
Self-Assembled Encapsulation of CuX2
− (X = Br, Cl) in a Gold

Phosphine Box-like Cavity with Metallophilic Au−Cu Interactions

Daniel T. Walters, Michael M. Aristov, Reza Babadi Aghakhanpour, Daniel J. SantaLucia, Sarah Costa,
Marilyn. M. Olmstead, John F. Berry,* and Alan. L. Balch*

Cite This: Inorg. Chem. 2023, 62, 4467−4475 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Synthetic routes to the crystallization of two new box-like
complexes, [Au6(Triphos)4(CuBr2)](OTf)5·(CH2Cl2)3·(CH3OH)3·
(H2O)4 (1) and [Au6(Triphos)4 (CuCl2)](PF6)5·(CH2Cl2)4 (2)
(triphos = bis(2-diphenylphosphinoethyl)phenylphosphine), have been
developed. The two centrosymmetric cationic complexes have been
structurally characterized through single-crystal X-ray diffraction and
shown to contain a CuX2

− (X = Br or Cl) unit suspended between two
Au(I) centers without the involvement of bridging ligands. These
colorless crystals display green luminescence (λem = 527 nm) for (1) and
teal luminescence (λem = 464 nm) for (2). Computational results
document the metallophilic interactions that are involved in positioning
the Cu(I) center between the two Au(I) ions and in the luminescence.

■ INTRODUCTION

Recent years have seen the synthesis of many cage-like
molecules that can provide a closed interior space in which an
array of atoms, ions, or other molecules can be encapsu-
lated.1−8 Such container molecules have been shown to be
capable of trapping and protecting reactive molecules ranging
from cyclobutadiene9 to tetrahedral P4.

10 The carbon cages of
fullerenes have been found to encapsulate a range of atomic
clusters such as Sc4O3,

11 Gd2C2,
12 and U2N

13 that have no
terrestrial existence outside of the fullerene cage. Luminescent
cage molecules can be made by the incorporation of
fluorescent or phosphorescent components into the fabric of
the cage.14 The emissive properties of such cages may be
perturbed by encapsulation of other molecules or ions. Thus,
these cages may be utilized as sensors. Porous cage molecules
that allow smaller molecules to pass through the interior are
well equipped to function as catalysts.1 For example, a cage-
confined photocatalyst has been developed for the [2 + 2]
cycloaddition of α,β-unsaturated carbonyl compounds.15

A short while ago, we discovered that luminescent, self-
assembled box-like molecules could be constructed from non-
luminescent components: the tridentate ligand bis(2-diphenyl-
phosphinoethyl)phenylphosphine (Triphos), gold(I) ions, and
chloride or bromide ions.16,17 Scheme 1 summarizes prior
work on these luminescent boxes. The chloro-box involves the
cation, [Au6(Triphos)4Cl]

5+, which displays a readily observed
blue emission at room temperature. While three-coordinate
gold(I) complexes are usually highly emissive,18−20 the
distances between the gold(I) ion and the two neighboring
chloride ions are rather long, ca 3.50 Å, in these chloro-box

cations. Consequently, the emission of this box has been
suggested to involve the production of an exciplex formed by
the interaction of the gold ions with the adjacent chloride ion
at the center of the box. Additionally, these salts,
[Au6(Triphos)4Cl](EF6)5·n(CH3C6H5) (E = P, As, or Sb),
are mechanochromic21−25 and are transformed into the chloro-
bridged helicate dimer upon grinding. A relatively simple
mechanism involving the breaking of only two Au−P bonds
has been proposed to account for this mechanochromic
transformation.
Similar box-like molecules have been made by the addition

of bromide ions to the helicate tri-gold complex,
[Au3(Triphos)2](O3SCF3)3,

26 and contain either one or two
bromide ions.12 Both the mono-bromo-box and the di-bromo-
box salts are luminescent. Crystals of the mono-bromo-box,
[Au6(Triphos)4Br](SbF6)5·6(CH2Cl2), are mechanochromic
and are transformed by grinding into a solid containing the
non-luminescent bromo-bridged helicate dimer, [(μ-Br)-
{Au3(Triphos)2}2]

5+.
Here we explore another aspect of the chemistry of these

box-like cations. Remarkably, we have discovered that the
anions CuCl2

− and CuBr2
− can be trapped within these gold
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phosphine cages to produce new luminescent compounds with
metallophilic Cu/Au interactions.
A few other luminescent complexes that involve gold−

copper interactions have been prepared.27−43 For example,
Loṕez-de-Luzuriaga and co-workers have constructed com-
pounds with gold−copper interactions through the combina-
tion of the anion [Au(C6X5)2]

− (X = F or Cl) with cationic
copper(I) complexes.31−36 Catalano and co-workers have
constructed a number of bridging ligands that bind a gold(I)
ion through phosphine or carbene donors and have pyridyl
groups that can coordinate one or two copper(I) ions.37−42 In
these complexes, the distance between the copper and gold
centers can be manipulated by changing the number and kinds
of additional ligands that bind to the copper(I) ions.
Unbridged complexes in which two cyclic, trinuclear molecules
are linked together through the formation of Au(I)−Cu(I)
bonds have been prepared by Omary and co-workers.43

■ RESULTS AND DISCUSSION

Preparation and Structure of [Au6(Triphos)4(CuBr2)]-
( O T f ) 5 · ( CH 2C l 2 ) 3 · ( CH 3OH ) 3 · ( H 2O ) 4 ( 1 ) a nd
[Au6(Triphos)4(CuCl2)](PF6)5·(CH2Cl2)4 (2). The preparative
work is summarized in Scheme 2. A sample of colorless

[Au6(Triphos)4(CuBr2)](OTf)5·(CH2Cl2)3(CH3OH)3-·
(H2O)4 (1) was obtained by adding a solution of K(CuBr2) in
methanol to a dichloromethane solution of the helicate
[Au3(Triphos)2](OTf)3 in a process similar to that used for
the preparation of the bromo-box and di-bromo-box as shown
in the lower part of Scheme 1. The colorless product displayed
green luminescence under UV irradiation. Crystallization was
achieved by the diffusion of diethyl ether into a methanol/
dichloromethane solution of the product. Colorless crystals of
[Au6(Triphos)4(CuCl2)](PF6)5·(CH2Cl2)4 (2) were obtained
by a self-assembly process that involved mixing a solution of
Triphos in dichloromethane with a solution of CuCl in
acetonitrile, followed by the addition of a dichloromethane
solution of Au(tht)Cl (tht = tetrahydrothiophene) and finally
addition of solid (NH4)(PF6). After stirring and evaporation of
the solvent, the product was extracted with dichloromethane
and recrystallized by slow layer diffusion of ether into the
dichloromethane solution. Under UV light, these crystals had a
teal luminescence. Crystals of [Au6(Triphos)4(CuBr2)](OTf)5·
( C H 2 C l 2 ) 3 ( C H 3OH ) 3 · ( H 2O ) 4 ( 1 ) a n d o f
[Au6(Triphos)4(CuCl2)](PF6)5·(CH2Cl2)4 (2) are quite frag-
ile, particularly when removed from their mother liquor. Away
from the mother liquor, they crack and crumble, presumably
due to the loss of volatile solvate molecules. Solvate loss from
crystals is a serious issue that can alter not only composition
but also structure and properties.44 The low solubility and
solution instability of these crystals preclude characterization
by liquid-phase techniques such as NMR spectroscopy.
Crystals of [Au6(Triphos)4(CuBr2)](OTf)5·(CH2Cl2)3·

(CH3OH)3·(H2O)4 (1) contain two independent cations in
the asymmetric unit. Figure 1 shows drawings of these two

Scheme 1. Formation of Gold Box and Helicate Cationsa

aHydrogen atoms, phenyl groups, anions, and solvate molecules have
been omitted for clarity.

Scheme 2. Formation of Copper and Gold Box
Pentacationsa

aHydrogen atoms, phenyl groups, anions, and solvate molecules have
been omitted for clarity. Color scheme: Au, orange; Cu, blue; Br, red;
Cl, green; C, gray or white; P, pink.
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cations, which will be known as cation A or B. Some
interatomic distances in these cations are compiled in Table 1.
Each cation is centrosymmetric, with the copper ion residing
on a crystallographic center of symmetry. The overall shape of
the box is similar to those of the chloro and bromo boxes
shown in Scheme 1. The six gold ions are widely dispersed,
indicating that there are no aurophilic contacts in the box. The
Au−P distances in the two cations fall in a narrow range,
2.294(2) to 2.309(2) Å. The Cu−Br distances [2.2353(10)
and 2.2320(11) Å] in the two cations are similar and typical
for other examples of this ion. The average Cu−Br distance in
the 56 examples of the [CuBr2]

− ion deposited in the CCDC is
2.230[6] Å.45 In contrast, the Au−Cu distances in the two
cations differ: that distance is 3.2172(4) Å in cation A and
3.0738(4) Å in cation B. In cation B, there are two molecules
of dichloromethane that reside within the box, while no solvate
molecules are found within the confines of cation A.
Since it is unusual for two instances of the same molecule in

the same crystal structure to have distances that differ by >0.1
Å, we decided to investigate the energetics of these species
using DFT. Single-point calculations on the bare pentacations
fixed to their crystallographic geometries revealed a rather large
energetic difference of 58.06 kJ/mol, the structure with the
long Au−Cu, cation A, distance being more stable. This energy
difference between cation A and cation B geometries is too
large to be accounted for by normal packing forces, so we
looked beyond the molecule for a possible explanation.
Analysis of the crystal structure revealed triflate counterions
positioned nearby the facial Au atoms. The distance between
the nearest triflate O atom and the facial Au atom is 2.966(12)
Å for cation A and 3.7905(4) Å for cation B. Figure 2 shows
the location of one of the triflate ions near Au2 in cation A. By
including the two triflate anions located adjacent to these facial
Au atoms in the calculations, the energetic difference dropped
to 4.42 kJ/mol, with cation A still being more stable. From
these calculations, we propose that the difference in the Au−

Cu lengths between cations A and B arises from a weak
interaction between the Au center and the triflate anion. In
cation A, this Au−triflate interaction stabilizes the box at the
cost of the Au−Cu interaction (as seen by the bond
elongation). Whereas in cation B, the Au−triflate interaction
is almost non-existent due to physical separation, resulting in a
less stable box that favors a stronger and shorter Au−Cu
interaction.
The structure of the sole cation in the colorless crystals of

[Au6(Triphos)4(CuCl2)](PF6)5·(CH2Cl2)4 (2) is shown in
Figure 3. Again, the cation is centrosymmetric, with Cu1

Figure 1. Structures of the two different cations, A and B,
[Au6(Triphos)4 (CuBr2)]

5+ in [Au6(Triphos)4(CuBr2)](OTf)5·
(CH2Cl2)3·(CH3OH)3·(H2O)4 (1) drawn with thermal contours at
the 50% probability level. For cation B, containing Cu2, two
molecules of dichloromethane reside within the box, while there are
no dichloromethane molecules inside cation A that contains Cu1. For
clarity, hydrogen atoms, the anions, and the other dichloromethane
molecule and the methanol molecules have been omitted.

Table 1. Selected Bond Distances (Å) and Angles (°) for the Box Cations [Au6(Triphos)4(CuX2)]
5+

compound [Au6(Triphos)4(CuBr2)]
5+ cation A in (1) [Au6(Triphos)4(CuBr2)]

5+ cation B in (1) [Au6(Triphos)4(CuCl2)]
5+ in (2)

Au2−Cu1 3.2172(4) 3.0738(4) 3.1646(10)

Cu1−X 2.2353(10) 2.2320(11) 2.104(4)

Au1−P1 2.298(2) 2.294(2) 2.300(3)

Au1−P6 2.297(2) 2.298(2) 2.305(3)

Au2−P2 2.2992(18) 2.300(2) 2.304(2)

Au2−P5 2.3080(18) 2.301(2) 2.305(3)

Au3−P3 2.2983(19) 2.307(2) 2.301(3)

Au3−P4 2.3056(19) 2.309(2) 2.297(3)

Au2···Au2A (width) 6.434 6.147 6.329

Au1···Au3 (length) 8.230 8.438 8.357

Au1···Au3A (depth) 7.357 7.1861 7.386
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residing on a crystallographic center of symmetry. As seen in
Table 1, the general dimensions of the cation are similar to
those of the analogue, [Au6(Triphos)4(CuBr2)](OTf)5·

(CH2Cl2)3·(CH3OH)3·(H2O)4 (1). The Cu−Cl distance
[2.104(4) Å] falls close to the average Cu−Cl distance of
2.09(3) Å in the 219 examples of the [CuCl2]

− ion deposited
in the CCDC. Thus, the cage environment does not
significantly alter the geometry of the [CuCl2]

− ion.
Spectroscopic Properties. The emission and excitation

spectra of colorless crystals of [Au6(Triphos)4(CuBr2)](OTf)5·
(CH2Cl2)3·(CH3OH)3·(H2O)4 (1) display a green lumines-
cence [λmax(emission), 527; λmax(excitation), 318 nm] under
i r r a d i a t i on w i t h UV l i gh t , wh i l e c r y s t a l s o f
[Au6(Triphos)4(CuCl2)](PF6)5·(CH2Cl2)4 (2) produce teal
emission [λmax(emission), 464; λmax(excitation), 353 nm] at
room temperature. The emission and excitation spectra of
these two solids are clearly different, as shown in Figure 4.

Both solids display large Stokes shifts, which are indicative of
the emissions being due to phosphorescence. At room
temperature, the emission lifetime is 24 μs for
[Au6(Triphos)4(CuBr2)](OTf)5·(CH2Cl2)3·(CH3OH)3·
(H2O)4 (1) and 26 μs for [Au6(Triphos)4(CuCl2)](PF6)5·
(CH2Cl2)4 (2) These lifetimes are also consistent with both
emissions being due to phosphorescence. The spectra in Figure
4 were obtained with the crystals in contact with their mother
liquor to ensure crystal integrity. Notice in Figures 1 and 3 that
dichloromethane molecules are inside the cationic boxes and
their loss through evaporation is likely to alter the properties of
the cationic complexes. At room temperature, the mother
liquor was not luminescent, but upon cooling, the mother
liquor became luminescent. Consequently, we could not obtain
low-temperature emission and excitation spectra for these two
crystals.

Computational Studies of the Au−Cu Bonding.
Single-point (SP) calculations were conducted to visualize
the orbitals involved in d10−d10 bonding in order to
understand the nature of the Au−Cu interaction, while time-
dependent density functional theory (TD-DFT) calculations
were conducted to model the excitations contributing to the
pho t o l um i n e s c e n c e ob s e r v e d i n t h e c a t i o n s ,
[ A u I 6 ( T r i p h o s ) 4 ( C u

I C l 2 ) ]
5 + i n ( 2 ) a n d

[AuI6(Triphos)4(Cu
IBr2)]

5+ in (1). In both cations, the two

Figure 2. Positioning of a triflate ion near Au2 in cation A in
[Au6(Triphos)4(CuBr2)](OTf)5·(CH2Cl2)3·(CH3OH)3·-(H2O)4 (1)
drawn with thermal contours at the 50% probability level. For clarity,
hydrogen atoms, phenyl groups, other anions, and the dichloro-
methane and methanol molecules have been omitted. Color scheme:
Au, orange; Cu, blue; Br, red; Cl, green; C, gray or white; P, pink; F,
green; S, yellow; O, violet.

Figure 3. Structure of the cation [Au6(Triphos)4(CuCl2)]
5+ in

[Au6(Triphos)4(CuCl2)](PF6)5·(CH2Cl2)4 (2) along with two
dichloromethane solvate molecules drawn with thermal contours at
the 50% probability level. For clarity, hydrogen atoms, the anions, and
the other solvate molecules have been omitted.

Figure 4. Emission and excitation spectra of crystals of
[Au6(Triphos)4(CuBr2)]-(OTf)5·(CH2Cl2)3·(CH3OH)3·(H2O)4 (1)
in red (emission obtained with excitation at 318 nm, excitation
obtained for emission at 527 nm) and [Au6(Triphos)4(CuCl2)]-
(PF6)5·(CH2Cl2)4 (2) in green (emission obtained with excitation at
353 nm, excitation obtained for emission at 464 nm) at room
temperature.
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Au−Cu distances are equivalent by symmetry since the copper
ions reside on an inversion center and are therefore discussed
in the singular.
The nature of d10−d10 bonding: In 1978, Dedieu and

Hoffman established the theoretical framework for d10−d10

interactions.46 Metal−metal partial bonding between closed-
shell ions arises from hybridization of the filled metal−metal
σ* orbital with empty (n + 1)s and p orbitals on each metal
center. This hybridization adds a nonbonding character to the
σ* orbital, effectively removing antibonding contributions to
the total energy while preserving the bonding character of the
lower-energy σ orbital. In 1990, this framework was first
applied by Arkhireeva et al. to multinuclear Cu(I) complexes.47

This bonding interaction is often accompanied by lumines-
cence, stemming from the excitation of an electron from the
filled σ* orbital to linear combinations (with constructive
overlap) of the (n + 1)s and p atomic orbitals.48 The partial
d10−d10 bonding interaction is dubbed metallophilicity.49−51

The Au−Cu ground state d10−d10 bonding interaction: The
Au−Cu Mayer bond orders of 0.16−0.20, Table 2, indicate a

small metal−metal bonding interaction between the central
copper(I) ion and the facial gold(I) ion for both cations.
Consistent with the small Mayer bond orders, the formal
shortness ratios (FSR, defined as the interatomic metal−metal
distance divided by the sum of metallic radii) of 1.20−1.28
exceed the expected value for a single covalent metal−metal
bond (1.00−1.05).52,53 A survey of the CCDC database shows
a minimum Au−Cu distance of 2.56 Å54 with a mean distance
of 3.50 Å,45 and these distances correspond to FSR values of
1.02 and 1.39, respectively. The metallophilicity was found to
vary between (1) and (2), as reflected by the range of Au−Cu
distances and the span of Mayer bond orders. Since the
calculated bond orders of cations A and B for 1 are so similar,
the orbital analysis of only one of these, cation A, was
examined in closer detail. The calculated electronic structures
have highest-occupied molecular orbitals (HOMOs) that are
characterized by an anti-bonding interaction between the
gold(I) and copper(I) ions, for both (1) and (2), as well as
hybridization between the (n + 1)s and p orbitals, as seen in
Figures 5 and 6. Table 3 displays the orbital contributions,
indicating mixing of the σ* orbital with 4s/3d character on
copper and 6s/6p/5d character on gold. This hybridization
demonstrates that the Au−Cu distances in the ground state
support metallophilic interactions, which are further evidenced
by the observed luminescence.55−57

Nature of Luminescence. Analysis of the TD-DFT
outputs for (1) and (2) revealed a primary excitation around
320 nm responsible for the observed UV absorption feature as
has been previously seen in other Au−Cu-containing species
and consistent with the excitation spectra shown in Figure 4.29

For both complexes, the excitation was calculated to be a
composite of multiple one-electron excitations, including

Table 2. Experimental and Computational Values Relating
to the Au−Cu Interactions (2) and (1)

crystallographic
bond distance (Å)

Mayer
bond
order FRS

[Au6(Triphos)4(CuCl2)]
5+ Au1

−Cu1 in (2)
3.1646(10) 0.20 1.26

[Au6(Triphos)4(CuBr2)]
5+ Au3

−Cu1 in (1) cation A
3.2172(4) 0.16 1.28

[Au6(Triphos)4(CuBr2)]
5+ Au5

−Cu2 in (1) cation B
3.0278(4) 0.19 1.20

Figure 5 . Top le f t : F i l l ed Au−Cu σ* orb i t a l fo r
[Au6(Triphos)4(CuBr2)]

5+ in (1), which is the primary metal-based
donor orbital for the observed excitation. The phenyl rings are
omitted for clarity. Top right: Empty Au−Cu σ orbital, which is the
primary metal-based acceptor orbital for the observed excitation. The
phenyl rings are omitted for clarity. Bottom: Two views of the
electron density difference map calculated for the most intense
electronic excitation. Purple indicates a loss of electron density, and
teal indicates a gain in electron density.

Figure 6 . Top le f t : F i l l ed Au−Cu σ* orb i t a l fo r
[Au6(Triphos)4(CuCl2)]

5+ in (2), which is the primary metal-based
donor orbital for the observed excitation. The phenyl rings are
omitted for clarity. Top right: Empty Au−Cu σ orbital, which is the
primary metal-based acceptor orbital for the observed excitation. The
phenyl rings are omitted for clarity. Bottom: Two views of the
electron density difference map calculated for the most intense
electronic excitation. Purple indicates a loss of electron density and
teal indicates a gain in electron density.
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ligand-to-metal and metal-to-metal charge-transfer transitions.
The primary contribution to the absorption feature is a metal-
to-metal (Cu-to-Au) charge transfer, as seen in Figures 5 and
6. This charge transfer originates from the filled Au−Cu weakly
antibonding orbital, described above in Table 3, donating into
an empty Au−Cu weakly bonding orbital, as seen in the
electron difference density plots in Figures 5 and 6. Full orbital
decomposition is given in Table S1. The acceptor orbital
comprises a 4p orbital on the copper ion, with bonding overlap
with the primarily 6p orbitals on the gold ion. This suggests
that the excitation increases the strength of the Au−Cu metal−
metal bonding interaction in the excited state, a hallmark of
metallophilic luminescence.37−58

■ CONCLUSIONS

Two new s e l f - a s s emb l ed box - l i k e comp l e x e s ,
[Au6(Triphos)4(CuBr2)](OTf)5·(CH2Cl2)3·(CH3OH)3·
(H2O)4 (1) and [Au6(Triphos)4(CuCl2)](PF6)5·(CH2Cl2)4
(2), have been prepared and structurally characterized. It is
quite noteworthy that a single copper ion manages to become
centered within the box-like cavity produced by the
combination of four Triphos ligands and six gold(I) ions.
This arrangement produces an unusual situation in which a
CuX2

− unit is suspended between two Au(I) centers without
the intervention of bridging ligands. The Au···Cu distances in
these boxes, which range from 3.0738(4) to 3.2172(4), are
significantly longer than the Au···Cu distances in unbridged
complexes such as [Au(C6F5)2][Cu(N�CCH3)2] with an
Au−Cu distance of 2.9335(11) Å and [Au(C6F5)2][Cu(N�

C−CH� CHPh)2] with an Au−Cu distance of 2.6727(4)
Å.32 In the centrosymmetric, ligand-bridged complex, [Au(im-
(CH2py)2)2(Cu(MeCN)2)2](PF6)3, with two ligands attached
to each copper(I) ion, the Au−Cu distance (4.591 Å) is too
long for a metallophilic interaction, but upon exchange of the
two acetonitrile ligands on each copper(I) for a single
methanol molecule, the Au···Cu distance shrinks to
2.7915(7) Å, which is shorter than found in the box complexes
reported here.37 Perhaps the most relevant comparison
involves the columnar structure formed by self-association of
the cyclic molecule, Au2(μ-C

2 ,N3-BzIm)2Cu(μ-3,5-
(CF3)2Pz).

43 In this case, the cyclic molecules associate
through the formation of Au···Cu···Au chains with an Au···Cu
distance of 3.317 Å, which is longer than the corresponding
distances in the copper boxes reported here.

The portions of the copper/gold box pentacations that are
connected through metallophilic interactions have been
thoroughly analyzed in computational studies. These studies
show that the excitation involved in the luminescence of these
boxes results from a charge transfer from the filled Au−Cu−Au
orbital, which is weakly antibonding, to an empty Au−Cu−Au
orbital that is weakly bonding. Thus, the strength of the Au−

Cu−Au bonding is increased in the excited state. It is
remarkable that the ions trapped within these box-like
structures include simple nucleophiles like chloride and
bromide ions as well as copper(I)-containing anions with an
electrophilic metal that directly interacts with the two adjacent
gold(I) ions.

■ EXPERIMENTAL SECTION

Preparat ion of Compounds . The go ld he l i ca te
[Au3(Triphos)2](F3CSO3)3

26 and (tht)AuCl59 were synthesized as
previously reported. Bis(2-diphenylphosphinoethyl)phenylphosphine
(Triphos), methanol, toluene, and dichloromethane were purchased
from Sigma-Aldrich Co. LLC. Chloroauric acid and thallium triflate
were purchased from Strem Chemicals, Inc. Thallium salts are toxic
and should be handled carefully. Ammonium hexafluorophosphate
was purchased from Alfa Aeser, Inc. Potassium bromide was
purchased from Mallinckrodt, Inc. Solids were used as received.
Solvents were used as received, and all reactions were conducted on
the bench top open to the atmosphere.

Synthesis of [Au6(Triphos)4(CuBr2)](OTf)5·(CH2Cl2)3·-
(CH3OH)3·(H2O)4 (1). Copper(I) bromide (8.3 mg, 0.058 mmol)
and potassium bromide (6.9 mg, 0.058 mmol) were dissolved in 8 mL
of methanol and 2 mL of dichloromethane under agitation, then
sonicated, resulting in a blue-green solution with some very minor
blue solid particulates. [Au3(Triphos)2](OTf)3 (243 mg, 0.115
mmol) was dissolved in 4 mL of dichloromethane and added to the
stirring methanolic CuBr/KBr solution. Upon addition of the
[Au3(Triphos)2](OTf)3, the solution briefly turned brown, then
returned to the previously reported light blue-green color. A drop of
this solution was placed on a watch glass, and the resultant yellow
residue luminesced a vibrant yellow-green. The solution was then
allowed to dry. The dried vial contained a predominantly yellow
residue with a small amount of blue-green solid on the bottom. The
residue was re-dissolved in 2 mL methanol and 5 mL dichloro-
methane and recrystallized by diffusion of diethyl ether. This
procedure produced single-crystal X-ray diffraction quality colorless
plates in 2 days, yield 63 mg, 23%. The water in the crystals originated
from the methanol, which was not dried prior to use.
Infrared spectrum (cm−1): 3055 (w), 2954 (w), 2924 (w), 1619

(w), 1586 (w), 1574 (w), 1483 (m), 1436 (s), 1406 (m), 1334 (vw),
1253 (vs), 1224 (s), 1153 (s), 1102 (s), 1071 (w), 1028 (vs), 998
(m), 922 (vw), 842 (w), 792 (w), 740 (s), 722 (s), 692 (vs), 636
(vs), 573 (m), 515 (vs), 480 (s), 435 (m).

Synthesis of [Au6(Triphos)4(CuCl2)](PF6)5·(CH2Cl2)4 (2). A 4.6
mg (0.046 mmol) portion of copper(I) chloride was crushed and
dissolved into 4 mL acetonitrile by sonication. Separately, a 10 mL
dichloromethane solution containing 97.0 mg (0.181 mmol) of
Triphos was made, and another solution was made by dissolving 87.4
mg of (tht)AuCl (0.264 mmol) in 4 mL of dichloromethane. The
Triphos-containing solution was added to the copper(I) chloride
solution under high agitation, and then the solution of (tht)AuCl was
added. The resulting mixture was transparent and displayed blue
luminescence upon UV irradiation. This solution was allowed to stir
for 30 min. At this point, 413 mg (2.53 mmol) of NH4PF6 was added.
This process resulted in the formation of a faint green suspension
displaying identical luminescence, which was covered and allowed to
stir for 24 h. Afterward, the suspension was filtered and transferred
into a round-bottom flask, then dried by rotary evaporation.
Throughout the drying process, both blue and teal luminescence
were observed in the flask. Once the drying process had been
completed, only teal luminescence was observed. This new solid was

Table 3. Percent Contributions of Atomic Orbitals to the
Au−Cu Filled σ* Donor and Empty σ Acceptor Molecular
Orbitals

atom contributions (%)

[Au6(Triphos)4(CuBr2)]
5+ σ* donor Cu1 3d: 54.4; 4s: 6.5

Au2 5d: 4.8; 6s: 2; 6p: 2.8

Au2A 5d: 4.8; 6s: 2; 6p: 2.8

[Au6(Triphos)4(CuCl2)]
5+ σ* donor Cu1 3d: 56.4; 4s: 8.4

Au2 5d: 5.5; 6s: 2; 6p: 3.5

Au2A 5d: 5.5; 6s: 2; 6p: 3.5

[Au6(Triphos)4(CuBr2)]
5+ σ acceptor Cu1 4p: 11.8

Au2 4f: 0.1; 5d: 0.3; 6p: 21.3

Au2A 4f: 0.1; 5d: 0.3; 6p: 21.3

[Au6(Triphos)4(CuCl2)]
5+ σ acceptor Cu1 4p: 12.8

Au2 4f: 0.2; 5d: 0.3; 6p: 22.4

Au2A 4f: 0.2; 5d: 0.3; 6p: 22.4
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washed with a small volume of dichloromethane and sonicated briefly
before filtering off the insoluble excess salts. This solution was then
dried again by rotary evaporation and weighed (115.7 mg, 63% yield).
The product was once more dissolved into dichloromethane and
recrystallized by slow diffusion of toluene to yield colorless blocks of
the product.
Infrared spectrum (cm−1): 3055 (w), 3015 (w), 2899 (w), 1635

(m, b), 1585 (w), 1482 (s), 1436 (vs), 1403 (s), 1336 (w), 1309 (w),
1280 (w), 1233 (w, b), 1187 (w), 1161 (w), 1120 (m), 1098 (s),
1057 (m), 971 (s), 872 (s), 846 (w), 786 (m), 736 (s), 717 (w), 687
(vs), 657 (m, b), 614 (w), 556 (w), 511 (vs), 477 (vs), 447 (vs).

Alternative Synthesis of [Au6(Triphos)4(CuCl2)](PF6)5-·
(CH2Cl2)4 (2). A 29.3 mg (0.295 mmol) portion of copper(I)
chloride was dissolved in 40 mL of acetonitrile, and a solution of
Triphos (217 mg, 0.406 mmol) in 40 mL of dichloromethane was
added to this solution. The reaction proceeded for 2 h and was
followed by the addition of the solution of [Au(tht)Cl] (94.9 mg,
0.295 mmol) in 40 mL of dichloromethane. The reaction mixture was
stirred for 1 h, followed by the addition of an excess amount of
ammonium hexafluorophosphate (643 mg, 3.94 mmol) as a solid. The
reaction mixture was stirred for an additional hour. After evaporation
of the solvent, the product was extracted by 40 mL of dichloro-
methane and recrystallized by slow diffusion of a layer of ether into
the product solution in dichloromethane. The product was obtained
as colorless blocks the same as produced in the first synthesis, having
the same emission and excitation spectra. Yield: 69.3% (142.9 mg).

X-ray Crystallography and Data Collection. Crystals were
coated with a hydrocarbon oil after being transferred with a covering
of mother liquor to a microscope slide. A colorless plate of
[Au6(Triphos)4(CuBr2)](OTf)5·(CH2Cl2)3·(CH3OH)3·(H2O)4 (1)
was mounted in the 100 K nitrogen cold stream produced by an
Oxford Cryostream low temperature apparatus on the goniometer
head of a Bruker D8 Venture Kappa DUO diffractometer equipped
with a Bruker Photon 100 CMOS detector and a MoKα microsource.
A colorless block of [Au6(Triphos)4(CuCl2)](PF6)5·(CH2Cl2)4 (2)
was mounted in the 90 K nitrogen cold stream provided by a Cryo
Industries low-temperature apparatus on the goniometer head of a
Bruker APEX II sealed-tube diffractometer and CCD detector with
the use of MoKα (λ = 0.71073 Å) radiation. A multi-scan absorption
correction was applied with the program SADABS.60 The structures
were solved by a dual space method (SHELXT)61 and refined by full-
matrix least-squares on F2 (SHELXL-2017).62 CCDC 2068539−
2068540 contain the supplementary crystallographic data for this
paper.

Physical Measurements. IR spectra were recorded on a Bruker
Alpha FT-IR spectrometer using attenuated total reflectance (ATR).
Fluorescence excitation and emission spectra were recorded on a
PerkinElmer LS50B luminescence spectrophotometer.

Computational Methods. Density-functional theory (DFT)
calculations were carried out using ORCA version 4.0.0.2.63 The
crystallographic coordinates were used without further optimization.
For single-point calculations, the BP8664 exchange−correlation
functional and the resolution of identity (RI)65 approximation were
used. The segmented all-electron relativistically contracted (SARC)
basis set, SARC-DKH-TZVPP,66−68 was used for the Au atoms. The
relativistically recontracted Karlsruhe basis set, DKH-def2-TZVPP,46

was used for Cu and Br atoms, while DKH-def2-SVP45,69 was used for
all other atoms. The auxiliary coulomb basis set, SARC/J,44 was used
for all atoms. Dispersion corrections to the calculations were
accounted for with the atom pairwise dispersion correction employing
the Becke−Johnson damping scheme (D3BJ).70,71 All self-consistent
field calculations used Grid4 (Lebedev quadrature with 302 points)
and FinalGrid5 (Lebedev quadrature with 434 points) for numerical
integration. Time-dependent DFT calculations were done for 150
roots, with a Davidson expansion space of 1500, and a convergence
criterion of 10−4 au. Visualizations of the orbitals from self-consistent
field calculations were carried out with the UCSF Chimera package
and Blender.72
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(51) Muñiz, J.; Wang, C.; Pyykkö, P. Aurophilicity: The Effect of the
Neutral Ligand L on [{ClAuL}2] Systems. Chem.�Eur. J. 2011, 17,
368−377.
(52) Multiple Bonds between Metal Atoms, 3rd ed.; Cotton, F. A.,
Murillo, C. A., Walton, R. A., Eds.; Springer-Verlag: New York, 2005.
(53) Chipman, J. A.; Berry, J. F. Paramagnetic Metal-Metal Bonded
Heterometallic Complexes. Chem. Rev. 2020, 120, 2409−2447.

(54) Albano, V. G.; Castellari, C.; Femoni, C.; Iapalucci, M. C.;
Longoni, G.; Monari, M.; Zacchini, S. Synthesis, Chemical Character-
ization, and Molecular Structure of Au8{Fe(CO)4}4(dppe)2 and
Au6Cu2{Fe(CO)4}4(dppe)2. J. Cluster Sci. 2001, 12, 75−87.
(55) Ai, P.; Mauro, M.; Gourlaouen, C.; Carrara, S.; De Cola, L.;
Tobon, Y.; Giovanella, U.; Botta, C.; Danopoulos, A. A.; Braunstein,
P. Bonding, Luminescence, Metallophilicity in Linear Au3 and Au2Ag
Chains Stabilized by Rigid Diphosphanyl NHC Ligands. Inorg. Chem.
2016, 55, 8527−8542.
(56) Romanova, J.; Ranga Prabhath, M. R.; Jarowski, P. D.
Relationship between Metallophilic Interactions and Luminescent
Properties in Pt(II) Complexes: TD-DFT Guide for the Molecular
Design of Light-Responsive Materials. J. Phys. Chem. C 2016, 120,
2002−2012.
(57) King, C.; Wang, J. C.; Khan, M. N. I.; Fackler, J. P., Jr.
Luminescence and metal-metal interactions in binuclear gold(I)
compounds. Inorg. Chem. 1989, 28, 2145−2149.
(58) Caspar, J. V. Long-lived reactive excited states of zero-valent
phosphine, phosphite, and arsine complexes of nickel, palladium and
platinum. J. Am. Chem. Soc. 1985, 107, 6718−6719.
(59) Uson, R.; Laguna, A.; Laguna, M.; Briggs, D. A.; Murray, H. H.;
Fackler, J. P., Jr. (Tetrahydrothiophene)gold(I) or gold(III)
complexes. Inorg. Synth. 1989, 26, 85−91.
(60) Krause, L.; Herbst-Irmer, R.; Sheldrick, G. M.; Stalke, D.
Comparison of silver and molybdenum microfocus X-ray sources for
single-crystal structure determination. J. Appl. Crystallogr. 2015, 48,
3−10.
(61) Sheldrick, G. M. SHELXT- Integrated space-group and crystal-
structure determination. Acta Crystallogr., Sect. A: Found. Adv. 2015,
71, 3−8.
(62) Sheldrick, G. M. Crystal structure refinement withSHELXL.
Acta Crystallogr., Sect. C: Struct. Chem. 2015, 71, 3−8.
(63) Neese, F. Software Update: The Orca Program System, Version
4.0. Wiley Interdiscip. Rev.: Comput. Mol. Sci. 2018, 8, No. e1327.
(64) Becke, A. D. Density-Functional Exchange-Energy Approx-
imation with Correct Asymptotic Behavior. Phys. Rev. A: At., Mol.,
Opt. Phys. 1988, 38, 3098−3100.
(65) Whitten, J. L. Coulombic Potential Energy Integrals and
Approximations. J. Chem. Phys. 1973, 58, 4496−4501.
(66) Weigend, F. Accurate Coulomb-Fitting Basis Sets for H to Rn.
Phys. Chem. Chem. Phys. 2006, 8, 1057−1065.
(67) Pantazis, D. A.; Chen, X.-Y.; Landis, C. R.; Neese, F. All-
Electron Scalar Relativistic Basis Sets for Third-Row Transition Metal
Atoms. J. Chem. Theory Comput. 2008, 4, 908−919.
(68) Peterson, K. A.; Puzzarini, C. Systematically Convergent Basis
Sets for Transition Metals. II. Pseudopotential-Based Correlation
Consistent Basis Sets for the Group 11 (Cu, Ag, Au) and 12 (Zn, Cd,
Hg) Elements. Theor. Chem. Acc. 2005, 114, 283−296.
(69) Weigend, F.; Ahlrichs, R. Balanced Basis Sets of Split Valence,
Triple Zeta Valence and Quadruple Zeta Valence Quality for H To
Rn: Design and Assessment of Accuracy. Phys. Chem. Chem. Phys.
2005, 7, 3297−3305.
(70) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A Consistent and
Accurate ab initio Parametrization of Density Functional Dispersion
Correction (DFT-D) for the 94 Elements H-Pu. J. Chem. Phys. 2010,
132, 154104.
(71) Grimme, S.; Ehrlich, S.; Goerigk, L. Effect of the Damping
Function in Dispersion Corrected Density Functional Theory. J.
Comput. Chem. 2011, 32, 1456−1465.
(72) Pettersen, E. F.; Goddard, T. D.; Huang, C. C.; Couch, G. S.;
Greenblatt, D. M.; Meng, E. C.; Ferrin, T. E. UCSF Chimera? A
visualization system for exploratory research and analysis. J. Comput.
Chem. 2004, 25, 1605−1612.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.2c04067
Inorg. Chem. 2023, 62, 4467−4475

4475

https://doi.org/10.1021/om060181z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om060181z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om060181z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja104585q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja104585q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic901914n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic901914n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic901914n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic201795b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic201795b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic201795b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5b00821?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5b00821?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ejic.201500925
https://doi.org/10.1002/ejic.201500925
https://doi.org/10.1080/00958972.2015.1121383
https://doi.org/10.1080/00958972.2015.1121383
https://doi.org/10.1073/pnas.1700890114
https://doi.org/10.1073/pnas.1700890114
https://doi.org/10.1039/d0sc03299a
https://doi.org/10.1039/d0sc03299a
https://doi.org/10.1039/d0sc03299a
https://doi.org/10.1107/s2052520616003954
https://doi.org/10.1107/s2052520616003954
https://doi.org/10.1021/ja00475a017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00475a017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/s0020-1693(00)82043-5
https://doi.org/10.1016/s0020-1693(00)82043-5
https://doi.org/10.1016/s0020-1693(00)82043-5
https://doi.org/10.1016/s0020-1693(00)82043-5
https://doi.org/10.1016/s0020-1693(00)82043-5
https://doi.org/10.1016/s0020-1693(00)82043-5
https://doi.org/10.1021/acs.jpcc.5b12132?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b12132?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b12132?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c0cs00102c
https://doi.org/10.1039/c0cs00102c
https://doi.org/10.1021/acs.chemrev.9b00816?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00816?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201001765
https://doi.org/10.1002/chem.201001765
https://doi.org/10.1021/acs.chemrev.9b00540?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00540?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1023/a:1016666827732
https://doi.org/10.1023/a:1016666827732
https://doi.org/10.1023/a:1016666827732
https://doi.org/10.1021/acs.inorgchem.6b01095?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.6b01095?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b12132?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b12132?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b12132?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00310a026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00310a026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00309a055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00309a055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00309a055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/9780470132579.ch17
https://doi.org/10.1002/9780470132579.ch17
https://doi.org/10.1107/s1600576714022985
https://doi.org/10.1107/s1600576714022985
https://doi.org/10.1107/s2053273314026370
https://doi.org/10.1107/s2053273314026370
https://doi.org/10.1107/s2053229614024218
https://doi.org/10.1002/wcms.1327
https://doi.org/10.1002/wcms.1327
https://doi.org/10.1103/physreva.38.3098
https://doi.org/10.1103/physreva.38.3098
https://doi.org/10.1063/1.1679012
https://doi.org/10.1063/1.1679012
https://doi.org/10.1039/b515623h
https://doi.org/10.1021/ct800047t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct800047t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct800047t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00214-005-0681-9
https://doi.org/10.1007/s00214-005-0681-9
https://doi.org/10.1007/s00214-005-0681-9
https://doi.org/10.1007/s00214-005-0681-9
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1002/jcc.20084
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c04067?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

