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Homoleptic versus heteroleptic trinuclear systems with mixed L-
cysteinate and D-penicillaminate regulated by a diphosphine 
linker 
Sasikarn Hanprasit,a Nobuto Yoshinari,a Daisuke Saito,b Masako Kato,b and Takumi Konno*a

Controlled generation of homoleptic versus heteroleptic AuI
2M (M = NiII, ZnII) trinuclear complexes, which is achieved by a 

slight change in the diphosphine P^P linker of digold(I) metalloligands, [Au2(P^P)(D-pen)2]2– (L1P^P; D-pen = D-penicillaminate) 
and [Au2(P^P)(L-cys)2]2– (L2P^P; L-cys = L-cysteinate), is reported. The reactions of a 1:1 mixture of L1dppm and L2dppm (dppm = 
bis(diphenylphosphino)methane) with M = Nill, Znll gave the homoleptic AuI

2M complexes, [M(L1dppm)] and [M(L2dppm)], which 
co-crystallized to form [M(L1dppm)]·[M(L2dppm)] (1M). Similar reactions using L1dppe and L2dppe (dppe = 
bis(diphenylphosphino)ethane), instead of L1dppm and L2dppm, led to the selective production and crystallization of the 
heteroleptic AuI

2M complex, [M(L3dppe)] (2M; L3dppe = [Au2(dppe)(L-cys)(D-pen)]2–), accompanied by the scrambling of L1dppe 
and L2dppe. The homoleptic 1M and the heteroleptic 2M showed different absorption (green versus blue) and emission (yellow 
versus orange) colours for M = Nill and Znll, respectively. 

Introduction
Self-assembly of multinuclear and supramolecular coordination 
compounds from metal ions and multidentate ligands continues 
to attract considerable interest because of the fascinating 
functionalities and structural diversities of these compounds.1-3 
This class of compounds was initially synthesized as 
‘homoleptic’ species that consist of a single kind of ligand.2 In 
recent years, the focus has shifted from ‘homoleptic’ species to 
‘heteroleptic’ ones that contain two different kinds of 
multidentate ligands in one molecule, with the aim of creating 
more diverse structures with different physical and chemical 
properties, as well as practical functionalities.3,4 Indeed, 
noticeable differences in photophysical,5 guest-
encapsulation,6,7 catalytic,8 and magnetic properties9 have been 
recognized between homoleptic and heteroleptic compounds 
in some coordination systems. To date, several synthetic 
strategies, such as the design of sterically and topologically 
controlled ligands,10,11 the use of geometrically controlled metal 
centres,12 the thermodynamic control of molecular formations,7 
and selective precipitation upon crystallization,13 have been 
applied for the independent generation of homoleptic and 
heteroleptic coordination compounds. However, the rational 
control of homoleptic versus heteroleptic species from two 

different kinds of ligands is still a great challenge in this research 
field.

As part of our long-standing study on the stepwise 
preparation of heterometallic coordination compounds based 
on metalloligands with thiol-containing amino acids,14,15 we 
have designed and synthesized digold(I) metalloligands, 
[Au2(P^P)(D-pen)2]2– (L1P^P) with linking diphosphine P^P and 
terminal D-pen (D-penicillaminate) ligands.15 Previously, we 
reported that the AuI

2NiII trinuclear structure in [Ni(L1dppm)] with 
an 8-membered metalloring is extended to a AuI

4NiII2 
hexanuclear structure in [Ni2(L1dppe)2] with an 18-membered 
metalloring by changing the P^P ligand in L1P^P from dppm 
(bis(diphenylphosphino)methane) to dppe (1,2-
bis(diphenylphosphino)ethane).16,17 To determine whether a 
similar change in metalloring size occurs for another 
coordination system, we tried to prepare AuI-NiII multinuclear 
complexes using analogous digold(I) metalloligands [Au2(P^P)(L-
cys)2]2– (L2P^P, P^P = dppm, dppe) with L-cys (L-cysteinate) 
instead of D-pen. Unfortunately, the reaction of L2P^P with Ni2+ 
resulted in the precipitation of unidentified solids. However, the 
use of a 1:1 mixture of L1P^P and L2P^P for the reaction with Ni2+ 
afforded well-characterized crystalline products. We found that 
not only the product obtained from L1dppm and L2dppm (1Ni) but 
also the product from L1dppe and L2dppe (2Ni) has a AuI

2NiII 
trinuclear structure with an 8-membered ring. Remarkably, 1Ni 
was found to be a 1:1 mixture of homoleptic [Ni(L1dppm)] and 
[Ni(L2dppm)] complexes, whereas 2Ni has a heteroleptic structure 
in [Ni(L3dppm)], where L3dppm is [Au2(dppm)(L-cys)(D-pen)]2– 
containing both L-cys and D-pen ligands (Scheme 1). This was 
also the case for the reactions with Zn2+, yielding only a 1:1 
mixture of [Zn(L1dppm)] and [Zn(L2dppm)] (1Zn) from L1dppm and 
L2dppm, whereas [Zn(L3dppm)] (2Zn) was exclusively obtained from 
L1dppe and L2dppe. To our knowledge, such a selective generation 
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of homoleptic versus heteroleptic species via the slight 
modification of an ancillary ligand is unprecedented. The 
differences in spectroscopic characteristics between the 
homoleptic and heteroleptic systems are also reported.

Scheme 1. Synthesis of homoleptic and heteroleptic AuI
2M 

trinuclear complexes (1M and 2M) from a mixture of L1P^P and 
L2P^P.

Results and discussion
Synthesis and characterization of 1Ni

The digold(I) metalloligands with dppm, [Au2(dppm)(D-pen)2]2– 
(L1dppm) and [Au2(dppm)(L-cys)2]2– (L2dppm), were prepared in 
situ from the reactions of [Au2Cl2(dppm)] 18 with D-H2pen or L-
H2cys in a 1:2 ratio in EtOH/H2O under basic conditions. The 
formation of L1dppm and L2dppm was confirmed by the ESI-TOF 
mass spectra, which exhibit a dominant signal at m/z = 1097 
corresponding to {[Au2(dppm)(D-Hpen)2] + Na}+ for L1dppm and 
at m/z = 1041 corresponding to {[Au2(dppm)(L-Hcys)2] + Na}+ for 
L2dppm (Fig. S1, ESI†). Subsequently, nickel(II) acetate was 
treated with a solution containing L1dppm and L2dppm in a 1:1 
ratio, which gave a green solution. Slow evaporation of the 
reaction solution afforded green needle-like crystals (1Ni) in a 
satisfactory yield (51 %). The CHN elemental and X-ray 
fluorescence analyses implied that 1Ni contains Ni2+, L1dppm and 
L2dppm in a 2:1:1 ratio. The absorption spectrum of 1Ni showed a 
visible d-d band at 589 nm and a broad d-d band in the near-IR 
region (Fig. S2, ESI†). These spectral features are very similar to 
those of the previously reported [Ni(L1dppm)].16 Unlike 
[Ni(L1dppm)], however, 1Ni is almost CD silent in this region, 
consistent with the presence of L1dppm and L2dppm in a 1:1 ratio.
    Single-crystal X-ray analysis revealed that 1Ni contains the two 
homoleptic AuI

2NiII trinuclear molecules, [Ni{Au2(dppm)(D-
pen)2}] ([Ni(L1dppm)]) and [Ni{Au2(dppm)(L-cys)2}] ([Ni(L2dppm)]), 
in an asymmetric unit (Fig. 1a). The molecular structure of 
[Ni(L1dppm)] in 1Ni is essentially the same as that of the previously 
reported [Ni(L1dppm)];16 L1dppm chelates to a NiII centre in a 
hexadentate-N2,O2,S2 fashion to form a cis(N)·trans(O)·cis(S)-
[Ni(D-pen)2)]2– octahedral unit with an 8-membered AuI

2NiII 
metalloring.19 The other molecule [Ni(L2dppm)], which has L-cys 
instead of D-pen, shows the same structural feature as 
[Ni(L1dppm)]; the cis(N)·trans(O)·cis(S)-[Ni(D-pen)2)]2– octahedral 
unit with an 8-membered metalloring is formed by coordination 

of L2dppm in a hexadentate-N2,O2,S2 fashion.19 The Au···Au 
distances in [Ni(L1dppm)] and [Ni(L2dppm)] are 3.1769(17) Å and 
3.1841(19) Å, respectively, suggesting the presence of an 
aurophilic interaction in each molecule.18,20 In the crystal 
structure, the [Ni(L1dppm)] and [Ni(L2dppm)] molecules are 
alternately arranged to construct a 2D layer structure through 
H-bonding (av N···O = 3.20 Å) and CH···π (av C···C = 3.68 Å) 
interactions (Fig. S3, ESI†). The powder X-ray diffraction (PXRD) 
pattern of the bulk sample of 1Ni matches well with the pattern 
simulated from the single-crystal X-ray data (Fig. S4, ESI†). This 
implies that only homoleptic 1Ni was produced from L1dppm, 
L2dppm and Ni2+ upon crystallization.

Synthesis and characterization of 2Ni

The analogous metalloligands containing dppe instead of dppm, 
[Au2(dppe)(D-pen)2]2– (L1dppe) and [Au2(dppe)(L-cys)2]2– (L2dppe), 
were also prepared in situ using [Au2Cl2(dppe)] 21 instead of 
[Au2Cl2(dppm)] and were characterized by ESI-TOF mass 
spectrometry (Fig. S5, ESI†). Similar treatment of nickel(II) 
acetate with a 1:1 mixture of L1dppe and L2dppe yielded a pale 
blue solution. From this reaction solution, blue plate-like 
crystals (2Ni) that are sparingly soluble in any solvent were 
isolated (yield: 58 %). The elemental and X-ray fluorescence 
analytical data were in agreement with a formula that contains 
Ni2+, L1dppe and L2dppe in a 2:1:1 ratio, as in the case of 1Ni. 
However, the single-crystal X-ray analysis demonstrated that 2Ni 
is not a 1:1 mixture of the homoleptic [Ni(L1dppe)] and 
[Ni(L2dppe)] but is unexpectedly heteroleptic [Ni(L3dppe)], in 
which a NiII centre is surrounded by the digold(I) metalloligand 
with both D-pen and L-cys (L3dppe = [Au2(dppe)(D-pen)(L-cys)]2–), 
forming a 9-membered metalloring with an average Au···Au 
distance of 2.97 Å (Fig. 1b). Thus, metalloligand scrambling 
between L1dppe and L2dppe occurred in the course of the 
reactions, accompanied by cleavage of the Au-P or Au-S bonds 
in L1dppe and L2dppe.22 The asymmetric unit of 2Ni contains two 
independent [Ni(L3dppe)] molecules with a cis(N)·cis(O)·cis(S) 
configurational [Ni(D-pen)(L-cys)]2– unit; the two molecules are 
discriminated by the chirality at the NiII centre, C (clockwise) and 
A (anti-clockwise), arising from the arrangement of two N, two 
O and two S donor atoms.19 In the crystal structure, the C and A 
diastereomers are alternately connected by H-bonding (av N···O 
= 2.95 Å) and CH···π (av C···C = 3.74 Å) interactions, constructing 
a 2D structure that is similar to that found in 1Ni (Fig. S6, ESI†). 
The selective generation of heteroleptic 2Ni upon crystallization 
was evidenced by PXRD studies (Fig. S7, ESI†). It should be noted 
that heteroleptic 2Ni is blue in colour, which differs from the 
green colour of homoleptic 1Ni. Indeed, the diffuse reflection 
spectrum of 2Ni in the solid state showed a visible d-d band at 
571 nm, which is higher in energy than the corresponding band 
at 589 nm for 1Ni (Fig. 2). This is explained by the difference in 
the splitting energy of the d-d band between the 
cis(N)·trans(O)·cis(S) configurational NiII centre in 1Ni and the 
cis(N)·cis(O)·cis(S) configurational centre in 2Ni. A similar 
absorption energy difference has been observed between 
cis(N)trans(O)cis(S)-[Co(D-pen)2]– and cis(N)cis(O)cis(S)-[Co(D-
pen)(L-pen)]–.23
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Fig. 1. Perspective views of (a) the homoleptic molecules, (left) 
[Ni(L1dppm)] and (right) [Ni(L2dppm)], in 1Ni and (b) the heteroleptic 
molecules, (left) A-[Ni(L3dppe)] and (right) C-[Ni(L3dppe)], in 2Ni.

Fig. 2. Diffuse reflectance spectra of 1Ni (green) and 2Ni (blue). Inset: 
photographs of the samples.

Synthesis and characterization of 1Zn and 2Zn

We also carried out reactions of a 1:1 mixture of L1P^P and L2P^P using 
zinc(II) acetate. The reactions yielded homoleptic 1Zn consisting of 
[Zn(L1dppm)] and [Zn(L2dppm)] in a 1:1 ratio and heteroleptic 2Zn 
containing only [Zn(L3dppe)] as colourless crystals for the dppm and 
the dppe systems, respectively, similar to the reactions with nickel(II) 
acetate. The assignment of 1Zn and 2Zn was made by elemental and 
X-ray fluorescence analyses. The single-crystal X-ray analyses 
established that the structures of homoleptic 1Zn and heteroleptic 2Zn 
correspond well with those of 1Ni and 2Ni, respectively, except for the 
presence of ZnII in place of NiII (Figs. 3, S8, S9, ESI†). The powder X-
ray diffraction studies implied that 1Zn and 2Zn were selectively 
produced upon crystallization in the dppm and dppe systems, 
respectively, as in the case of 1Ni and 2Ni (Figs. S10, S11, ESI†). 
Notably, different emission colours were observed for 1Zn and 2Zn at 
room temperature; 1Zn displayed yellow emission, whereas 2Zn 

showed orange emission. As shown in Fig 4, the emission spectra of 
1Zn and 2Zn give a broad band at 516 nm and 525 nm, with similar 
quantum yields of  = 0.04 and 0.05, respectively (Fig. 4, Table S1, 
ESI†). The origin of the emissions was tentatively assigned to 
phosphorescence arising primarily from a 3LMMCT (S  AuAu) 
transition,24 consistent with the emission lifetimes on the order of 
microseconds (Table S1, ESI†). The difference in the average Au···Au 
separations (3.17 Å for 1Zn versus 2.99 Å for 2Zn) may be responsible 
for the difference in emission energies in the present systems.

Fig. 3. Perspective views of (a) the homoleptic molecules, (left) 
[Zn(L1dppm)] and (right) [Zn(L2dppm)], in 1Zn and (b) the heteroleptic 
molecule, (left) A-[Zn(L3dppe)] and (right) C-[Zn(L3dppe)], in 2Zn.

Fig. 4. Emission (solid line) and excitation (dashed line) spectra of (a) 
1Zn (λex = 400 nm, λem = 520 nm) and (b) 2Zn (λex = 400 nm, λem = 510 
nm) in the solid state at room temperature. Inset: photographs of 1Zn 
and 2Zn under UV-light irradiation (λ = 365 nm).
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Formation and crystallization of 1M and 2M

To identify the species formed in the reaction solutions, the ESI 
mass spectra of the solutions after reacting L1P^P, L2P^P and M = 
Ni2+, Zn2+ for 1 h were measured. The ESI mass spectrum of the 
reaction solution for P^P = dppm gave two main signals 
corresponding to the homoleptic [M(L1dppm)] and heteroleptic 
[M(L3dppm)] species (Figs. 5, S12, ESI†). Another signal 
corresponding to [M(L2dppm)] was also observed, although its 
intensity was quite low, presumably due to the poor ionization 
of this species. Considering that the statistical formation ratio 
of [M(L1P^P)], [M(L2P^P)] and [M(L3P^P)] from the scrambling of a 
1:1 mixture of L1P^P and L2P^P is 1:1:2 and that the signal for 
[M(L1dppm)] is more intense than that for [M(L3dppm)], it is 
assumed that the homoleptic species, [M(L1dppm)] and 
[M(L2dppm)], were preferentially formed in the reaction and that 
these species were selectively crystallized as 1M because their 
solubility was lower than that of the heteroleptic species 
[M(L3dppm)]. On the other hand, only a dominant signal due to 

Fig. 5. ESI mass spectra of the reaction mixture of L1dppm, L2dppm and 
nickel acetate in methanol-water (1:1): (i) [Ni{Au2(dppm)(L-cys)2} + 
Na]+ (m/z = 1097.01), (ii) [Ni{Au2(dppm)(L-cys)(D-pen)} + Na]+ (m/z = 
1125.04) and (iii) [Ni{Au2(dppm)(D-pen)2} + Na]+ (m/z = 1153.07).

Fig. 6. ESI mass spectra of the reaction mixture of L1dppe, L2dppe and 
nickel acetate in methanol-water (1:1): (i) [Ni{Au2(dppe)(L-cys)(D-
pen)} + Na]+ (m/z = 1139.06).

the heteroleptic [M(L3dppe)] species was observed in the ESI 
mass spectrum of the reaction solution for the dppe system; 
signals corresponding to the homoleptic [M(L1dppe)] and 
[M(L2dppe)] species were not observed (Figs. 6, S13, ESI†). This is 
indicative of the selective formation of the heteroleptic 
[M(L3dppe)] in the reactions of the dppe system.
    Molecular model examinations revealed that a pair of P-Au 
bonds are nearly parallel in the [Au2(dppm)]2+ moiety when the 
Au···Au separation is maintained to form an aurophilic 
interaction (Fig. 7). On the other hand, a pair of P-Au bonds 
must be highly skewed in the [Au2(dppe)]2+ moieties to maintain 
the Au···Au separation. This structural difference has been 
observed in the X-ray structures of [Au2Cl2(dppm)] and 
[Au2Cl2(dppe)].18,20,21 For the [M(tridentate-N,O,S)2] unit, the 
direction of a pair of lone pairs from two thiolato atoms is nearly 
parallel in the cis(N)·trans(O)·cis(S) configuration, whereas the 
direction is highly skewed in the cis(N)·cis(O)·cis(S) 
configuration (Fig. 8). In fact, the torsion angles of S–Au···Au–S 
in 2Ni (av 59.8°) and 2Zn (av 61.9°) are much larger than those in 
1Ni (av 17.4°) and 1Zn (av 17.8°). Thus, the best matching of the 
directionality between a pair of P-Au bonds and a pair of lone 
pair electrons accounts for the preferential/selective formation 
of 1M/2M. Consistent with this finding, the DFT calculations for 
the ZnII system indicated that [Zn(L3dppm)] has a total molecular 
energy higher than that of [Zn(L1dppm)]/[Zn(L2dppm)], whereas 
[Zn(L1dppe)]/[Zn(L2dppe)] has a molecular energy higher than that 
of [Zn(L3dppe)] (Table S2, ESI†).

Fig. 7. Schematic illustration of the directions of P-Au lines in (a) 
[Au2(dppm)]2+ and (b) [Au2(dppe)]2+.

Fig. 8. Schematic illustration of the directions of lone pairs on S atoms 
in (a) cis(N)trans(O)cis(S)-[M(L-cys or D-pen)2]2 and (b) 
cis(N)cis(O)cis(S)-[M(L-cys)(D-pen)]2.

Experimental
Preparation of the homoleptic [M{Au2(dppm)(D-
pen)2}]·[M{Au2(dppm)(L-cys)2}] (1M; M = NiII, ZnII).

To a white suspension containing 0.051 g (0.06 mmol) of 
[Au2Cl2(dppm)] 18 in ethanol/water (3 mL/3 mL) was added a 
colourless solution containing 0.017 g (0.14 mmol) of L-H2cys in 
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0.5 M aqueous NaOH (0.5 mL), which gave a colourless solution 
(A). In a different vial, to a white suspension containing 0.051 g 
(0.06 mmol) of [Au2Cl2(dppm)] in ethanol/water (3 mL/3 mL) 
was added a colourless solution containing 0.022 g (0.15 mmol) 
of D-H2pen in 0.5 M aqueous NaOH (0.33 mL), which gave a 
colourless solution (B). The ESI-mass spectra indicated the 
formation of the digold(I) metalloligands [Au2(dppm)(L-cys)2]2– 
and [Au2(dppm)(D-pen)2]2– in the colourless solutions A and B, 
respectively (Fig. S1, ESI†). The two colourless solutions A and B 
were mixed, followed by the addition of 0.030 g (0.12 mmol) of 
Ni(OAc)24H2O. After stirring the mixture at room temperature 
for 1 h, the resulting green solution was slowly evaporated at 
room temperature, which gave green crystals together with a 
small amount of an oily product. The products were 
recrystallized from MeOH/EtOH (1:1) to give green plate-like 
crystals (1Ni). Yield: 0.038 g (51%). Anal. Calcd for 
[Ni{Au2(dppm)(L-cys)2}][Ni{Au2(dppm)(D-pen)2}]·12H2O = 
C66H96N4Au4Ni2O20P4S4: C, 32.72; H, 3.99; N, 2.31%. Found: C, 
32.99; H, 4.02; N, 2.06%. IR spectrum (cm–1, ATR): 1585 (νCOO

–), 
1436 (νP–Ph), 746-695 (νPh).

Preparation of the the heteroleptic [M{Au2(dppe)(L-cys)(D-pen)}] 
(2M; M = NiII, ZnII).

To a white suspension containing 0.052 g (0.06 mmol) of 
[Au2Cl2(dppe)] 21 in MeOH (6 mL) was added a colourless 
solution containing 0.017 g (0.14 mmol) of L-H2cys in 0.5 M 
aqueous NaOH, which gave a colourless solution (C). In a 
different vial, to a white suspension containing 0.052 g (0.06 
mmol) of [Au2Cl2(dppe)] in MeOH (6 mL) was added a colourless 
solution containing 0.022 g (0.15 mmol) of D-H2pen in 0.5 M 
aqueous NaOH (0.33 mL), which gave a colourless solution (D). 
The ESI-mass spectra indicated the formation of the digold(I) 
metalloligands [Au2(dppe)(L-cys)2]2– and [Au2(dppe)(D-pen)2]2– 
in the colourless solutions C and D, respectively (Fig. S5, ESI†). 
The two colourless solutions C and D were mixed, followed by 
the addition of 0.030 g (0.12 mmol) of Ni(OAc)24H2O. After 
stirring the mixture at room temperature for 1 h, the resulting 
pale blue solution was slowly evaporated at room temperature, 
which gave blue plate crystals (2Ni) in a smoky solution. After 
decantation, the crystals were collected by filtration and then 
washed with water. Yield: 0.044 g (58%). Anal. Calcd for 
[Ni{Au2(dppe)(l-cys)(d-pen)}]·7H2O = C34H52N2Au2NiO11P2S2: C, 
32.81; H, 4.29; N, 2.25%. Found: C, 32.70; H, 4.29; N, 2.20%. IR 
spectrum (cm–1, ATR): 1586 (νCOO

–), 1435 (νP–Ph) and 745-693 
(νPh).
    A similar reaction using Zn(OAc)22H2O instead of 
Ni(OAc)24H2O gave colourless plate-like crystals (2Zn). Yield: 
0.046 g (57%). Anal. Calcd for [Zn{Au2(dppe)(L-cys)(D-
pen)}]·9H2O = C34H56N2Au2ZnO13P2S2: C, 31.75; H, 4.39; N, 
2.18%. Found: C, 31.65; H, 4.41; N, 2.23%. IR spectrum (cm–1, 
ATR): 1610 (νCOO

–), 1436 (νP–Ph) and 743-693 (νPh).

Physical Measurements.

  Elemental analyses (C, H, N) were performed at Osaka 
University with YANACO CHN coder MT-5 or MT-6. The 
absorption spectra were recorded on a JASCO V-570 

spectrophotometer. The diffuse reflectance spectra were 
recorded on a JASCO V-570 spectrophotometer using MgSO4. X-
ray fluorescence spectrometry was performed on a SHIMADZU 
EDX-7000 spectrometer. The powder X-ray diffraction patterns 
were recorded at a controlled temperature in transmission 
mode [synchrotron radiation λ = 1.0 Å; 2θ range = 2–78˚; step 
width = 0.01˚; data collection time = 1 min] on a diffractometer 
equipped with a MYTHEN microstrip X-ray detector (Dectris 
Ltd.) at the SPring-8 BL02B2 beamline. The crystals were loaded 
into a glass capillary tube (diameter = 0.3 mm), which was 
rotated during the measurements. The simulated powder X-ray 
diffraction patterns were generated based on the single-crystal 
X-ray structural data using Mercury 3.9 software. The 
electrospray ionization time-of-flight (ESI-TOF) mass spectra 
were recorded on a BRUKER micrOTOF II-OS in H2O/CH3OH. 
Sample concentrations were set to 10 M and measured in 
positive mode. The luminescence spectra were recorded with a 
JASCO FP-8600 spectrometer at room temperature in the solid 
states using a Xe lamp as the light source. The internal emission 
quantum yields (Φ) were obtained via the absolute measuring 
method using an integrating sphere unit (Hamamatsu C9920-02 
Absolute PL Quantum Yield Measurement System). Emission 
lifetime measurements were recorded using a Hamamatsu 
Quantaurus-Tau C11367 system using an LED light source (405 
nm) for excitation. The emission decays were analyzed using 
three exponentials; I = A1exp(–t/τ1) + A2exp(–t/τ2) + A3exp(–
t/τ3), where Ai denotes the pre-exponential factors for lifetimes 
τi. The average emission lifetimes (τave) were calculated using 
the following equation (1):

  (1)𝜏ave =
∑𝐴𝑖𝜏2

𝑖

∑𝐴𝑖𝜏𝑖

Computational study.
DFT calculations were performed with the Gaussian 09 program 
25 at the B3LYP 26 level using a Lanl2DZ 27 basis set for 
[Zn{Au2(dppm)(D-pen)2}], [Zn{Au2(dppm)(L-cys)2}], 
[Zn{Au2(dppm)(L-cys)(D-pen)}], [Zn{Au2(dppe)(D-pen)2}], 
[Zn{Au2(dppe)(L-cys)2}], and [Zn{Au2(dppe)(L-cys)(D-pen)}]. 
Solvent (methanol) effects were evaluated by using the 
polarizable continuum model (PCM). The resulting relative free 
energy in kJ/mol of these molecules is listed in Table S2 (ESI†).

Single-crystal X-ray structure determination.

The single-crystal X-ray diffraction measurements for 1Ni, 1Zn 
and 2Ni were performed on a RIGAKU FR-E Superbright rotating-
anode X-ray source with a Mo target (λ = 0.71075 Å) equipped 
with a RIGAKU RAXIS VII imaging plate as a detector at 200 K. 
The single-crystal X-ray diffraction measurement for 2Zn was 
performed at the BL02B1 beamline in SPring-8 with the 
approval of the Japan Synchrotron Radiation Research Institute 
(JASRI) with a diffractometer equipped with a Rigaku Mercury 2 
CCD detector or a PILATUS3 X CdTe 1M (T = 100 K). The intensity 
data were collected in  scan mode and were corrected for 
Lorentz polarization. Empirical absorption corrections were also 
applied.

Page 5 of 7 Dalton Transactions



ARTICLE Journal Name

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

    The structures of the compounds were solved by direct 
methods using SHELXS-97 or SHELXS-2014.28 Structural 
refinements were carried out using full matrix least-squares 
(SHELXL-2018).28 The contribution of solvated water molecules 
was excluded using the SQUEEZE program.29 Hydrogen atoms 
were included in the calculated positions. All non-hydrogen 
atoms were refined anisotropically. All the phenyl groups were 
modelled using AFIX instructions. For 1Ni and 1Zn, the coordinate 
of one of the Au atom was fixed in the final refinement so as to 
prevent the drift. A global RIGU and several ISOR instructions 
were used to model the structure. SADI and DFIX restraints 
were applied for C-N bonds in 2Ni and 2Zn, respectively. The 
crystal data are summarized in Table S3 (ESI†).

Conclusion
In this study, we showed that the reactions of a 1:1 mixture of 
L1P^P and L2P^P with M = NiII, ZnII selectively produce homoleptic 
[M(L1P^P)]/[M(L2P^P)] (1M) for P^P = dppm and heteroleptic 
[M(L3P^P)] (2M) for P^P = dppe. Thus, the generation of 
homoleptic versus heteroleptic coordination species was 
successfully controlled via slight modification of the P^P linker, 
which is ascribed to the directional matching between the [M(L-
cys/D-pen)2]2– donor and the [Au2(P^P)]2+ acceptor. The present 
study, which also evidenced appreciable differences in the 
spectroscopic properties between 1M and 2M, should contribute 
to the development of multinuclear and metallosupramolecular 
systems controlled by homolepticity versus heterolepticity.
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