of 0.1 Vs–1. [b] Shows a split peak at Epa = 0.56–0.60 V (see Figure 6). [c] Epc at a scan rate of 0.1 Vs–1. [d]
Overlapping of several one-electron processes.
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gand bears two bulky substituents in the α position, this
interplanar spacing decreases to 3.3 Å, which testifies that
there is efficient π–π stacking of the 1,10-phenanthroline
rings (Figure 5).

Figure 5. View of phenanthroline ring stacking in 4a and 4e.

Thus, the phosphoryl group of diethoxyphosphoryl-sub-
stituted phenanthrolines are not coordinated in all of the
currently studied complexes, including those in which the
structures allow a chelation and facilitate the coordination,
for example, ligands 1a and 1e.

Electrochemistry and Spectroelectrochemistry

Six heteroleptic CuI phenanthroline complexes, 3a–3d, 3f,
and 3g (Scheme 3), and three bis-phenanthroline CuI com-
plexes, 4a, 4b, and 4e (Scheme 4), were investigated to eluci-
date how changes in the number and location of P(O)-
(OEt)2 substituents on the bound phenanthroline ligand(s)
would affect the redox potentials and overall oxidation/re-
duction mechanisms. The measured half-wave or peak po-
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Figure 6. Cyclic voltammograms of phenanthroline, Ph3P, Br– (in the form of TBABr), 3a, 3f and 3g in (a) CH2Cl2 and (b) PhCN
containing 0.1 m TBAP at a scan rate of 0.1 Vs–1.

tentials for oxidation and reduction of each CuI complex
in CH2Cl2 or PhCN containing 0.1 m tetrabutylammonium
phosphate (TBAP) are summarized in Table 3, which in-
cludes data for three reference compounds, namely, unsub-
stituted phenanthroline, triphenylphosphine, and bromide
[added in the form of tetrabutylammonium bromide
(TBABr)]. The site of electron transfer for each electrode
reaction is also given in Table 3, and the assignments are
based on the measured potentials and previous assignments
of electron transfer site givens for related compounds.[27]

Electrochemistry of Heteroleptic Derivatives

The investigated mono-phenanthroline complexes 3a–3d,
3f, and 3g undergo multiple redox reactions.

Example cyclic voltammograms for three of the six char-
acterized heteroleptic complexes are shown in Figure 6,
along with those of the three reference compounds, phen-
anthroline, PPh3, and TBABr.

As seen in Figure 6, the unsubstituted phenanthroline
group is electrochemically inactive over the investigated
range of potentials [–2.0 to +2.0 V vs. saturated calomel
electrode (SCE)], whereas PPh3 and Br– are oxidized in one
and two irreversible electron transfer steps, respectively.
Compounds 3a, 3f, and 3g also undergo similar irreversible
redox processes associated with PPh3 and/or Br– oxidations,
although as described below, this depends on the solvent.
There are also electrode reactions involving the substituted
phenanthroline ligands of 3a and 3f as well as metal-cen-
tered reactions involving reduction or oxidation of the CuI

ion.
The reversibility and potentials of the CuI/Cu0 and CuI/

CuII reactions also vary with changes in the solvent, tem-
perature, and potential scan rate, as well as with the number
and location of P(O)(OEt)2 substituents on the phen-
anthroline ligand.

The CuI/CuII process is reversible only for 3a. In con-
trast, most of the heteroleptic compounds in Scheme 3

Eur. J. Inorg. Chem. 2014, 3370–3386 © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3376

show reversible CuI/Cu0 reductions in PhCN (3d is the only
exception) and CH2Cl2 (in which 3b and 3d are both irre-
versibly reduced; Table 3). The expected influence of the
electron-withdrawing P(O)(OEt)2 group on the potential
values can be seen only for some reduction processes. For
example, the CuI/Cu0 reaction of 3g [which has no
P(O)(OEt)2 groups, see Scheme 3] is located at E1/2 =
–1.50 V in PhCN, whereas 3b [which has one P(O)(OEt)2

group] is reduced at E1/2 = –1.22 V and 3f [which possesses
two P(O)(OEt)2 groups] is reduced at E1/2 = –1.08 V. Thus,
the addition of the first electron-withdrawing P(O)(OEt)2

group to 3g leads to a 280 mV positive shift of E1/2 (for 3b),
whereas the addition of a second group (to give 3f) results
in a smaller 100 mV positive shift in potential.

The effects of temperature and scan rate on the redox
behavior of 3c in CH2Cl2 are illustrated in Figure 7. With

Figure 7. Cyclic voltammograms of 3c in CH2Cl2 containing 0.1 m
TBAP at the indicated temperature and scan rate.
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the exception of slow scan rates (0.05 Vs–1), the reduction
of CuI to Cu0 is reversible. However, at longer times (slower
scan rates) all of the ligands dissociate after generation of
Cu0, and the overall CuI/Cu0 reduction becomes irreversible
when this occurs.

Interestingly, the number of electroreductions depends
upon the presence or absence of a P(O)(OEt)2 group on the
phenanthroline ligand. Compound 3g, which lacks a
P(O)(OEt)2 substituent (see Scheme 3), exhibits no re-
ductions beyond the CuI/Cu0 process at E1/2 = –1.50 V,
whereas 3a, 3b, and 3c all contain a single P(O)(OEt)2 sub-
stituent and exhibit one additional reduction at –1.72 to
–1.86 V. Compound 3f has two P(O)(OEt)2 substituents,
and a second reversible reduction is observed following the
CuI/Cu0 process in both CH2Cl2 and PhCN at E1/2 = –1.60
and –1.46 V, respectively. As P(O)(OEt)2 is electrochemi-
cally inert,[28] as is unsubstituted phenanthroline (see top
CV in Figure 6), the addition of a second electron to 3a–3c
and 3f at negative potential is proposed to occur at the
benzene ring containing the electron-withdrawing P(O)-
(OEt)2 groups. A similar reduction process is seen for free
ligands containing one or two P(O)(OEt)2 groups and has
been reported for benzene with one or two electron-with-
drawing groups (e.g., CN, NO2, Br, and CO2Me).[29]

As mentioned above, the unsubstituted phenanthroline
exhibits no oxidations, whereas triphenylphosphine shows
one oxidation (Epa = 1.26 V) and Br– exhibits two oxi-
dations. These latter reactions occur at Epa = 0.80 and
1.40 V in PhCN and at Epa = 0.84 and 1.25 V in CH2Cl2.
Thus, the first oxidation peaks of 3b–3d, 3f, and 3g at Epa

= 0.34–0.70 V and E1/2 = 0.35 V for 3a in CH2Cl2 are as-
signed to a CuI/CuII process, which is coupled with a re-
duction at Epc = 0.07–0.24 V on the return sweep. Among
the investigated mono-phenanthroline complexes, only 3a
exhibits a reversible CuI/CuII couple, whereas the other five
mono-phenanthroline complexes show noncoupled oxi-
dation and reduction peaks owing to the presence of cou-
pled chemical reactions, probably related to a change in the
type of metal–ligand coordination[27b,27d,30] and/or the
number of bound ligands after electron transfer.[31] The fur-

Figure 8. Cyclic voltammograms of 4a, 4b and 4e in (a) CH2Cl2 and (b) PhCN containing 0.1 m TBAP at a scan rate of 0.1 Vs–1.
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ther oxidations of 3a–3d, 3f, and 3g (at Epa = 0.85–1.45 V
in CH2Cl2 or Epa = 0.90–1.50 V in PhCN) are then attrib-
uted to the presence of Br– and PPh3 in solutions of these
compounds. In CH2Cl2, a Br– oxidation can be detected
only for 3a (at Epa = 0.85 and 1.45 V), which suggests that
a Br– ion is not coordinated to the CuI center of this com-
plex, even in CH2Cl2 solution. This behavior and the poten-
tial of the CuI/CuII process are consistent with a decompo-
sition of 3a to give the bis-phenanthroline complex corre-
sponding to 4a, with uncoordinated Br– ions. This complex
could form after triphenylphosphine dissociation, followed
by further ligand-exchange reactions [Equation (1)]. The
structure of the second product was tentatively assigned to
the known compound Cu2(PPh3)3Br2.[32]

(1)

The fact that Br– oxidation is not observed in CH2Cl2
for 3b–3d, 3f, and 3g suggests that the bromide ion is not
dissociated from the CuI ion in the noncoordinating solvent
CH2Cl2. However, this is not the case in PhCN, in which
two oxidations assigned to Br– are observed for 3a–3d, 3f,
and 3g after probable ligand displacement by PhCN [Equa-
tion (2)].

(2)

Electrochemistry of Homoleptic Complexes

The electrochemical behavior of 4a, 4b, and 4e in CH2Cl2
and PhCN is shown in Figure 8, and the assigned electron
transfer sites for each electrode reaction are given in
Table 3. Compounds 4a, 4b, and 4e do not possess Br– or
PPh3 ligands and only a single reversible CuI/CuII process
is observed for these compounds in CH2Cl2.

An exception to the reversible CuI/CuII reaction is seen
for 4e, which exhibits a broad and ill-defined oxidation
peak in PhCN. The oxidation and reduction peaks are lo-
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cated at Epa = 0.83 V and Epc = 0.39 V, and the overall
shape of the current–voltage curve is similar to that of the
mono-phenanthroline compounds discussed earlier. The be-
havior of 4e in PhCN suggests that one of the two bound
phenanthroline ligands dissociates from the CuI center
prior to electron transfer.

The CuI/Cu0 reductions of 4a, 4b, and 4e are irreversible
and located at Epc = –1.40 to –1.46 V in CH2Cl2 for a scan
rate of 0.1 Vs–1. The same process in 4a and 4b is quasire-
versible in PhCN and located at E1/2 or Epc = –1.30 to
–1.34 V. Compound 4e shows an irreversible CuI/Cu0 re-
duction at Epc = –0.84 V in PhCN and exhibits a “strip-
ping-like” anodic peak at Epa = –0.31 V. This is consistent
with the plating of Cu0 onto the electrode upon reduction
and stripping upon re-oxidation.[33]

An irreversible reduction of the P(O)(OEt)2 substituted
phenanthroline ligands of 4b and 4e can be detected in
CH2Cl2 at E1/2 = –1.57 V (4b) and Ep = –1.89 V (4e) for
a scan rate of 0.1 V s–1, whereas reversible ligand-centered
reductions are observed in PhCN for the three investigated
bis-phenanthroline compounds (see Table 3). In some cases,
the cyclic voltammograms (Figure 8, b) show two separate
ligand-centered reductions in PhCN, and overlapped mul-
tiple electron transfers are observed in others.

Spectroelectrochemistry

The investigated copper complexes were also charac-
terized and examined by thin-layer spectroelectrochemistry
under the same solution conditions to confirm that the pro-
posed redox processes involve ligand-centered π–π* transi-
tions (IL) and MLCT.[34] Examples of the UV/Vis spectral
changes obtained during controlled redox processes of 3f
and 4b in CH2Cl2 are given in Figures 9 and 10.

Figure 9. UV/Vis spectral changes of 3f at the indicated redox po-
tentials in CH2Cl2 containing 0.1 m TBAP.

The spectrum of the neutral 3f in CH2Cl2 containing
0.1 m TBAP is dominated by two strong near-UV bands at
λmax = 232 and 273 nm. There is also a shoulder at λmax =
295 nm as well as a weak broad visible band near λmax =
450 nm. The absorption in the UV and visible regions can
be attributed to IL and MLCT transitions, respectively.
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Figure 10. UV/Vis spectral changes of 4b at the indicated redox
potentials in CH2Cl2 containing 0.1 m TBAP.

During the first oxidation of 3f, the CuI ion is oxidized
to CuII. As shown in Figure 9 (a), the broad visible MLCT
band near λmax = 450 nm and the shoulder at λmax =
295 nm both disappear, a new shoulder appears near λ =
313 nm, the intensity of the λmax = 273 nm IL band slightly
decreases, and the λmax = 232 nm IL band shifts to λmax =
228 nm. The final spectra of the CuII complexes are charac-
terized by bands at λmax = 228, 277, 313, and 765 (very
weak) nm.

Switching the controlled potential to Eapp = 1.40 V gave
the spectral changes shown in Figure 9 (b). At this poten-
tial, the PPh3 ligand and the Br– counteranion should both
be oxidized, but there are almost no changes in the spectra.
This might be explained by the fact that the UV/Vis spec-
trum of 3f is dominated by the IL transition of the phen-
anthroline fragment (see above). Thus, changes to the elec-
tronic states of PPh3 or Br– do not significantly affect the
UV/Vis spectrum of the molecule.

The spectral changes for the CuI/Cu0 reduction of 3f at
a controlled potential of Eapp = –1.30 V are shown in Fig-
ure 9 (c). The broad visible band of the neutral compound
blueshifts from 450 to 396 nm, and a slight decrease in ab-
sorbance is seen at λmax = 273 and 295 nm. As the applied
potential is switched to Eapp = –1.70 V (Figure 9, d), there
is a clear increase in the intensity of the bands at λmax =
327, 378, and 500 nm. The second reduction of 3f occurs at
the substituted phenanthroline ring. This reduction results
in a change of the electronic states of the phenanthroline
ligand, and the spectral changes are assigned to the forma-
tion of a substituted phenanthroline π-anion radical.[34b]

The spectral changes that occur during the CuI/CuII oxi-
dation of the bis-phenanthroline compound 4b in CH2Cl2
are shown in Figure 10 (a).

The initial broad visible band at λmax = 474 nm decreases
upon the formation of a CuII species, and this compound
has bands at λmax = 230, 274, and 313 nm, similar to the
those in the spectrum of the CuII mono-phenanthroline
compound 3f.
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At an applied reducing potential of Eapp = –1.50 V (Fig-
ure 10, b), the broad visible band of 4b at λmax = 474 nm
disappears, and no new visible bands are seen. This is dif-
ferent from the spectrum of the Cu0 species obtained for 3f,
probably because of a rapid ligand dissociation in 4b. The
cyclic voltammograms of 3f and 4b in CH2Cl2 (see Fig-
ures 6 and 8) also suggest this occurrence.

Thus, systematic electrochemical and spectroelectro-
chemical studies of copper(I) complexes with diethoxyphos-
phoryl-1,10-phenanthrolines have shown that the steric hin-
drance of the metal center is a key factor for the overall
oxidation/reduction process. Bulky and weakly coordinat-
ing ligands dissociate quite readily, and this leads to
irreversible behavior of the systems. Ligand dissociation
may proceed in copper(I) complexes during redox processes,
and this changes the coordination properties of the metal
center. Interestingly, the electronic influence of the electron-
withdrawing diethoxyphosphoryl substituent on the redox
potentials is rather limited, whereas the steric effects of this
substituent at the α position are much more pronounced
and are observed for the studied complexes in both series.

To gain a deeper insight into the behavior of the newly
synthesized complexes in solution, detailed multinuclear
NMR studies were undertaken, supplemented by high-reso-
lution electrospray ionization mass spectrometry (ESI-MS)
investigations.

Structural Determination in Solution

The solution behavior of the homoleptic and heteroleptic
complexes is rather different because all of the ligands at the
copper(I) center are involved in ligand-exchange reactions.
Moreover, the solution speciation in each series is depend-
ent of the location of the phosphorus substituent on the
phenanthroline backbone and the nature of the solvent.

In the ESI/MS spectra of the bis-chelate complexes 4a–
4c in CH2Cl2/methanol solutions, the major peaks are at-
tributed to the loss of the hexafluorophosphate counterion
[4 – PF6]+ (m/z = 695.123). Small peaks corresponding to
the consecutive loss of hexafluorophosphate and one phen-
anthroline ligand [4 – PF6 – 1]+ (m/z = 379.026) and the
peaks of free ligands [1 + Na]+ (m/z = 339.087) are also
observed for 4a and 4b (Figure S7). In the spectrum of 4e,
the intensities of the corresponding peaks [4e – PF6 – 1e]+

and [1e + Na]+ are higher than that of [4e – PF6]+, which
indicates that ligand dissociation is favored by the steric
hindrance of the copper(I) center (Figure S8).

Additional structural information can be extracted from
the 1H and 31P NMR spectra of 4a–4c and 4e because all
of the expected signals are observed as distinct and often
as sharp signals.

The number and splitting patterns of the 1H NMR reso-
nances indicate the presence of only one major species in
the studied CD2Cl2 and CDCl3 solutions. The binding of
the copper(I) ion induces pronounced spectral changes in
the 1H NMR spectra of ligands 1a–1c and 1e, especially in
the low-field region; this reflects the coordination of the
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phenanthroline moiety to the copper(I) ion by two nitrogen
atoms. In the aliphatic region, the 1H NMR resonances of
the ethoxy groups were shifted upfield (by more than Δδ =
0.7 ppm for the CH2 resonances and Δδ = 0.4 ppm for the
CH3 signals) only in the spectra of 4a and 4e bearing the
α-diethoxyphosphoryl substituent; thus, the presence of a
second phenanthroline ligand on the metal center is indi-
cated (Figures S9 and S11). Another piece of evidence is
provided by two characteristic ABPX3 spin systems corre-
sponding to the ethoxy groups in 4a. The corresponding
resonances of 4b and 4c are simpler and resemble those of
the free ligands with two equivalent ethoxy groups (Figure
S13). This simplification could be related to a rapid ligand
exchange.

Thus, according to the NMR spectroscopic data and in
agreement with the solid-state and electrochemical studies
for 4a and 4e, mononuclear bis-chelate species exist in the
CD2Cl2 or CDCl3 solutions of 4a–4c and 4e. However,
these complexes seem to be labile at room temperature.

To gain a deeper insight into the ligand-exchange reac-
tions, 4a and 4e were mixed together in different ratios in
CD2Cl2, and the solutions were studied by 1H and 31P
NMR spectroscopy. The spectra were recorded at room
temperature just after the dissolution of the compounds
(Figures S14 and S15). Three sets of narrow signals attrib-
uted to the homoleptic complexes 4a and 4e and the mixed-
ligand species [Cu(1a)(1e)]PF6 (4g) were observed in the
spectra; therefore, there is a rapid ligand exchange [Equa-
tion (3)].

(3)

The intensity of the NMR signals was independent of
the time, and more than a 2.5-fold excess of 4e over 4a
was needed for quantitative formation of the heteroleptic
complex 4g from 4a (Figure S14b). This result indicates that
4a is more stable, and the ligand dissociation is more fa-
vored in sterically bulky 4e than it is in 4a.

When the spectra of 4a and 4e were recorded in a coordi-
nating solvent such as CD3CN, the bis-chelate was the
major species only for 4a (Figure S16). In the spectrum of
the bulky complex 4e, two sets of sharp signals were ob-
served in an 8:1 ratio (Figure S17). The minor signals are
attributed to the expected bis-chelate. The major set of sig-
nals are only slightly deshielded compared to those of the
free ligand and are ascribed to a mixture of the heteroleptic
chelate 5e and the free ligand 1e in rapid equilibrium [Equa-
tion (4)].

(4)

This behavior is in good accordance with the electro-
chemical data obtained for 4e in PhCN described above.

As seen in Figure 4, two substituted phenanthroline li-
gands with bulky P(O)(OEt)2 groups closely surround the
CuI ion in 4e. One would expect that steric repulsion be-
tween the two phenanthroline ligands could lead to the re-
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placement of one phenanthroline ligand by two smaller sol-
vent molecules. This ligand exchange could occur in the co-
ordinating CD3CN but not in the noncoordinating CD2Cl2.

The solution behavior of 3a–3d and 3f was more compli-
cated. In the ESI/MS spectra of 3a–3d and 3f in CH2Cl2/
methanol solutions, the expected peaks corresponding to
the loss of bromide ions [M – Br]+ (m/z = 641.117 for 3a–3d
and m/z = 777.145 for 3f) were observed for all compounds.
However, additional peaks attributed to [CuL2]+ ions (m/z
= 695.123 for 3a–3d and m/z = 967.180 for 3f) also ap-
peared; therefore, more than one species could exist under
the solution conditions (Figure S18). The intensity of the
peaks was dependent of the ligand and decreased when the
spectra were recorded in the presence of triphenylphos-
phine.

However, according to the 1H and 31P NMR spectro-
scopic data, the mononuclear heteroleptic species
Cu(L)(PPh3)Br were prevalent in CDCl3 or CD2Cl2 solu-
tions (Figures S19–S22). The splitting pattern of tri-
phenylphosphine closely resembles that observed for
Cu(PPh3)3Br in these solvents, which indicates that this li-
gand was coordinated to the copper(I) ion. All expected
resonances of the 1,10-phenanthroline ligand were well-re-
solved, and largest chemical shift variations were observed
for the α protons, which were shielded due to ring current
effects of the phenyl substituents of the triphenylphosphine
ligand. On the other hand, the 1H NMR resonances as-
signed to the diethoxyphosphoryl substituent were pretty
much the same as those of the free ligands, which indicates
that this group was not coordinated to the metal center.

In contrast, the 1H NMR spectrum of the sterically
bulky 3a in CD2Cl2 at 300 K consisted of a poorly resolved
set of signals, which prevented structure determination
(Figure S23). A decrease of temperature to 250 K resulted
in a resolution gain, and the spectrum showed the presence
of two compounds in the studied solution. The spectro-
scopic data of the major compound are consistent with the
formula Cu(1a)(PPh3)Br. The nonequivalence of the ethoxy
groups induced by the presence of the stereogenic metal
center indicates that the ligand-exchange reactions are slow
on the NMR timescale at this temperature. The structure
of the minor complex [Cu(1a)2]Br (ca. 7%) was determined
with an authentic sample of [Cu(1a)2]PF6 (4a). This com-
plex could be formed after triphenylphosphine dissociation,
followed by further ligand-exchange reactions [Equation
(1)]. Once again, a good agreement was observed between
the electrochemical behavior described above and the NMR
spectroscopic data.

According to the variable-temperature 1H NMR spectro-
scopic data, the exchange between 3a and 4a is slow even
at room temperature, although an increase in temperature
leads to the broadening of all proton resonances owing to
other ligand-exchange reactions.

The 1H NMR spectra of the heteroleptic complexes in
[D4]MeOH indicate that the ligand exchange proceeds read-
ily in this coordinating solvent. For 3c in [D4]MeOH, the
broad signals are only slightly shifted compared to those in
CD2Cl2 and are markedly different from those of [Cu(1c)2]-
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PF6 (4c). A gradual temperature decrease from 300 to
210 K resulted in a significant evolution of the spectrum
(Figure 11).

Figure 11. Variable-temperature 1H NMR spectra of 3c in [D4]-
MeOH. The atom numbering is displayed in Scheme 3. Two sets of
resonances corresponding to 3c and 6c are noted as IH and IIH,
respectively.

Two sets of narrow signals were observed for the phen-
anthroline ligand at low temperature. They were quite sim-
ilar to each other and are attributed to Cu(1c)(PPh3)Br (3c)
and [Cu(1c)(PPh3)(CD3OD)]Br (6c) [Equation (5)].

(5)

When the temperature was increased, the signals of the
corresponding phenanthroline protons coalesced into broad
lines, which indicates that the replacement of bromine by a
methanol molecule is rapid at room temperature. Consistent
with this behavior, the two phosphorus signals of the di-
ethoxyphosphoryl group at 250 K in the 31P NMR spec-
trum collapsed into a broad signal at δ = 13.1 ppm at room
temperature, and the 31P resonance of the triphenylphos-
phine ligand at δ = –2 ppm was significantly broadened
over all examined temperature ranges.

The chemical shifts of the phenanthroline protons for the
major species of 3a in [D4]MeOH are in good agreement
with those of [Cu(1a)2]PF6 (Figures 12 and S25). The minor
compound observed as a set of broad signals is tentatively
assigned to Cu(1a)(PPh3)Br on the basis of the splitting
pattern of the PO(OEt)2 protons and the chemical shifts of
the phenanthroline ligand.

The ratio of the two complexes in this solvent is signifi-
cantly different from that in CD2Cl2, and the homoleptic
bis-chelate is a major species (above 70 %). Cooling the
solution of 3a to 230 K afforded narrow sets of proton reso-
nances, as was observed in CD2Cl2. As shown in Figure 12,
the exchange between the homoleptic and heteroleptic com-
plexes is slow even at room temperature, but the mixed-
ligand complex is involved in ligand-dissociation reactions
[a possible process can involve bromine substitution by a
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Figure 12. Variable-temperature 1H NMR spectra of 3a in [D4]-
MeOH. The atom numbering for a major solution species 4a is
displayed in Scheme 4. The signals of a minor species that shows
dynamic behavior are marked by * (see text for further explana-
tion).

methanol molecule as represented for 3c in Equation (5)].
Interestingly, the chemical shifts and splitting pattern of tri-
phenylphosphine in this solution resemble those for a pure
sample of PPh3 and look much different from that of
Cu(PPh3)3Br, which indicates a weak binding of this ligand
to the copper(I) ion (Figures S26 and S27).

Thus, the heteroleptic (diethoxyphosphoryl)phenanthrol-
ine complexes 3a–3d and 3f are labile in solution, and a
coordinating solvent molecule replaces a bromide ligand in
the inner coordination sphere of the metal center. The cop-
per(I) complexes with α-substituted phenanthrolines easily
dissociate, even in noncoordinating solvents such as CH2Cl2
and CHCl3. Ligand exchange reactions that afford less ste-
rically hindered species are observed under these solution
conditions, as displayed, for example, by Equation (1).

Notably, a good agreement between the NMR and elec-
trochemical studies was observed in both coordinating and
noncoordinating solvents, which indicates the key influence
of the ligand dissociation from copper(I) complexes on the
overall oxidation/reduction processes of the studied com-
plexes.

The above-described solution behavior of the copper(I)
complexes 3a–3d, 3f, 4a–4c, and 4e clearly indicates how
steric hindrance around the metal center influences the li-
gand-exchange reactions and shows that the solution behav-
ior of the copper(I) complexes is hardly predictable. This
behavior of copper(I) complexes could also be one of the
reasons why the choice of experimental conditions for cata-
lytic reactions is much more difficult for Cu-catalyzed cou-
pling reactions as compared to reactions that are catalyzed
by palladium complexes.[15]

Conclusions

Two series of diethoxyphosphoryl-substituted 1,10-phen-
anthroline copper(I) complexes bearing only phenanthrol-
ine ligands or one phenanthroline and one triphenylphos-
phine ligand were obtained and characterized in the solid
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state and in solution. In all of the complexes, the (diethoxy-
phosphoryl)phenanthroline ligands donate only four elec-
trons of the two nitrogen atoms to the metal centers. The
diethoxyphosphoryl group is not coordinated to the metal
center and influences the structural parameters and the
solution behavior of the complexes mainly through steric
effects. These complexes are labile in solution, and the solu-
tion equilibria were studied by NMR spectroscopy and
electrochemistry. All of the ligands at the copper(I) center
can be involved in ligand-exchange reactions, and the solu-
tion speciation is determined both by the nature of the sol-
vent and the location of the phosphorus substituent on the
phenanthroline backbone. Coordinating solvents can re-
place bromide ligand, the triphenylphosphine ligand, and
even the phenanthroline ligand in the inner coordination
sphere of the metal center. Copper(I) complexes with α-sub-
stituted phenanthrolines easily dissociate, even in nonco-
ordinating solvents such as CH2Cl2 and CHCl3. Dispro-
portion reactions to afford less sterically hindered species
are observed under these solution conditions. These studies
demonstrate the interest of diethoxyphosphoryl-substituted
1,10-phenanthroline copper(I) complexes for catalysis. In-
deed, these readily available air-stable complexes may be
useful for a search of efficient catalytic systems for various
copper(I)-catalyzed reactions. Currently, efforts are un-
derway to show their efficiency in different catalytic trans-
formations and to immobilize these catalysts on a titania
support.

Experimental Section
General Remarks: All chemicals except for the phenanthroline
phosphonates were of commercial quality (Aldrich, Acros) and
used as received. The phenanthroline phosphonates were obtained
according to our previous report.[6] Complex 3g was prepared by a
literature procedure.[8a] Dichloromethane for the preparation of 3a–
3c and 3f was dried by distillation over phosphorus(V) oxide under
N2. Silica gel 60 (0.07–0.20 mm, 230–400 mesh ASTM, Merck) was
used for column chromatography. The 1H, 13C, and 31P NMR spec-
tra were recorded with a Bruker Avance 300 III NanoBay spec-
trometer and with a Bruker Avance III 600 spectrometer. All chem-
ical shifts δ are referenced to residual solvent peaks as internal stan-
dards for 1H and 13C and phosphoric acid (H3PO4) as an external
standard for 31P NMR spectroscopy. The UV/Vis spectra were re-
corded with a Varian Cary 100 spectrophotometer. The mass spec-
tra were obtained in linear mode with a Bruker Proflex III
MALDI-TOF mass spectrometer with a dithranol as matrix, and
accurate mass measurements (HRMS) were obtained with an Or-
bitrap ESI-TOF mass spectrometer. The IR spectra were recorded
with a Nexus (Nicolet) FTIR spectrophotometer. The measure-
ments were performed at the “Pôle Chimie Moléculaire”, the tech-
nological platform for chemical analysis and molecular synthesis
(http://www.wpcm.fr), which relies on the Institute of the Molecu-
lar Chemistry of University of Burgundy and WelienceTM, a Bur-
gundy University private subsidiary.

Cu(1a)(PPh3)Br (3a): In an Erlenmeyer flask equipped with a Tef-
lon-coated magnetic stirrer, tris(triphenylphosphine)copper(I)
bromide (135 mg, 0.145 mmol) was added to chloroform (10 mL).
After complete dissolution of the solid, diethyl (1,10-phenan-
throlin-2-yl)phosphonate (1a; 55 mg, 0.174 mmol) was added. The
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colorless solution immediately turned red. The reaction mixture
was stirred at room temp. for 10 min. The solvent was then evapo-
rated under vacuum, and the orange residue was dissolved in
dichloromethane (10 mL). This solution was layered with diethyl
ether (30 mL). The product was isolated by filtration and dried in
vacuo, yield 65 mg (63%), m.p. 152 °C. IR (KBr pellet): ν̃ = 2983,
1482, 1435, 1385, 1254, 1165, 1095, 1011, 963, 854, 742, 694 cm–1.
1H NMR (300 MHz, CDCl3, 25 °C): δ = 1.12 (br s, 6 H, CH3),
4.05 (br s, 4 H, CH2), 7.20–7.33 (m, 9 H, Ph p-H, m-H), 7.47–7.53
(br m, 6 H, Ph o-H) 7.59 (br s, 1 H, 8-H), 7.90 (br s, 2 H, 5-H, 6-
H), 8.27 (br s, 1 H, 3-H), 8.49–8.54 (br m, 3 H, 4-H, 7-H, 9-H)
ppm. 31P NMR (121 MHz, CDCl3, 25 °C): δ = 10.4 ppm. UV/Vis
(CH2Cl2): λmax (log ε) = 230 (4.51), 273 (4.50), 463 (3.15) nm.
HRMS (ESI): calcd. for C34H32CuN2O3P2 [M – Br]+ 641.1179;
found 641.1167. C34H32BrCuN2O3P2 (722.03): calcd. C 56.56, H
4.47, N 3.88; found C 56.09, H 4.15, N 3.35.

Cu(1b)(PPh3)Br (3b): The same procedure was used as that for the
synthesis of 3a with tris(triphenylphosphine)copper(I) bromide
(221 mg, 0.237 mmol) and diethyl (1,10-phenanthrolin-3-yl)phos-
phonate (1b; 90 mg, 0.285 mmol) in chloroform (10 mL). Yellow
crystals were obtained, yield 67% yield (115 mg), m.p. 179–180 °C.
IR (KBr pellet): ν̃ = 2980, 1580, 1477, 1427, 1250, 1041, 1009, 963,
830, 751, 696 cm–1. 1H NMR (300 MHz, CDCl3, 25 °C): δ = 1.31
(t, 3JH,H = 7.0 Hz, 6 H, CH3), 4.13 (m, 4 H, CH2), 7.21–7.31 (br
m, 9 H, Ph p-H, m-H), 7.42–7.48 (br m, 6 H, Ph o-H), 7.71 (br s,
1 H, 8-H), 7.91 (br s, 2 H, 5-H, 6-H), 8.33 (br d, 3JH,H = 7.8 Hz,
1 H, 7-H), 8.81 (br d, 3JH,P = 14.5 Hz, 1 H, 4-H), 9.00 (br s, 1 H,
9-H), 9.23 (br s, 1 H, 2-H) ppm. 31P NMR (121 MHz, CDCl3,
25 °C): δ = 13.9 ppm. UV/Vis (CH2Cl2): λmax (log ε) = 271 (4.57),
409 (3.31) nm. HRMS (ESI): calcd. for C34H32CuN2O3P2 [M –
Br]+ 641.1179; found 641.1165. C34H32BrCuN2O3P2 (722.03):
calcd. C 56.56, H 4.47, N 3.88; found C 56.27, H 4.35, N 3.81.

Cu(1c)(PPh3)Br (3c): The same procedure was used as that for the
synthesis of 3a with tris(triphenylphosphine)copper(I) bromide
(194 mg, 0.208 mmol) and diethyl (1,10-phenanthrolin-4-yl)phos-
phonate (1c; 79 mg, 0.25 mmol). Orange crystals were obtained,
yield 82% (147 mg), m.p. 167–168 °C. IR (KBr pellet): ν̃ = 2979,
1505, 1473, 1430, 1376, 1255, 1155, 1095, 1015, 962, 832, 741,
694 cm–1. 1H NMR (300 MHz, CDCl3, 25 °C): δ = 1.34 (t, 3JH,H =
7.0 Hz, 6 H, CH3), 4.20 (m, 4 H, CH2), 7.23–7.33 (m, 9 H, Ph p-
H, m-H), 7.45–7.51 (m, 6 H, Ph o-H), 7.70 (dd, 3JH,H = 7.8 Hz,
3JH,H = 4.6 Hz, 1 H, 8-H), 7.96 (br d, 3JH,H = 9.2 Hz, 1 H, 6-H),
8.17 (br dd, 3JH,P = 15.1 Hz, 3JH,H = 4.6 Hz, 1 H, 3-H), 8.33 (br
d, 3JH,H = 8.2 Hz, 1 H, 7-H), 8.58 (br d, 3JH,H = 9.2 Hz, 1 H,
5-H), 9.01 (br m, 2 H, 2H, 9-H) ppm. 31P NMR (121 MHz,
CDCl3, 25 °C): δ = 13.4 ppm. UV/Vis (CH2Cl2): λmax (logε) = 231
(4.71), 279 (4.54), 414 (3.46) nm. HRMS (ESI): calcd. for
C34H32CuN2O3P2 [M – Br]+ 641.1179; found 641.1166.
C34H32BrCuN2O3P2 (722.03): calcd. C 56.56, H 4.47, N 3.88; found
C 56.24, H 4.56, N 3.86.

Cu(1d)(PPh3)Br (3d): The same procedure was used as that for the
synthesis of 3a with tris(triphenylphosphine)copper(I) bromide
(212 mg, 0.228 mmol) and diethyl (1,10-phenanthrolin-5-yl)phos-
phonate (1d; 87 mg, 0.273 mmol). Orange crystals were obtained,
yield 77% (127 mg), m.p. 110–111 °C. IR (KBr pellet): ν̃ = 2979,
1510, 1479, 1430, 1268, 1154, 1098, 1018, 973, 797, 738, 695 cm–1.
1H NMR (300 MHz, CDCl3, 25 °C): δ = 1.33 (t, 3JH,H = 7.0 Hz, 6
H, CH3), 4.20 (m, 4 H, CH2), 7.23–7.33 (m, 9 H, Ph p-H, m-H),
7.46–7.52 (m, 6 H, Ph o-H), 7.72 (br dd, 3JH,H = 8.2 Hz, 3JH,H =
4.6 Hz, 1 H, 3-H, 8-H), 8.39 (br d, 3JH,H = 8.2 Hz, 1 H, 7-H), 8.67
(br d, 3JH,P = 17.3 Hz, 1 H, 6-H), 8.91 (br d, 3JH,H = 8.2 Hz, 1 H,
4-H), 9.03 (br m, 2 H, 2-H, 9-H) ppm. 31P NMR (121 MHz,
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CDCl3, 25 °C): δ = 15.4 ppm. UV/Vis (CH2Cl2): λmax (log ε) = 231
(4.73), 270 (4.56), 401 (3.47) nm. HRMS (ESI): calcd. for
C34H32CuN2O3P2 [M – Br]+ 641.1179; found 641.1167.
C34H32BrCuN2O3P2 (722.03): calcd. C 56.56, H 4.47, N 3.88; found
C 56.49, H 4.56, N 3.75.

Cu(1f)(PPh3)Br (3f): The same procedure was used as that for the
synthesis of 3a with tris(triphenylphosphine)copper(I) bromide
(150 mg, 0.161 mmol) and diethyl (1,10-phenanthrolin-3,8-diyl)-
phosphonate (1f; 87 mg, 0.192 mmol). Orange crystals were ob-
tained, yield 82% (103 mg), m.p. 175 °C. IR (KBr pellet): ν̃ = 2982,
1574, 1478, 1435, 1373, 1253, 1145, 1096, 1050, 1018, 961, 809,
747, 696 cm–1. 1H NMR (300 MHz, CDCl3, 25 °C): δ = 1.31 (t,
3JH,H = 7.0 Hz, 12 H, CH3), 4.14 (m, 8 H, CH2), 7.20–7.21 (m, 9
H, Ph p-H, m-H), 7.39–7.44 (m, 6 H, Ph o-H), 7.98 (s, 2 H, 5-H,
6-H), 8.84 (d, 3JH,P = 14.3 Hz, 2 H, 4-H, 7-H), 9.26 (br s, 2 H, 2-
H, 9-H) ppm. 31P NMR (121 MHz, CDCl3, 25 °C): δ = 13.4 ppm.
UV/Vis (CH2Cl2): λmax (log ε) = 234 (4.40), 272 (4.31), 432 (3.31)
nm. HRMS (ESI): calcd. for C38H41CuN2O6P3 [M – Br]+ 777.1468;
found 777.1455. C38H41BrCuN2O6P3 (858.12): calcd. C 56.56, H
4.47, N 3.88; found C 56.49, H 4.56, N 3.75.

[Cu(1a)2]PF6 (4a): Diethyl (1,10-phenanthrolin-2-yl)phosphonate
(1a; 143 mg, 0.45 mmol) was dissolved in dichloromethane (10 mL)
under Ar. A solution of Cu(CH3CN)4PF6 (74.6 mg, 0.2 mmol) in
dichloromethane (10 mL) was prepared under Ar and then added
with a syringe to the ligand solution. The reaction mixture was
stirred at room temp. for 10 min. Then, the solution was cooled
and concentrated in vacuo to afford a solid, which was dissolved
in dichloromethane (5 mL). This solution was layered with diethyl
ether (20 mL), and the precipitate was collected by filtration and
dried under vacuum. Red crystals were obtained, yield 92%
(155 mg), m.p. 232 °C. IR (KBr pellet): ν̃ = 2992, 1622, 1600, 1582,
1484, 1441, 1419, 1383, 1249, 1165, 1096, 1041, 1011, 968, 836,
734 cm–1. 1H NMR (300 MHz, CD2Cl2, 25 °C): δ = 0.71 (t, 3JH,H

= 7.1 Hz, 6 H, CH3), 0.87 (t, 3JH,H = 7.1 Hz, 6 H, CH3), 3.40 (m,
4 H, CH2), 3.55 (m, 4 H, CH2), 7.93 (dd, 3JH,H = 8.1 Hz, 3JH,H =
4.8 Hz, 2 H, 8-H), 8.12 (d, 3JH,H = 9.0 Hz, 2 H, 6-H), 8.18 (d, 3JH,H

= 9.0 Hz, 2 H, 5-H), 8.40 (dd, 3JH,P = 8.2 Hz, 3JH,H = 6.1 Hz, 2 H,
3-H), 8.62 (dd, 3JH,H = 8.1 Hz, 3JH,H = 1.5 Hz, 2 H, 7-H), 8.67 (dd,
3JH,H = 8.2 Hz, 3JH,H = 4.4 Hz, 2 H, 4-H), 8.93 (dd, 3JH,H = 4.8 Hz,
3JH,H = 1.5 Hz, 2 H, 9-H) ppm. 13C NMR (75 MHz, CD2Cl2,
25 °C): δ = 16.3 (d, 3JC,P = 5.5 Hz), 16.5 (d, 3JC,P = 5.5 Hz), 63.1
(d, 2JC,P = 5.2 Hz), 63.2 (d, 2JC,P = 5.2 Hz), 126.3, 127.4 (d, 5JC,P

= 1.3 Hz), 129.0 (d, 2JC,P = 21.8 Hz), 129.5, 130.2, 131.0 (d, 4JC,P

= 3.1 Hz), 137.4 (d, 3JC,P = 11.1 Hz), 137.5, 144.5, 145.9 (d, 2JC,P

= 20.2 Hz), 149.7, 150.7 (d, 1JC,P = 220.7 Hz) ppm. 31P NMR
(121 MHz, CD2Cl2, 25 °C): δ = 9.1, 144.5 ppm. UV/Vis (CH2Cl2):
λmax (log ε) = 230 (4.79), 257 (4.64), 278 (4.86), 341 (3.62), 484
(3.85) nm. HRMS (ESI): calcd. for C32H34CuN4O6P2 [M – PF6]+

695.1244; found 695.1234. C32H34CuF6N4O6P3·0.5(CH2Cl2)
(883.57): calcd. C 44.18, H 3.99, N 6.34; found C 44.18, H 3.93, N
6.35.

[Cu(1b)2]PF6 (4b): The same procedure was used as that for the
synthesis of 4a with Cu(CH3CN)4PF6 (67.8 mg, 0.18 mmol) and
diethyl (1,10-phenanthrolin-3-yl)phosphonate (1b; 126 mg,
0.4 mmol). Dark-brown crystals were obtained, yield 88%
(133 mg), m.p. 130 °C. IR (KBr pellet): ν̃ = 2984, 1682, 1586, 1505,
1478, 1443, 1425, 1394, 1368, 1239, 1137, 1018, 964, 834, 742,
670 cm–1. 1H NMR (300 MHz, CD2Cl2, 25 °C): δ = 1.30 (t, 3JH,H

= 7.1 Hz, 12 H, CH3), 4.16 (m, 8 H, CH2), 7.96 (br s, 2 H, 8-H),
8.18 (br s, 4 H, 5-H, 6-H), 8.64 (d, 3JH,H = 8.1 Hz, 2 H, 7-H), 8.93
(br s, 2 H, 9-H), 8.96 (br d, 3JH,P = 8.4 Hz, 2 H, 4-H), 9.15 (br s,
2 H, 2-H) ppm. 31P NMR (121 MHz, CD2Cl2, 25 °C): δ = 13.1,
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144.6 ppm. UV/Vis (CH2Cl2): λmax (log ε) = 231 (4.86), 250
(4.71), 272 (4.84), 470 (3.85) nm. HRMS (ESI): calcd. for
C32H34CuN4O6P2 [M – PF6]+ 695.1244; found 695.1233.
C32H34CuF6N4O6P3·0.5(CH2Cl2) (883.57): calcd. C 44.18, H 3.99,
N 6.34; found C 44.74, H 3.97, N 6.52.

[Cu(1c)2]PF6 (4c): The same procedure was used as that for
the synthesis of 4a with Cu(CH3CN)4PF6 (32 mg, 0.085 mmol)

Table 4. Crystal data for 3a, 3c, 3d, 3f, 4a and 4e.

3a 3c 3d

Empirical formula C34H32BrCuN2O3P2 C34H32BrCuN2O3P2 C38H42BrCuN2O4P2

Formula weight 722.00 722.00 796.12
T [K] 115 115 115
Crystal system monoclinic monoclinic monoclinic
Space group P21/c P21/c P21/c
a [Å] 13.9612(6) 9.0943(3) 8.9662(2)
b [Å] 14.0230(6) 14.9473(5) 13.7514(3)
c [Å] 18.8623(8) 22.9609(6) 29.6049(6)
α [°] 90 90 90
β [°] 120.887(3) 96.2310(10) 97.3220(10)
γ [°] 90 90 90
V [Å3] 3169.1(2) 3102.76(17) 3620.45(13)
Z 4 4 4
ρcalcd. [mgmm–3] 1.513 1.546 1.461
μ [mm–1] 2.089 2.133 1.838
F(000) 1472.0 1472.0 1640.0
Crystal size [mm] 0.15�0.06�0.05 0.35�0.15� 0.12 0.25�0.05�0.05
2Θ range for data collection [°] 7.288 to 54.894 4.49 to 54.934 4.058 to 54.998
Index ranges –18�h�18, –15�k� 18, –11�h�11, –19�k�19, –11�h�11, –17 �k�17,

–24� l�24 –28� l�29 –38 � l�38
Reflections collected 12333 28262 15409
Independent reflections 7021 [R(int) = 0.0629] 7077 [R(int) = 0.0663] 8248 [R(int) = 0.0340]
Data/restraints/parameters 7021/0/233 7077/0/390 8248/22/417
Goodness-of-fit on F2 1.166 1.160 1.103
Final R indexes [I�2σ(I)] = 0.1045, wR2 = 0.2434 R1 = 0.0667, wR2 = 0.1727 R1 = 0.0563, wR2 = 0.1009
Final R indexes [all data] R1 = 0.1500, wR2 = 0.2723 R1 = 0.0768, wR2 = 0.1788 R1 = 0.0757, wR2 = 0.1104
Largest diff. peak/hole [eÅ–3] 1.58/–1.03 1.26/–0.94 1.27/–2.16

3f 4a 4e

Empirical formula C38H41BrCuN2O6P3 C32H34Cu F6N4O6P3 C41H54Cl2CuF6N4O12P5

Formula weight 858.09 841.08 1198.17
T [K] 115 115 115
Crystal system triclinic monoclinic monoclinic
Space group P1̄ C2/c P21/c
a [Å] 9.6822(4) 17.3850(7) 15.7069(5)
b [Å] 11.3919(4) 12.4191(4) 21.2043(7)
c [Å] 18.5870(8) 17.2407(11) 17.2286(6)
α [°] 95.640(2) 90 90
β [°] 98.783(2) 113.715(2) 114.662(2)
γ [°] 104.948(2) 90 90
V [Å3] 1937.07(14) 3408.0(3) 5214.7(3)
Z 2 4 4
ρcalcd. [mgmm–3] 1.471 1.639 1.526
μ [mm–1] 1.766 0.866 0.757
F(000) 880.0 1720.0 2464.0
Crystal size [mm] 0.3�0.15�0.15 0.3� 0.1�0.07 0.25�0.25�0.15
2Θ range for data collection [°] 5.31 to 72.28 5.162 to 57.842 4.786 to 65.794
Index ranges –16�h�15, –18� k�18, –23�h�23, –16�k�16, –23�h �23, –32�k�32,

–30� l�30 –23� l �23 –26� l�26
Reflections collected 128080 36106 152981
Independent reflections 18159 [R(int) = 0.0708] 4497 [R(int) = 0.0768] 19458 [R(int) = 0.0759]
Data/restraints/parameters 18159/12/468 4497/12/217 19458/10/677
Goodness-of-fit on F2 1.019 1.051 1.041
Final R indexes [I�2σ(I)] R1 = 0.0397, wR2 = 0.0788 R1 = 0.0744, wR2 = 0.1738 R1 = 0.0459, wR2 = 0.1080
Final R indexes [all data] R1 = 0.0776, wR2 = 0.0908 R1 = 0.1013, wR2 = 0.1938 R1 = 0.0758, wR2 = 0.1242
Largest diff. peak/hole [eÅ–3] 0.90/–0.82 2.73/–2.53 1.19/–1.15
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and diethyl (1,10-phenanthrolin-4-yl)phosphonate (1c; 55 mg,
0.172 mmol). Dark-brown crystals were obtained, yield 58%
(45 mg), m.p. 123 °C. IR (KBr pellet): ν̃ = 2989, 1621, 1599, 1497,
1444, 1424, 1386, 1254, 1159, 1104, 1016, 963, 830, 728 cm–1. 1H
NMR (300 MHz, CD2Cl2, 25 °C): δ = 1.37 (t, 3JH,H = 7.1 Hz, 12
H, CH3), 4.27 (m, 8 H, CH2), 7.95 (dd, 3JH,H = 8.1 Hz, d, 3JH,H =
4.6 Hz, 2 H, 8-H), 8.22 (d, 3JH,H = 9.3 Hz, 2 H, 6-H), 8.36 (dd,
3JH,P = 14.8 Hz, 3JH,H = 4.4 Hz, 2 H, 3-H), 8.65 (d, 3JH,H = 8.1 Hz,
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2 H, 7-H), 8.78 (d, 3JH,H = 9.3 Hz, 2 H, 5-H), 8.90 (br d, 3JH,H =
4.6 Hz, 2 H, 9-H), 8.93 (br dd, 3JH,H = 4.4 Hz, 3JH,P = 3.9 Hz,
2 H, 2-H) ppm. 31P NMR (121 MHz, CD2Cl2, 25 °C): δ = 12.3,
144.6 ppm. UV/Vis (CH2Cl2): λmax (log ε) = 231 (4.85), 253
(4.67), 270 (4.84), 462 (3.82) nm. HRMS (ESI): calcd. for
C32H34CuN4O6P2 [M – PF6]+ 695.1244; found 695.1232.
C32H34CuF6N4O6P3·0.5(CH2Cl2) (883.57): calcd. C 44.18, H 3.99,
N 6.34; found C 43.74, H 3.26, N 6.65.

[Cu(1e)2]PF6 (4e): The same procedure was used as that for the
synthesis of 4a with Cu(CH3CN)4PF6 (37.2 mg, 0.10 mmol) and
tetraethyl (1,10-phenanthrolin-2,9-diyl)phosphonate (1e; 95 mg,
0.21 mmol). Red-brown crystals were obtained, yield 87% (97 mg),
m.p. �300 °C. IR (KBr pellet): ν̃ = 2986, 1623, 1599, 1477, 1444,
1392, 1354, 1269, 1162, 1098, 1017, 944, 836, 778 cm–1. 1H NMR
(300 MHz, CDCl3, 25 °C): δ = 0.85 (t, 3JH,H = 7.0 Hz, 24 H, CH3),
3.49 (m, 16 H, CH2), 8.17 (s, 4 H, 5-H, 6-H), 8.40 (dd, 3JH,P =
8.1 Hz, 3JH,H = 6.1 Hz, 4 H, 3-H, 8-H), 8.69 (dd, 3JH,H = 8.1 Hz,
3JH,H = 4.5 Hz, 4 H, 4-H, 7-H) ppm. 13C NMR (75 MHz, CDCl3,
25 °C): δ = 16.22 (d, 3JC,P = 5.6 Hz), 62.63 (d, 2JC,P = 6.1 Hz),
128.90 (d, 2JC,P = 21.8 Hz), 129.05, 131.05 (d, 4JC,P = 3.4 Hz),
136.70 (d, 3JC,P = 10.9 Hz), 145.26 (d, 2JC,P = 20.8 Hz), 149.61 (d,
1JC,P = 225.7 Hz) ppm. 31P NMR (121 MHz, CDCl3, 25 °C): δ =
9.5, 144.3 ppm. UV/Vis (CH2Cl2): λmax (log ε) = 232 (4.77), 270
(4.79), 360 (3.52), 521 (3.93) nm. HRMS (ESI): calcd. for
C40H52CuN4O12P4 [M – PF6]+ 967.1823; found 967.1813.
C40H52CuF6N4O12P5·1.5(CH2Cl2) (1240.68): calcd. C 40.18, H
4.47, N 4.52; found C 40.25, H 4.16, N 4.63.

X-ray Crystallography: Yellow crystals of 3c, red single crystals of
the mixed-ligand complexes 3a, 3d, and 3f, and red-brown crystals
of bis-chelates 4a and 4e were obtained by slow diffusion of diethyl
ether into dichloromethane solutions of the complexes (Table 4).

X-ray Equipment and Refinement: The diffraction data were col-
lected with a Nonius Kappa Apex II diffractometer equipped with
a nitrogen jet stream low-temperature system (Oxford Cryosys-
tems). The X-ray source was graphite-monochromated Mo-Kα ra-
diation (λ = 0.71073 Å) from a sealed tube. The lattice parameters
were obtained by least-squares fits to the optimized setting angles
of the entire sets of collected reflections. No significant intensity
decay or temperature drift was observed during the data collection.
The data were reduced by using DENZO[35] or SAINT[36] software
without applying absorption corrections; the missing absorption
corrections were partially compensated by the data scaling pro-
cedure in the data reduction, except for 3c and 3f for which
multiscan[37] absorption corrections were applied. The structures
were solved by direct methods by using the SHELXS program.[38]

Full-matrix least-squares refinements on F2 were performed by
using the SHELXL[38,39] program on the complete set of reflections.
Anisotropic thermal parameters were used for non-hydrogen
atoms. All H atoms attached to carbon atoms were placed at calcu-
lated positions by using a riding model with C–H = 0.95 (aro-
matic), 0.99 (methylene), or 0.98 Å (methyl) with Uiso(H) =
1.2Ueq(CH), 1.2Ueq(CH2), or 1.5Ueq(CH3).

For 3a, each aromatic ring from PPh3 and a part of the P(O)-
(OEt)2 group were disordered with ratios of 50(1)/50(1).

For 3d, the P(O)(OEt)2 substituent and a diethyl ether molecule
were disordered with ratios of 75(1)/25(1) and 60(1)/40(1), respec-
tively. The geometric parameters of the disordered components in
each group were restrained by using SAME[38,39] or SADI[38,39] re-
straints.

For 3f, two ethyl groups of P(O)(OEt)2 were disordered with ratios
of 74(1)/26(1) and 59(1)/41(1). The geometric parameters of the
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disordered components in each group were restrained by using
SADI[38,39] restraints.

For 4a and 4e, the geometric parameters of the disordered compo-
nents in PF6 and ethyl groups were restrained by using DFIX[38,39]

restraints.

For 4a, the diethoxyphosphoryl groups were disordered over two
positions, each with 50 % occupancy. This means that two stereo-
isomers cocrystallized in one unit cell, and the two phosphoryl
groups have the following angles: P1–O1–C13–C14 (A: 112.88°, B:
–119.98°) and P1–O3–C15–C16 (A: –66.80°, B: 152.87°).

CCDC-990045 (for 3a), -990047 (for 3c), -990046 (for 3d), -990048
(for 3f), -990049 (for 4a), and -990050 (for 4e) contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Electrochemical and Spectroelectrochemical Measurements: Abso-
lute dichloromethane (Fluka Chemical Co.) was used as received.
Benzonitrile was purchased from Aldrich Chemical Co. and dis-
tilled from P2O5 under vacuum prior to use. Tetra-n-butylammo-
nium perchlorate (TBAP) was purchased from Sigma or Fluka
Chemical Co., recrystallized from ethyl alcohol, and dried under
vacuum at 40 °C for at least one week prior to use.

Cyclic voltammetry was performed with an EG&G Princeton Ap-
plied Research (PAR) 173 potentiostat/galvanostat. A homemade
three-electrode cell was used for cyclic voltammetric measurements
and consisted of a glassy carbon working electrode, a platinum
counter electrode, and a homemade saturated calomel reference
electrode (SCE). UV/Vis spectroelectrochemical experiments were
performed with a home-built thin-layer cell that had a light trans-
parent platinum net working electrode.[40] Potentials were applied
and monitored with an EG&G PAR Model 173 potentiostat. Time-
resolved UV/Vis spectra were recorded with a Hewlett–Packard
Model 8453 diode array spectrophotometer.

Supporting Information (see footnote on the first page of this arti-
cle): ORTEP views of 3a–3d and 3f, ESI mass spectra, 1H, 13C,
and 31P NMR spectra of heteroleptic and homoleptic complexes,
electrochemical data for ligands.
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