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Abstract

A tetranuclear copper(I) cluster Cu4(C�CPh)4L2 (1) [L=Ph2PCH2(CH2OCH2)2CH2PPh2] prepared by self assembly reaction of
[Cu(C�CPh)]n with the bridging diphosphine ligand L comprises a Cu2(L)2 metallomacrocycle with two phenylethynyl copper(I)
units encapsulated in the host site. The four Cu(I) are coplanar and arranged as a zigzag chain and the complex displays an
intense emission at 522 nm with a lifetime of 9.8 ms and a quantum yield of 0.42 in dichloromethane. © 1998 Elsevier Science S.A.
All rights reserved.
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1. Introduction

One of our approaches to photocatalysis is to develop
new metallomacrocycles with long-lived excited states
and which could function as molecular hosts for coordi-
native unsaturated organometallic species [1]. We antic-
ipate that highly reactive organometallic species can be

generated inside the host via light excitation and such
species can find applications in host–guest organometal-
lic photochemistry (Scheme 1). Recent studies showed
that coordination of bridging long chain diphosphine
ligands to d10 metal ions provides an entry to new
metallomacrocycles ([1]a–b, [2,3]). In some cases stud-
ied, the copper(I) complexes display interesting proper-
ties as light-emitting species and photocatalysts [4,5].
Herein is described the encapsulation of phenylethynyl-
copper(I) units using a binuclear copper(I) complex of
1,8-bis(diphenylphosphino)-3,6-dioxaoctane, L. Besides
its unique structure, complex 1 is strongly luminescent
with a quantum yield even comparable to
[Pt2(P2O5H2)4]4− [6] (f=0.53) and [Au2(dppm)2]2+

[dppm=bis(diphenylphosphino)methane] [7] (f=0.20)
in solution at room temperature (r.t.).

2. Results and discussion

2.1. Preparation and spectroscopic characterization

Reaction of L with stoichiometric amount of
phenylethynylcopper(I) in dichloromethane breaks

Scheme 1. Schematic diagram showing the host–guest photochem-
istry in metallomacrocycle.
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Fig. 1. Perspective drawing of complex 1. Hydrogen atoms are omitted for clarity.

down the polymeric structure of the latter to afford 1.
Complex 1 is an air-stable, bright yellow crystalline
solid, but its solution decomposes upon prolonged
standing in air. Its infrared spectrum exhibits two
n(C�C) (1917 and 2047 cm−1) in contrast to the only
one n(C�C) stretch at 1933 cm−1 for phenylethynylcop-
per(I). This corresponds to the existence of two types of
phenylethynyl groups in 1.

2.2. Crystal structure

A perspective drawing of 1 is shown in Fig. 1 and a
diagram showing its core structure is depicted in Fig. 2.
Selected bond distances and relevant bond angles are
listed in Table 1. Complex 1 can be viewed as a
metallomacrocycle [Cu2(L)2]2+ encapsulated with two

Cu(C�CPh)2 fragments. The core structure of 1 closely
resembles to [Cu4(C�CPh)4(PMe3)4] [8] in that the Cu4

unit also has a zigzag geometry. The four copper atoms
are coplanar as a consequence of the centrosymmetry.
The terminal Cu(1) atoms are best described as dis-
torted tetrahedral while the inner Cu(2) atoms are
trigonally bound to three phenylethynyl groups via two
s-bonding and one side-on p-bonding mode. The
C(39)–C(40) distance of 1.200(5) Å and the C(39)–
C(40)–C(41) angle of 176.5(4)° are typical to those
found for a terminal C�C triple-bond. However, the
relatively long C�C distance [C(31)–C(32) of 1.225(4)

Table 1
Selected bond lengths (Å) and bond angles (°) of complex 1

Cu(1)�Cu(2) 2.409(1) Cu(1a)�C(31) 2.147(3)
Cu(2a)�C(31)2.564(1)Cu(2)�Cu(2A) 2.045(3)

2.147(3) 2.269(1)Cu(1)�C(31a) Cu(1)�P(1)
Cu(2)�C(31a) 2.261(1)2.045(3) Cu(1)�P(2a)

1.225(4)C(31)�C(32)Cu(1)�C(39) 2.138(3)
1.970(4) C(39)�C(40) 1.200(5)Cu(2)�C(39)

114.3(1) Cu(2)�Cu(1)�P(2a)Cu(2)�Cu(1)�P(1) 129.6(1)
P(1)�Cu(1)�C(39) 101.7(1)118.8(1) C(39)�Cu(1)�P(2a)

100.7(1)116.1(1)P(1)�Cu(1)�P(2a) P(1)�Cu(1)�C(31a)
116.6(1)Cu(2)�Cu(1)�C(31a) 53.0(1) P(2a)�Cu(1)�C(31a)

Cu(1)�Cu(2)�C(32) 163.2(1)C(39)�Cu(1)�C(31a) 102.9(1)
57.4(1)Cu(1)�Cu(2)�C(31) 157.7(1) Cu(1)�Cu(2)�C(39)

C(31)�Cu(2)�C(32) 109.3(1)C(32)�Cu(2)�C(39)34.3(1)
C(31)�Cu(2)�Cu(2a) 50.9(1)143.6(1)C(31)�Cu(2)�C(39)

165.4(1)Cu(1)�Cu(2)�Cu(2a) 108.5(1) C(39)�Cu(2)�Cu(2a)
103.3(1)C(31)�Cu(2)�C(31a)C(32)�Cu(2)�Cu(2a) 85.2(1)

C(39)�Cu(2)�C(31a)Cu(1)�Cu(2)�C(31a) 113.1(1)56.9(1)
C(39)�C(40)�C(41)C(32)�Cu(2)�C(31a) 176.5(4)137.6(1)

52.3(1)Cu(2a)�Cu(2)�C(31a) C(31)�C(32)�C(33) 160.7(4)
50.9(1)Cu(2)�Cu(1)�C(39)0

Fig. 2. Diagram showing the core structure of complex 1.
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Fig. 3. UV–vis absorption spectrum of complex 1 in
dichloromethane. The insert graph shows its emission spectrum in
dichloromethane at r.t.

([4]a) and are due to the intraligand and/or Cu(I)�
phosphine charge transfer transition. The 408 nm band
deserves attention since it has a high omax and similar
absorption band has not been reported in the related
[Cu3(dppm)3(m3-h1-C�CR)n ]+ (n=1, 2) ([9]a) and
[Cu4(PPh3)4(m3-h1,h1,h2-C�CC6H4OMe-p)3]+ ([9]b)
complexes. We attribute it to come from the
Cu4(C�CPh)4 core and a tentative assignment is admix-
ture of the metal cluster 3s/ 3d�4p modified by
Cu(I)�p*(C�CPh).

Excitation of solid or fluid solutions of 1 at 300–400
nm gives an intense emission, the photophysical data of
which are summarized in Table 2. At r.t., the solid state
emission shows a maximum at 533 nm with a weak
band at 575 nm. Upon cooling to 77K, the emission
maximum blue shifts to 523 nm which is similar to that
recorded in fluid solutions at r.t. and the lower energy
emission at 575 nm becomes a weak shoulder (See
insert in Fig. 2). Interestingly, the emission has a long
lifetime and a high quantum yield in non-coordinating
solvent. The measured quantum yield of 0.42 in CH2Cl2
is the highest compared to the related literature values
for luminescent copper(I) complexes ([4]a). In fact, it is
even comparable to that of 0.53 reported for
[Pt2(P2O5H2)4]4− [6]. We suggest that the emission
comes from the excited state of the Cu4(C�CPh)4 core.
As it is wrapped by the two bridging diphosphine
ligands, this would disfavor the solvent induced non-ra-
diative decay pathways which has commonly been ob-
served for copper(I) photoluminescence and account for
the high emission quantum yield.

3. Conclusion

We find that encapsulation of two Cu(C�CPh) units
into the [Cu2(L)2]2+ metallomacrocycle gives a Cu4

cluster with interesting spectroscopic properties. The
observation of a high emission quantum yield for
Cu4(C�CPh)4L2 is intriguing and suggests the potential
applications of luminescent copper(I) compounds as
light emitting diode materials. We anticipate a system-
atic variation of the bridging diphosphine ligand can
lead to a family of metallomacrocycles for development
of novel organocopper(I) complexes.

Å] and deviation of C(31)–C(32)–C(33) angle from
linearity [160.7(4)°] are suggestive of a side-on bonding
between the C�C moiety and CuI centre. Thus two of
the four ethynyl groups are both 2e–3c (two-electron
three-centered) bonded and p-bonded. The differences
in Cu(1)–C(31a)/Cu(1)–C(39) and Cu(2)–C(31a)/
Cu(2)–C(39) distances suggest the phenylethynyl bridge
to be asymmetric. Two distinct Cu–Cu distances are
present in the complex, of which the shorter distance
belongs to the Cu atom pair bridged by a phenylethynyl
group and the longer one belongs to an unbridged Cu
atom pair. The Cu(1)–Cu(2) distance [2.409(1) Å] is
shorter than the separation found in metallic copper
(2.56 Å), and is indicative of weak Cu(I)–Cu(I) interac-
tion. The Cu(2)–Cu(2a) distance [2.564(1) Å] is much
longer suggesting that there could be no interaction
between Cu(2) and Cu(2a) atom. Thus it is likely that
the two Cu2(C�CPh)2 cores are held together by the
Cu(I)-phenylethynyl p-bonding interaction.

2.3. Photophysical properties

As shown in Fig. 3, the electronic absorption spec-
trum of 1 in dichloromethane is characterized by an
intense absorption band at ca. 270 nm (o=45240 dm3

mol−1 cm−1) with a shoulder at ca. 320 nm (o=33650
dm3 mol−1 cm−1) and a weaker absorption band at ca.
408 nm (o=7770 dm3 mol−1 cm−1). The absorptions
at 270 nm and 320 nm are not uncommon in copper(I)-
phenylethynyl complexes containing phosphine ligands

Table 2
Photophysical data for complex 1 measured at r.t.

lmax (nm)Solvent t (ms) Quantum yield

CH2Cl2 522 9.8 0.42
MeCN 522 4.4 0.23
MeOH 0.203.9521

533Solid (r.t.) 6.7 –
Solid (77 K) 523 5.9 –
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4. Experimental

4.1. General data

All reactions were performed under a nitrogen atmo-
sphere with the use of standard Schlenk techniques.
The solvents were purified by standard methods. The
compounds [Cu(C�CPh)]n and L were prepared as de-
scribed in literature [10,11]. IR spectra were recorded
on a Nicolet 20SXC FT-IR spectrometer as nujol
mulls. The 31P-NMR spectra were recorded on a JEOL
GSX-270 spectrometer and CDCl3 as solvent. Elemen-
tal analyses of C and H were carried out by Butter-
worth Laboratories. UV–vis spectra were recorded on
a Perkin Elmer spectrophotometer Lambda 19. Emis-
sion spectra were obtained on a Spex Fluorolog-2
spectrophotometer and emission lifetimes of the com-
plexes, in both solid-state and solution, were measured
with a Quanta Ray DCR-3 Nd-YAG laser.

4.2. Preparation of complex 1

To a dichloromethane (25 ml) solution of L (0.243 g,
0.5 mmol) was added [Cu(C�CPh)]n (0.164 g, 1 mmol)
and the mixture was stirred at r.t. for 4 h. The yellow
suspension was filtered to obtain a yellow solution
which was concentrated and recrystallised from
CH2Cl2–MeOH solution to afford yellow prisms of 1.
Yield: 0.55 g (50%). Found (%): C, 67.67; H, 5.17;
Anal. Calc. (%) for C92H84Cu4O4P4: C, 67.72; H, 5.19.
IR (Nujol) n(C�C) cm−1, 1917w, 2046.8m. 31P-NMR
(CDCl3), d/ppm −12.2, −17.1.

4.3. X-ray data collection and structure refinement

Suitable yellow crystals of 1 were obtained by slow
diffusion of methanol into its dichloromethane
solution.

Crystal data. C92H84Cu4O4P4; M=1631.6; mono-
clinic, space group P21/n ; a=14.980(1); b=14.359(1),
c=18.545(1) Å; b=91.61(1)°; V=3987(2) Å3; Z=2,
Dcalc=1.359 g cm−3, m(Mo–Ka)=1.184 mm−1,
F(000)=1688.

A crystal of dimension 0.16×0.20×0.40 mm3 was
mounted on a glass fibre. Intensity data were collected
on a Rigaku RAXIS IIc image plate diffractometer
using graphite monochromatic Mo–Ka radiation (l=
0.71073 Å) [12]. The measurement was carried out by
v-2u scan technique at 294 K and in the range 35u5
55°; 05h518, −185k518, −235 l523. Absorp-
tion correction was based on ABSCOR [13] (minimum
and maximum transmission factors 0.947, 1.012). Upon
averaging 12332 reflections, 7491 of which were
uniquely measured, 5989 with F]6s(F) were consid-

ered to be observed and used in structural analysis. The
structure was solved by direct methods and refinement
by full-matrix least-squares using Siemens SHELXTL
PLUS system. Convergence for 491 variable parameters
by least-squares refinement on F with w−1=s2(F) for
5989 having F]6s(F) was reached at R=0.053 and
wR=0.039 with goodness of fit of 2.55 (D/s)max=
0.001. The final Fourier-difference map was featureless,
with maximum positive and negative peaks of 0.40 and
−0.42 e Å−3, respectively. O(2) and C(29) are disor-
dered to give the conformations with site occupancy
0.5959 and 0.4041, respectively.

Acknowledgements

We acknowledge support from The University of
Hong Kong, the Hong Kong Research Grants Council
and the Croucher Foundation.

References

[1] (a) S.J. Shieh, D. Li, S.M. Peng, C.M. Che, J. Chem. Soc.
Dalton Trans. (1993) 195. (b) R.H. Uang, C.K. Chan, S.M.
Peng, C.M. Che, J. Chem. Soc. Chem. Commun. (1994) 2561. (c)
B.C. Tsang, W.C. Lo, C.M. Che, S.M. Peng, Chem. Commun
(1996) 181.

[2] S. Kitagawa, M. Kondo, S. Kawata, S. Wada, M. Maekawa, M.
Munakata, Inorg. Chem. 34 (1995) 1455.

[3] M. Schwach, H.D. Hausen, W. Kaim, Chem. Eur. J. 2 (1996)
446.

[4] (a) O. Horvath, Coord. Chem. Rev. 135/136 (1994) 303. (b) C.
Kutal, Coord. Chem. Rev. 99 (1990) 213. (c) C. Vogler, H.D.
Hausen, W. Kaim, S. Kohlmann, H.E.A. Kramer, J. Rieker,
Angew. Chem. Int. Ed. Engl. 28 (1989) 1659.

[5] (a) S. Sakaki, G. Koga, K. Ohkubo, Inorg. Chem. 25 (1986)
2330. (b) J.M. Kern, J.P. Sauvage, J. Chem. Soc. Chem. Com-
mun. (1987) 546.

[6] D.M. Roundhill, H.B. Gray, C.M. Che, Acc. Chem. Res. 22
(1989) 55.

[7] (a) C.M. Che, H.L. Kwong, C.K. Poon, J. Chem. Soc. Dalton
Trans. (1990) 3215. (b) C. King, J.C. Wang, M.N.I. Khan, J.P.
Fackler, Jr. Inorg. Chem. 28 (1989) 2145.

[8] P.W.R. Corfield, H.M.M. Shearer, Acta Cryst. 21 (1966) 957.
[9] (a) V.W.W. Yam, W.K. Lee, T.F. Lai, Organometallics 12

(1993) 2383. (b) W.W. Yam, S.W.K. Choi, C.L. Chan, K.K.
Cheung, Chem. Commun. (1996) 2067.

[10] P.W.R. Corfield, H.M.M. Shearer, in: G.E. Coates, M.L.H.
Green, K. Wade, Organometallic Compounds, vol. 2, Methuen,
London, 1968, p. 274.

[11] W.E. Hill, J.G. Taylor, C.A. McAuliffe, K.W. Muir, L.M. Muir,
J. Chem. Soc. Dalton Trans. (1982) 833.

[12] (a) J. Tanner, K. Krause, Rigaku J. 11 (1994) 4; 7 (1990) 28. (b)
K.L. Krause, G.N. Phillips, Jr. J. Appl. Cryst. 25 (1992)146. (c)
M. Sato, M. Yamamoto, K. Imada, Y. Katsube, N. Tanaka, T.
Higashi, J. Appl. Cryst. 25 (1992) 348.

[13] T. Higashi, An Empirical Absorption Correction Based on
Fourier Coefficient Fitting, Rigaku Corporation, Tokyo, 1995
(c) 1.


