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The binuclear dual emitter [Br(CO)3Re(P⋯N)
(N⋯P)Re(CO)3Br] (P⋯N): 3-chloro-6-(4-diphenyl-
phosphinyl)butoxypyridazine, a new bridging
P,N-bidentate ligand resulting from the ring
opening of tetrahydrofuran†‡

Marianela Saldías,a Jorge Manzur,b Rodrigo E. Palacios,c María L. Gómez,c

Julio De La Fuente,d Germán Günther,d Nancy Pizarroa and Andrés Vega*a,e

Lithium diphenylphosphide unexpectedly provokes the ring-opening of tetrahydrofuran (THF) and by

reaction with 3,6-dichloropyridazine leads to the formation of the ligand 3-chloro-6-(4-diphenylphos-

phinyl)butoxypyridazine (P⋯N), which was isolated. The reaction of this ligand with the (Re(CO)3(THF)Br)2
dimer yields the novel complex [Br(CO)3Re(μ-3-chloro-6-(4-diphenylphosphinyl)butoxypyridazine)2Re
(CO)3Br] (BrRe(P⋯N)(N⋯P)ReBr), which was crystallized in the form of a chloroform solvate,

(C46H40Br2Cl2N4O8P2Re2)·(CHCl3). The monoclinic crystal (P21/n) displays a bimetallic cage structure with

a symmetry inversion centre in the middle of the rhenium to rhenium line. The molecule shows two oxi-

dation signals occurring at +1.50 V and +1.76 V which were assigned to the ReI/ReII and ReII/ReIII metal-

centered couples, respectively, while signals observed at −1.38 V and −1.68 V were assigned to ligand

centered reductions. Experimental and DFT/TDDFT results indicate that the UV-Vis absorption maximum

of BrRe(P⋯N)(N⋯P)ReBr occurring near 380 nm displays a metal to ligand charge transfer (MLCT) char-

acter, which is consistent with CV results. Upon excitation at this wavelength, a weak emission (Φem <

1 × 10−3) is observed around 580 nm (in dichloromethane) which decays with two distinct lifetimes τ1 and τ2

of 24 and 4.7 ns, respectively. The prevalence of non-radiative deactivation pathways is consistent with

efficient internal conversion induced by the high conformational flexibility of the P⋯N ligand’s long

carbon chain. Measurements in a frozen solvent at 77 K, where vibrational deactivation is hindered, show

intense emission associated with the 3MLCT state. These results demonstrate that BrRe(P⋯N)(N⋯P)ReBr

preserves the dual emitting nature previously reported for the mononuclear complex RePNBr, with emis-

sion associated with π*phenyl and π*pyridazine states.

Introduction

Rhenium(I) tricarbonyl complexes, Re(CO)3L, having N,N-
bidentate ligands have attracted interest because of their
luminescence properties,1–3 which have been shown to depend
strongly on the nature of the bidentate ligand.4–7 Complexes
having a P,N-bidentate ligand have attracted much less atten-
tion compared to the ones bearing N,N-diimine groups,
although hybrid ligands have been widely used due to
their potential applications in different areas, i.e. catalysis.8–12

We have recently described the photophysical properties of
the mononuclear complex [P,N-{(C6H5)2(C5H4N)P}Re(CO)3Br]
(RePNBr) (Scheme 1),13 which was characterized as a dual
emitter.14 In addition, dramatic changes in the photophysical
behavior were found when a NH fragment is inserted between
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the P–N bond in the 2-(diphenylphosphino)pyridine ligand
(i.e. [{(C6H5)2(C5H4N)NHP}Re(CO)3Br], RePNNBr, Scheme 1).15

The parent complex RePNNBr (Scheme 1) showed exclu-
sively emission involving ligand centered transitions. In com-
parison to mononuclear complexes, binuclear complexes of
hybrid ligands are even more scarce.16

In the present work we discuss the molecular and electronic
structures of the new bimetallic complex [Br(CO)3Re(μ-3-
chloro-6-(4-diphenylphosphinyl)butoxypyridazine)2Re(CO)3Br]
(BrRe(P⋯N) (N⋯P)ReBr) (Scheme 1), characterized by means
of photophysical and X-ray diffraction measurements, cyclic
voltammetry determinations and DFT/TDDFT calculations.
Luminescence lifetimes and emission quantum yields are
reported. The effect of the temperature on the stability of the
complex is determined. The results are discussed in terms of
the molecular and electronic structure of the compound and
also in comparison with the behavior of mononuclear ana-
logues RePNBr 13 and RePNNBr.15

Experimental

All reagents, (Re(CO)3(THF)Br)2 (THF: tetrahydrofuran),
lithium diphenylphosphide solution and 3,6-dichloropyrid-
azine, were used as received from the supplier (Aldrich).
Solvents for synthesis were dried and freshly distilled before
use. Standard Schlenk techniques were used for all solvent
manipulations. Solvents for spectroscopic measurements: di-
chloromethane (DCM, HPLC grade, Merck), chloroform
(CHCl3, Analysis grade, EMSURE® Merck), acetonitrile (MeCN,
HPLC grade, Merck), ethanol (EtOH, absolute grade, Merck),
N,N-dimethylformamide (DMF, spectroscopic grade, Uvasol®
Merck), methanol (MeOH, spectroscopic grade, Uvasol®
Merck), and benzene (C6H6, analysis grade, EMSURE® Merck)
were used as received. Argon (Ar, 99.99%, air liquid).

Synthesis

3-Chloro-6-(4-diphenylphosphinyl)butoxypyridazine (P⋯N).
The ligand was obtained as the main product of the stoichio-
metric reaction of the lithium diphenylphosphide
solution (100 mL, 0.5 mol L−1, Aldrich) with 3,6-dichloropyrid-
azine (3.724 g, 0.025 mol, Aldrich) in boiling THF for 3 h
(Scheme 2), as previously described for the preparation of
3,6-bis(diphenylphosphinyl)pyridazine.17 After filtration, the
solvent was removed at low pressure, to give a colorless solid
(yield 5.96 g, 78.0%).

Elemental analysis. The calculated (experimental) values for
C20H20N2OClP are: C, 64.70 (66.60); H, 5.45 (6.06); N, 7.55
(7.27). 1H NMR (400 MHz, CDCl3) δ 7.33 (m, 10H), 6.82 (d, J =
9.2 Hz, 2H), 4.41 (d, J = 33.0 Hz, 2H), 2.04 (dd, J = 14.2, 6.0 Hz,
2H), 1.93–1.84 (m, 2H), 1.59–1.51 (m, 2H). 13C NMR (101 Hz,
CDCl3) δ 164.12 (s), 150.67 (s), 138.29 (s), 132.42 (s), 130.51 (s),
128.29 (s), 128.22 (s), 119.91 (s), 67.20 (s), 29.82 (s), 27.42 (s),
22.17 (s).

[Br(CO)3Re(P⋯N)(N⋯P)Re(CO)3Br], BrRe(P⋯N)(N⋯P)ReBr.
The binuclear complex was obtained by the direct reaction of
the P⋯N ligand (0.504 g, 1.125 mmol) with a (Re(CO)3(THF)
Br)2 dimer (0.951 g, 1.125 mmol) in 100 mL of CHCl3 at room
temperature, as shown in Scheme 3. After stirring for 15 h, the
solvent was removed at reduced pressure to give an orange
solid. Yield, 1.202 g (93.2%). Crystallization from a DCM solu-
tion was achieved by slow evaporation.

Elemental analysis. The calculated18 (experimental) values
for [BrRe(P⋯N)(N⋯P)ReBr]·(CHCl3), are: C, 36.2 (36.2); H, 2.65
(2.78); N, 3.59 (3.01) %. 1H NMR (400 MHz, CDCl3) δ 7.71–7.27
(m, 10H), 3.75 (t, J = 6.3 Hz, 4H), 1.88–1.82 (m, 2H), 1.61 (s,
2H), 1.26 (s, 2H). 13C NMR (101 MHz, CDCl3) δ 133.79 (s),
131.44 (s), 129.21–129.01 (m), 68.59 (s), 26.22 (s). IR: νCO: 2038,
2030 and 1920 cm−1.

Photophysical measurements

UV-Vis spectra were recorded on an Agilent 8453 Diode-Array
spectrophotometer in the range of 250–600 nm in aerated solu-
tions of different organic solvents. Emission spectra were

Scheme 1 Schematic structure of RePNBr, RePNNBr, and BrRe(P⋯N)
(N⋯P)ReBr.

Scheme 2 Reaction leading to P⋯N.

Scheme 3 Synthetic path to [Br(CO)3Re(P⋯N)(N⋯P)Re(CO)3 Br], BrRe
(P⋯N)(N⋯P)ReBr.
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recorded using a Horiba Jobin-Yvon FluoroMax-4 spectrofluo-
rometer at room temperature. Experiments at 77 K were
carried out in EtOH/MeOH glass (4 : 1, v/v). Complex emission
spectra in the solid state were measured using a holder for
solid samples at 45°. Emission quantum yields (Φem) were
measured at room temperature using quinine sulfate in 0.1 M
H2SO4 as an actinometer (Φem = 0.546 for excitation at
350 nm).19 Luminescence lifetime measurements were carried
out in a PicoQuant FluoTime 300 fluorescence lifetime spectro-
meter with a time correlated single photon counting tech-
nique. A LDH-P-C-405 laser was employed as the pulsed light
source (FWHM ∼54 ps; pulse energy 31 pJ). Singlet oxygen
emission experiments were performed using the instrument
“burst” mode, consisting of a train of laser pulses at a high
(80 MHz) repetition rate (rather than a single pulse) and then
switched off to detect the emission of the sample. The individ-
ual laser pulses act like a single long pulse with a much higher
energy. The generation of singlet oxygen was monitored at
1270 nm using a Hamamatsu NIR-PMT detector (H10330-45).
Quantum yields of singlet oxygen generation were measured at
room temperature using perinaphthenone as an actinometer
(ΦΔ = 0.95 in DCM).20 The experiments were carried out
in either air-equilibrated or argon-saturated solutions.
Nanosecond laser flash photolysis experiments were per-
formed in argon saturated dichloromethane solutions by excit-
ing at 355 nm and sweeping the absorption spectra between
400 and 640 nm. The instrument has been previously
described.21 Transient absorption data analysis was carried
out using the program ASUFIT (available at http://www.public.
asu.edu/laserweb/asufit/asufit.html). Kinetic traces over a
selected wavelength region were globally fitted using the
expression ΔA(λ,t ) = ∑Ai(λ) exp(−t/τi) with i = 1,.., n; where
ΔA(λ,t ) is the observed absorption change at a given wave-
length and time delay t and n is the number of kinetic com-
ponents used in the fitting. A plot of Ai(λ) versus wavelength is
called a decay-associated spectrum (DAS), and represents the
amplitude spectrum of the ith kinetic component, which has a
lifetime of τi.

Cyclic voltammetry

Cyclic voltammograms at room temperature for BrRe(P⋯N)
(N⋯P)ReBr and P⋯N were recorded in DCM solutions
(1.0 mM) using tetrabutylammonium perchlorate (0.10 M) as a
supporting electrolyte. Cyclic voltammograms were recorded at
100 mV s−1 between +2.0 and −2.0 V. Before runs, the sample
solutions were deoxygenated by bubbling nitrogen gas for
10 min. A vitreous carbon electrode was used as a working elec-
trode, a platinum electrode as an auxiliary electrode, and an
Ag/AgCl electrode as a reference electrode. Ferrocene was used
as the internal standard (E1/2 = 0.451 V; ΔE = 0.73 V).

X-ray diffraction

The crystal structure of the binuclear complex BrRe(P⋯N)
(N⋯P)ReBr was determined by X-ray diffraction on a plate-
shaped 0.105 × 0.083 × 0.029 mm3 single crystal at 296 K. Data
collection was done on a SMART CCD diffractometer using ϕ

and ω-scans as collection strategies. Data were reduced using
SAINT,22 while the structure was solved by direct methods,
completed by difference Fourier synthesis and refined by least-
squares using SHELXL.23 Multi-scan absorption corrections
were applied using SADABS.24 The occupancy of the solvent
was refined and the convergence value was then held constant
during the last refinement cycles. The hydrogen atom posi-
tions were calculated after each cycle of refinement using a
riding model for each structure, with C–H distances ranging
between 0.93 and 0.97 Å. Uiso(H) values were set equal to 1.2Ueq

of the parent carbon atom. During the structure completion
process by difference Fourier synthesis, it was clear that there
were two partially occupied solvating chloroform sites
present in the space left by the molecules of the complex
within the cell, adding one molecule per dimer. Efforts to
model the disorder of the solvating molecules by using a
meaningful scheme partially failed, then we decided to use
PLATON-SQUEEZE,25,26 a well-documented method used for
the modelling of unresolved electron density. Based on the
elemental analysis, a molecule of chloroform per dimer was
included into the final formula. Table S1 of the ESI‡ contains
details of crystal and refinement parameters.

Computational details

All geometry optimizations were performed at the B3LYP/
6-31+G(d′) level of theory using the Gaussian09 Rev C.01
package of programs (G09),27 and started from the geometry
determined by means of X-ray diffraction. The LANL2DZ basis
set was used only for rhenium. Excited state calculations were
performed within the time-dependent DFT methodology as
implemented in G09 with B3LYP/6-31+G(d′,p′)/LANL2DZ.
Solvent effects for simulating dichloromethane have been
incorporated through the polarizable continuum model (PCM)
using the integral equation formalism variant (IEFPCM).28,29

Absorption and emission spectra were simulated from the
above calculations using the GaussSum 3.0 suite of freely avail-
able processing tools. A full width at half-maximum (FWHM)
of the Gaussian curves corresponding to 3000 cm−1 was
employed to convolute both spectra. Representations for mole-
cular orbitals were generated using the G09 cubegen tool
and have been visualized using VMD and Pov-Ray 3.6
programs.30,31

Results and discussion
THF ring-opening to (P⋯N)

As commented on above in the Experimental section, under
the experimental conditions, the reaction of lithium diphenyl-
phosphide unexpectedly leads to the opening of the tetra-
hydrofuran ring and the formation of the ligand butoxypyrida-
zine instead of simply producing the aromatic substitution
product, 3,6-bis(diphenylphosphino)pyridazine. Considering
the structure of the reactants and the resulting P⋯N ligand, it
is clear that the THF ring-opening is induced by an attack of the
diphenylphosphide on the carbon-2 of THF, resulting in the
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formation of a reactive open-chain alkoxide intermediate,
which subsequently attacks 3,6-dichloropyridazine to yield
P⋯N (Scheme 2). In order to clarify the reason behind the ring
opening compared to the direct attack on 3,6-dichloropyrid-
azine,17 it is important to emphasize that the same product is
obtained when a lower temperature, 40 °C, and a longer reac-
tion time are used. Examples of THF ring opening in reactions
with either PPh3 or NEt3 can be found in the literature.32,33 It
has been previously reported that 3,6-dichloropyridazine leads
to mono-substituted products when it reacts with bulky
ligands, even if a 1 : 2 stoichiometry is used.34,35 Differences
would be tentatively attributed to the reaction mixing order
and/or to the source of lithium diphenylphosphide.

Structural description

The determined structure of the BrRe(P⋯N)(N⋯P)ReBr
complex corresponds to a bimetallic species having two
ReI(CO)3Br centres bridged by two 3-chloro-6-(4-diphenyl-
phosphinyl)butoxypyridazine (P⋯N) molecules in a κ2-P,N head
to tail fashion, as shown in Fig. 1. Because of this coordination
mode, the molecule has a crystallographic inversion centre
and consequently, its molecular point group symmetry is Ci.
The coordination geometry of each ReI centre corresponds to a
distorted octahedron with the three carbonyl groups in a fac-
correlation. Similarly, for the mononuclear complexes RePNBr
and RePNNBr, the phosphorus and nitrogen atoms display a
cis-correlation, although for BrRe(P⋯N)(N⋯P)ReBr both
belong to different ligand molecules. This is reflected in a
“regular” value for the P1–Re1–N1 angle, 90.3(3)°, compared to
64.9(1)° and 78.0(2)° measured for RePNBr,13,14 and
RePNNBr,15 where steric demand for chelation diminishes the
angle. The compound has a cage structure, with 9.1470(15) Å
between the two symmetry related ReI centres (Table 1).

Cyclic voltammetry

To clearly understand the electrochemical behavior of the
complex, we first characterized the (P⋯N) ligand. The molecule
displays two irreversible processes, an oxidation wave with Ep,a =
+1.11 V (Fig. 2a, red line) and a reduction wave at Ep,c = −1.84 V
(Fig. 2b, red line). A comparison with literature values36–38

suggests the participation of diphenylphosphine and pyridazine
moieties in the oxidation and reduction processes, respect-
ively.39,40 The spin density determined by means of DFT over

Fig. 1 Molecular structure plot for BrRe(P⋯N)(N⋯P)ReBr.
Displacement ellipsoids are drawn at the 50% probability level, while H
atoms are shown as spheres of arbitrary radii. Symmetry code: i: 2 − x,
−y, 1 − z.

Table 1 Selected geometric parameters (Å, °) for BrRe(P⋯N)(N⋯P)
ReBr

Re1–N1 2.213(10) Re1–P1 2.491(3)
Re1–Br1 2.6442(13) Re1–C17 1.865(11)
Re1–C19 1.858(13) Re1–C18 1.996(19)
Re1⋯Re1i 9.1467(14)
N1–Re1–Br1 87.7(2) P1–Re1–Br1 89.59(9)
N1–Re1–P1 90.3(3)

Symmetry code: i: 2 − x, −y, 1 − z.

Fig. 2 Cyclic voltammograms for 3-chloro-6-(4-diphenylphosphinyl)
butoxypyridazine, (P⋯N) ( ) and BrRe(P⋯N)(N⋯P)ReBr ( ). Anodic (a)
and cathodic (b) potential scans.
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the one-electron vertically oxidized and reduced forms of the
molecule is completely consistent with this interpretation.
Results shown in Fig. 3a and b suggest that the unpaired elec-
tron density is mainly distributed within the diphenyl and pyri-
dazine fragments for P⋯N•+ and P⋯N•−, respectively.

For the compound BrRe(P⋯N)(N⋯P)ReBr, a positive scan
starting at 0.0 V shows two consecutive oxidation processes, as
shown in Fig. 2a and b (blue line). The first quasi-irreversible
process occurs at Ep,a = +1.50 V (E1/2 = +1.46 V, ΔEp = 130 mV)
and the second irreversible one occurs at Ep,a = +1.76 V. These
processes may be assigned to metal-centered one-electron oxi-
dations, ReI/ReII and ReII/ReIII, which have been previously
observed for rhenium(I) tricarbonyl complexes with multiden-
tate nitrogen donor ligands [(N,N)Re(CO)3X],

30,40 for the mono-
nuclear compounds RePNBr 13 and RePNNBr,15 and for
[Re(1,2-bis(dimethylphosphino)ethane)3].

41 In contrast, the
cathodic scan for the dinuclear compound shows three irre-
versible signals at Ep ca. −1.38 V, −1.68 V and −1.82 V.

The irreversible reduction observed at Ep = −1.38 V is assigned
to the ReI/Re0 process.40,42 The irreversible reductions observed
around −1.68 V and −1.82 V are assigned to the reduction of the
pyrazine moiety, which has been previously observed for N,N-
ReI(CO)3 complexes,40–43 followed by a possible decomposition of
the complex. A similar reduction has also been observed in ReI

complexes with other P,N-ligands.41 The corresponding values for
RePNBr and RePNNBr are −1.20 and −1.75 V.14,15 The absence of
potential signals associated with the diphenylphosphine oxi-
dation process (Ep,a = +1.11 V) and pyridazine reduction process
(Ep,c = −1.82 V) should be related to electronic density differences
between the free or coordinated ligand.44 The DFT computed
spin density for the one-electron vertically oxidized and reduced
species BrRe(P⋯N)(N⋯P)ReBr•+ and BrRe(P⋯N)(N⋯P)ReBr•−, is
consistent with oxidation centered on the metal and reduction
centered on the ligand, specifically in the pyridazine fragment.
Cyclic voltammetry results are summarized in Table 2.

DFT and TD-DFT results

In order to gain some insight into the electronic structure of
the P⋯N ligand and the BrRe(P⋯N)(N⋯P)ReBr complex and
their relation with the electronic spectra, we ran geometry
optimizations on both compounds and calculated their exci-
tations. The results are summarized in Table 3. Fig. 4 and S1‡
show the DFT computed frontier and near frontier orbitals
involved in relevant UV-Vis excitations. Fig. 5 shows the corres-
ponding spectra associated with the excitations computed

Fig. 3 Gas phase DFT computed spin density transitions for the oxi-
dized species (a) P⋯N•+ and (b) BrRe(P⋯N)(N⋯P)ReBr•+ and the
reduced species (c) P⋯N•−, and (d) BrRe(P⋯N)(N⋯P)ReBr•−.

Table 2 Anodic and cathodic peak potentials for BrRe(P⋯N)(N⋯P)
ReBr and P⋯N. Potentials are reported in volts referred to the Fc+/Fc
couple

Ep,a Ep,a Ep,c Ep,c Ep,c

BrRe(P⋯N)(N⋯P)ReBr 1.76 1.50 −1.38 −1.68 −1.82
P⋯N 1.11 −1.84

Table 3 Summary of main energy (E), wavelength (λ) and oscillator
strength ( f ) computed for observed transitions in the absorption
spectra of P⋯N and BrRe(P⋯N)(N⋯P)ReBr, together with the orbitals
implicated in each transition, both in the gas phase

N E/eV λ/nm f Major contributions

P⋯N
1 3.78 328 0.0036 HOMO−1 → LUMO (99%)
3 4.44 279 0.0457 HOMO−1 → LUMO+1 (71%)
4 4.587 271 0.0310 HOMO−3 → LUMO+1 (87%)
5 4.73 262 0.0609 HOMO → LUMO+3 (55%)

BrRe(P⋯N)(N⋯P)ReBr
4 2.65 469 0.0286 HOMO−3 → LUMO (48%)

HOMO−2 → LUMO+1 (47%)
10 3.29 377 0.1081 HOMO−5 → LUMO+1 (47%)

HOMO−4 → LUMO (46%)
12 3.54 350 0.0257 HOMO−7 → LUMO (30%)

HOMO−6 → LUMO+1 (34%)

Fig. 4 DFT computed frontier orbitals for (a) P⋯N and (b) BrRe(P⋯N)
(N⋯P)ReBr.

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2017 Dalton Trans., 2017, 46, 1567–1576 | 1571



from TD-DFT. The combined results of Fig. S1‡ and Table 3
indicate that the absorption in the UV-Vis region for BrRe
(P⋯N)(N⋯P)ReBr corresponds to a transition between a metal
d-type orbital to a ligand-centered pyrazine π* orbital, MLCT.

Absorption spectra

Fig. 6a shows the absorption spectra of the ligand, P⋯N, and
the complex, BrRe(P⋯N)(N⋯P)ReBr, both measured in DCM
solution. The absorption spectrum of P⋯N exhibits two
maxima at 231 nm (ε = 1 × 10 4 M−1 cm−1, not shown in Fig. 6)
and 255 nm (ε = 8 × 103 M−1 cm−1). Their high molar absorp-
tivities suggest that they correspond to ππ* transitions, the pro-
posal being consistent with DFT results shown in Table 3.
Moreover, TDDFT results (Fig. 5 and S1a† and Table 3) suggest
that the main transition involved in these absorption bands
corresponds to an intra-ligand ππ* excitation on the diphenyl-
phosphinyl moiety. The complex, BrRe(P⋯N)(N⋯P)ReBr,
presents similar bands and molar absorptivity values at a higher
energy (265 nm, ε = 2 × 104 M−1 cm−1), however a new and
broad band is observed at 380 nm (ε = 7 × 103 M−1 cm−1). By
simple comparison to what was previously described for P⋯N,
the band around 265 nm is assigned to a ππ* transition centered
in the diphenylphosphinyl moiety. In contrast, the band centered
around 380 nm is consistent with a MLCT transition, from a Re
d-type orbital with the contribution of carbonyl groups (Redπ) to a
ligand π* orbital.14 These assignments are highly consistent with
the TDDFT results shown in Fig. 5 and S1b† and Table 3.

The inset in Fig. 6a shows the comparison with the absorp-
tion spectrum of RePNBr. For this monometallic ReI complex,
the MLCT band at 310 nm (ε = 5 × 103 M−1 cm−1)13,14 is blue-
shifted as compared to that of BrRe(P⋯N)(N⋯P)ReBr. The
lower energy of the MLCT absorption band for BrRe(P⋯N)
(N⋯P)ReBr can be attributed to the different coordination of
phosphorus and nitrogen atoms to the metallic center. In this
case, the nitrogen atom from the pyridazine ring appears to

have a major contribution (retro back donation effect) com-
pared to the nitrogen of the pyridine ring, which is more
restricted due to its binding to the diphenylphosphinyl group.
On the other hand, Fig. 6b shows the typical solvent effect
observed for MLCT absorption bands. Except for the spectrum
in benzene, which shows anomalous behavior presumably due
to the significant polarizability of the benzene ring delocalized
π orbital,45,46 a successive hypsochromic shift is observed with
increasing solvent polarity. This negative solvatochromism is
associated with a reduced and reversed molecular dipole in
the MLCT state relative to that of the ground state.1,45,47–50

Decomposition in solution

During the photophysical experiments in solution, a notice-
able absorption decrease was detected in most of the essayed
solvents, then a decomposition study was done for the
complex in acetonitrile, where the effect was found to be more

Fig. 5 TD-DFT computed spectra for P⋯N ( ) and BrRe(P⋯N)(N⋯P)
ReBr ( ), both in the gas phase.

Fig. 6 (a) Absorption spectra of P⋯N (black) and BrRe(P⋯N)(N⋯P)ReBr
(blue) in DCM solution. Inset: Comparison of absorption spectra of BrRe
(P⋯N)(N⋯P)ReBr (blue) and RePNBr (red). (b) Solvent effect on the
absorption spectra of BrRe(P⋯N)(N⋯P)ReBr.
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pronounced, as normally expected for coordinating solvents,
which may replace a weakly coordinated ligand in the ReI

environment, as described by Mella et al.51 (and references
therein), and favor decomposition. In this solvent, the MLCT
absorption band (at 350 nm) decreased its intensity following
first order kinetics as can be seen in Fig. 7. The consumption
rate constant, which we assign to a ligand exchange, depends
on the temperature, as shown in the inset in Fig. 7. An
Arrhenius activation energy of 21 kcal mol−1, from the
measurements at four different temperatures, was estimated
for the ligand exchange process in MeCN solution.

Emission properties

At room temperature, a weak emission is observed upon the
excitation of BrRe(P⋯N)(N⋯P)ReBr at any of its previously
described absorption maxima, 265 nm or 375 nm. As shown in
Fig. 8a and Table 4, the emission decay follows a biexponential
law with two luminescence lifetimes, τ1 = 24 ns, and τ2 =
4.7 ns. Similar low quantum yields and lifetime values were
observed for complex RePNBr, which has been previously
described as a dual emissor.14 Then, the possibility of having
two emissive states was explored with Time-Resolved Emission
Spectra (TRES) experiments. Emissions from impurities or
decomposition products were discarded using the recrystal-
lized compound and freshly prepared solutions every time.
The inset in Fig. 8a shows that the transition associated with
each lifetime has a different peak energy. The shortest lifetime
with a higher amplitude has a maximum at a higher energy
(480 nm) as compared to the longest lifetime which shows a
band with the maximum at 600 nm. On the other hand, at
77 K in a solid matrix, an intense, broad and unstructured
emission band with the maximum at 535 nm can be observed
when the complex is excited at 375 nm (MLCT transition,
Fig. 8b). In the solid state (powder) at room temperature, the
complex shows a red-shifted emission centered at 570 nm. A
triplet character could be attributed to this MLCT excited state
because as can be seen from Fig. 8c, the emission centered at

540 nm has a long lifetime, in the order of 69.7 μs, character-
istic of a forbidden triplet → singlet transition. Furthermore, it
was possible to detect singlet oxygen generation by the
complex in DCM solution upon excitation at 375 nm, which is
usually associated with the presence of a species with a triplet
excited state character.52

Dual emission for RePNBr was hypothesized to come from two
states very close in energy associated with π*phenyl and π*pyridil.

14

Although BrRe(P⋯N)(N⋯P)ReBr has a higher number of metal
centers, it preserves the dual emitting nature when compared to
its closely related precursor RePNBr. This behavior seems to occur

Fig. 8 (a) Biexponential emission decay of BrRe(P⋯N)(N⋯P)ReBr
measured in DCM at 580 nm. Data recorded at room temperature. Inset:
Time resolved emission spectrum of the complex. (b) Emission spectrum
of BrRe(P⋯N)(N⋯P)ReBr in solid at 278 K (red line), and solid matrix
(EtOH/MeOH, 4 : 1) at 77 K (black line). (c) Delayed luminescence of BrRe
(P⋯N)(N⋯P)ReBr after 50 μs in EtOH/MeOH (4 : 1) at 77 K. Inset:
Delayed luminescence decay at 540 nm. Excitation wavelength for every
experiment: 375 nm.

Table 4 Summary of the photophysical properties of BrRe(P⋯N)(N⋯P)
ReBr in air equilibrated DCM solutiona

Solvent

λabs/nm
(ε/103

M−1 cm−1)
λem/
nm Φem τ b/ns ΦΔ

DCM 265 (20) 580 <1 × 10−3 24 (61%); 4.7 (39%) 0.045
380 (7.0)

a Errors were lower than 10%. b Values in parentheses are amplitudes
in percent contribution from each decay component.

Fig. 7 Absorption spectra of BrRe(P⋯N)(N⋯P)ReBr in MeCN at 40 °C
at different times: 0 min (black) and 20 min (red). Inset: Normalized
absorbance decay at 350 nm.
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even if the phenyl and the pyridazine rings coordinated to each
ReI center do not belong to the same ligand molecule. By com-
parison, the dual emitting nature of BrRe(P⋯N)(N⋯P)ReBr could
be explained to be coming from π*phenyl and π*pyridazine, which is also
consistent with the results computed from DFT/TDDFT (Fig. S1b‡
and Table 3). For the case of RePNNBr, no emission from the
3MLCT excited state was observed.15

Transient absorption

To further explore the excited state kinetics of BrRe(P⋯N)
(N⋯P)ReBr we performed flash photolysis experiments in
argon saturated DCM. A satisfactory global fit to the data was
achieved using three exponential components; 7 ns, 75 ns and
>3 μs, see Fig. 9. The shortest component, being on the order
of the laser pulse duration, cannot be reliably resolved and
was constrained to be less than 10 ns. This component is
associated with the short lived emissive state observed in TRES
experiments; it shows negative amplitudes from 400 to 640 nm
(black line Fig. 9) consistent with a combination of ground
state absorption recovery (400–510 nm) and stimulated emis-
sion decay (400–640 nm). The 75 ns component is associated
with the long lived emissive state observed in TRES experi-
ments (25 ns in air equilibrated DCM); it shows negative
amplitudes from 400 to 440 nm and from 540 to 640 nm (red
line Fig. 9) consistent with a combination of ground state
absorption recovery (400–510 nm) and stimulated emission
decay (500–700 nm). The positive amplitude signal centered
around ∼490 nm is assigned to the transient absorption decay
of the long lived emissive state in analogy to the previously
published results for RePNBr.14 The long component (blue
line Fig. 9) does not decay in the measured timescale (see
insert) and shows very small positive amplitudes over the
whole range; it can be assigned to a photoproduct based on a
small amount (>10%) of permanent ground state absorption
bleaching observed after the experiments. No transient state
was observed when the solution was equilibrated with air

suggesting that the observed signals in Ar saturated solutions
correspond to states with triplet multiplicity (completely
quenched in the presence of oxygen).

Conclusions

The results obtained confirm that under our experimental
conditions lithium diphenylphosphide attacks THF, leading
to 3-chloro-6-(4-diphenylphosphinyl)butoxypyridazine (P⋯N).
The reaction of this ligand with the (Re(CO)3(THF)Br)2 dimer
generates the [Br(CO)3Re(μ-3-chloro-6-(4-diphenylphosphinyl)
butoxypyridazine)2Re(CO)3Br] complex (BrRe(P⋯N) (N⋯P)ReBr)
in high yield at room temperature. Experimental results indicate
that the lowest energy UV-vis absorption maxima (occurring at
380 nm in DCM) have a MLCT character. The weak emission
observed for BrRe(P⋯N)(N⋯P)ReBr at room temperature
implies that non-radiative deactivation pathways are favored
over radiative decay. This can be mainly attributed to the confor-
mational flexibility of P⋯N’s long carbon chain, which provides
efficient electronic-to-vibrational coupling modes for non-radia-
tive deactivation in the complex, the same underlying reason
behind the limited thermal stability of the compound in solu-
tion. Lowering the temperature to 77 K hinders vibrational de-
activation, allowing the observation of an intense emission
associated with a triplet MLCT excited state. At room tempera-
ture, the luminescence decays with two lifetimes τ1 of 24 ns and
τ2 of 4.7 ns. This feature indicates that despite its higher
number of metal centers, BrRe(P⋯N)(N⋯P)ReBr preserves the
dual emitting nature previously reported for the homologous
mononuclear complex RePNBr. DFT/TDDFT results for BrRe
(P⋯N)(N⋯P)ReBr indicate that two MLCT states with signifi-
cant contribution of π*phenyl and π*pyridazine orbitals are responsible
for the observed biexponential emission decay.
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