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A new series of bimetallic bis(diphenylphosphino)acetylene-bridged copper(I) 1,10-phenanthroline
complexes, [Cu2(dppa)2(L)2](BF4)2; L = 1,10-phenanthroline (1); 4-methyl-1,10-phenanthroline (2);
4,7-dimethyl-1,10-phenanthroline (3); and 2,9-dimethyl-1,10-phenanthroline (4), have been prepared
and characterized by spectroscopic methods. The X-ray structures of 1 and 4 were determined. The
structures consist of centrosymmetric bimetallic 10-membered chair-like dimetallacycles. In 1, inter-
molecular C–H⋯π interactions result in bending of the phenanthroline ligand and sterically induced
lengthening of one Cu–P bond. In 1–4, the 31P NMR downfield coordination shift, relative to the
free ligand, correlates with the basic strength of the 1,10-phenanthroline ligands.

Keywords: Binuclear Cu(I) complexes; Bis(diphenylphosphino)acetylene; 1,10-phenanthroline
derivatives; X-ray structure; 31P NMR
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1. Introduction

Despite early examples [1–8], copper(I) mixed-ligand complexes based on diimines and
phosphines are still receiving considerable attention for their photophysical [9, 10 and refer-
ences therein], catalytic [11], and medicinal properties [12]. The synthesis of polynuclear
species with this mixed-ligand coordination sphere remains intriguing. Many dinuclear
examples based on bridging diphosphinoalkanes have been reported [13, 14]. Special inter-
est was given to bis(diphenylphosphino)acetylene (dppa) [15] as a versatile ligand, since it
can coordinate giving a wide range of bimetallic compounds or coordination polymers
[16–20], some of them exhibiting interesting luminescence properties [21]. We have shown
earlier that the triply-bridged bimetallic [Cu2(dppa)3(CH3CN)2]

2+ reacts with a series of
2,2′-bipyridine derivatives to produce bimetallic species. The X-ray structure, the C≡C
stretching frequency of dppa and 31P NMR chemical shift were used to elucidate the elec-
tronic effect of the 2,2′-bipyridine methyl substitution on bonding in the complexes [22].

We report herein, on the reactivity of [Cu2(dppa)3(CH3CN)2]
2+ with a series of ligands

including 1,10-phenanthroline and its methyl substituted derivatives: 4-methyl-1,10-phenan-
throline; 4,7-dimethyl-1,10-phenanthroline; and 2,9-dimethyl-1,10-phenanthroline. The
spectroscopic and X-ray structure characterization of the bimetallic complexes, obtained
together with the correlation, with the diimine ligand substitution electronic effects are
presented.

2. Experimental

2.1. General information

All manipulations were carried out under nitrogen. [Cu(CH3CN)4]BF4 and [Cu2(dp-
pa)3(CH3CN)2](BF4)2 were prepared as described [16, 23]. Bis(diphenylphosphino)-acety-
lene, 1,10-phenanthroline; 4-methyl-1,10-phenanthroline; 4,7-dimethyl-1,10-phenanthroline;
and 2,9-dimethyl-1,10-phenanthroline were purchased from Aldrich and used as received.
Elemental analyses were performed using a Perkin Elmer EA3000 CHNS/O elemental ana-
lyzer. UV–vis spectra, in dichloromethane from 600 to 200 nm, were recorded on a Perkin
Elmer Lambda EZ 210 spectrometer. Infrared spectra, from 4000 to 400 cm−1 with resolu-
tion of 4.0 cm−1, were recorded on a Perkin Elmer FTIR 16FPC spectrometer. Raman spec-
tra were collected for solid samples using a Nicolet™ NXR FT-Raman spectrometer
equipped with a helium–neon gas laser of frequency 1,5798.250 cm−1, current 0.68A, laser
power 0.1W, and InGaAs detector. 31P NMR spectra were recorded on a JEOL LAMBDA
500 spectrometer. Eighty-five percent of H3PO4 was used as an external reference.

2.2. General procedure for the synthesis of 1–4

[Cu2(dppa)3(CH3CN)2](BF4)2 (0.015 mM) and 1,10-phenanthroline derivatives (0.038 mM)
were placed in an oven-dried 100 mL Schlenk flask, in a glove box sealed with a rubber
septum, and taken out. Freshly distilled, dried dichloromethane (10 mL) was injected
through a septum using a long needle. The mixture was stirred at room temperature for 8 h
to result in a clear orange solution. The latter was filtered and the filtrate was concentrated
to 5 mL, and then carefully layered with 20 mL of diethyl ether to afford, after a few days,
the crystalline products of 1–4.

2358 A. Fazal et al.
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2.2.1. [Cu2(dppa)2(phen)2][BF4]2. Complex 1: yellow, yield: 85%. Anal. Calcd for
C76H56B2Cu2F8N4P4: C, 61.70; H, 3.99; N, 3.99. Found: C, 61.75; H, 3.69; N, 3.97. IR
(KBr, cm−1) 3418, 2926, 1099, 839, 742, 692, 511, 489. UV–vis (CH2Cl2) λ, nm (εmolar,
M−1 cm−1) 277.5(4510), 294.5(3340), 360.0(900), 550.0(50), 31P NMR (r.t., DMSO-d6,
202.35 MHz, δ in ppm): −23.80. Raman shift (C≡C cm−1) 2104.

2.2.2. [Cu2(dppa)2(4-Mephen)2][BF4]2. Complex 2: yellow, yield: 82%. Anal. Calcd for
C78H60Cu2N4P4B2F8: C, 61.86; H, 4.09; N, 3.79. Found: C, 62.21; H, 4.06; N, 3.91. IR
(KBr, cm−1) 3612, 2923, 1512, 1043, 826, 682, 512, 480. UV–vis (CH2Cl2) λ, nm (εmolar,
M−1 cm−1) 272.0(36,000), 298.0(10,500), 31P NMR (r.t., DMSO-d6, 202.35 MHz, δ in
ppm): −24.00. Raman shift (C≡C cm−1) 2109.

2.2.3. [Cu2(dppa)2(4,7-Me2phen)2][BF4]2. Complex 3: yellow, yield: 80%. Anal. Calcd
for C80H64B2Cu2F8N4P4: C, 62.89; H, 4.22; N, 3.66. Found: C, 62.72; H, 4.17; N, 3.75. IR
(KBr, cm−1) 3042, 2922, 1574, 1432, 1055, 833, 745, 693, 511, 478. UV–vis (CH2Cl2) λ,
nm (ε, M−1 cm−1): 265.0(25,520), 303.0(4840), 323.0(1000), 31P NMR (r.t., DMSO-d6,
202.35 MHz, δ in ppm): −24.12. Raman shift (C≡C cm−1) 2110.

2.2.4. [Cu2(dppa)2(2,9-Me2phen)2][BF4]2·2CH2Cl2. Complex 4: yellow, yield: 85%.
Anal. Calcd for C82H68B2Cl4Cu2F8N4P4: C, 58.77; H, 4.09; N, 3.34. Found: C, 59.10; H,
4.03; N, 3.62. IR (KBr, cm−1) 3423, 2918, 1620, 1520, 1434, 1059, 862, 742, 694, 512,
485. UV–vis (CH2Cl2) λ, nm (ε, M−1 cm−1): 272.0(72,552), 292.0(25,930), 295.5(23,480),
364.0(1610), 383.5(1040), 31P NMR (r.t., DMSO-d6, 202.35 MHz, δ in ppm): −33.51.
Raman shift (C≡C cm−1) 2115.

2.3. X-ray structure analysis

Single crystals were mounted on an APEXII Bruker-AXS diffractometer of the Center de
Diffractométrie, Université de Rennes 1, France (1), or Bruker Smart Apex diffractometer
(4) equipped with a CCD camera and a graphite-monochromated MoKα radiation source
(λ = 0.71073 Å). An empirical absorption correction was applied using SADABS [24]. All
structures were solved by direct methods and subsequent Fourier difference techniques, and
refined anisotropically for all nonhydrogen atoms by full-matrix least-squares calculations
using the SHELXTL package [25]. All hydrogens were included at calculated positions
using a riding model. In 4, the BF�4 presents an orientation disorder. Crystal data and details
of data collection, and structure refinements are given in table 1. Bond lengths and angles
are given in table 2.

3. Results and discussion

3.1. Synthesis of the complexes

The four bis-chelate doubly-bridged bimetallics were obtained by the reaction of one
equivalent of the precursor [Cu2(dppa)3(CH3CN)2](BF4)2 with two equivalents of a series

Bridged copper(I) complexes 2359
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of chelating ligands, 1,10-phenanthroline, 4-methyl-1,10-phenanthroline, 4,7-dimethyl-1,10-
phenanthroline, and 2,9-dimethyl-1,10-phenanthroline, with elimination of one dppa and
two acetonitrile molecules (scheme 1).

3.2. X-ray structures of 1 and 4

The single crystal X-ray structures of 1 and 4 were determined. They are shown in figures 1
and 2, respectively.

Table 1. Crystal data and structure refinements for 1 and 4.

Empirical formula C76H56B2Cu2F8N4P4 C82H68B2Cl4Cu2F8N4P4
Formula weight 1449.83 1675.78
Temperature (K) 296 293
Crystal system, space group Monoclinic, P21/c Triclinic, P-1
a (Å) 13.0674(12) 11.4880(8)
b (Å) 12.3143(12) 12.8148(9)
c (Å) 21.4167(12) 15.3951(10)
α (°) 90 105.2420(10)
β (°) 91.3213(10) 101.3620(10)
γ (°) 90 108.0280(10)
Volume (Å3) 3445.4(5) 1981.3(2)
Z 2 1
Calculated density (g cm−3) 1.398 1.404
Absorption coefficient (mm−1) 0.779 0.818
F (0 0 0) 1480 856
θ range for data collection (°) 3.53–27.50 1.44–28.35
Index range −16 ≤ h ≤ 16 −15 ≤ h ≤ 15

−15 ≤ k ≤ 15 −17 ≤ k ≤ 17
−27 ≤ l ≤ 27 −20 ≤ l ≤ 20

Reflections/unique [R(int)] 38337/7813 [0.0930] 27146/9815 [0.0295]
Data/restraints/parameters 7813/0/433 9815/0/471
GOF on F2 1.019 1.042
Final R1, wR2 [I > 2σ(I)] 0.0506, 0.1216 0.0636, 0.1835
R1, wR2 (all data) 0.1291, 0.1466 0.0913, 0.2036

Table 2. Selected bond lengths (Å) and angles (°) for 1 and 4.

Complex 1 Complex 4

Cu1–N1 2.073(3) Cu1–N1 2.076(3)
Cu1–N2 2.053(3) Cu1–N2 2.068(3)
Cu1–P1 2.2976(9) Cu1–P1 2.2182(9)
Cu1–P2 2.2091(9) Cu1–P2 2.2794(9)
C13–C26i 1.204(5) C1–C2 1.184(5)
P1–C13 1.764(4) C1–P1ii 1.779(3)
P2–C26 1.766(4) P2–C2 1.771(3)
N2–Cu1–N1 81.88(11) N2–Cu1–N1 81.68(11)
N2–Cu1–P2 134.37(8) N2–Cu1–P1 120.40(8)
N1–Cu1–P2 117.28(8) N1–Cu1–P1 122.19(8)
N2–Cu1–P1 98.99(8) N2–Cu1–P2 99.97(8)
N1–Cu1–P1 100.44(8) N1–Cu1–P2 107.31(8)
P2–Cu1–P1 115.62(3) P1–Cu1–P2 118.15(3)
C13–C26 i–P2i 172.6(3) C1–C2–P2 170.1(3)
C26i–C13–P1 176.0(3) C2–C1–P1ii 165.1(3)

Note: Symmetry code: i = 2 − x, 2 − y, −z; ii = −x, −y, 2 − z.

2360 A. Fazal et al.
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Compound 1 crystallizes in the monoclinic P21/c space group. It consists of a centrosym-
metric bimetallic 10-memberedchair-like dimetallacycles. Each Cu(I) is bonded to two
nitrogens of a phenanthroline chelating ligand and two phosphorus atoms each belonging to
a bridging dppa molecule. The [CuN2P2] coordination sphere geometry is distorted tetrahe-
dral. The N–Cu–N bite angle is 81.88(11)°, while the P–Cu–N and P–Cu–P bond angles

Figure 1. Molecular structure of 1. The BF�4 and hydrogens have been omitted for clarity. Symmetry code:
i = −x + 2, −y + 2, −z.
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Scheme 1. Synthesis of bimetallics 1–4.
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are 98.99(8)° and 115.62(3)°, respectively. The Cu–N and Cu–P bond distances are 2.053
(3)–2.073(3) Å and 2.2091(9)–2.2976(9) Å, respectively. These geometrical values are simi-
lar to those reported [16, 22]. The phenanthroline mean plane is tilted relatively to the
[CuN1N2] plane with an angle of 13.3(2)°, probably due to an intermolecular C–H⋯π inter-
action taking place between phenanthroline and a phosphine phenyl ring belonging to an
adjacent molecule. Such a bending towards one of the phosphines likely induces, sterically,
the lengthening of the Cu–P1 bond (2.2976(9) Å) compared to Cu–P2 (2.2091(9) Å).

Compound 4 crystallizes in the triclinic P-1 space group. The structure is similar to that
of 1 with a distorted tetrahedral geometry at the metal center and C–N and Cu–P bond dis-
tances in the ranges 2.068(3)–2.076(3) Å and 2.2182(9)–2.2794(9) Å, respectively. The N–
Cu–N and P–Cu–P bond angles are 81.68(11)° and 118.15(3)°, respectively. In this case,
the dihedral angle between the phenanthroline mean plane and the [CuN1N2] plane is 2.9
(1)° compared to 13.3(2)° in 1. The chair conformation of the bimetallic 10-membered
dimetallacycle is twisted in 4 and the bridging dppa deviates pronouncedly from linearity,
and the C2–C1–P1 bond angle being 165.1(3)°. One BF�4 interacts, through CH⋯F hydro-
gen bonding interactions, with one 2,9-dimethyl-phenanthroline bound to one metal center
and the phenyl group of a phosphine ligand bound to the second metal. This interaction
results in a squeezing effect, likely the origin of the dppa bridge deviation from linearity.

3.3. Spectroscopic characterization

UV–visible spectra of free phenanthroline derivatives in dichloromethane are characterized
by intense bands below 300 nm due to π–π* transitions [26]. The spectra of 1, 3, and 4
reveal, in addition to the ligand-centered transitions bands, broad bands in the 320–384 nm
region, likely due to metal-to-ligand charge-transfer transitions [27, 28].

Insight into metal phosphorus bonding, using C≡C vibrational frequencies, was reported
by Carty et al. [27]. The C≡C stretch is infrared inactive for free dppa, and its symmetri-
cally bonded bimetallics; however, it is readily identified in Raman spectra as a very strong
band. The Raman shift values for the dppa triple bond stretch and 31P NMR chemical shifts
are summarized in table 3. For free dppa, υ(C≡C) is 2095 cm

−1 and δ 31P is −35.63 ppm and

Figure 2. Molecular structure of 4. The BF�4 anion, the solvent molecule and hydrogens have been omitted for
clarity. Symmetry code: i = −x, −y, −z + 2.

2362 A. Fazal et al.
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upon coordination, υ(C≡C) increases by 9–20 cm−1 in this series of complexes and the 31P
NMR resonance is shifted downfield by 2.12–11.83 ppm. The 31P NMR shift is consistent
with phosphine σ donation to the metal ion inducing an increase in the contribution of the
acetylenic resonance form of dppa in the complexes (scheme 2), hence explaining the C≡C
bond strengthening upon coordination. In 1–4, the 31P NMR downfield shift correlates with
the basic strength of the phenanthroline ligand (table 2). The maximum downfield NMR
shift of 11.83 ppm is observed for 1,10-phenanthroline (pKa = 4.84 [29]) in 1. This shift is
mitigated by the increase of the metal back-bonding induced by the higher σ donation
strength of the methyl-substituted phenanthroline ligands and reaching a minimum of
2.12 ppm for the 2,9-dimethyl-1,10-phenanthroline (pKa = 6.17 [30]) in 4.

4. Conclusion

Reaction of the triply-bridged bimetallic [Cu2(dppa)3(CH3CN)2]
2+ with a series of chelating

1,10-phenanthroline derivatives leads to formation of the bis-chelate doubly-bridged bime-
tallic products. In this series of complexes, the 31P NMR downfield coordination shift rela-
tive to the free ligand correlates with the basic strength of the 1,10-phenanthroline ligand.

Supplementary material

Crystallographic data for the structural analysis have been deposited with the Cambridge
Crystallographic Data Center with CCDC numbers 942349 and 942388 for 1 and 4, respec-
tively. These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/
retrieving.html, or from the Cambridge Crystallographic Data Center, 12 Union Road,
Cambridge CB2 1EZ, UK; Fax: (+44) 1223 336 033; or Email: deposit@ccdc.cam.ac.uk.

Table 3. Dppa triple bond stretch Raman shift and 31P NMR shifts for free
dppa and 1–4.

Compound pKa (Phen) υC≡C (cm−1) δ31P (ppm)

DPPA – 2095 −35.63
1 4.84a 2104 −23.80
2 – 2109 −24.00
3 5.95b 2110 −24.12
4 6.17c 2115 −33.51

a[29].
b[31].
c[30].
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Scheme 2. Two resonance forms of DPPA.
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