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ABSTRACT: The reactions of labile [Re(diimine)-
(CO)3(H2O)]

+ precursors (diimine = 2,2′-bipyridine, bpy;
1,10-phenanthroline, phen) with dicyanoargentate anion
produce the dirhenium cyanide-bridged compounds [{Re-
(diimine)(CO)3}2CN)]

+ (1 and 2). Substitution of the axial
carbonyl ligands in 2 for triphenylphosphine gives the
derivative [{Re(phen)(CO)2(PPh3)}2CN]

+ (3), while the
employment of a neutral metalloligand [Au(PPh3)(CN)]
affords heterobimetallic complex [{Re(phen)(CO)3}NCAu-
(PPh3)]

+ (4). Furthermore, the utilization of [Au(CN)2]
−,

[Pt(CN)4]
2−, and [Fe(CN)6]

4−/3− cyanometallates leads to
the higher nucleari ty aggregates [{Re(diimine)-
(CO)3NC}xM]m+ (M = Au, x = 2, 5 and 6; Pt, x = 4, 7
and 8; Fe, x = 6, 9 and 10). All novel compounds were characterized crystallographically. Assemblies 1−8 are phosphorescent
both in solution and in the solid state; according to the DFT analysis, the optical properties are mainly associated with charge
transfer from Re tricarbonyl motif to the diimine fragment. The energy of this process can be substantially modified by the
properties of the ancillary ligands that allows to attain near-IR emission for 3 (λem = 737 nm in CH2Cl2). The Re−FeII/III
complexes 9 and 10 are not luminescent but exhibit low energy absorptions, reaching 846 nm (10) due to ReI → FeIII

transition.

■ INTRODUCTION

Anionic cyanometallates [M(CN)x]
n−/[MLz(CN)y]

m− occupy
a prominent position in the field of coordination-driven
supramolecular construction. Chemical stability and high
directionality of coordination bonding along with general
availability determines their wide utilization as metalloligands
in the design of a variety of multinuclear cyano-bridged arrays,
which span from the bimetallic complexes to ordered three-
dimensional frameworks.1−4 Depending on the electronic
properties of the constituting metal ions, the resulting
compounds exhibit an impressive diversity of physical and
chemical behavior. Thus, the inclusion of paramagnetic centers
(CrIII, FeIII, RuIII, CoII, etc.) is an established approach to the
magnetic polymeric and molecular materials.2−4 Combining
the metals in different oxidation states (reduced and oxidized),
which are capable to communicate electronically via the
cyanide linker, leads to the family of mixed-valence species

with appealing optical and redox characteristics, resulting from
donor−acceptor (intervalence) charge transfer.5−10 In con-
trast, cyanometallate coordination polymers, particularly those
built of relatively flexible [M(CN)2]

− (M = Au, Ag),
[AuX2(CN)2]

− or [PtX2(CN)4]
2− motifs, which simultane-

ously comprise weak noncovalent bonding, can exhibit
unconventional thermo- and piezo-mechanical features.11−15

Furthermore, dicyanometallates [M(CN)2]
− of coinage

metal ions (M = Au, Ag, Cu) and tetracyanoplatinate
[Pt(CN)4]

2− have been actively employed for the development
of birefringent16,17 and photoluminescent18−28 homo- and
heterobimetallic materials, including sensory systems with
distinct optical response to some volatile donor mole-
cules.29−32
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A notable though less explored route to the cyanometallate-
based photofunctional complexes relies on the incorporation of
chromophore fragments as constituting elements into the
target assemblies. For example, coupling the cyclometalated
anions [IrL z(CN) y]

m− 10 , 33 with ReI(di imine) or
RuII(polypyridine) moieties induces efficient intermolecular
Ir → Re/Ru energy transfer in the excited state. A similar
scenario of Re → Ru excitation transfer has been described for
ReI(diimine)−RuII(diimine)2 CN-bridged dyads.5 On the
contrary, linking the RuII(polypyridine) centers with LnIII or
CrIII units having energetically lower lying excited states
sensitizes the MIII-centered emission.34,35

Taking into account that the decoration of [M(CN)x]
n−

anions with luminogen components to generate discrete
molecular aggregates has been poorly investigated and is
mostly focused on the d−f coordination polymers, we intended
to prepare a series of heterometallic multichromophore
molecules using homoleptic cyanometallates of Au, Pt and
Fe as assembling metalloligands. To address this goal, we have
chosen [Re(diimine)(CO)3]

+ (diimine = phenanthroline,
bipyridine) photoactive centers as terminal building blocks
for supramolecular construction due to their superior and well-
studied photophysical properties together with quite facile
coordination chemistry.36−38

■ EXPERIMENTAL SECTION
General Comments. All manipulations were carried out under

aerobic conditions, except the synthesis of complex 9. Starting
materials from commercial sources were used as received. [Re(phen)-
(CO)3(H2O)](CF3SO3) and [Re(bpy)(CO)3(H2O)](CF3SO3) were
prepared in a manner similar to that used for the related
complexes39,40 by treating [Re(diimine)(CO)3Cl] with AgCF3SO3
in acetone.41 The resultant crude materials were recrystallized by a
gas-phase diffusion of diethyl ether into the solutions of titled
compounds in wet acetone to afford bright yellow crystalline
materials.42 [Re(phen)(CO)3(PPh3)](CF3SO3)

43 was obtained by
treating [Re(phen)(CO)3(H2O)](CF3SO3) with PPh3 in refluxing
toluene under a nitrogen atmosphere. [Au(PPh3)(CN)]

44 was
synthesized according to the reported procedures. The solution 1H
and 31P{1H} NMR spectra were recorded on a Bruker 400 MHz
Avance spectrometer. Mass spectra were determined on a LC/MS
hybrid ultrahigh resolution electrospray quadrupole time-of-flight
(UHR ESI-q-TOF) mass spectrometer Bruker MaXis 4G in the ESI+

mode. Infrared (IR) spectra were measured on a Bruker Vertex 70
spectrometer. Microanalyses were carried out at the analytical
laboratory of the University of Eastern Finland.
[{Re(bpy)(CO)3}2CN](CF3SO3) (1).5 Prepared by a modified

procedure. [Re(bpy)(CO)3(H2O)](CF3SO3) (50 mg, 0.084 mmol)
was dissolved in acetone (4 mL) and treated with a solution of
K[Ag(CN)2] (8.3 mg, 0.042 mmol) in methanol (1 mL), causing an
immediate precipitation of AgCN. The suspension was stirred
overnight in the absence of light. Then, the solids were removed by
filtration. Evaporation of the solvent produced a bright yellow-
greenish residue, which was recrystallized by a gas-phase diffusion of
diethyl ether into its acetone solution at 298 K to give yellow-greenish
crystalline material (32 mg, 74%). IR (CH2Cl2, ν(CO), cm

−1): 2037s,
2027s, 1931s. IR (KBr, ν(CN), cm−1): 2151m. 1H NMR (acetone-d6,
298 K; δ): 8.91 (dd, JHH = 5.4 and 1.4 Hz, 2H, 2,9-H bpy), 8.85 (dd,
JHH = 5.4 and 1.4 Hz, 2H, 2,9-H bpy′), 8.69 (d, JHH = 8.1 Hz, 2H, 5,6-
H bpy), 8.63 (d, JHH = 8.1 Hz, 2H, 5,6-H bpy′), 8.42 (m, 4H, 4,7-H
bpy and 4,7-H bpy′), 7.75 (m, 4H, 3,8-H bpy and 3,8-H bpy′). ESI+
MS (m/z): [M]+ 878.02 (calcd 878.02). Anal. Calcd for
C28H16F3N5O9Re2S: C, 32.72; H, 1.57; N, 6.81; S, 3.20. Found: C,
32.85; H, 1.73; N, 6.94; S, 3.27.
[{Re(phen)(CO)3}2CN](CF3SO3) (2). Prepared in a manner

analogous to that for 1 from [Re(phen)(CO)3(H2O)](CF3SO3)
(50 mg, 0.081 mmol) and K[Ag(CN)2] (8.2 mg, 0.041 mmol);

yellow-greenish crystals (29 mg, 67%). IR (CH2Cl2, ν(CO), cm
−1):

2037s, 2028s, 1931s. IR (KBr, ν(CN), cm−1): 2151m. 1H NMR
(acetone-d6, 298 K; δ): 9.15 (dd, JHH = 5.1 and 1.3 Hz, 2H, 2,9-H
phen), 9.07 (dd, JHH = 5.1 and 1.3 Hz, 2H, 2,9-H phen′), 8.95 (dd,
2H, JHH = 8.3 and 1.3 Hz, 4,7-H phen), 8.90 (dd, JHH = 8.3 and 1.3
Hz, 2H, 4,7-H phen′), 8.38 (s, 2H, 5,6-H phen), 8.30 (s, 2H, 5,6-H
phen′), 7.97 (m, 4H, 3,8-H phen and 3,8-H phen′). ESI+ MS (m/z):
[M]+ 926.02 (calcd 926.02). Anal. Calcd for C32H16F3N5O9Re2S: C,
35.72; H, 1.50; N, 6.51; S, 2.98. Found: C, 35.93; H, 1.69; N, 6.58; S,
3.05.

[{Re(phen)(CO)2(PPh3)}2CN](CF3SO3) (3). Preparation of [Re-
(phen)(CO)2(PPh3)(NCMe)](CF3SO3). An acetonitrile solution (4 mL)
of [Re(phen)(CO)3(PPh3)](CF3SO3) (100 mg, 0.116 mmol) was
irradiated using a 351 nm pulsed laser (50 mW) for 2.5 h. Then, the
solvent was evaporated, and the orange solid was recrystallized by a
gas phase diffusion of diethyl ether into its acetone/methanol solution
at room temperature to give red crystalline material (71 mg, 70%). IR
(CH2Cl2, ν(CO), cm

−1): 1956s, 1889s. 1H NMR (acetone-d6, 298 K;
δ): 9.10 (d, JHH = 5.1 Hz, 2H, 2,9-H phen), 8.82 (dd, 2H, JHH = 8.3
and 1.2 Hz, 4,7-H phen), 8.29 (s, 2H, 5,6-H phen), 7.86 (dd, JHH =
8.2 and 5.1 Hz, 2H, 3,8-H phen), 7.33−7.30 (m, 3H, para-H Ph),
7.26−7.21 (m, 6H, meta-H Ph), 7.17−7.12 (m, 6H, ortho-H Ph).
31P{1H} NMR (acetone-d6, 298 K; δ): 7.2 (s, 1P, PPh3).

Preparation of [{Re(phen)(CO)2(PPh3)}2CN](CF3SO3). [Re(phen)-
(CO)2(PPh3)(NCMe)](CF3SO3) (50 mg, 0.057 mmol) was
dissolved in acetone (5 mL) and treated with a solution of
K[Ag(CN)2] (6 mg, 0.029 mmol) in methanol (1 mL), causing an
immediate precipitation of AgCN. The suspension was stirred
overnight at room temperature in the absence of light. Then, the
solids were removed by filtration. Evaporation of the solvents
produced a bright red solid, which was recrystallized by a gas-phase
diffusion of diethyl ether into its acetone solution at 298 K to give red
crystalline material (29 mg, 65%). IR (CH2Cl2, ν(CO), cm

−1): 1933s,
1865s. IR (KBr, ν(CN), cm−1): 2120m. 1H NMR (acetone-d6, 298 K;
δ): 8.54−8.48 (m, 6H, 2,9-H phen, 2,9-H phen′ and 4,7-H phen),
8.44 (d, JHH = 8.2 Hz, 2H, 4,7-H phen′), 8.09 (m, 2H, 5,6-H phen),
8.00 (m, 2H, 5,6-H phen′), 7.47 (dd, JHH = 8.2 and 5.1 Hz, 2H, 3,8-H
phen), 7.43 (dd, JHH = 8.2 and 5.1 Hz, 2H, 3,8-H phen′), 7.21−7.16
(m, 6H, para-H Ph and para-H Ph′), 7.10−7.06 (m, 12H, meta-H Ph
and meta-H Ph′), 6.98−6.93 (m, 6H, ortho-H Ph), 6.91−6.87 (m, 6H,
ortho-H Ph′). 31P{1H} NMR (acetone-d6, 298 K; δ): 31.3 (s, 1P,
PPh3), 26.6 (s, 1P, PPh3′). ESI+ MS (m/z): [M]+ 1396.21 (calcd
1396.21). Anal. Calcd for C66H46F3N5O7P2Re2S: C, 51.32; H, 3.00;
N, 4.53; S, 2.08. Found: C, 51.22; H, 3.27; N, 4.57; S, 2.15.

[{Re(phen)(CO)3}NCAu(PPh3)](CF3SO3) (4). A solution of [Au-
(PPh3)(CN)] (50 mg, 0.103 mmol) in dichloromethane (4 mL) was
added to a suspension of [Re(phen)(CO)3(H2O)](CF3SO3) (64 mg,
0.103 mmol) in dichloromethane (4 mL). The reaction mixture was
stirred at room temperature overnight in the absence of light. Then,
some precipitate was removed by filtration. Evaporation of the solvent
produced a yellow solid, which was recrystallized by a gas-phase
diffusion of diethyl ether into its ethanol/dichloromethane solution at
298 K to give green-yellow crystals (64 mg, 59%). IR (KBr, ν, cm−1):
(CN) 2183m; (CO) 2033s, 1935s. ESI+ MS (m/z): [M]+ 936.07
( c a l c d 9 3 6 . 0 7 ) , [ A u ( P P h 3 ) 2 ]

+ 7 2 1 . 1 5 , [ ( R e -
(CO)3(phen)) 2(NC)2Au]

+ 1148 .99 . Ana l . Ca lcd for
C35H23AuF3N3O6PReS: C, 38.75; H, 2.14; N, 3.87; S, 2.96. Found:
C, 38.41; H, 2.36; N, 4.07; S, 2.89.

[{Re(bpy)(CO)3NC}2Au](CF3SO3) (5). [Re(bpy)(CO)3(H2O)]-
(CF3SO3) (50 mg, 0.084 mmol) and K[Au(CN)2] (12 mg, 0.040
mmol) were dissolved in a mixture of acetone (5 mL) and methanol
(1 mL), and the reaction mixture was stirred overnight at room
temperature in the absence of light. Evaporation of the solvents
produced a yellow solid, which was recrystallized by a gas-phase
diffusion of diethyl ether into its acetone/methanol solution at 298 K
to give light yellow crystalline material (42 mg, 81%). IR (CH2Cl2,
ν(CO), cm−1): 2035s, 1933s. IR (KBr, ν(CN), cm−1): 2183m. 1H
NMR (acetone-d6, 298 K; δ): 9.16 (dd, JHH = 5.4 and 1.4 Hz, 4H, 2,9-
H bpy), 8.81 (d, JHH = 8.1 Hz, 4H, 5,6-H bpy), 8.46 (td, JHH = 8.1
and 1.4 Hz, 4H, 4,7-H bpy), 7.90 (ddd, JHH = 8.1, 5.4, and 1.3 Hz,
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4H, 3,8-H bpy). ESI+ MS (m/z): [M]+ 1100.99 (calcd 1100.99).
Anal. Calcd for C29H16AuF3N6O9Re2S: C, 27.84; H, 1.29; N, 6.72; S,
2.56. Found: C, 28.01; H, 1.42; N, 6.80; S, 2.61.
[{Re(phen)(CO)3NC}2Au](CF3SO3) (6). Prepared in a manner

analogous to that for 5 from [Re(phen)(CO)3(H2O)](CF3SO3) (50
mg, 0.081 mmol) and K[Au(CN)2] (12 mg, 0.041 mmol); yellow
crystalline material (38 mg, 72%). IR (CH2Cl2, ν(CO), cm

−1): 2036s,
1934s. IR (KBr, ν(CN), cm−1): 2187m. 1H NMR (acetone-d6, 298 K;
δ): 9.54 (dd, JHH = 5.1 and 1.3 Hz, 4H, 2,9-H phen), 9.05 (dd, JHH =
8.3 and 1.3 Hz, 4H, 4,7-H phen), 8.38 (s, 4H, 5,6-H phen), 8.22 (dd,
JHH = 8.3 and 5.1 Hz, 4H, 3,8-H phen). ESI+ MS (m/z): [M]+

1148.99 (calcd 1148.99). Anal. Calcd for C33H16AuF3N6O9Re2S: C,
30.51; H, 1.24; N, 6.47; S, 2.47. Found: C, 30.69; H, 1.50; N, 6.56; S,
2.56.
[{Re(bpy)(CO)3NC}4Pt](CF3SO3)2 (7). Prepared in a manner

analogous to that for 5 from [Re(bpy)(CO)3(H2O)](CF3SO3) (50
mg, 0.084 mmol) and K2[Pt(CN)4] (8 mg, 0.021 mmol); yellow
crystalline material (39 mg, 81%). IR (CH2Cl2, ν(CO), cm

−1): 2034s,
1932s. IR (KBr, ν(CN), cm−1): 2176m. 1H NMR (acetone-d6, 298 K;
δ): 9.06 (dd, JHH = 5.4 and 1.4 Hz, 8H, 2,9-H bpy), 8.81 (d, JHH = 8.1
Hz, 8H, 5,6-H bpy), 8.52 (td, JHH = 8.1 and 1.4 Hz, 8H, 4,7-H bpy),
8.02 (ddd, JHH = 8.1, 5.4, and 1.3 Hz, 8H, 3,8-H bpy). ESI+ MS (m/
z): [M]2+ 1002.00 (calcd 1002.00), [{Re(CO)3(bpy)}3(NC)3Pt-
(CN)]+ 1579.00. Anal. Calcd for C58H32F6N12O18PtRe4S2: C, 30.25;
H, 1.40; N, 7.30; S, 2.78. Found: C, 30.37; H, 1.52; N, 7.43; S, 2.95.
[{Re(phen)(CO)3NC}4Pt](CF3SO3)2 (8). Prepared in a manner

analogous to that for 5 from [Re(phen)(CO)3(H2O)](CF3SO3) (50
mg, 0.081 mmol) and K2[Pt(CN)4] (7.7 mg, 0.020 mmol); bright
yellow crystalline material (38 mg, 79%). IR (CH2Cl2, ν(CO), cm

−1):
2034s, 1932s. IR (KBr, ν(CN) cm−1): 2178m. 1H NMR (acetone-d6,
298 K; δ): 9.39 (dd, JHH = 5.1 and 1.3 Hz, 8H, 2,9-H phen), 9.12 (dd,
JHH = 8.3 and 1.3 Hz, 8H, 4,7-H phen), 8.42 (s, 8H, 5,6-H phen), 8.34
(dd, JHH = 8.3 and 5.1 Hz, 8H, 3,8-H phen). ESI+ MS (m/z): [M]2+

1050.00 (calcd 1050.00), [(Re(CO)3(phen))3(NC)3Pt(CN)]+

1651.00. Anal. Calcd for C66H32F6N12O18PtRe4S2: C, 33.04; H,
1.34; N, 7.00; S, 2.67. Found: C, 33.27; H, 1.55; N, 7.11; S, 2.72.
[{Re(bpy)(CO)3NC}6Fe](CF3SO3)2 (9). [Re(bpy)(CO)3(H2O)]-

(CF3SO3) (50 mg, 0.084 mmol) was dissolved in acetone (7 mL),
and a suspension of K4[Fe(CN)6] (5 mg, 0.014 mmol) in methanol
(3 mL) was added. The mixture was stirred at room temperature for
12 h in the absence of light under nitrogen atmosphere to give a light-
brown solution. Evaporation of the solvents produced a brown oil,
which was recrystallized by a gas-phase diffusion of diethyl ether into
its acetone/methanol solution at 298 K to give brick-red crystalline
material (22 mg, 51%). IR (CH2Cl2, ν(CO), cm

−1): 2021s, 1906s. IR
(KBr, ν(CN) cm−1): 2089m. 1H NMR (acetone-d6, 298 K; δ): 8.84
(m, JHH = 5.4 Hz, 12H, 2,9-H bpy), 8.63 (m, JHH = 8.1 Hz, 12H, 5,6-
H bpy), 8.41 (m, 12H, 4,7-H bpy), 7.87 (m, 12H, 3,8-H bpy). ESI+

MS (m/z): [M]2+ 1385.00 (calcd 1385.00). Anal. Calcd for
C86H48F6FeN18O24Re6S2: C, 33.66; H, 1.58; N, 8.22; S, 2.10.
Found: C, 33.73; H, 1.62; N, 8.28; S, 2.14.
[{Re(bpy)(CO)3NC}6Fe](CF3SO3)3 (10). Prepared in a manner

analogous to that for 5 from [Re(bpy)(CO)3(H2O)](CF3SO3) (50
mg, 0.084 mmol) and K3[Fe(CN)6] (5 mg, 0.014 mmol); dark green
crystalline material (28 mg, 62%). IR (CH2Cl2, ν(CO), cm

−1): 2028s,
1914s. IR (KBr, ν(CN), cm−1): 2154m. 1H NMR (acetone-d6, 298 K;
δ): 8.66 (d, JHH = 5.4 Hz, 12H, 2,9-H bpy), 8.40 (m, 2H, JHH = 8.1
Hz, 12H, 5,6-H bpy), 8.15 (m, 12H, 4,7-H bpy), 7.77 (m, 12H, 3,8-H
bpy). Anal. Calcd for C87H48F9FeN18O27Re6S3: C, 32.48; H, 1.50; N,
7.84; S, 2.99. Found: C, 32.71; H, 1.76; N, 7.87; S, 2.97.
X-ray Structure Determinations. The crystals of 2−10 were

immersed in cryo-oil, mounted in a Nylon loop, and measured at a
temperature of 150 K. The X-ray diffraction data were collected with
Bruker Kappa Apex II, Bruker Smart Apex II, and Bruker Kappa Apex
II Duo diffractometers using Mo Kα radiation (λ = 0.71073 Å). The
APEX245 program package was used for cell refinements and data
reductions. The structures were solved by direct methods using the
SHELXS-201446 program with the WinGX47 graphical user interface.
A numerical absorption correction (SADABS)48 was applied to all
data. Structural refinements were carried out using SHELXL-2014.46

The crystallization solvent in 2−4 and 6−10 was partially lost from
the crystal and could not be resolved unambiguously. The
contribution of the missing solvent to the calculated structure factors
was taken into account by using a SQUEEZE routine of PLATON.49

The missing solvent was not taken into account in the unit cell
content.

All hydrogen atoms in 2−10 were positioned geometrically and
constrained to ride on their parent atoms, with C−H = 0.95−0.99 Å
and Uiso = 1.2−1.5Ueq (parent atom). The crystallographic details are
summarized in Table S1. Selected structural parameters are listed in
Tables S2 and S3.

Photophysical Measurements. The photophysical measure-
ments were performed in dichloromethane and methanol solutions,
which were carefully deaerated by three “freeze−pump−thaw” cycles.
UV/vis absorption spectra were measured on a Shimadzu UV-1800
spectrophotometer; excitation and emission spectra in solution and in
the solid state were recorded with a HORIBA FluoroMax-4
spectrofluorometer. Lifetime and emission quantum yields in the
solid phase were performed on a HORIBA Scientific FluoroLog-3
spectrofluorometer. The uncertainty of the quantum yield measure-
ment was in the range of ±5% (an average of three replications, which
correspond to different orientations of the sample). The emission
quantum yield in solutions was determined by the comparative
method using coumarin 102 in ethanol (Φr = 0.764)50 with refraction
indexes of dichloromethane and ethanol equal to 1.42 and 1.36,
respectively.

Electrochemical Studies. Electrochemical experiments were
performed at 298 ± 1 K in a CH cell using a CH I660 potentiostat
(Cambria Scientific, Llwynhendy, Llanelli UK). A BAS MF2012 glassy
carbon working electrode (GCE) (geometrical area 0.071 cm2), a
platinum mesh auxiliary electrode and a platinum wire pseudorefer-
ence electrode were used in a conventional three-electrode arrange-
ment. Potentials are provided relative to the Fc/Fc+ couple, adding
ferrocene (Aldrich) as an internal standard during electrochemical
runs. The electrochemistry of complexes 9 and 10 in acetone
solutions (HPLC-grade, Carlo Erba reagents) containing 0.10 M
Bu4NPF6 (Fluka) as a supporting electrolyte was studied after
degassing by bubbling Ar for 10 min.

Solid-state experiments were performed at microparticulate films of
9 and 10 prepared by evaporation at air of a drop of an ethanolic
solution of the corresponding complex (1 mg/mL) deposited onto
the surface of a freshly polished GCE. 0.50 M NaCl aqueous solution
was used as a supporting electrolyte.

Computational Details. Compounds 1−10 were studied using
the hybrid PBE0 density functional method (DFT-PBE0).51,52 All
atoms were described by a triple-ζ-valence quality basis set with
polarization functions (def-TZVP).53 Multipole-accelerated resolu-
tion-of-the-identity technique was used to speed up the calcula-
tions.54,55 Point group symmetry was used to speed up the
calculations (1−4: Cs; 5, 6: C2h; 7, 8; C4h; 9, 10: S6). The used
symmetries are lower than the ideal symmetries observed in the NMR
experiments because the calculations at 0 K lack the rotational degrees
of freedom present at solution state. The geometries of all complexes
were first fully optimized within the applied point group using the
DFT-PBE0 method. The optimized geometries of the compounds are
in good agreement with the available X-ray structures (comparisons of
the structural parameters and the XYZ coordinates of the optimized
structures are included as Supporting Information, Table S4). The
excited states were investigated using the time-dependent DFT
formalism.56,57 The singlet excitations were determined at the
optimized ground-state S0 geometries, while the lowest energy triplet
emissions were determined at the optimized T1 geometry. In the case
of 4 and 7−10, the TD-DFT calculation of the T1 state could not be
converged due to numerical issues. The calculated excitation and
emission wavelengths are strongly red-shifted in comparison to the
experiment (Table S5), but the observed trends are reproduced well.
All electronic structure calculations were carried out with the
TURBOMOLE program package (version 7.3).58,59

Magnetic Susceptibility Measurements. Magnetic data for
compound 10 were recorded on a Quantum Design MPMS-5XL
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SQUID magnetometer. The polycrystalline sample was compacted
and immobilized into a cylindrical PTFE capsule. The data were
acquired as a function of the field (0.1−5.0 T) and temperature (2−
290 K) and were corrected for diamagnetic contributions of the
sample holder (PTFE capsule) and the compound 10 (χdia = −1.61×
10−3 cm3 mol−1).

■ RESULTS AND DISCUSSION
Synthesis and Characterization. The rhenium(I)

diimine complexes containing cyanide ligands are not excessive
and only a few polynuclear compounds built of the
cyanometalated units have been described.5,6,60 The available
reports though confirm the possibility of using the rigid −C
N− linker for the construction of multimetallic assemblies
containing Re(I) chromophore motifs. The ability of Re(I) ion
to bind both carbon and nitrogen atoms of the CN group
offers substantial synthetic flexibility and allows combining the
{Re(diimine)(CO)3} motif with a range of metal centers
irrespectively of their affinity to coordinating atoms of the
cyanide.

The starting complexes [Re(diimine)(CO)3(H2O)]-
(CF3SO3) (diimine = 2,2′-bipyridine, bpy; 1,10-phenanthro-
line, phen) were readily prepared by the abstraction of Cl−

from the parent [Re(diimine)(CO)3Cl] compounds40 with
AgCF3SO3 in wet acetone. Subsequent treatment of the triflate
derivatives with 0.5 mol equiv of NaCN however results in a
mixture of products and gives the expected bridged species
[{Re(diimine)(CO)3}2CN)](CF3SO3) (diimine = bpy 1,5

phen 2) in small yields. Alternatively, reacting K[Ag(CN)2]
instead of sodium cyanide with 2 equiv of [Re(diimine)-
(CO)3(H2O)](CF3SO3) in acetone/methanol solution leads
to the formation of 1 and 2 as the dominant products (Scheme
1).
In order to vary the ligand environment of the dirhenium

motif in 2, the [Re(phen)(CO)3(H2O)](CF3SO3) precursor
was conventionally converted into the phosphine complex
[Re(phen)(CO)3PPh3](CF3SO3) in toluene at 130 °C.
Further photochemical substitution of the carbonyl group for
a labile acetonitrile ligand was achieved by employing a 351

Scheme 1. Syntheses of Complexes 1−4a

aReaction conditions: (i) acetone/methanol, room temperature, 12 h; (ii) toluene, 130°C, 16 h, N2; (iii) 351 nm pulsed laser, 2.5 h; (iv):
dichloromethane, room temperature, 12 h; counterion CF3SO3

−.

Scheme 2. Syntheses of Complexes 5−10 (a)

aConditions: acetone/methanol, room temperature, 12 h; counterion CF3SO3
−.
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nm pulsed laser (50 mW) under ambient conditions. This mild
protocol afforded an intermediate dicarbonyl compound
[Re(phen)(CO)2(PPh3)(NCMe)](CF3SO3)

61 in good yield
(70%), but in contrast to commonly used high-pressure
mercury lamp irradiation62−64 does not require an inert
atmosphere and extensive cooling of the system. The
formation of the cyano-bridged dinuclear rhenium complex
[{Re(phen)(CO)2(PPh3)}2CN](CF3SO3) (3) was accom-
plished by means of similar to the synthesis of compound 2,
using K[Ag(CN)2] as a source of the cyanide linker (Scheme
1). The successful synthesis of 1−3, in which the [Re-
(diimine)(CO)3(CN)] unit may be considered as a neutral
metalloligand, prompted us to extend the methodology to the
heterometallic species. Indeed, the dinuclear rhenium(I)−
gold(I) complex [{Re(phen)(CO)3}NCAu(PPh3)](CF3SO3)
(4) was obtained by coupling the [Re(phen)(CO)3(H2O)]-
(CF3SO3) and [Au(PPh3)(CN)]

44 constituents at room
temperature in the absence of light.
Moreover, decorating the anionic cyanometallates with

several cationic {Re(diimine)(CO)3}
+ units has proven to be

a facile strategy to attain aggregates of higher nuclearity
(Scheme 2). Thus, the reaction of K[Au(CN)2] with
[Re(diimine)(CO)3(H2O)](CF3SO3) in 1:2 molar ratio
efficiently generated the trinuclear [{Re(diimine)-
(CO)3NC}2Au](CF3SO3) complexes (diimine = bpy 5, phen
6), though no congener compounds were observed in the case
of dicyanoargentate anion as described above (Scheme 1).
Pentametallic assemblies [{Re(diimine)(CO)3NC}4Pt]-
(CF3SO3)2 (diimine = bpy 7, phen 8) were constructed
from tetracyanoplatinate(II) dianion and 4 equiv of the
corresponding rhenium precursors. Finally, the heptanuclear
aggregates [{Re(bpy)(CO)3NC}6Fe](CF3SO3)n 9 (n = 2) and
10 (n = 3) were prepared by adding the {Re(diimine)(CO)3}

+

blocks to ferro- and ferricyanide salts. The phen analogues of 9
and 10 were not observed presumably due to the steric
hindrance caused by the bulkier phenanthroline ligand. Further
physical data for each complex was provided through NMR
and IR spectroscopies, mass spectrometry, by elemental and X-
ray analysis, thus corroborating the attainment of the synthesis
of the homo- and heterometallic assemblies.
The ESI+ mass spectra of the studied complexes reveal the

dominating signals corresponding to singly (2−6) and doubly
(7−9) charged molecular ions, whose m/z values and isotopic
patterns are in complete agreement with the calculated ones
(Figure S1 and S2). In the case of 4, in addition to the
molecular cation (m/z [4]+ = 936.1) the signals of [Au-
(PPh3)2]

+ and [(Re(CO)3(phen))2(NC)2Au]
+, i.e., [6]+,

species are also observed, indicative of a reversible dissociation
and rearrangement of 4 in solution also confirmed by the
NMR spectroscopy (see below). The triply charged cation 10
was not detected evidently due to the reduction Fe3+ →
Fe2+that occurs under the conditions of ESI-MS experiment
and has been noted for other iron(III) compounds.65

The 1H NMR spectra of dirhenium compounds 1−3
demonstrate two similar sets of signals, which belong to the
nonequivalent {Re(diimine)} fragments (Figure S3). The
given patterns can be attributed to the electronic effect of a
nonsymmetrical cyanide bridge. In accordance with this
observation, two singlet resonances of 1:1 integral intensities
are found in the 31P NMR spectrum of 3. On the contrary, 5−
10 display 1H spectroscopic profiles, indicating that in solution
these compounds possess only one type of {Re(diimine)-
(CO)3} units (Figures S4 and S5) in compliance with idealized

symmetrical structures depicted in Schemes 1 and 2. The
NMR data for complex 4 are compatible with ESI-MS result
and point to the existence of several species in solution (Figure
S6), which comprise compounds 4, 6, and [Au(PPh3)2]

+; the
latter is also formed in the course of disproportionation
described for the parent [(PPh3)AuCN] complex.66

The IR spectra of all titled complexes in the CO stretching
region are very much alike and correspond to the
indistinguishable rhenium carbonyl motifs with rather minor
alterations of the vibrational frequencies. Compounds 9 and 10
with {Fe(CN)6}

n− (n = 3 and 4) coordinating anion
demonstrate visibly lower energies of vibrations conceivably
due to a polyanionic character of the central motif that results
in enhanced π-back-donation dπ(Re) → π*(CO) and is
pronounced for the ferricyanide aggregate 9. In general, the
observed profiles are typical for other diimine di- (3) and
tricarbonyl (1, 2, and 4−10) rhenium species. In contrast, the
CN vibrations are sensitive to the nature of the central metal
atom M and vary from 2089 cm−1 (9, M = Fe2+) to 2187 cm−1

(6, M = Au+) that is comparable with the values found for
other cyanometallate-bridged species.67 Expectedly, the CN
frequencies for 9 and 10 differ substantially (2089 and 2154
cm−1) because of a higher π-basicity of the Fe2+ center.
The results of crystallographic analysis of 2−10 are shown in

Figures 1−3 and S7; Tables S2 and S3 contain selected bond

lengths and angles. In all complexes, rhenium ions are
hexacoordinated and adopt slightly distorted octahedral
environment, formed by the chelating diimine ligand, terminal
carbonyl (also phosphine in the case of 3) and the bridging
CN groups. The dirhenium compounds 2 and 3 belong to the
same structural type as 1, which was determined previously68

and comprises two {Re(diimine)} fragments linked by an axial
cyanide. In both complexes 2 and 3, the angles Re−NCN−CCN
and Re−CCN−NCN are in the range from 174.4 to 176.9°
(Table S2) that gives a nearly linear arrangement of the cyano-
bimetallic motif. Analogous to 1, phenanthroline congener 2
adopts the same eclipsed conformation with torsion angles
NNN−Re−Re−NNN of less than 3°. Introducing sterically and
electronically different PPh3 ligands in the axial positions in 3

Figure 1. Molecular views of complexes 2 and 3. Counter ions and
hydrogen atoms are omitted for clarity. Thermal ellipsoids are shown
at the 50% probability level.
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causes slight shortening of Re−CCN/NCN distances compared
to 2 and results in visible geometry distortions. The latter
involves the change of the NNN−Re−Re−NNN torsion to ca.
27° and an increase of the angle between the planes of the
phen ligands from 19° (2) to 23° (3).
Two independent molecules are found in the unit cell of

gold−rhenium complex 4, both having similar structural
parameters, which are not exceptional (Table S2). The
intermolecular Au···Au separation (3.509 Å) exceeds the sum
of van der Waals radii that implies no aurophilic interaction.
Though in solution 4 exists as a mixture of several species, its
crystallization gives phase pure material, which contains only
the bimetallic complex, shown in Figure 2, as confirmed by
PXRD analysis (Figure S8).

Dicyanoaurate-bridged compounds 5 and 6 demonstrate
different molecular packings, which evidently determine their
solid-state molecular geometries (Figures 2 and S7). Thus, 5
has an eclipsed configuration, resembling that of 2, and a
substantial deviation of Re−NC−Au−CN−Re chain from
linearity (∠Re−Au−Re = 165.4°). Conversely, phenanthroline
complex 6 has a staggered conformation of {Re(phen)} units
and Re−Au−Re angle of 175.4°.
Both pentanuclear complexes 7 and 8 feature the expected

square-planar cyanoplatinate core, which holds four {Re-
(diimine)(CO)3} fragments (Figures 3 and S7). Their mutual
orientation is apparently defined by the steric requirements of
the diimine ligands, which determine the distortion of
structure 7 from the idealized square shape. The packings of
complexes 6−8 show non-negligible intermolecular π−π
stacking interactions between the diimine ligands of adjacent
molecules with interplanar distances of 3.60, 3.30, and 3.55 Å,
respectively (Figure S9).
The rhenium−iron assemblies 9 and 10 consist of the

central six-coordinated FeII and FeIII ions, respectively, which
are surrounded by six rhenium units giving nearly regular

octahedral shape of the resultant heptanuclear species (Figures
3 and S7). The molecular symmetry of 9 and 10 in the crystals
is lower than that in solution, where all the pendant {Re(bpy)}
groups become indistinguishable. Nevertheless, the deviation
of the structural parameters among three crystallographically
inequivalent groups of metalloligands [Re(bpy)(CO)3NC] in
each of the complex are quite minor (Table S3) supporting
their easy symmetrization in the fluid medium. The change of
the oxidation state of the Fe ion (+2 in 9, +3 in 10) does not
have a significant impact on the molecular arrangement. For
example, the Fe−C bond lengths remain virtually unaffected
(average distances are 1.924 and 1.929 Å for 9 and 10), while
the Re−N contacts experience slight elongation in 10 (avg
2.135 Å vs 2.122 Å in 9) that might be attributed to the less
favorable electrostatics upon increase of the overall positive
charge. The structural data for 9 and 10 in general agree well
with those reported for the congener neutral molecule
[Re(dmb)(CO)3]3[Fe(CN)6] (dmb = 4,4′-dimethyl-2,2′-
bipyridine).6 The latter compound and its di/trinuclear
congeners represent virtually the only examples of cyanome-
tallate linkers furnished with {Re(diimine)} chromophores.
Moreover, complexes [M(CN)x][M′Ly]x (M = Pt, x = 4; Fe, x

Figure 2. Molecular views of complexes 4 and 6. Counter ions and
hydrogen atoms are omitted for clarity. Thermal ellipsoids are shown
at the 50% probability level.

Figure 3. Molecular views of complexes 7 and 9. Counter ions and
hydrogen atoms are omitted for clarity. Thermal ellipsoids are shown
at the 50% probability level.
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= 6) with all bridging cyanide ligands represent as a quite
limited class of molecular aggregates.69−72

Photophysical Properties. The electronic absorption
spectra of complexes 1, 2, and 5−8 (Figure 4 and Table 1)

are determined by the {Re(diimine)(CO)3} chromophores
and thus are reminiscent to those of a variety of previously
studied rhenium(I) compounds;5,40,73−75 the optical properties
of 4 were investigated only in the solid state due to the
aforementioned dissociation in solution. Analogously to the
earlier assignments, the intense high-energy absorption bands
in the region of 220−320 nm for the title compounds likely
correspond to the intraligand π−π* transitions. The lower
energy bands, which are centered around 350 nm with tails
extending up to 450 nm, are ascribed to the charge transfer

from {Re(CO)3} fragment to the diimine ligand. Computa-
tional analysis confirms the proposed nature of the lowest
energy excitations S0 → S1 (Figures S10−S12), which also
involve cyanide groups in the case of 1 and 3. High molar
absorptivities of the charge transfer bands (350−370 nm, ε >
104 M−1 cm−1) indicate their certain mixing with IL character
and are also consistent with the presence of several
chromophores in the same molecular entity.76,77 In the case
of 3, the substitution of carbonyl groups in trans-position to
the cyanide bridge for triphenylphospine ligands results in a
considerable redshift of the longest wavelength absorption
band (λabs = 456 nm) compared to the tricarbonyl compounds.
This behavior is evidently related to a weaker π-accepting
ability of PPh3 with respect to carbonyl group that destabilizes
the dπ(Re) orbitals in 3 and, consequently, lowers the
HOMO−LUMO gap.62,76,78 Recently, even a more pro-
nounced decrease of the energy gap has been described for
[Re(deeb)(CO)2(PMe3)Cl] (deeb = 4,4′-diethylester-2,2′-
bipyridine) complex.79 Interestingly, in 1−3, the excited state
is predicted to engage the ReI blocks connected to the N atom
of the cyanide spacer (Figure S10).
The Re−Fe compounds display additional features which

are associated with iron hexacyanide motif. Thus, a relatively
weak band at ca. 480 nm, identified in the spectrum of 9 is not
observed for the individual components [Fe(CN)6]

4−80 and
[Re(bpy)(CO)3CN].

5 Therefore, it is likely to originate from
electronic transitions localized within the [FeII(CN)6]

4−

coordinating anion perturbed by {Re(diimine)(CO)3} groups
and mixed with some FeII → bpy charge transfer (Figure S12).
Complex 10, which is derived from 9 via one-electron

oxidation of the iron center, exhibits a rather intense broad
near-infrared band at 846 nm (ε = 7 × 103 M−1 cm−1 in
methanol, Figure 4) that can be assigned to a MM′CT ReI →
FeIII transition by analogy with ReI−FeIII6 and the related
RuII−FeIII mixed-valence compounds.7,9 In line with the trend
observed for [ReI(dmb)(CO)3]n[Fe

III(CN)6]
n−3 (n = 1−3)

congeners, which absorb in methanol at 578, 610, and 649 nm,
respectively,6 increasing the number of peripheral {Re(bipy)}
fragments in aggregate 10 to n = 6 substantially decreases the
energy of the MM′CT band and simultaneously enhances the
molar absorptivity.
Complexes 1−8 display photoluminescence in solution and

in the solid state under ambient conditions; the relevant data
are provided in Tables 1 and 2. Re−Fe assemblies 9 and 10 are
not emissive as their lowest energy excited states are
dominated by the [Fe(CN)6]

4−/3− fragments (see Figure
S12), which can accept higher energy excitation from the

Figure 4. Electronic absorption spectra of complexes 1−3, 5−8
(CH2Cl2) and 9 and 10 (MeOH), 298 K.

Table 1. Photophysical Properties of Complexes 1−3 and 5−10 in Solution

λabs, nm (ε,·104 M−1 cm−1) λem (nm)a Φ (aer/deg) (%)b τobs (μs) kr (s
−1)c knr (s

−1)d

1e 287 (4.6), 315 (2.4), 368 (1.0) 571 (515) 7/10 0.4 2.5 × 105 2.2 × 106

2 260 (8.8), 287 (4.4), 355 (1.2) 564 (515) 12/30 1.6 1.9 × 105 4.4 × 105

3 267 (9.8), 321 (2.5), 456 (1.2) 737 (606) −/<1 0.023
5 246 (8.4), 281 (4.7), 317 (2.9), 359 (1.1) 554 (504) 11/19 0.6 3.2 × 105 1.4 × 106

6 249 (9.6), 254 (9.5), 273 (7.7), 330 (1.6) 543 (505) 15/48 1.9 2.5 × 105 2.7 × 105

7 246 (10.3), 281 (9.0), 305 (5.7), 318 (5.1), 355 (1.8) 560 (519) 10/21 0.5 4.2 × 105 1.6 × 106

8 257 (12.5), 274 (12.5), 338 (2.2) 549 (516) 12/42 2.2 1.9 × 105 2.6 × 105

9 239 (17.6), 281 (14.0), 315 (8.8), 352 (3.1), 480 (0.4)
10 243 (15.0), 280 (11.9), 316 (8.0), 351 (2.8), 846 (0.7)

aValues in parentheses correspond to frozen solutions at 77 K. bλex = 365 nm; ckr = Φ/τobs.
dknr = kobs − kr = (1−Φ)/τobs.

eCH2Cl2 for 1−3 and 5−
8; methanol for 9 and 10.
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Re(bpy) fragments and then relax nonradiatively. In degassed
dichloromethane, complexes 1, 2, and 5−8 bearing tricarbonyl
rhenium motifs exhibit greenish to yellow photoemission
(Figure 5) with quantum yields ranging from 10% (1) to 48%
(6), which are systematically higher for phen-containing
compounds. The structureless profiles of the bands, their
wavelengths, and long lifetimes (τobs = 0.4−2.2 μs) are
compatible with the triplet nature of the emissive excited state
(3MLCT, where M actually represents the entire Re(CO)3
unit), which is typical for rhenium tricarbonyl species with bpy
and phen ligands.40,73,81,82 DFT calculations clearly support
the 3MLCT assignment (Figures S10−S12). In comparison to
the reported [Re(bpy)(CO)3CN]

5,83,84 (λem = 591 nm in
CH2Cl2), the emissions of bpy-containing compounds 1 (λem =
571 nm), 5 (λem = 554 nm), and 7 (λem = 560 nm) are found
at visibly shorter wavelengths and demonstrate longer observed
lifetimes. This eventually reflects the electronic effect of M−
CN→ Re coordination in multimetallic species versus terminal
NC → Re bonding in the mononuclear predecessor.
In the case of complexes 1 and 2, which contain two

chemically nonequivalent {Re(diimine)(CO)3} fragments, i.e.,
C- and N-bound chromophores, we were not able to detect
dual emission under steady-state conditions. Using different
excitation wavelengths and monitoring the excitation spectra at
high and low energy sides of the emission bands produced
identical spectroscopic profiles (Figure S13). The lifetime
measurements at 500 and 680 nm gave virtually the same
values of τobs for each complex 1 and 2 (within an experimental
error) and confirmed the monoexponential decay. This
surveillance likely suggests that there is one emissive excited
state, which is localized on the N-coordinated rhenium
fragment according to the DTF analysis (Figure S10) and

indicates fast energy transfer (diimine)Re → CN → Re-
(diimine) in these dirhenium systems.
The replacement of the bpy ligand (in 1, 5, and 7) for phen

(2, 6, and 8) in rhenium fragments conceivably alters the
energetics of MLCT and results in some hypsochromic shifts
of the emission maxima that has been noted earlier for other
[Re(diimine)(CO)3L] luminophores85−87 and qualitatively
reproduced computationally (Table S5). Furthermore, the
phosphorescence quenching of phenanthroline-based com-
pounds 2, 6, and 8 by molecular oxygen is higher than for the
bipyridyl-containing chromophores, because in the former case
the collisional quenching by O2 is evidently more effective due
to greater spatial accessibility of the phenanthroline aromatic
system and longer lifetime of the corresponding excited state.
In contrast, the cyanometallate bridges, [Au(CN)2]

− and
[Pt(CN)4]

2−, have a very small contribution into the frontier
molecular orbitals participating in the electronic transitions
and therefore show a negligible effect on the photophysical
properties of the studied multimetallic assemblies. The DFT
excited state density difference plots in Figure S11 clearly
illustrate that the orbitals of the Au atoms are not implicated at
all into the T1 → S0 emission of 5/6. Despite the calculation of
the T1 state for 7/8 did not converge, the S0 → S1 excitations
for these Re−Pt species involve only the rhenium fragments
(Figure S12), meaning that their lowest lying triplet states
likely are also localized on {Re(diimine)(CO)3} motifs. The
similarity of the emission characteristics for 5/6 and 7/8
supports this conclusion.
On the basis of the absorption data analysis, the emission of

complex 3, substituted with triphenylphosphine ligands, is
expectedly redshifted in comparison to its predecessor 2 (λem =
564 nm) and appears in the near-IR (NIR) region (λem = 737
nm, Figure 5). Such dramatic decrease in emission energy with
respect to 2 (Δν = 4162 cm−1) arises from introducing the less
π-acidic phosphine ligand instead of the carbonyl group that
eventually rises the energy of the ground state.79 A
substantially shorter observed lifetime for 3 (τobs = 23 ns)
results from much lower quantum efficiency (Φem < 1%) that is
a natural consequence of the “energy gap law”.88 The cases of
fast nonradiative relaxation were described for some other
dicarbonyl Re(I) compounds having axial substituents with a
weak ligand field.62,79 Although 3 shows low quantum yield in
solution of less than 1%, it illustrates that NIR phosphor-
escence, which is still rare among rhenium(I) diimine
species,82,89−91 can be achieved without demanding mod-
ification of the diimine fragment but through adjusting the

Table 2. Solid-State Photophysical Properties of Complexes
1−8 at 298 K

λem (nm) Φ (%)a τ (μs) kr (s
−1)b knr (s

−1)c

1 523 19 1.0 1.9 × 105 8.1 × 105

2 528 22 2.5 8.8 × 104 3.1 × 105

3 637 2 0.1 2.0 × 105 9.8 × 106

4 534 25 2.4 1.0 × 105 3.1 × 105

5 522 31 1.0 3.1 × 105 6.9 × 105

6 562 3 0.6 5.0 × 105 1.2 × 106

7 547 14 0.5 2.8 × 105 1.7 × 106

8 549 19 1.5 1.3 × 105 5.4 × 105

aλex = 340 nm. bkr = Φ/τobs.
cknr = kobs − kr = (1 − Φ)/τobs.

Figure 5. Normalized excitation (dotted lines) and emission spectra of complexes 1−3 and 5−8 in dichloromethane solution (solid lines); dashed
lines correspond to solid-state emission at 298 K.
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energy of the d orbitals via modification of the electronic
properties of the ancillary ligands. The given trend in energies
is also reproduced theoretically (Table S5), though the
predicted wavelengths for 1−3 are visibly underestimated.
These spectroscopic features contrast with luminescence
characteristics of diisocyanide-linked congeners [{Re(phen)-
(CO)2(PPh3)}2(CN−R−NC)]2+ (λem = 564−566 nm, Φem =
13−17%)76 pointing to the crucial role of electron density on
the rhenium atoms, modulated by the bridging unit. In frozen
solution at 77 K, the emission bands for all compounds 1−3
and 5−8 demonstrate substantial blue shift with respect to the
values obtained at 298 K (Table 1 and Figure S14); the
energies for tricarbonyl complexes become nearly identical.
Such rigidochromic effect is often encountered for rhenium
diimine luminophores with 3MLCT excited state, which can
get destabilized in a rigid environment.92−94

The difference between the solution and the solid-state
emissions at 298 K gradually diminishes with the growth of the
number of {Re(diimine)} fragments and becomes virtually
negligible for Re−Pt complexes 7 and 8 (Figure 5, Table 2),
which probably reflects an increasing intramolecular rigidity
due to steric confinements. Otherwise, the emission profiles,
lifetimes, and the radiative rate constants obtained for the
crystalline samples are very close to those found in solution,
meaning that in both phases the emissive excited state has the
same origin, i.e., predominantly 3MLCT, and very similar
environment properties.
Heterometallic Re−Au complex 4, which was investigated in

the crystalline form only, features green luminescence band of
moderate intensity (Φem = 25%) maximized at 534 nm (Figure
S15). The photophysical parameters for 2 and 4 are nearly the
same, including the identity of their excitation spectra 4
(Figure S15). These experimental data are in line with DFT
results (Figure S10) and suggest no appreciable contribution of
phosphino-gold cyanide motif to the observed emission of 4,
which originates exclusively from the {Re(phen)} fragment,
similarly to other rhenium(I)−gold(I) phosphine com-
plexes.74,95

Electrochemical and Magnetic Properties of 9 and
10. The electrochemical response of complexes 9 and 10,
containing redox active iron centers, has been studied in
acetone solution and in the solid state in contact with aqueous
electrolytes in order to provide complementary electro-
chemical information, using the voltammetry of microparticles
methodology96,97 previously employed for characterizing a
series of polymetallic compounds.98,99

The cyclic voltammograms of 9 and 10 in acetone solution
(Figure S16) show that in both cases a quasi-reversible one-
electron couple (as judged by the cathodic-to-anodic peak
potential separation approaching 60 mV at low scan rates) was
recorded at potentials near to that of the Fc/Fc+ couple
accompanied by a prominent irreversible oxidation process at
ca. +1.0 V. The latter process can be attributed to the oxidation
of ReI ions, while the reversible couple is assigned to the
oxidation/reduction of the hexacyanoferrate(II/III) groups
that correlates with the literature data.5,6,79,100 Remarkably, the
formal electrode potential (calculated as the half-sum of the
cathodic and anodic peak potentials) of complex 9 (−0.050 V
vs Fc/Fc+) differs significantly from that of complex 10
(−0.280 V vs Fc+/Fc), as shownn in Figure S16. No changes in
the voltammetric response of 10 were detected upon aeration
of its solution, whereas under the exposure to air 9 gives rise to
an additional reversible couple centered at +0.230 vs Fc/Fc+

that is increased progressively and likely indicates the chemical
oxidation of FeII leading to the degradation of 9. These features
can be interpreted on assuming that there are differences
between the coordinative arrangement of the hexacyanoferrate-
(II/III) centers in complexes 9 and 10 in solution, possibly
involving some dissociation of the pendant {Re(bpy)}
fragments and solvent interaction101 in the case of complex 9.
The voltammetry of microparticulate films of both

complexes are essentially very similar in the solid state after
one or two potential cycles. As can be seen in Figure S16, in
contact with air-saturated 0.50 M NaCl a one-electron
reversible couple is recorded at +0.71 V vs Ag/AgCl in both
cases with no apparent interaction with dissolved oxygen,
which displays a cathodic wave at −0.60 V. This signal can be
interpreted in the light of our previous studies on some Fc-
functionalized complexes,98,99 on the assumption that
assemblies 9 and 10 display solid-state electrochemical
reduction/oxidation processes involving the insertion/dein-
sertion of CF3SO3

− ions:

[ ] [ ][ ] +

→ [ ] [ ][ ]

+

−

−

Re(CO) (bpy) Fe(CN) CF SO (solid) e

Re(CO) (bipy) Fe(CN) CF SO (solid)

CF SO (aqueous)

3 6 6 3 3 3

3 6 6 3 3 2

3 3

The relevant point to emphasize is that the overall reaction
proceeds reversibly and virtually the same way for complexes 9
and 10 thus denoting that there are no substantial coordinative
differences between them in the solid state.
The hexacyanoferrate(II/III) compounds are known to

contain low-spin FeII/III ions. To confirm that coordination of
{Re(bpy)} fragments did not change substantially the ligand
field strength and retained the spin state of the central ion, the
magnetic data for compound 10 were measured and are
presented in Figure S17A as χmT versus T curve at 0.1 T and as
Mm versus B curve at 2.0 K. The χmT curve reaches a value at
290 K of 0.794 cm3 K mol−1, which is typical for low-spin FeIII

centers due to the 2T2g ground term that generates distinct
contributions from orbital momentum. Thus, χmT is
considerably larger than the spin-only contribution of a S =
1/2 system (0.375 cm3 K mol−1 assuming g = 2.0). The purity
of complex 10 with respect to ferro- or ferrimagnetic impurities
has been checked by measurements at different magnetic
fields; the corresponding χmT versus T curve at 0.1−3.0 T is
illustrated in Figure S17B. Since we do not observe any notable
divergence of the χmT curves at T > 200 K, potential impurities
can be excluded. By lowering the temperature, χmT
continuously decreases to a minimum at 2.0 K and reaches a
value of 0.385 cm3 K mol−1, which is close to the expected
value for a S = 1/2 single ion. The magnetization curve at 2.0 K
shows a magnetization of Mm ≈ 0.9 NAμB at 5.0 T. Although
Mm is not saturated, the slope of Mm hints at a saturation value
of ca. 1 NA μB indicating a ground state of S = 1/2 derived
from the equation Mm,sat = gSNAμB.

■ CONCLUSIONS
We described the supramolecular construction of a series of
homo- and heterometallic complexes composed of rhenium(I)
diimine tricarbonyl chromophores along with linking cyanide
(1−4) and cyanometallate (5−10) anions. The polydentate
nature of the central fragments [M(CN)x]

n− allows to vary the
nuclearity of the target assemblies and therefore the decoration
of [Au(CN)2]

−, [Pt(CN)4]
2−, and [Fe(CN)6]

3−/4− motifs with
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{Re(diimine)} blocks affords tri- (5, 6), penta- (7, 8), and
heptametallic (9, 10) species, respectively. The spectroscopic
investigations of 1−8 reveal that their optical properties are
governed by the rhenium(I) constituents with negligible
contribution of the heterometals into the lowest lying excited
state. The luminescence of complexes 1−8 is associated with
electronic transitions predominantly of 3MLCT character; the
assignment is supported by theoretical analysis. In solution, the
yellow emission of bpy-containing compounds 1, 5, and 7 (λem
= 554−571 nm) is systematically red-shifted with respect to
phen congeners 2, 6, and 8 (λem = 543−564 nm), which also
demonstrate higher intensity with maximum quantum yield of
48% (Re−Au complex 6) and a more pronounced quenching
by molecular oxygen. In contrast, axially PPh3-substituted
dirhenium compound 3 shows NIR phosphorescence (λem =
737 nm) that is attributed to the destabilizing effect of the
phosphine ligand on the d orbitals of the metal. The lack of
luminescence in the case of heptanuclear Re−Fe aggregates 9
and 10 is related to the active role of [Fe(CN)6]

4−/3−

polyanions in the lowest lying excited state. In particular, the
presence of FeIII center induces intermetallic ReI → FeIII

charge transfer that results in the intense NIR absorption
(λabs = 846 nm, ε = 7 × 103 M−1 cm−1). The electrochemical
behavior of these compounds shows essentially irreversible
oxidation of the ReI ions that is accompanied by a quasi-
r e v e r s i b l e one - e l e c t r on r edox p roce s s o f t he
[FeII/III(CN)6]

4−/3− groups. The magnetic susceptibility
measurement of 10 confirms the low-spin configuration of
the iron(III), which is retained upon binding to the
rhenium(I) fragments. Overall, the titled cyano-bridged
aggregates illustrate a simple but efficient synthetic approach
to discrete supramolecular coordination complexes with
versatile physical properties.
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Wac̈htler, M.; Dietzek, B.; Schubert, U. S. Efficient Energy Transfer
and Metal Coupling in Cyanide-Bridged Heterodinuclear Complexes
Based on (Bipyr idine)(terpyr idine)ruthenium(II) and
(Phenylpyridine)iridium(III) Complexes. Inorg. Chem. 2016, 55,
5152−5167.
(11) Goodwin, A. L.; Kennedy, B. J.; Kepert, C. J. Thermal
Expansion Matching via Framework Flexibility in Zinc Dicyanome-
tallates. J. Am. Chem. Soc. 2009, 131, 6334−6335.
(12) Korc ̌ok, J. L.; Katz, M. J.; Leznoff, D. B. Impact of
Metallophilicity on “Colossal” Positive and Negative Thermal

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.8b02974
Inorg. Chem. XXXX, XXX, XXX−XXX

J

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.8b02974
http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.8b02974
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02974/suppl_file/ic8b02974_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02974/suppl_file/ic8b02974_si_002.xyz
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1873812&id=doi:10.1021/acs.inorgchem.8b02974
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1873820&id=doi:10.1021/acs.inorgchem.8b02974
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
mailto:igor.koshevoy@uef.fi
mailto:antti.karttunen@aalto.fi
http://orcid.org/0000-0002-5284-2811
http://orcid.org/0000-0002-1013-0680
http://orcid.org/0000-0003-4380-1302
http://dx.doi.org/10.1021/acs.inorgchem.8b02974


Expansion in a Series of Isostructural Dicyanometallate Coordination
Polymers. J. Am. Chem. Soc. 2009, 131, 4866−4871.
(13) Cairns, A. B.; Catafesta, J.; Levelut, C.; Rouquette, J.; van der
Lee, A.; Peters, L.; Thompson, A. L.; Dmitriev, V.; Haines, J.;
Goodwin, A. L. Giant negative linear compressibility in zinc
dicyanoaurate. Nat. Mater. 2013, 12, 212−216.
(14) Ovens, J. S.; Leznoff, D. B. Thermal Expansion Behavior of
MI[AuX2(CN)2]

− Based Coordination Polymers (M = Ag, Cu; X =
CN, Cl, Br). Inorg. Chem. 2017, 56, 7332−7343.
(15) Sergeenko, A. S.; Ovens, J. S.; Leznoff, D. B. Designing
anisotropic cyanometallate coordination polymers with unidirectional
thermal expansion (TE): 2D zero and 1D colossal positive TE. Chem.
Commun. 2018, 54, 1599−1602.
(16) Katz, M. J.; Kaluarachchi, H.; Batchelor, R. J.; Bokov, A. A.; Ye,
Z.-G.; Leznoff, D. B. Highly Birefringent Materials Designed Using
Coordination Polymer Synthetic Methodology. Angew. Chem., Int. Ed.
2007, 46, 8804−8807.
(17) Thompson, J. R.; Katz, M. J.; Williams, V. E.; Leznoff, D. B.
Structural Design Parameters for Highly Birefringent Coordination
Polymers. Inorg. Chem. 2015, 54, 6462−6471.
(18) Omary, M. A.; Patterson, H. H. Temperature-Dependent
Photoluminescence Properties of Tl[Ag(CN)2]: Formation of
Luminescent Metal-Metal-Bonded Inorganic Exciplexes in the Solid
State. Inorg. Chem. 1998, 37, 1060−1066.
(19) Lin, Y.-Y.; Lai, S.-W.; Che, C.-M.; Fu, W.-F.; Zhou, Z.-Y.; Zhu,
N. Structural Variations and Spectroscopic Properties of Luminescent
Mono- and Multinuclear Silver(I) and Copper(I) Complexes Bearing
Phosphine and Cyanide Ligands. Inorg. Chem. 2005, 44, 1511−1524.
(20) Liu, X.; Guo, G.-C.; Fu, M.-L.; Liu, X.-H.; Wang, M.-S.; Huang,
J.-S. Three Novel Silver Complexes with Ligand-Unsupported
Argentophilic Interactions and Their Luminescent Properties. Inorg.
Chem. 2006, 45, 3679−3685.
(21) Maynard, B. A.; Smith, P. A.; Ladner, L.; Jaleel, A.; Beedoe, N.;
Crawford, C.; Assefa, Z.; Sykora, R. E. Emission Enhancement
through Dual Donor Sensitization: Modulation of Structural and
Spectroscopic Properties in a Series of Europium Tetracyanoplati-
nates. Inorg. Chem. 2009, 48, 6425−6435.
(22) Ladner, L.; Ngo, T.; Crawford, C.; Assefa, Z.; Sykora, R. E.
Solid-State Photoluminescence Sensitization of Tb3+ by Novel Au2Pt2
and Au2Pt4 Cyanide Clusters. Inorg. Chem. 2011, 50, 2199−2206.
(23) Smith, P. A.; Crawford, C.; Beedoe, N.; Assefa, Z.; Sykora, R. E.
Synthesis, Crystal Structures, and Dual Donor Luminescence
Sensitization in Novel Terbium Tetracyanoplatinates. Inorg. Chem.
2012, 51, 12230−12241.
(24) Ghazzali, M.; Jaafar, M. H.; Akerboom, S.; Alsalme, A.; Al-
Farhan, K.; Reedijk, J. A series of bimetallic chain coordination
polymers bearing [Ag(PPh3)2] chromophores: Synthesis, structure
and luminescence. Inorg. Chem. Commun. 2013, 36, 18−21.
(25) Ovens, J. S.; Christensen, P. R.; Leznoff, D. B. Designing
Tunable White-Light Emission from an Aurophilic CuI/AuI

Coordination Polymer with Thioether Ligands. Chem. - Eur. J.
2016, 22, 8234−8239.
(26) Ma, F.; Gao, S.-M.; Wu, M.-M.; Zhao, J.-P.; Liu, F.-C.; Li, N.-X.
An unprecedented 2D copper(I)−cyanide complex with 20-
membered metal rings: the effect of the co-ligand 4,5-diazafluoren-
9-one. Dalton Trans 2016, 45, 2796−2799.
(27) Roberts, R. J.; Le, D.; Leznoff, D. B. Color-Tunable and White-
Light Luminescence in Lanthanide−Dicyanoaurate Coordination
Polymers. Inorg. Chem. 2017, 56, 7948−7959.
(28) Belyaev, A.; Eskelinen, T.; Dau, T. M.; Ershova, Y. Y.; Tunik, S.
P.; Melnikov, A. S.; Hirva, P.; Koshevoy, I. O. Cyanide-assembled d10

coordination polymers and cycles: excited state metallophilic
modulation of solid-state luminescence. Chem. - Eur. J. 2018, 24,
1404−1415.
(29) Katz, M. J.; Ramnial, T.; Yu, H.-Z.; Leznoff, D. B.
Polymorphism of Zn[Au(CN)2]2 and Its Luminescent Sensory
Response to NH3 Vapor. J. Am. Chem. Soc. 2008, 130, 10662−10673.
(30) Thomas, R. B.; Smith, P. A.; Jaleel, A.; Vogel, P.; Crawford, C.;
Assefa, Z.; Sykora, R. E. Synthesis, Structural, and Photoluminescence

Studies of Gd(terpy)(H2O)(NO3)2M(CN)2 (M = Au, Ag)
Complexes: Multiple Emissions from Intra- and Intermolecular
Excimers and Exciplexes. Inorg. Chem. 2012, 51, 3399−3408.
(31) Yamagishi, A.; Kawasaki, T.; Hiruma, K.; Sato, H.; Kitazawa, T.
Emission behaviour of a series of bimetallic Cd(II)−Au(I)
coordination polymers. Dalton Trans 2016, 45, 7823−7828.
(32) Varju, B. R.; Ovens, J. S.; Leznoff, D. B. Mixed Cu(I)/Au(I)
coordination polymers as reversible turn-on vapoluminescent sensors
for volatile thioethers. Chem. Commun. 2017, 53, 6500−6503.
(33) Ali, N. M.; MacLeod, V. L.; Jennison, P.; Sazanovich, I. V.;
Hunter, C. A.; Weinstein, J. A.; Ward, M. D. Luminescent
cyanometallates based on phenylpyridine-Ir(III) units: solvatochrom-
ism, metallochromism, and energy-transfer in Ir/Ln and Ir/Re
complexes. Dalton Trans 2012, 41, 2408−2419.
(34) Ward, M. D. Structural and photophysical properties of
luminescent cyanometallates [M(diimine)(CN)4]

2‑ and their supra-
molecular assemblies. Dalton Trans 2010, 39, 8851−8867.
(35) Cadranel, A.; Oviedo, P. S.; Alboreś, P.; Baraldo, L. M.; Guldi,
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(74) Fernańdez-Moreira, V.; Marzo, I.; Gimeno, M. C. Luminescent
Re(I) and Re(I)/Au(I) complexes as cooperative partners in cell
imaging and cancer therapy. Chem. Sci. 2014, 5, 4434−4446.
(75) Chu, W.-K.; Wei, X.-G.; Yiu, S.-M.; Ko, C.-C.; Lau, K.-C.
Strongly Phosphorescent Neutral Rhenium(I) Isocyanoborato Com-
plexes: Synthesis, Characterization, and Photophysical, Electro-
chemical, and Computational Studies. Chem. - Eur. J. 2015, 21,
2603−2612.
(76) Ko, C.-C.; Cheung, A. W.-Y.; Yiu, S.-M. Synthesis, photo-
physical and electrochemical study of diisocyano-bridged homodinu-
clear rhenium(I) diimine complexes. Polyhedron 2015, 86, 17−23.
(77) Rohacova, J.; Sekine, A.; Kawano, T.; Tamari, S.; Ishitani, O.
Trinuclear and Tetranuclear Re(I) Rings Connected with Phenylene,
Vinylene, and Ethynylene Chains: Synthesis, Photophysics, and Redox
Properties. Inorg. Chem. 2015, 54, 8769−8777.
(78) Tso-Lun Lo, L.; Lai, S.-W.; Yiu, S.-M.; Ko, C.-C. A new class of
highly solvatochromic dicyano rhenate(I) diimine complexes −
synthesis, photophysics and photocatalysis. Chem. Commun. 2013,
49, 2311−2313.
(79) Kurtz, D. A.; Brereton, K. R.; Ruoff, K. P.; Tang, H. M.; Felton,
G. A. N.; Miller, A. J. M.; Dempsey, J. L. Bathochromic Shifts in
Rhenium Carbonyl Dyes Induced through Destabilization of
Occupied Orbitals. Inorg. Chem. 2018, 57, 5389−5399.
(80) Lever, A. B. P. Inorganic Electronic Spectroscopy, 2nd ed.;
Elsevier: Amsterdam, 1984.
(81) Wrighton, M.; Morse, D. L. The Nature of the Lowest Excited
State in Tricarbonylchloro-1,10-phenanthrolinerhenium(I) and Re-
lated Complexes. J. Am. Chem. Soc. 1974, 96, 998−1003.
(82) Worl, L. A.; Duesing, R.; Chen, P.; Della Ciana, L.; Meyer, T. J.
Photophysical properties of polypyridyl carbonyl complexes of
rhenium(I). J. Chem. Soc., Dalton Trans. 1991, 849−858.
(83) Takeda, H.; Koike, K.; Inoue, H.; Ishitani, O. Development of
an Efficient Photocatalytic System for CO2 Reduction Using
Rhenium(I) Complexes Based on Mechanistic Studies. J. Am. Chem.
Soc. 2008, 130, 2023−2031.
(84) Moore, S. A.; Frazier, S. M.; Sibbald, M. S.; DeGraff, B. A.;
Demas, J. N. On the Causes of Altered Photophysics of Luminescent
Metal Complexes Embedded in Polymer Hosts. Langmuir 2011, 27,
9567−9575.
(85) Kalyanasundaram, K. Luminescence and redox reactions of the
metal-to-ligand charge-transfer excited state of tricarbonylchloro-
(polypyridyl)rhenium(I) complexes. J. Chem. Soc., Faraday Trans. 2
1986, 82, 2401−2415.
(86) Polo, A. S.; Itokazu, M. K.; Frin, K. M.; de Toledo Patrocínio,
A. O.; Murakami Iha, N. Y. Light driven trans-to-cis isomerization of

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.8b02974
Inorg. Chem. XXXX, XXX, XXX−XXX

L

http://dx.doi.org/10.1021/acs.inorgchem.8b02974


stilbene-like ligands in fac-[Re(CO)3(NN)(trans-L)]
+ and lumines-

cence of their photoproducts. Coord. Chem. Rev. 2006, 250, 1669−
1680.
(87) Werrett, M. V.; Chartrand, D.; Gale, J. D.; Hanan, G. S.;
MacLellan, J. G.; Massi, M.; Muzzioli, S.; Raiteri, P.; Skelton, B. W.;
Silberstein, M.; Stagni, S. Synthesis, Structural, and Photophysical
Investigation of Diimine Triscarbonyl Re(I) Tetrazolato Complexes.
Inorg. Chem. 2011, 50, 1229−1241.
(88) Caspar, J. V.; Meyer, T. J. Application of the energy gap law to
nonradiative, excited-state decay. J. Phys. Chem. 1983, 87, 952−957.
(89) Hallett, A. J.; Pope, S. J. A. Towards near-IR emissive rhenium
tricarbonyl complexes: Synthesis and characterisation of unusual 2,2′-
biquinoline complexes. Inorg. Chem. Commun. 2011, 14, 1606−1608.
(90) McLean, T. M.; Moody, J. L.; Waterland, M. R.; Telfer, S. G.
Luminescent Rhenium(I)-Dipyrrinato Complexes. Inorg. Chem. 2012,
51, 446−455.
(91) Yu, T.; Tsang, D. P.-K.; Au, V. K.-M.; Lam, W. H.; Chan, M.-
Y.; Yam, V. W.-W. Deep Red to Near-Infrared Emitting Rhenium(I)
Complexes: Synthesis, Characterization, Electrochemistry, Photo-
physics, and Electroluminescence Studies. Chem. - Eur. J. 2013, 19,
13418−13427.
(92) Wrighton, M.; Morse, D. L. Nature of the Lowest Excited State
in Tricarbonylchloro- 1,10-phenanthrolinerhenium(I) and Related
Complexes. J. Am. Chem. Soc. 1974, 96, 998−1003.
(93) Kotch, T. G.; Lees, A. J.; Fuerniss, S. J.; Papathomas, K. I.;
Snyder, R. W. Luminescence Rigidochromism of fac-ClRe(CO)3(4,7-
Ph2phen) (4,7-Ph2phen = 4,7-Diphenyl-1,10-phenanthroline) as a
Spectroscopic Probe in Monitoring Polymerization of Photosensitive
Thin Films. Inorg. Chem. 1993, 32, 2570−2575.
(94) Itokazu, M. K.; Polo, A. S.; Iha, N. Y. M. Luminescent
rigidochromism of fac-[Re(CO)3(phen)(cis-bpe)]

+ and its binuclear
complex as photosensor. J. Photochem. Photobiol., A 2003, 160, 27−32.
(95) Cheung, K.-L.; Yip, S.-K.; Yam, V. W.-W. Synthesis,
characterization, electrochemistry and luminescence studies of
heterometallic gold(I)−rhenium(I) alkynyl complexes. J. Organomet.
Chem. 2004, 689, 4451−4462.
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