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Introduction

The photophysical and photochemical properties of the
cubane-type tetranuclear copper(I) complexes have been ex-
tensively studied for more than two decades. The lumines-
cence behavior of [Cu4X4L4] (X=halide, L=pyridine) was
first reported by Hardt and co-workers.[1] Subsequently,
Oelkrug and co-workers reported the presence of two emis-
sive states in the solid state of [Cu4I4py4], with a low-energy
(LE) yellow emission band prevailing at room temperature
and a high-energy (HE) blue emission band predominating
at lower temperature.[2] The emission properties of the com-
plexes [Cu4I4L4] (L=pyridine, morpholine) in benzene were
studied by Vogler and co-workers, who proposed that the
red luminescence originates from a metal-centered 3d94s1

excited state of copper(I) that has been strongly modified
by Cu–Cu interaction.[3] Later, Ford and co-workers exten-
sively investigated the photophysical and photochemical
properties of the associated classes of clusters.[3b,4] Ab initio
calculations on [Cu4I4py4] supported the assignments that
the HE emission is attributed to an iodide-to-pyridine
charge transfer (XLCT) origin, whereas the LE emission
originates from the cluster-centered (CC) excited state (a
mixture of iodide-to-copper charge transfer (XMCT) and
metal-centered (MC) [d!s/p] orbital parentage).[4b]

Recently, various extensive series of polynuclear cop-
per(I) and silver(I) alkynyl complexes, such as [M3ACHTUNGTRENNUNG(P

_
P)3-

(C�CR)n](3�n)+ (M=Cu, Ag; P
_
P=diphosphine; n=1, 2),

[Cu3ACHTUNGTRENNUNG(dppm)3ACHTUNGTRENNUNG(C�CtBu)Cl]+, [M3ACHTUNGTRENNUNG(dppm)3(C�CC6H4-p-C�C)-
M3ACHTUNGTRENNUNG(dppm)3]

4+ (M=Cu, Ag), [Cu4ACHTUNGTRENNUNG(dppm)4(m4-h
1,h2-C�C)]2+,

and [Cu4 ACHTUNGTRENNUNG(PR3)4ACHTUNGTRENNUNG{(C�C)n-R’}4] [n=1 or 2] were isolated[5,6]

and their luminescence properties subjected to detailed in-
vestigations.[6] These complexes all exhibit intense and long-
lived luminescence upon photoexcitation. In view of the in-
teresting structural and photophysical properties of these
classes of complexes and as an extension of our previous
communication on a tetranuclear copper(I) alkynyl com-
plex, [Cu4 ACHTUNGTRENNUNG(PPh3)4(m3-h

1,h1,h2-C�C-p-MeOC6H4)3]PF6 (1),
which has an unusual open-cube structure,[7] we report
herein the synthesis, characterization, and photophysical and
photochemical properties of a series of related tetranuclear
copper(I) open cubes, [Cu4ACHTUNGTRENNUNG(PR3)4(m3-h

1,h1,h2-C�CR’)3]PF6
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(R=Ph, R’=p-EtOC6H4 (2), p-nBuOC6H4 (3), p-nHex-
OC6H4 (4), p-nHeptOC6H4 (5), p-MeC6H4 (6), p-nBuC6H4

(7), p-nHexC6H4 (8), p-nHeptC6H4 (9), p-nOctC6H4 (10), p-
PhC6H4 (11), p-ClC6H4 (12), C4H3S (13); R’=p-MeOC6H4,
R=p-MeC6H4 (14), p-CF3C6H4 (15)) (Scheme 1). It is hoped
that through a systematic and judicious choice of alkynyl li-

gands and ancillary phosphine ligands, together with DFT
calculations, further insight into the role played by these li-
gands in the spectroscopic origin of this class of complexes
could be provided. The excited-state properties were also in-
vestigated by oxidative quenching experiments and transient
absorption spectroscopy.

Results and Discussion

Synthesis and Characterization

Reaction of [Cu ACHTUNGTRENNUNG(MeCN)4]PF6 with triaryl phosphine (PR3)
and the appropriate gold(I) alkynyl polymer, [AuACHTUNGTRENNUNG(C�CR’)]1
in dichloromethane under a stream of dry nitrogen afforded
the tetranuclear copper(I) alkynyl complexes, [Cu4ACHTUNGTRENNUNG(PR3)4(m3-
h1,h1,h2-C�CR’)3]PF6. All the newly synthesized copper(I)
complexes appear as pale yellow crystals, which are both
air- and moisture-stable in the solid state. However, they are
stable only for a few weeks in the absence of light in solu-
tion in dichloromethane and acetone, with the exception of
the 4-chlorophenylalkynyl counterpart which is only stable
for 3–4 days. Moreover, in the course of the preparation of

these tetranuclear copper(I) alkynyl complexes, [Au-
ACHTUNGTRENNUNG(PPh3)2]

+ was isolated as a by-product.
All the newly synthesized copper(I) complexes gave satis-

factory elemental analyses, and were characterized by
1H NMR spectroscopy, IR spectroscopy, and positive-ion
FAB and ESI mass spectrometry.
The IR spectra of all the copper(I) alkynyl complexes re-

vealed a strong band at �840 cm�1, characteristic of PF6
- ab-

sorption. The C�C stretching modes were, however, too
weak to be observed.
The positive-ion FAB and ESI mass spectra of all the cop-

per(I) alkynyl complexes showed similar patterns. In most
of the mass spectra, peaks corresponding to the respective
{[Cu4ACHTUNGTRENNUNG(PR3)4 ACHTUNGTRENNUNG(C�CR’)3]}+ ions appeared. An exception was
found for 15 for which the mass peak of the parent cation
([M�PF6]+) was not observed, which may be attributed to
the relatively more labile nature of the trifluoromethylphen-
yl-substituted phosphine as a result of its poorer electron-
donating properties. Instead, peaks corresponding to the
[Cu3{P(p-CF3C6H4)3}3(C�C-p-MeOC6H4)3]

+ and [Cu4{P(p-
CF3C6H4)3}2(C�C-p-MeOC6H4)3]

+ ion clusters were ob-
served in the FAB and ESI mass spectra, respectively.
In addition, the X-ray crystal structures of 1 and 14 were

determined. The X-ray crystal structure of 1 has already
been communicated.[7] Single crystals of 14 were obtained
by slow vapor diffusion of diethyl ether into a concentrated
solution of the complex in dichloromethane. Figure 1 depicts
the perspective view of the complex cation of 14 with its
atomic numbering scheme; the crystal and structure-deter-
mination data as well as selected bond distances and angles
are summarized in Table 1 and Table 2, respectively. Both
crystal structures revealed that the complex cation adopts
an open-cube structure, that is, a cubane structure similar to

Abstract in Chinese:

Scheme 1. Tetranuclear copper(I) alkynyl “open-cube” complexes.

Figure 1. Perspective drawing of the complex cation of 14 with atomic
numbering scheme. Thermal ellipsoids are shown at the 30% probability
level. Hydrogen atoms and the tolyl groups have been omitted for clarity.
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that of [Cu4X4L4] (X=halogen, L=N, P as donor; X=al-
kynyl, L=P donor)[6a–c,8] but with a vertex missing. Such an
open-cube structure, which is known to exist in a number of
metal clusters such as those of iron and molybdenum, is
rarely found in copper(I).[9] To the best of our knowledge, in
addition to the previously communicated complex 1,[7] the
only known examples reported are those found in [Cu4Cl-
ACHTUNGTRENNUNG(PPh2)3ACHTUNGTRENNUNG(PPh2nPr)3]

[10a] and [Cu4Cl ACHTUNGTRENNUNG(PPh2)3 ACHTUNGTRENNUNG(PMe3)4],
[10b] with

no precedents in alkynyl complexes. The complex cation of
14 consists of a puckered Cu3C3 six-membered ring, which is
bridged by a central Cu1 and three alkynyl groups in m3-
bridging modes. The Cu1�Cu2, Cu1�Cu3, and Cu1�Cu4 dis-
tances of 2.4607(9)–2.4791(10) P are found to be much
shorter than the Cu···Cu distances found within the Cu3C3

ring (3.80–3.88 P). This suggests the electron-deficient
nature of the three-center-two-electron Cu1�C�Cu bonding.
The slightly longer Cu···Cu distances in 14 than those in 1
(2.446(2)–2.467(2) P) are in line with the higher electron
richness of the ancillary phosphines. The acute Cu1�C�Cu
angles of 71.65(16)–72.71(18)8 further indicate the electron
deficiency of these three-center-two-electron bonds. The
copper atoms in the Cu3C3 ring, on the other hand, are rela-
tively less electron-deficient owing to possible p-electron

donation by side-on coordination of the C�CR’ ligand to
each of the copper centers in the ring. Interestingly, the
structure of 14 differs from that of the related organocop-
per(I) cluster, [Cu4{PACHTUNGTRENNUNG(p-MeC6H4)3}4(m3-h

1-C�CPh)4],[5b]
which has a distorted close-cubane geometry. The Cu···Cu
distances found in 14 [2.4607(9)–2.4791(10) P] are compara-
ble to those found in [Cu4Cl ACHTUNGTRENNUNG(PPh2)3ACHTUNGTRENNUNG(PMe3)4] [2.4836(8)–
2.5345(8) P],[10b] but much shorter than those found in
close-cubane-type complexes such as [CuACHTUNGTRENNUNG(PPh3)X]4 (X=Cl,
Br, I) [2.874(5)–3.541(2) P][8b,d] and [Cu4ACHTUNGTRENNUNG(PAr3)4(m3-h

1-
C�CPh)4] (Ar=Ph, p-FC6H4F, p-MeC6H4) [2.5092(5)–
2.6635(8) P].[5b] Such short Cu···Cu distances are not uncom-
mon in organocopper systems, particularly those that are
electron deficient, and may not necessarily indicate a metal–
metal interaction.[11] The presence of side-on p bonding be-
tween the C�C groups and the copper(I) centers gives rise
to the bent C�C�C geometry (C1�C2�C3 163.7(6)8, C10�
C11�C12 159.6(5)8, C19�C20�C21 161.9(5)8).
In view of the electron-deficient nature and the interest-

ing open-cube structures of 1–15, attempts to utilize these
complexes as precursors to synthesize close-cubane-type
complexes through the ligation of an additional anionic
ligand, such as an alkynyl or a thiolate, to the unoccupied
vertex were made but have been unsuccessful so far.

Electronic Absorption Spectroscopy

All the copper(I) alkynyl complexes are soluble in dichloro-
methane and give pale-yellow solutions. The electronic ab-
sorption spectral data are collected in Table 3. The electron-
ic absorption spectra of all the copper(I) alkynyl complexes

Table 1. Crystal and structure determination data for 14.

Formula C111H105Cu4F6O3P5·
1=2H2O

FW 2018.97
T [K] 301(2)
a [P] 15.720(3)
b [P] 29.485(6)
c [P] 22.687(5)
b [deg] 98.26(3)
V [P3] 10406(4)
Crystal system monoclinic
Space group P21/n (No. 14)
Z 4
F ACHTUNGTRENNUNG(000) 4180
1calcd [gcm

�3] 1.289
Crystal color/shape pale yellow crystal
Crystal dimensions [mm] 0.40R0.40R0.15
l [P] (graphite monochromat-
ed, MoKa)

0.71073

M [cm�1] 9.43
V range for data collection 1.48 to 25.508
Index ranges h : �18 to 18; k : �35 to 35, l : �27 to 26
Data collection mode 28 oscillation (101 images), 120-mm

distance, 300-s exposure
No. of data collected 48264
No. of unique data 15613
Rint 0.0508
No. of data used in refinement
[n]

15613

No. of parameter refined [p] 1163
R(Fo)

[a] 0.0547
Rw(Fo)

[b] 0.1584
S[c] 0.942
Maximum shift [(D/s)max] 0.003 (av. 0.001)
Residual extrema in final
difference map [eP�3]

1.782, �0.736

[a] Rint=� j jFo j� jFc j j /� jFo j . [b] Rw= {�[w(F
2
o�F2

c)
2]/�[w(F2

o)
2]}1/2 with

w=1/[s2(F2
o)+ (aP)

2+bP], where P= [2F2
c+Max(F

2
o,0)]/3. [c] S=

{�[w(F2
o�F2

c)
2]/(n�p)}1/2.

Table 2. Selected bond lengths [P] and bond angles [deg] for 14 with es-
timated standard deviations in parentheses.

Bond lengths (P)

Cu1�C1 2.063(6) Cu3�C1 2.054(5)
Cu1�C19 2.099(5) Cu3�C10 2.105(5)
Cu1�C10 2.109(5) Cu3�C11 2.151(6)
Cu1�P1 2.2544(16) Cu3�P3 2.2358(16)
Cu1�Cu4 2.4607(9) Cu4�C10 2.041(5)
Cu1�Cu3 2.4660(9) Cu4�C19 2.109(5)
Cu1�Cu2 2.4791(10) Cu4�C20 2.128(5)
Cu2�C19 2.026(6) Cu4�P4 2.2281(15)
Cu2�C1 2.089(5) C1�C2 1.236(7)
Cu2�C2 2.139(6) C10�C11 1.231(7)
Cu2�P2 2.2333(15) C19�C20 1.238(7)

Bond angles (deg)

C2�C1�Cu3 137.8(4) Cu3�C10�Cu1 71.65(16)
C2�C1�Cu1 147.6(4) Cu4�C10�Cu1 72.71(18)
Cu3�C1�Cu1 73.58(19) C10�C11�C12 159.6(5)
C2�C1�Cu2 75.2(3) C10�C11�Cu3 71.1(3)
Cu3�C1�Cu2 137.6(3) C20�C19�Cu2 143.7(4)
Cu1�C1�Cu2 73.32(17) C20�C19�Cu1 142.0(4)
C1�C2�C3 163.7(6) Cu2�C19�Cu1 73.86(19)
C1�C2�Cu2 70.8(4) C20�C19�Cu4 73.9(3)
C11�C10�Cu4 140.2(4) Cu2�C19�Cu4 133.3(3)
C11�C10�Cu3 75.3(4) Cu1�C19�Cu4 71.59(15)
Cu4�C10�Cu3 138.3(3) C19�C20�C21 161.9(5)
C11�C10�Cu1 146.3(4) C19�C20�Cu4 72.2(3)
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at 298 K are characterized by a
high-energy absorption band
at �252–270 nm and a band
at �328–340 nm with a tail ex-
tending to 400 nm. Additional
shoulders are observed for
complexes 5–11 and 15 at
�268–282 nm, with vibrational
progressional spacings of
�1100–1300 cm�1, which are
typical of the skeletal vibra-
tional modes of the aromatic
rings. The high-energy absorp-
tion band at �252–260 nm is
assigned as the intraligand
transition of the phosphine li-
gands as the free ligands also
absorb strongly in this region.
The only absorption spectral
feature unique to these open-
cube complexes is the long-
wavelength absorption at
�328–340 nm that tails to
�400 nm. These low-energy
absorptions may be due to
metal-to-ligand charge transfer
(MLCT) [3d(Cu)!
p* ACHTUNGTRENNUNG(C�CAr)] (Ar=aromatic
ring), metal-perACHTUNGTRENNUNGturbed intrali-
gand (IL) [p!p* ACHTUNGTRENNUNG(C�CAr)],
ligand-to-metal charge transfer
(LMCT) [pACHTUNGTRENNUNG(C�CAr)!
4s/p(Cu)], and metal-centered
(MC) [3d!4s/p(Cu)] transi-
tions. However, since the ab-
sorption patterns are rather
broad and featureless, the ab-
sorption spectra provide no
convincing evidence about the
nature of the transitions in-
volved, and no further attempts
were made to assign these LE
bands unambiguously.

Steady-State Emission Spectroscopy

Excitation of solid or fluid solutions of all the open-cube
copper(I) alkynyl complexes at l>350 nm produced long-
lived, intense luminescence. Their photophysical data are
tabulated in Table 3. The solid state emission spectra of rep-
resentative complexes 4 and 10 at 298 K and 77 K are dis-
played in Figure 2 and Figure 3, respectively. The solid-state
emission spectra of all the open-cube complexes show a
high-energy emission band at �443–541 nm. The intense
high-energy bands are structured at 77 K with vibrational
progressional spacings of �1200–1640 cm�1, typical of the
n ACHTUNGTRENNUNG(CPC) stretches in the ground state.

Table 3. Photophysical and electrochemical data for the tetranuclear copper(I) alkynyl open-cube complexes.

Complex lmax [nm] Emission
(emax [dm

3mol�1 cm�1])[a] Medium (T [K]) lem [nm] (t0 [ms])

1[b] 252 sh (88550), 330 (48925) solid (298) 445, 630 (20.7)
solid (77) 445
CH2Cl2 (298) 675 (2.7)

2 256 sh (132190), 336 (26670) solid (298) 455, 627 (7.5)
solid (77) 448, 465
CH2Cl2 (298) 668 (2.4)

3 258 sh (99310), 334 (43500) solid (298) 453, 485 (2.6)
solid (77) 449, 470
CH2Cl2 (298) 670 (1.7)

4 260 sh (78260), 332 (45750) solid (298) 453, 623 (5.7)
solid (77) 446, 482
CH2Cl2 (298) 670 (2.5)

5 258 sh (99370), 278 (49410),
332 (39610)

solid (298) 455 (8.76), 630 (3.22)
solid (77) 446, 483
CH2Cl2 (298) 670 (2.84)

6 254 sh (67640), 268 sh (52680),
276 sh (50890), 330 (36920)

solid (298) 458 (1.28), 633 (3.74)
solid (77) 453, 487, 665
CH2Cl2 (298) 666 (2.84)

7 254 sh (87450), 274 (40150),
334 (29790)

solid (298) 449, 480 (7.6)
solid (77) 446, 484
CH2Cl2 (298) 665 (3.7)

8 256 sh (96540), 282 (48870),
328 (59890)

solid (298) 456, 626 (4.3)
solid (77) 448, 485
CH2Cl2 (298) 668 (3.9)

9 258 sh (75370), 281 (45280),
328 (37480)

solid (298) 455, 634 (5.7)
solid (77) 450, 500
CH2Cl2 (298) 670 (4.0)

10 258 sh (85290), 278 (69350),
326 (41590)

solid (298) 450, 482 (9.5)
solid (77) 448, 480
CH2Cl2 (298) 664 (3.6)

11 252 sh (66360), 276 sh (59070),
286 sh (57270), 340 (62620)

solid (298) 509, 541 (7.83)
solid (77) 500, 540
CH2Cl2 (298) 675 (3.56)

12 254 sh (59510), 334 (44430) solid (298) 461, 490 (30.0)
solid (77) 456, 492
CH2Cl2 (298) 666 (3.32)

13 270 sh (39060), 278 sh (33210),
298 sh (25270), 314 (16930),
342 (9960)

solid (298) 549 (11.7), 665 (5.7)
solid (77) 546, 660
CH2Cl2 (298) 700 (2.0)

14 258 sh (93180), 332 (15090) solid (298) 466, 483 (8.7)
solid (77) 454, 495
CH2Cl2 (298) 670 (3.1)

15 260 sh (62370), 278 (49510),
328 (21570)

solid (298) 444 (5.6), 631 (0.7)
solid (77) 440, 479
CH2Cl2 (298) 680 (2.4)

[a] Absorption in CH2Cl2 at 298 K. [b] From reference [7].

Figure 2. Solid-state emission spectra of 4 at 298 K (c) and 77 K
(g).
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For some of the open-cube complexes such as 1, 2, 4, 5, 6,
8, 9, 13, and 15, an additional low-energy emission band at
�623–665 nm was observed in the solid-state emission spec-
tra. These two emissions were believed to have different ori-
gins as their excitation spectra were substantially different
despite some overlap in the spectra. For example, complex 6
exhibits excitation band maxima at �400 and �350 nm for
the green and orange emissions, respectively. The results in-
dicate that the Stokes shift for the low-energy emission is
considerably larger than that for the high-energy emission,
as the excitation band corresponding to the low-energy
emission is at a higher energy than that of the high-energy
emission. A similar observation was also made in the
[Cu4I4L4] system.

[4]

In contrast, all the open-cube complexes exhibit only the
orange phosphorescence in solution in dichloromethane at
ambient temperature. The emission spectrum of 10 in di-
chloromethane is depicted in Figure 4 as a representative
example. All the spectra show a single structureless band
centered at �665–700 nm. The consistent red shift in the
emission energy of such orange phosphorescence in fluid
solutions of 1, 2, 4, 5, 6, 8, 9, 13, and 15 compared to that in
solid samples of the respective complexes is indicative of
the presence of rigidochromism. The lifetime of the excited
state in the microsecond range suggests that the emission is
most likely associated with a spin-forbidden transition from
a triplet state. The observation of a single emission band
and the close analogies of the photophysical properties of

these complexes in solution further confirm that the com-
plexes maintain their molecular integrity and remain intact
in solution.
In general, the high-energy emission energies follow an

order with R’=alkoxyphenyl�alkylphenyl>chlorophenyl>
biphenyl> thienyl. This trend is in agreement with the
energy gap between the p and p* orbitals of the substituted
ethynyl ligands. Attachment of an electron-donating group
such as alkyl and alkoxy to the phenylethynyl ligand would
give rise to a larger p–p* energy gap, whereas an extended
p conjugation in biphenylethynyl would lower the p–p*
energy gap. The thienyl group is expected to have a smaller
p-p* energy gap than the aryl moieties owing to the weaker
p-bonding interaction of the C�S bond relative to the C�C
bond, resulting from the poor p overlap between the more
diffuse S 3p and C 2p orbitals. Therefore, it is possible that
this high-energy emission originates from the intraligand p–
p* state of the alkynyl ligand. Nevertheless, one could not
eliminate the possibility of an emission origin that has a sub-
stantial MLCT [Cu!p* ACHTUNGTRENNUNG(RC�C)] character.
An involvement of copper(I) character in the LUMO

could be inferred from the emission energy trend of the
low-energy orange phosphorescence in dichloromethane:
14�1>15, in which the more-electron-rich phosphine li-
gands would render the copper(I) centers more electon-rich
and hence make the associated metal-centered acceptor or-
bitals higher-lying in energy. Furthermore, for the complexes
with the ancillary PPh3 ligands, the energy of the orange
emission in CH2Cl2 at 298 K follows the order R’=chloro-
phenyl�alkylphenyl>alkoxyphenyl>biphenyl> thienyl, in
line with an assignment of an emissive state derived from a
LMCT [p ACHTUNGTRENNUNG(C�CAr)!4s/p(Cu)] origin. The large Stokes shift
of this low-energy emission implies a significant distortion
of the associated excited state relative to the ground state. It
could be possible that such an excited state involves the
population of electron density in the bonding orbital with
respect to the Cu···Cu interactions within the Cu4 cluster
core, causing a significant structural distortion of the Cu4
core. With reference to the spectroscopic works by the
groups of Vogler, Ford, and Yam on the related polynuclear
copper(I) systems,[3–5] it is likely that the low-energy emis-
sion originates from the LMCT [RC�C·!Cu4] excited
states, mixed with the copper(I)-centered d-s/d-p characters
that have been modified by Cu···Cu interaction owing to
configurational mixing of the filled orbitals of 3d parentage
with the appropriate empty orbitals derived from the higher
energy 4 s and 4p atomic orbitals of the tetrameric copper
unit (d!s/d!p), or alternatively, the metal cluster-centered
excited states. A detailed assignment of the spectroscopic
origins will be discussed in light of the studies on the elec-
tronic structures by DFT calculations.

Electronic Structure Calculations

In view of the interesting solid-state dual luminescence be-
havior found in some of the complexes and the large Stokes
shift observed for the low-energy band at �623–665 nm,

Figure 3. Solid-state emission spectrum of 10 at 298 K (c) and 77 K
(g).

Figure 4. Emission spectrum of 10 in degassed dichloromethane at 298 K.
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DFT calculations at the PBE1PBE level were employed to
study the electronic structures of the ground and excited
states of this class of tetranuclear copper(I) alkynyl open-
cube complexes, and to provide some insight into the extent
of the distortion in the excited states relative to that of the
ground state. To decrease the time and costs of computation,
a model complex [Cu4ACHTUNGTRENNUNG(PH3)4(m

3-h1,h1,h2-C�C-p-
MeOC6H4)3]

+ (1a) was employed to mimic 1, in which all
the phenyl rings on the phosphine ligands were replaced by
hydrogen atoms. Geometry optimizations of 1a were per-
formed both in the presence and absence of a C3-symmetry
constraint (taking the C3 axis to be along the Cu1�P1 bond),
from which both cases led to the same resultant geometry
and energy. Thus only the electronic structure of 1a with the
C3 symmetry will be discussed. Figure 5 depicts the calculat-

ed geometry for 1a, where the open-cube structure is repro-
duced. Selected calculated structural parameters for 1a and
comparison with the crystal structural data of 1 are also
shown in Figure 5. The optimized structural parameters are
in excellent agreement with the experimental values, indicat-
ing that the model and the level of theory that we applied
are appropriate and reliable. On the basis of the experimen-
tal and calculated structural parameters, a simple bonding
picture for the tetranuclear copper open-cube cluster is sug-
gested (Scheme 2). The central copper atom exhibits distort-
ed tetrahedral geometry and is coordinated by a phosphine
ligand as well as three three-center-two-electron bonds
among the Cucenter, Ca, and Cuperipheral atoms. On the other

hand, the three peripheral
copper atoms have a distorted
trigonal-planar arrangement,
with each of them coordinated
by a phosphine ligand and a
three-center-two-electron bond
originating from side-on
p bonding of the C�C unit.
The selected frontier orbi-

tals, together with their per-
centage contributions estimat-
ed from the Mulliken popula-
tion analysis, are shown in
Figure 6. The three highest oc-
cupied and three lowest unoccupied orbitals were found to
be localized mainly on the C�C-p-MeOC6H4 units, with
small to moderate contributions (�10–33%) from the
copper orbitals. The occupied orbitals can be described as a
linear combination of the three highest-occupied p orbitals
of the C�C-p-MeOC6H4 units, forming the high-energy de-

Figure 5. Selected structural parameters for 1a (C3 symmetry) optimized
at the PBE1PBE level of theory, together with the experimental structur-
al parameters of 1 in parentheses. The distances and angles are in P and
degrees, respectively. Hydrogen atoms are omitted for simplicity.

Scheme 2. Simplified bonding
picture for 1–15.

Figure 6. Spatial plots (isovalue=0.03) of the three HOMOs and three
LUMOs for 1a at the ground-state optimized geometry, with their orbital
energy (eV) in square brackets. The percentage contributions are ex-
pressed in terms of the four copper atoms (Cu), four phosphine ligands
(PH3), and three C�C-p-MeOC6H4 ligands in parentheses (Cu: PH3: C�
C-p-MeOC6H4).
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generate orbitals of e symme-
try and a low-energy orbital of
a symmetry, whereas the unoc-
cupied orbitals are the linear
combinations of the three p*
orbitals of the C�C-p-
MeOC6H4 units, forming the
low-energy degenerate orbitals
of e symmetry and a high-
energy orbital of a symmetry.
On the basis of the frontier or-
bitals of 1a, the lowest energy
absorptions of [Cu4 ACHTUNGTRENNUNG(PR3)4(m

3-
h1,h1,h2-C�CR’)3]+ are mainly
from the IL [p–p*] transitions
of the C�CR’ ligand.
The luminescence lifetimes

of complexes 1–15 in the mi-
crosecond range indicate that
both emissions originate from
excited states of triplet parent-
age. Since the three highest oc-
cupied orbitals and lowest un-
occupied orbitals are all close
in their orbital energies, it is
hard to predict which excita-
tion would correspond to the
lowest-energy excited state. In
view of this, the lowest-energy
triplet excited state was calcu-
lated by using time-dependent
(TD) DFT based on the
ground-state optimized geome-
try of 1a. It has been found
that this state is multiconfi-
gurational, involving mainly
[HOMO!LUMO],
[HOMO�1!LUMO+1], and
[HOMO�2!LUMO+2] exci-
tations with transition coeffi-
cients of �0.32, �0.42, and 0.42, respectively. On the basis
of the three main excitations in the T1 state obtained from
TD-DFT calculations, the unrestricted Kohn–Sham ap-
proach (UPBE1PBE) was used to optimize the three triplet
excited states in order to determine the energy and relative
ordering of the triplet excited states at relaxed molecular ge-
ometries.
The optimizations involving [HOMO!LUMO] excitation

with no symmetry constraint display small geometrical
changes, relative to that of the ground state. Figure 7a
shows the optimized structure of the triplet state from
[HOMO!LUMO] excitations and selected changes in the
structural parameters relative to that of the ground state.
The major geometrical changes occur mainly in one of the
C�C-p-MeOC6H4 units and some of the Cu�C bond
lengths. Inspection of the two singly occupied molecular or-
bitals (SOMO) of the optimized triplet excited state from

[HOMO!LUMO] excitation (Figure 8a) reveals that the
lower- and higher-energy SOMOs are contributions mainly
from p and p* orbitals of the C�C-p-MeOC6H4 units, re-
spectively, each with some participation from the metal orbi-
tals. This provides a clear indication that the excited state
contained the metal perturbed IL [p!p*(C�C-p-
MeOC6H4)] character. Attempts to optimize the excited
state involving the [HOMO�1!LUMO+1] excitation
failed. Optimization started with an initial guess for
[HOMO�1!LUMO+1] excited state led to a geometry
close to that obtained from the calculations based on the
[HOMO!LUMO] excited state.
Optimization of the triplet state involving [HOMO�2!

LUMO+2] excitation has led to a significant structural dis-
tortion relative to that of the ground state, and this excited
state is slightly higher in energy than the 3IL [HOMO!
LUMO] excited state by 2.3 kcalmol�1.[12] Figure 7b illus-

Figure 7. Selected structural parameters of the optimized a) [HOMO!LUMO] and b) [HOMO�2!LUMO+

2] triplet excited states with the change in structural parameters with respect to the ground state in parenthe-
ses. Bond lengths and angles are in P and 8, respectively. Hydrogen atoms are omitted for simplicity.
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trates the optimized geometry of the triplet excited state of
1a derived from [HOMO�2!LUMO+2] excitation. Such
distortion is illustrated in Scheme 3 and can be described as

an “umbrella-opening” distortion (as under a strong wind),
which has been previously discussed in tetracoordinate tran-
sition-metal complex distortions.[13] The central Cu1 atom is
surrounded by one phosphine ligand and three peripheral
copper atoms with side-on p-bonding coordination from the
C�C-p-MeOC6H4 units, forming a distorted Cu4 tetrahe-
dron. The excited-state structure is distorted in such a way
that all the three P1�Cu1�Cu bond angles are opened up by
22.5–24.28 and the Cu···Cu distances within the bottom tri-
angular face (DCu2–Cu2’–Cu2’’) are significantly shortened
by 1.047–1.061 P (Figure 8b) relative to the ground-state ge-
ometry.
To understand the significant distortion in this excited

state, the two SOMOs of the triplet state from
[HOMO�2!LUMO+2] excitation are shown in Figure 8b.
The lower-energy SOMO is mainly the contribution from
the p orbitals of the C�CAr units, with the metal orbitals
contributing to a lesser extent. The higher-energy SOMO is
mainly constituted of the in-phase combination of the sp-hy-
bridized orbitals at the three peripheral Cu centers in the

distorted trigonal-planar geom-
etry, pointing outward from the
bottom Cu3 triangular face of
the distorted Cu4 tetrahedron,
and the three p* orbitals of the
three C�C-p-MeOC6H4 li-
gands. The p orbitals at the a

and b alkynyl carbon atoms
have positive and negative
overlaps with the in-phase
combination, respectively, in
this higher-energy SOMO, and
a simplified bonding picture is
given in Scheme 4. Upon the
population of electron density
in this orbital, it is expected that the three Cu�Ca bond
lengths and Cu···Cu separations amongst DCu2–Cu2’–Cu2’’
are shortened, whereas the Cu�Cb bonds are lengthened,
relative to those in the ground state (Figure 8b). Such re-
sults indicate that the triplet state derived from
[HOMO�2!LUMO+2] excitation exhibits both the
LMCT [p(C�C-p-MeOC6H4)!4 s/p(Cu)] and MC [3d!4s/
p(Cu)] characters, or alternatively, a 3LMCT excited state
mixed with metal cluster-centered character (3LMCT/3MC),
as both excitations would give rise to an excited-state struc-
ture with distortions mainly localized within the cluster core.
The theoretical emission maxima of the 3IL and

3LMCT/3MC triplet excited states of 1a, estimated from the
differences between the triplet- and ground-state energies at
their corresponding excited-state equilibrium geometries,
are 516 nm and 633 nm, respectively. These results match
well with the high-energy emission band at 445 nm and low-
energy emission band at 630 nm in 1 upon photoexcitation.
Furthermore, the structural distortion energies of the 3IL
and 3LMCT/3MC states, which are calculated as the differ-
ence between the ground-state and excited state energies at
the corresponding excited-state equilibrium geometries, are
10 and 23 kcalmol�1, respectively. These indicate that the
3LMCT/3MC excited state exhibits more significant structur-
al distortion than that for the 3IL state, which is in good
agreement with the observation of a larger Stokes shift in
the low-energy emission band. Although the 3LMCT/3MC
state is slightly higher in energy than the 3IL state, the sig-
nificant structural distortion presented at this 3LMCT/3MC
state relative to that of the ground state accounts for the ob-
servation of the low-energy emission derived from it. The
more distorted 3LMCT/3MC excited state could also account
for the observed rigidochromism of the low-energy emission
band, since a more rigid medium would certainly increase
the energy of such a highly distorted excited state.

Photochemical Properties

Oxidative Quenching Studies

The photo-redox behavior of these tetranuclear copper(I)
alkynyl complexes was also investigated. A study of elec-

Figure 8. Spatial plots (isovalue=0.03) of the lowest (left) and highest
(right) SOMOs for 1a at the optimized geometry of the a) [HOMO!
LUMO] and b) [HOMO�2!LUMO+2] triplet excited states.

Scheme 3. Schematic diagram showing the “umbrella-opening” distortion
(as under a strong wind) in the excited state of 1a derived from the
[HOMO�2!LUMO+2] excitation.

Scheme 4. Simple picture of
the higher-energy SOMO in
the [HOMO�2!LUMO+2]
triplet excited state of 1a.
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tron-transfer quenching of the
phosphorescent state of 1 by a
series of structurally related
pyridinium acceptors of varia-
ble reduction potentials, EACHTUNGTRENNUNG(A+/0),
was carried out and communi-
cated.[7] As the triplet-state en-
ergies of these pyridinium salts
are too high for any apprecia-
ble energy-transfer reaction to
occur, the quenching of the ex-
cited state of 1 most probably
occurs through an electron-
transfer mechanism. An excited-state reduction potential,
Eo

ACHTUNGTRENNUNG[Cu4ACHTUNGTRENNUNG(PPh3)4(m3-h
1,h1,h2-C�C-p-MeOC6H4)3

2+ /+*] of
�1.71 V versus that of a saturated sodium chloride calomel
electrode (SSCE) [l=1.36 eV] was estimated by a three-pa-
rameter, nonlinear least-squares fit to Equation (1),

RT
F
ln k0

q ¼
RT
F
lnKkn� l

4
1þ DG�0

l

� �� �2
ð1Þ

which was derived from the Marcus quadratic Equa-
tion (2),[14]

DGz ¼ l

4
1þ DG�0

l

� �� �2
ð2Þ

where kq’ is the rate constant corrected for the diffusional
effects, K=kd/k�d and is approximately 1–2 dm

3mol�1, kd is
the diffusion-limited rate constant (taken to be 1.0R
1010 dm3mol�1 s�1), k is the transmission coefficient, n is the
nuclear frequency, and l is the reorganization energy for
electron transfer, DG� is the free energy of activation, and
DGo’ is the standard free energy change of the reaction cor-
rected for work terms for association of reactants and disso-
ciation of the products, which is given by Equation (3) for
oxidative quenching,

DG� ¼ E� Cu2þ=þ�� �
� E�ðAþ=0Þ þ wr � wp ð3Þ

where wr and wp are work terms for bringing the reactants
and products to the mean separation for reaction. These
work terms are usually very small and are neglected in the
analysis of the electron-transfer-rate data. It is envisaged
that 1 is a strong reductant in the excited state in view of its
highly negative excited-state reduction potential. The close
agreement between the experimental data and the predic-
tion from the Marcus theory suggests that electron transfer
is the predominant luminescence quenching mechanism of
[Cu4ACHTUNGTRENNUNG(PPh3)4(m3-h

1,h1,h2-C�C-p-MeOC6H4)3]
+* and pyridini-

um salts. This is consistent with the prediction that energy
transfer does not contribute to a significant extent, as the
triplet energies of the quenchers are too high for energy
transfer to be competitive with electron-transfer quenching.
Similar studies on 14 have also been performed, and Table 4
summarizes the associated bimolecular rate constants.[15]

The excited-state reduction potential, Eo
ACHTUNGTRENNUNG[Cu4{PACHTUNGTRENNUNG(p-

MeC6H4)3}4(m3-h
1,h1,h2-C�C-p-MeOC6H4)3

2+ /+*], was found
to be �1.76 V versus that of the SSCE [l=1.23 eV]. A plot
of ln kq’ versus Eo

ACHTUNGTRENNUNG(A+/0) for the oxidative quenching of
[Cu4{P ACHTUNGTRENNUNG(C6H4Me-p)3}4(m3-h

1,h1,h2-C�C-p-MeOC6H4)3]
+* is

shown in Figure 9. It can be concluded that 14 is an even

stronger reductant in the excited state than 1, consistent
with the fact that the presence of the more-strongly elec-
tron-donating tolyl groups in 14 than the phenyl rings in 1
increases the electron-richness of the copper(I) centers and
hence results in a more-negative excited-state reduction po-
tential.

Transient Absorption Spectroscopy

In order to establish the electron-transfer nature of this
quenching reaction, nanosecond transient absorption spec-
troscopic study was carried out to provide direct spectro-
scopic evidence for such a mechanism. Laser flash photolysis
of a degassed solution of 1 (3.8R10�5 moldm�3) in acetone
(0.1 moldm�3 nBu4NPF6) with 4-methoxycarbonyl-N-meth-
ylpyridinium hexafluorophosphate (5.0R10�3 moldm�3) gen-
erated the transient absorption difference spectrum shown
in Figure 10. It is dominated by two absorption bands, one
at �400 nm, and a lower-intensity broad absorption band at

Table 4. Bimolecular rate constants for the oxidative quenching of [Cu4{P(p-MeC6H4)3}4(m3-h
1,h1,h2-C�C-p-

MeOC6H4)3]
+* by pyridinium acceptors in degassed acetone (0.1 moldm�3 nBu4NPF6).

Quencher[a] E(A+ /0)[b]

[V vs. SSCE]
kq
[dm3mol�1 s�1]

kq’
[c]

[dm3mol�1 s�1]
ln kq’

4-cyano-N-methylpyridinium �0.67 4.07R109 6.88R109 22.65
4-methoxycarbonyl-N-methylpyridinium �0.78 3.92R109 6.46R109 22.59
4-aminoformyl-N-ethylpyridinium �0.93 1.58R109 1.88R109 21.35
3-aminoformyl-N-methylpyridinium �1.14 3.19R108 3.30R108 19.61
N-ethylpyridinium �1.36 6.29R107 6.33R107 17.96
4-methyl-N-methylpyridinium �1.49 3.88R106 3.88R106 15.17

[a] All the compounds are hexafluorophosphate salts. [b] From reference [15]. [c] (1/kq’)= (1/kq)�(1/kd) where
kd is the diffusion-limited rate constant, taken to be 1.0R10

10 dm3mol�1 s�1.

Figure 9. Plot of ln kq’ versus E ACHTUNGTRENNUNG(A+/0) for the oxidative electron-transfer
quenching of [Cu4{P ACHTUNGTRENNUNG(p-MeC6H4)3}4(m3-h

1,h1,h2-C�C-p-MeOC6H4)3]
+* by

pyridinium acceptors in degassed acetone (0.1 moldm�3 nBu4NPF6): (*)
experimental; (c) theoretical.

Chem. Asian. J. 2006, 1 – 2, 273 – 286 K 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 281

Luminescent Molecular Copper(I) Alkynyl Open Cubes



�750 nm. The high-energy absorption band is characteristic
of the pyridinyl radical and matches well with the reported
spectrum of the 4-methoxycarbonyl-N-methylpyridinyl radi-
cal.[16] The mechanism for the photoinduced reaction is pro-
posed in Scheme 5.
The 750-nm absorption band was not typical of the pyri-

dinyl radical, but should be characteristic of the one-elec-
tron oxidized form of the cluster, [CuICuICuICuII ACHTUNGTRENNUNG(PPh3)4(m3-
h1,h1,h2-C�C-p-MeOC6H4)3]

2+ . The extinction coefficient of
the band was estimated to be �2800 dm3mol�1 cm�1, assum-
ing that both [Cu4ACHTUNGTRENNUNG(PPh3)4(m3-h

1,h1,h2-C�C-p-MeOC6H4)3]
+

and [Cu4 ACHTUNGTRENNUNG(PPh3)4(m3-h
1,h1,h2-C�C-p-MeOC6H4)3]

2+ do not
undergo significant absorption at �400 nm. A probable as-
signment for this absorption is the intervalence-transfer (IT)
transition:

CuICuICuICuII þ hn ! CuICuICuIICuI�

There have been a number of reports on the observation
of intervalence-transfer transitions in a variety of mixed-va-
lence copper ACHTUNGTRENNUNG(I,II) systems. For example, the 756-nm absorp-

tion band (e=5000 dm3mol�1 cm�1) of a dinuclear complex
[CuICuIIL]3+ with a macrocyclic ligand L=N(CH2CH2N=C�
C=NCH2CH2)3N has been assigned as an intervalence-trans-
fer transition.[17a] A similar assignment was also suggested in
other mixed-valence CuICuII systems with thiolato,[17b]

halo[17c] , and other N,O-containing macrocyclic ligands.[17d,e]

Similar low-energy transient-absorption bands in the near-
infrared region for the mixed-valence copper species were
also observed in the photoinduced electron-transfer reac-
tions of a series of trinuclear alkynylcopper(I) and tetranu-
clear copper(I) chalcogenido complexes with various pyridi-
nium acceptors by using nanosecond transient absorption
difference spectroscopy, and their origin was attributed to
IT transitions.[5a,c,18]

Furthermore, the transient absorption spectroscopic stud-
ies can also provide important information on the back-elec-
tron-transfer (bet) reaction. The decay trace of the 400-nm
absorption band, which is due to the absorptions of the pyri-
dinyl radical, displayed absorption signals that returned to
the baseline eventually, indicative of no substantial side re-
actions, other than that of back electron transfer (inset in
Figure 10). A plot of [1/DA] versus time gave a straight line
(Figure 11), indicating that the decay followed second-order

Figure 10. Transient absorption difference spectrum recorded 2 ms after
laser flash for the reaction of [Cu4 ACHTUNGTRENNUNG(PPh3)4(m3-h

1,h1,h2-C�C-p-
MeOC6H4)3]

+* and 4-methoxycarbonyl-N-methylpyridinium in degassed
acetone (0.1 moldm�3 nBu4NPF6). The insert shows the decay trace of
the pyridinyl radical at 400 nm.

Scheme 5. Photoinduced oxidative electron-transfer mechanism for the reaction of 1 with 4-methoxycarbonyl-N-methylpyridinium acceptor.

Figure 11. Plot of (1/DA) versus time at 400 nm for the reaction of [Cu4
ACHTUNGTRENNUNG(PPh3)4(m3-h

1,h1,h2-C�C-p-MeOC6H4)3]
+* and 4-methoxycarbonyl-N-

methylpyridinium in degassed acetone (0.1 moldm�3 nBu4NPF6).
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kinetics. The back-electron-transfer rate constant, kbet, can
be determined from Equation (4).

kbet ¼ b mDe ð4Þ

The path length b of the optical cell is 0.4 cm, m is the
slope of the straight line obtained from the plot [1/DA]
versus time, and De=Seproducts�Sereactants. A kbet value of 1.0R
107 dm3mol�1 s�1 was determined on the basis of the decay
of the mixed-valence species, and this value agrees well with
that obtained from the CuICuICuICuII mixed-valence species
decay trace at 750 nm.
Similar transient absorption difference spectra were also

observed for the photoinduced electron-transfer reaction be-
tween 1 and methyl viologen (MV2+) hexafluorophosphate
(Figure 12). The spectrum is dominated by two absorption

bands, one sharp band at �400 nm and a broad band at
�605 nm. Both are attributable to the reduced methyl viol-
ogen radical based on its reported spectrum.[19] The expect-
ed absorption band of the mixed-valence CuICuICuICuII spe-
cies was not clearly observed and might be obscured by the
intense absorption of MV+ ·.

Conclusions

A novel class of tetranuclear copper(I) alkynyl complexes
with an “open-cube” structure was synthesized, and the
crystal structure of [Cu4{P ACHTUNGTRENNUNG(p-MeC6H4)3}4(m3-h

1,h1,h2-C�C-p-
MeOC6H4)3]PF6 was determined. These complexes display
dual-emission behavior. Through systematic comparison
studies of the electronic absorption and photoluminescence
properties of a series of [Cu4ACHTUNGTRENNUNG(PR3)4(m3-h

1,h1,h2-C�CR’)3]+ ,
together with density functional theory calculations at the
PBE1PBE level on the model complex [Cu4 ACHTUNGTRENNUNG(PH3)4(m3-
h1,h1,h2-C�C-p-MeOC6H4)3]

+ , the nature of their emission
origins was probed. Their photochemical properties were

also investigated by oxidative-quenching experiments and
transient-absorption spectroscopy.

Experimental Section

Materials and Reagents

Potassium tetrachloroaurate ACHTUNGTRENNUNG(III) and trans-dichlorobis(triphenylphos-
ACHTUNGTRENNUNGphine)palladium(II) were obtained from Strem Chemicals Inc. All the
substituted phenylacetylenes were obtained from Maybridge Chemical
Company, Ltd. [CuACHTUNGTRENNUNG(MeCN)4]PF6,

[20] 2-ethynylthiophene,[21] and [Au-
ACHTUNGTRENNUNG(C�CR)]1[22] were prepared according to literature procedures. All sol-
vents were purified and distilled under a nitrogen atmosphere by using
standard procedures prior to use. All other reagents were of analytical
grade and were used as received. The pyridinium salts for quenching
studies were prepared by heating the corresponding pyridine and alkylat-
ing agent in acetone/ethanol (1:1 v/v) at reflux for 4 h, followed by a
metathesis reaction with ammonium hexafluorophosphate in water, and
subsequent recrystallization from acetonitrile/diethyl ether. Tetra-n-bu-
ACHTUNGTRENNUNGtylammonium hexafluorophosphate (Aldrich) was recrystallized three
times from hot ethanol and dried under vacuum for 24 h prior to use.

Physical Measurements and Instrumentation

1H NMR spectra were recorded on a Bruker DPX-300 (300 MHz) FT-
NMR spectrometer, with chemical shifts (d, ppm) reported relative to
Me4Si (TMS). Elemental analyses of all the newly synthesized metal
complexes were performed either at the Butterworth Laboratories Ltd.
or on a Carlo Erba 1106 elemental analyzer at the Institute of Chemistry,
the Chinese Academy of Sciences in Beijing. All positive-ion FAB and
electrospray ionization (ESI) mass spectra were recorded on Finnigan
MAT95 and Finnigan LCQ mass spectrometers, respectively. All elec-
tronic absorption spectra were recorded on a Hewlett–Packard 8452 A
diode array spectrophotometer. Steady-state emission and excitation
spectra recorded at room temperature and at 77 K were obtained on a
Spex Fluorolog-2 Model F111 fluorescence spectrophotometer with or
without corning filters. All solutions for photophysical studies were pre-
pared in a two-compartment cell consisting of a 10-cm3 Pyrex bulb equip-
ped with a side-arm to a 1-cm-pathlength quartz cuvette, and sealed from
the atmosphere by a Rotaflo HP6/6 quick-release Teflon stopper. Solu-
tions were degassed under high vacuum (limiting pressure <10�3 torr)
with no less than four successive freeze–pump–thaw cycles. Solid-state
photophysical measurements were carried out with solid samples loaded
in a quartz tube inside a quartz-walled Dewar flask. Liquid nitrogen was
placed in the Dewar flask for low-temperature (77 K) solid-state and
glass photophysical measurements. Emission lifetime measurements were
performed with a conventional laser system. The excitation source was
the 355-nm-output (third harmonic) of a Spectra-Physics Quanta-Ray Q-
switched GCR-150-10 pulsed Nd-YAG laser. Luminescence decay signals
were recorded on a Tektronix model TDS620 A digital oscilloscope, and
analyzed by using a program for exponential fits.

Syntheses

All reactions were carried out by using standard Schlenk techniques
under an inert atmosphere of nitrogen.

1:[7] [CuACHTUNGTRENNUNG(MeCN)4]PF6 (0.10 g, 0.27 mmol) was suspended in dichloro-
ACHTUNGTRENNUNGmethane (20 mL), and triphenylphosphine (0.21 g, 0.81 mmol) was added.
Stirring was continued until the triphenylphosphine dissolved completely.
[Au(C�C-p-MeOC6H4)]1 (88 mg, 0.27 mmol) was added, and the yellow
suspension changed rapidly into a clear yellow solution. Stirring was con-
tinued for 15 min, and the resulting solution was filtered. The volume of
the filtrate was decreased under reduced pressure, followed by diffusion
of diethyl ether vapor into the preconcentrated solution of the complex
in dichloromethane to yield 1 as air-stable pale-yellow crystals. Yield:
85 mg (69%). IR (Nujol): ñ=842 cm�1 (s, n ACHTUNGTRENNUNG(P-F)); 1H NMR (300 MHz,
[D6]acetone, 298 K, TMS): d=3.71 (s, 9H; OCH3), 6.38 (d, 3J ACHTUNGTRENNUNG(H,H)=
10 Hz, 6H; C�CC6H4), 6.48 (d,

3J ACHTUNGTRENNUNG(H,H)=10 Hz, 6H; C�CC6H4), 7.10–
7.38 ppm (m, 60H; PPh3); MS (positive-ion FAB): m/z : 1696 [M�PF6]+ ;

Figure 12. Transient absorption difference spectrum recorded 2 ms after
laser flash for the reaction of [Cu4 ACHTUNGTRENNUNG(PPh3)4(m3-h

1,h1,h2-C�C-p-
MeOC6H4)3]

+* and methyl viologen in degassed acetone (0.1 moldm�3

nBu4NPF6).
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elemental analysis: calcd (%) for C99H81Cu4F6O3P5·
1=2CH2Cl2 (1884.2): C

63.42, H 4.35; found: C 63.42, H 4.46.

2: The procedure was similar to that used in the preparation of 1, except
that [Au(C�C-p-EtOC6H4)]1 (92 mg, 0.27 mmol) was used instead of
[Au(C�C-p-MeOC6H4)]1, yielding 2 as air-stable pale-yellow crystals
(90 mg, 56%). IR (KBr): ñ=842 cm�1 (s, n ACHTUNGTRENNUNG(P-F)); 1H NMR (300 MHz,
CDCl3, 298 K, TMS): d=1.37 (t,

3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 9H; CH3), 3.89 (q,
3J-

ACHTUNGTRENNUNG(H,H)=6.9 Hz, 6H; OCH2), 6.24–6.32 (m, 12H; C6H4), 7.01–7.23 ppm
(m, 60H; PPh3); MS (positive-ion FAB): m/z : 1737 [M�PF6+H]+ ; MS
(positive ESI): m/z : 1736 [M�PF6]+ ; elemental analysis: calcd (%) for
C102H87Cu4F6O3P5·CH2Cl2 (1968.8): C 62.84, H 4.56; found: C 62.94, H
4.79.

3 : The procedure was similar to that used in the preparation of 1 except
that [Au(C�C-p-nBuOC6H4)]1 (100 mg, 0.27 mmol) was used instead of
[Au(C�C-p-MeOC6H4)]1, yielding 3 as air-stable pale-yellow crystals
(93 mg, 53%). IR (KBr): ñ=841 cm�1 (s, n ACHTUNGTRENNUNG(P-F)); 1H NMR (300 MHz,
CDCl3, 298 K, TMS): d=0.97 (t,

3J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 9H; CH3), 1.43–1.48
(m, 6H; CH2CH3), 1.72–1.76 (m, 6H; OCH2CH2), 3.81 (t, 3J ACHTUNGTRENNUNG(H,H)=
6,5 Hz, 6H; OCH2), 6.24–6.32 (m, 12H; C6H4), 6.99–7.22 ppm (m, 60H;
PPh3); MS (positive-ion FAB): m/z : 1559 [M�PF6�PPh3]+ ; MS (positive
ESI): m/z : 1821 [M�PF6]+ ; elemental analysis: calcd (%) for
C108H99Cu4F6O3P5·1/5 CH2Cl2 (1985.0): C 65.47, H 5.05; found: C 65.47, H
5.08.

4 : The procedure was similar to that used in the preparation of 1, except
that [Au(C�C-p-nHexOC6H4)]1 (107 mg, 0.27 mmol) was used instead of
[Au(C�C-p-MeOC6H4)]1, yielding 4 as air-stable pale-yellow crystals
(100 mg, 54%). IR (KBr): ñ=841 cm�1 (s, n ACHTUNGTRENNUNG(P-F)); 1H NMR (300 MHz,
CDCl3, 298 K, TMS): d=0.91 (t,

3J ACHTUNGTRENNUNG(H,H)=6.7 Hz, 9H; CH3), 1.18–1.45
(m, 18H; CH2CH2CH2CH3), 1.68–1.75 (m, 6H; OCH2CH2), 3.80 (t,

3J-
ACHTUNGTRENNUNG(H,H)=6.5 Hz, 6H; OCH2), 6.24–6.32 (m, 12H; C6H4), 7.01–7.22 ppm
(m, 60H; PPh3); MS (positive-ion FAB): m/z : 1906 [M�PF6+H]+ ; MS
(positive ESI): m/z : 1905 [M�PF6]+ ; elemental analysis: calcd (%) for
C114H111Cu4F6O3P5·CH2Cl2 (2137.1): C 64.63, H 5.33; found: C 64.41, H
5.26.

5 : The procedure was similar to that used in the preparation of 1, except
that [Au(C�C-p-nHeptOC6H4)]1 (111 mg, 0.27 mmol) was used instead
of [Au(C�C-p-MeOC6H4)]1, yielding 5 as air-stable pale-yellow crystals
(105 mg, 56%). IR (KBr): ñ=841 cm�1 (s, n ACHTUNGTRENNUNG(P-F)); 1H NMR (300 MHz,
CDCl3, 298 K, Me4Si): d=0.89 (t,

3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 9H; CH3), 1.23–1.42
(m, 6H; CH2CH3), 1.68–1.75 (m, 24H; OCH2CH2CH2CH2CH2), 3.82 (t,
3J ACHTUNGTRENNUNG(H,H)=6.5 Hz, 6H; OCH2), 6.24–6.32 (m, 12H; C6H4), 6.98–7.30 ppm
(m, 60H; PPh3); MS (positive-ion FAB): m/z : 1685 [M�PPh3�PF6+H]+ ;
MS (positive ESI): m/z : 1945 [M�PF6]+ ; elemental analysis: calcd (%)
for C117H117Cu4F6O3P5·5/4 CH2Cl2 (2200.4): C 64.55, H 5.47; found: C
64.57, H 5.25.

6 : The procedure was similar to that used in the preparation of 1, except
that [Au(C�C-p-MeC6H4)]1 (84 mg, 0.27 mmol) was used instead of
[Au(C�C-p-MeOC6H4)]1, yielding 6 as air-stable pale-yellow crystals
(87 mg, 72%). IR (nujol): ñ=840 cm�1 (s, n ACHTUNGTRENNUNG(P-F)); 1H NMR (300 MHz,
[D6]acetone, 298 K, TMS): d=2.19 (s, 9H; CH3), 6.42 (d,

3J ACHTUNGTRENNUNG(H,H)=9 Hz,
6H; C�CC6H4), 6.64 (d,

3J ACHTUNGTRENNUNG(H,H)=9 Hz, 6H; C�CC6H4), 7.06–7.38 ppm
(m, 60H; PPh3); MS (positive-ion FAB): m/z : 1646 [M�PF6+H]+ ; MS
(positive ESI): m/z : 1646 [M�PF6+H]+ ; elemental analysis: calcd (%)
for C99H81Cu4F6P5 (1793.7): C 66.29, H 4.55; found: C 65.94, H 4.57.

7: The procedure was similar to that used in the preparation of 1, except
that [Au(C�C-p-nBuC6H4)]1 (96 mg, 0.27 mmol) was used instead of
[Au(C�C-p-MeOC6H4)]1, yielding 7 as air-stable pale-yellow crystals
(83 mg, 48%). IR (KBr): ñ=839 cm�1 (s, n ACHTUNGTRENNUNG(P-F)); 1H NMR (300 MHz,
CDCl3, 298 K, TMS): d=0.90 (t,

3J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 9H; CH3), 1.27–1.32
(m, 6H; CH2CH3), 1.40–1.50 (m, 6H; CH2CH2CH3), 2.42 (t,

3J ACHTUNGTRENNUNG(H,H)=
7.6 Hz, 6H; C6H4CH2), 6.30 (d,

3J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 6H; C6H4), 6.57 (d,
3J-

ACHTUNGTRENNUNG(H,H)=8.0 Hz, 6H; C6H4), 7.02–7.23 ppm (m, 60H; PPh3); MS (positive-
ion FAB): m/z : 1511 [M�PPh3�PF6+H]+ ; MS (positive ESI): m/z 1772
[M�PF6]+ ; elemental analysis: calcd (%) for C108H99Cu4F6P5·CH2Cl2
(2004.9): C 65.30, H 5.08; found: C 65.08, H 5.12.

8 : The procedure was similar to that used in the preparation of 1, except
that [Au(C�C-p-nHexC6H4)]1 (103 mg, 0.27 mmol) was used instead of
[Au(C�C-p-MeOC6H4)]1, yielding 8 as air-stable pale-yellow crystals

(84 mg, 47%). IR (KBr): ñ=840 cm�1 (s, n ACHTUNGTRENNUNG(P-F)); 1H NMR (300 MHz,
CDCl3, 298 K, TMS): d=0.87 (t,

3J ACHTUNGTRENNUNG(H,H)=6.5 Hz, 9H; CH3), 1.18–1.25
(m, 18H; CH2CH2CH2CH3), 1.44–1.48 (m, 6H; C6H4CH2CH2), 2.40 (t,

3J-
ACHTUNGTRENNUNG(H,H)=7.5 Hz, 6H; C6H4CH2), 6.30 (d, J=7.9 Hz, 6H; C6H4), 6.57 (d,

3J-
ACHTUNGTRENNUNG(H,H)=7.9 Hz, 6H; C6H4), 7.05–7.23 ppm (m, 60H; PPh3); MS (positive-
ion FAB): m/z : 1595 [M-PPh3-PF6+H]

+ ; MS (positive ESI): m/z : 1857
[M�PF6+H]+ ; elemental analysis: calcd (%) for
C114H111Cu4F6P5·

3=4CH2Cl2 (2067.8): C 66.65, H 5.48; found: C 66.45, H
5.27.

9 : The procedure was similar to that used in the preparation of 1, except
that [Au(C�C-p-nHeptC6H4)]1 (107 mg, 0.27 mmol) was used instead of
[Au(C�C-p-MeOC6H4)]1, yielding 9 as air-stable pale-yellow crystals
(86 mg, 47%). IR (KBr): ñ=840 cm�1 (s, n ACHTUNGTRENNUNG(P-F)); 1H NMR (300 MHz,
CDCl3, 298 K, TMS): d=0.88 (t,

3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 9H; CH3), 1.32–1.36
(m, 24H; CH2CH2CH2CH2CH3), 1.45–1.53 (m, 6H; C6H4CH2CH2), 2.41
(t, 3J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 6H; C6H4CH2), 6.29 (d, 3J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 6H;
C6H4), 6.57 (d, 3J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 6H; C6H4), 6.92–7.22 ppm (m, 60H;
PPh3); MS (positive-ion FAB): m/z : 1637 [M�PPh3�PF6+H]+ ; MS (posi-
tive ESI): m/z : 1899 [M�PF6+H]+ ; elemental analysis: calcd (%) for
C117H117Cu4F6P5·

1=2CH2Cl2 (2088.7): C 67.57, H 5.69; found: C 67.68, H
5.67.

10 : The procedure was similar to that used in the preparation of 1,
except that [Au(C�C-p-nOctC6H4)]1 (111 mg, 0.27 mmol) was used in-
stead of [Au(C�C-p-MeOC6H4)]1, yielding 10 as air-stable pale-yellow
crystals (92 mg, 49%). IR (KBr): ñ=840 cm�1 (s, n ACHTUNGTRENNUNG(P-F)); 1H NMR
(300 MHz, CDCl3, 298 K, TMS): d=0.87 (t,

3J ACHTUNGTRENNUNG(H,H)=6.7 Hz, 9H; CH3),
1.18–1.25 (m, 30H, CH2CH2CH2CH2CH2CH3), 1.44–1.48 (m, 6H,
C6H4CH2CH2), 2.38–2.43 (m, 6H; C6H4CH2), 6.30 (d,

3J ACHTUNGTRENNUNG(H,H)=8.0 Hz,
6H; C6H4), 6.56 (d, 3J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 6H; C6H4), 6.92–7.22 ppm (m,
60H; PPh3); MS (positive-ion FAB): m/z : 1940 [M�PF6]+ ; MS (positive
ESI): m/z : 1941 [M�PF6+H]+ ; elemental analysis: calcd (%) for
C120H123Cu4F6P5·

1=5CH2Cl2 (2105.3): C 68.57, H 5.91; found (%): C 68.73,
H 5.67.

11: The procedure was similar to that used in the preparation of 1, except
that [Au(C�C-p-C6H5C6H4)]1 (100 mg, 0.27 mmol) was used instead of
[Au(C�C-p-MeOC6H4)]1, yielding 11 as pale-yellow crystals (93 mg,
70%). IR (Nujol): ñ=837 cm�1 (s, n ACHTUNGTRENNUNG(P-F)); 1H NMR (300 MHz,
[D6]acetone, 298 K, TMS): d=6.49 (d,

3J ACHTUNGTRENNUNG(H,H)=9 Hz, 6H; C�CC6H4),
6.94 (d, 3J ACHTUNGTRENNUNG(H,H)=9 Hz, 6H; C�CC6H4), 6.97–7.39 ppm (m, 75H; C6H5);
MS (positive-ion FAB): m/z : 1836 [M�PF6+H]+ ; MS (positive ESI):
m/z : 1835 [M�PF6]+ ; elemental analysis: calcd (%) for C114H87Cu4F6P5
(1980.0): C 69.15, H 4.43; found: C 69.38, H 4.37.

12 : The procedure was similar to that for 1, except that [Au(C�C-p-
ClC6H4)]1 (89 mg, 0.27 mmol) was used instead of [Au(C�C-p-
MeOC6H4)]1, yielding 12 as pale-yellow crystals (92 mg, 74%). IR
(nujol): ñ=837 cm�1 (s, n ACHTUNGTRENNUNG(P-F)); 1H NMR (300 MHz, [D6]acetone, 298 K,
TMS): d=6.52 (d, 3J ACHTUNGTRENNUNG(H,H)=9 Hz, 6H; C�CC6H4), 6.78 (d,

3J ACHTUNGTRENNUNG(H,H)=
9 Hz, 6H; C�CC6H4), 7.10–7.44 ppm (m, 60H; PPh3); MS (positive-ion
FAB): m/z : 1710 [M�PF6+H]+ ; MS (positive ESI): m/z : 1709 [M�PF6]+ ;
elemental analysis: calcd (%) for C96H72Cu4Cl3F6P5·

1=4CH2Cl2 (1876.2): C
61.61, H 3.89; found C 61.68, H 3.81.

13 : The procedure was similar to that used in the preparation of 1,
except that [Au ACHTUNGTRENNUNG(C�CC4H3S)]1 (82 mg, 0.27 mmol) was used instead of
[Au(C�C-p-MeOC6H4)]1, yielding 13 as air-stable pale-yellow crystals
(75 mg, 47%). IR (KBr): ñ=838 cm�1 (s, n ACHTUNGTRENNUNG(P-F)); 1H NMR (300 MHz,
CDCl3, 298 K, TMS): d=6.04 (dd,

3J ACHTUNGTRENNUNG(H,H)=1.2, 4.3 Hz, 3H; 3-thienyl
protons), 6.44 (dd, 3J ACHTUNGTRENNUNG(H,H)=4.3, 5.1 Hz, 3H; 4-thienyl protons), 6.82 (dd,
3J ACHTUNGTRENNUNG(H,H)=1.2, 5.1 Hz, 3H; 5-thienyl protons), 7.10–7.23 ppm (m, 60H;
PPh3); MS (positive-ion FAB): m/z : 1623 [M�PF6]+ ; MS (positive ESI):
m/z : 1623 [M�PF6]+ ; elemental analysis: calcd (%) for
C90H69Cu4F6P5S3·CH2Cl2 (1854.7): C 58.93, H 3.86; found: C 58.65, H
3.69.

14 : The procedure was similar to that used in the preparation of 1,
except that tri ACHTUNGTRENNUNG(p-tolyl)phosphine (0.21 g, 0.81 mmol) was used instead of
triphenylphosphine, yielding 14 as air-stable pale-yellow crystals (123 mg,
51%). IR (KBr): ñ=843 cm�1 (s, n ACHTUNGTRENNUNG(P-F)); 1H NMR (300 MHz, CDCl3,
298 K, TMS): d=2.18 (s, 36H; CH3), 3.68 (s, 9H; OMe), 6.16 (d, 3J-
ACHTUNGTRENNUNG(H,H)=8.7 Hz, 6H; C6H4O), 6.30 (d, 3J ACHTUNGTRENNUNG(H,H)=8.7 Hz, 6 H C6H4O),
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6.74–6.77 (m, 24H, C6H4), 6.94–6.98 ppm (m, 24H; C6H4). MS (positive-
ion FAB): m/z : 1865 [M�PF6]+ ; MS (positive ESI): m/z : 1865 [M�PF6]+ ;
elemental analysis: calcd (%) for C111H105Cu4F6O3P5 (2010.1): C 66.33, H
5.27; found: C 66.05, H 5.27.

15 : The procedure was similar to that used in the preparation of 1,
except that P(p-CF3C6H4)3 (0.38 g, 0.81 mmol) was used instead of triphe-
nylphosphine, yielding 15 as air-stable pale-yellow crystals (120 mg,
50%). IR (KBr): ñ=838 cm�1 (s, n ACHTUNGTRENNUNG(P-F)); 1H NMR (300 MHz, CDCl3,
298 K, TMS): d=3.59 (s, 9H; OMe), 6.13 (d, 3J ACHTUNGTRENNUNG(H,H)=8.8 Hz, 6H;
C6H4O), 6.61 (d,

3J ACHTUNGTRENNUNG(H,H)=8.8 Hz, 6H; C6H4O), 7.30–7.34 ppm (m, 48H;
p-CF3C6H4); MS (positive-ion FAB): m/z : 1980 [M�Cu�P-
ACHTUNGTRENNUNG(C6H4CF3)3�PF6]+ ; MS (positive ESI): m/z : 1577 [M�2P-
ACHTUNGTRENNUNG(C6H4CF3)3�PF6]+ ; elemental analysis: calcd (%) for
C111H69Cu4F42O3P5·CH2Cl2 (2742.7): C 49.05, H 2.61; found: C 49.10, H
2.53.

Crystal-Structure Determination

A pale yellow crystal of 14 of dimensions 0.40R0.40R0.15 mm3, obtained
by recrystallization from dichloromethane/diethyl ether, was mounted in
a glass capillary and was used for data collection at 28 8C on a MAR dif-
fractometer with a 300-mm image plate detector with graphite-mono-
chromated MoKa radiation (l=0.71073 P). Data collection was made
with 28 oscillation steps of f, 300-s exposure time, and scanner distance
at 120 mm. 101 images were collected. The copper and most of the non-
H atoms were located according to the direct methods. The positions of
the other non-hydrogen atoms were found after successful refinement by
full-matrix least-squares using program SHELXL-97 on PC.[23] The O
atom of a water molecule was located at a special position. According to
the SHELXL-97 program,[23] all 15613 independent reflections (Rint=

0.0508, 9401 reflections larger than 4s(Fo)) from a total of 48264 reflec-
tions were included in the full-matrix least-squares refinement against F2.
These reflections were in the range h : �18 to 18; k : �35 to 35; l : �27 to
26 with 2qmax=51.008. One crystallographic asymmetric unit consists of
one formula unit, inclusive of one half of a water molecule. In the final
stage of least-squares refinement, all non-hydrogen atoms were refined
anisotropically. H atoms (except those on the O atom of water mole-
cules) were generated by the program SHELXL-97.[23] The positions of
the H atoms were calculated based on the riding mode with thermal pa-
rameters equal to 1.2 times that of the associated C atoms, and
included in the calculation of final R indices. (D/s)max=
0.003, av. 0.001 for 1136 variable parameters by full-matrix least-squares
refinement on F2 leads to R1=0.0547 and wR2=0.1584 with a goodness-
of-fit of 0.942, the parameters a and b for the weighting scheme are
0.1131 and 0.0. The final difference Fourier map shows maximum rest
peaks and holes of 1.782 and �0.736 eP�3, respectively. CCDC-298052
contains the supplementary crystallographic data for this paper. These
data can be obtained free of charge at www.ccdc.cam.ac.uk/data request.-
cif.

Computational Details

Calculations were carried out with the Gaussian03 software package.[24]

Density functional theory (DFT) at the hybrid Perdew, Burke, and Ern-
zerhof functional (PBE1PBE) level[25] was used to optimize the singlet
ground-state (S0) geometries of the model complex, [Cu4 ACHTUNGTRENNUNG(PH3)4(m3-
h1,h1,h2-C�C-p-MeOC6H5)3]

+ (1a), with the constraint of C3 symmetry.
The Stuttgart/Dresden effective core potentials (ECPs)[26] on Cu were
used to replace the inner core electrons, while the SDD basis set[27] was
applied to describe the outer core (3s23p6) and the valence 3d electrons.
To increase the accuracy, an f polarization function (zf(Cu)=3.525) was
employed for Cu.[28] For all the other atoms (P, C, H, and O), the 6–
31G(d) basis set[29] was used. Time-dependent (TD) DFT (PBE1PBE)
was employed to calculate the lowest-energy triplet excited state based
on the ground-state optimized geometry, by using the same basis set with
PBE1PBE functional. On the basis of the three excitations in the first ex-
cited state from the TD-DFT calculation, geometry optimizations for the
three triplet excited states in 1a without symmetry constraints were per-
formed by using unrestricted UPBE1PBE. Vibrational frequencies were

calculated for all optimized geometries to verify that each was a mini-
mum on the potential energy surface.
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