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The reaction of [P,N-{(C6H5)2(C5H4N)P}Re(CO)3Br] (RePNBr) with silver triflate leads to the complex
[P,N-{(C6H5)2(C5H4N)P}Re(CO)3(O-CF3SO3)] (RePNTfO) with moderate yield. This new P,N-ReI triflate
compound contains the anion directly coordinated to the metal, completing an octahedral environment.
RePNTfO displays in dichloromethane (DCM) solution an irreversible oxidation about +1.35 V and three
irreversible reduction processes at �1.38 V, �2.03 V and �2.30 V. Oxidation has been attributed to the
ReI/ReII couple, while the reduction corresponds to PN-ligand processes, which is consistent with those
computed by means of DFT. The absorption spectrum of RePNTfO in DCM displays a maximum at
295 nm (e = 7.1 � 103 M�1 cm�1) and a shoulder around 350 nm (e = 1.8 � 103 M�1 cm�1), which have
been assigned to intraligand (p? p⁄) and metal to ligand charge transfer (MLCT, dp? p⁄) transitions
with the help of DFT/TDDFT. Excitation of RePNTfO in DCM at 350 nm leads to an emission spectrum cen-
tered at 535 nm. The analysis of the variation of the absorption and emission spectra in coordinating sol-
vents compared to non-coordinating DCM, DFT/TDDFT calculations modeling and ELF analysis suggests
for coordinating solvents that triflate ligand is replaced in the coordination sphere of ReI in solution.
Kinetics of the exchange of triflate by bromide measured in DCM at different temperatures allowed to
estimate the Eyring parameters: DH–, DS– and DG–, 50.8 kJ mol�1, �109.6 J K�1 mol�1 and
83.5 kJ mol�1 respectively. The high negative entropy is indicative of a compact transition state, compat-
ible with an associative mechanism, Ia, for the exchange.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Mononuclear ReI tri-carbonyl complexes having a chelating P,N-
molecule have been considerably less studied than the correspond-
ing N,N-diimines. The presence of a phosphorous atom in the
chelating ligand opens new possibilities, due to its trans-effect
[1–7]. Described rhenium(I) compounds bearing P,N-ligands are
almost limited to 2-pyridyldiphenylphosphine, (C6H5)2(C5H4N)P,
with some examples like [{(C6H5)3P}{P,N-(C6H5)2(C5H4N)P}Re(NO)
Cl2] [8] [{O,N-(C6H5)3P}{(C6H5)2(C5H4N)PO}ReCl3] [9], [{(C6H5)3P}
{P,N-(C6H5)2(C5H4N)P}Re(NO)0.87Br2.13] [10]. In this sense, we have
recently reported the synthesis and emission properties of two
new ReI compounds, [P,N-{(C6H5)2(C5H4N)P}Re(CO)3Br] (RePNBr
[11], Scheme 1 left) and [P,N-{(C6H5)2(C5H4N)-NH-P}Re(CO)3Br]
(RePNNBr) [12]. The RePNBr complex shows a low emission quan-
tum yield (Uem < 0.001) and a biexponential emission decay with
luminescence lifetimes in the order of the nanoseconds [11,13].
The analysis lets to conclude that the dual emission observed in
suchmolecule is related to the existence of two excited states asso-
ciated to the p⁄-systems on the pyridine and phenyl rings [13]. For
RePNNBr, the presence of a -NH- bridge between the phosphorous
atom and the pyridyl ring allows some additional vibrational
modes, making the non-radiative path the favored one. Further-
more, the luminescent emission of this compound comes from
ligand centered excited states [12].

http://crossmark.crossref.org/dialog/?doi=10.1016/j.poly.2017.08.018&domain=pdf
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Scheme 1. Structural diagram of [P,N-{(C6H5)2(C5H4N)P}Re(CO)3(O-CF3SO3)]
(RePNTfO) and its parent complex [P,N-{(C6H5)2(C5H4N)P}Re(CO)3Br] (RePNBr).
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Maybe the main derivatization path for the ReI halides in order
to produce new compounds with diverse properties goes through
the removal of the halide using a silver salt [14]. The reaction
between ReIX compounds with silver salts leads quantitatively to
the insoluble (then easily isolable) silver halide. Moreover, the
reaction is widely general. Among the silver salts, silver triflate is
highly preferred, mainly because of its high solubility in commonly
laboratory used organic solvents [15]. Although this fact, struc-
turally described rhenium(I) triflate compounds, according to
CSD (v5.36) [16], are very scarce [17–23]. The number of com-
plexes with P,N or P and N ligands is still lower [24,25]. This would
be mainly attributed to the interest of the synthetic chemists into
the final rhenium compounds rather than into the intermediates.
Within the available structure, the position left by the bromide
anion upon removal is occupied by solvent molecules or some
other available Lewis base, showing, to the best of our knowledge,
just one case displaying coordinated triflate [26,27]. In the present
work, we focus on the synthesis, structure and the detailed
spectroscopic characterization of a new P,N-ReI triflate molecule
bearing the anion directly coordinated to the metal, the
[P,N-{(C6H5)2(C5H4N)P}Re(CO)3(O-CF3SO3)] (RePNTfO, Scheme 1
right) compound. (TD)DFT-calculations of the electronic structure
are used to rationalize the structure, while the effect of replacing
bromide by triflate is discussed.
2. Experimental

All reagents were used as received from the supplier (Aldrich),
with no purification before use. Solvents: dichloromethane (DCM,
UvaSol� or SeccoSolv� grade, Merck), chloroform (CHCl3, Analysis
grade, EMSURE� Merck), acetonitrile (MeCN, Analysis grade,
EMSURE� Merck), ethanol (EtOH, Analysis grade, EMSURE� Merck),
N,N-Dimethylformamide (DMF, Uvasol� grade, Merck), benzene
(C6H6, Analysis grade, EMSURE� Merck) and toluene (Analysis
grade, EMSURE� Merck), were employed as received. Standard
Schlenk techniques were used for all manipulations.
2.1. Synthesis

The [P,N-{(C6H5)2(C5H4N)P}Re(CO)3(O-CF3SO3)] (RePNTfO)
complex was prepared by reaction of the [P,N-{(C6H5)2(C5H4N)P}
Re(CO)3Br] (RePNBr) complex (prepared according a literature
method [11]) with silver triflate according to Scheme 2.
Scheme 2. Synthetic path to RePNTfO.
Briefly, to a solution of 800.8 mg of [P,N-{(C6H5)2(C5H4N)P}
Re(CO)3Br] (RePNBr) (1.305 mmol) in toluene (75 mL) was added
to a solution of 335.2 mg of silver triflate (1.305 mmol) in toluene
(50 mL), and stirred at room temperature, isolated from light, dur-
ing 2 h. After reaction, the resulting silver bromide was filtered off.
Addition of pentane to this solution leads to precipitation of the
complex, allowing the isolation of 492.9 mg of crude RePNTfO
(55.4% yield). Recrystallization by slow diffusion of pentane to a
toluene solution of RePNTfO leads to almost transparent and very
slightly amber crystals of the compound, which were found suit-
able for further structural analysis. Elemental Analysis: Calculated
(experimental) for C21H14F3NO6PReS: C: 36.65% (37.10); H: 2.07%
(2.24); N: 2.05% (2.21); S: 4.70% (5.33). FTIR-ATR (major peaks
cm�1): mC„O: 2035, 1912, 1900. mSO: 1052. 1H-NMR (400 MHz, d-
CDCl3): d(ppm) 7.48 (d, 1 H, pyridine), 7.56 (m, 10 H, diphenyl
phosphine), 7.65 (t, 1 H, pyridine), 8.02 (t, 1 H, pyridine), 8.84 (d,
1 H, a-proton of pyridine) (see Fig. S1).

2.2. Structural determination

The crystal structure of RePNTfO at 293 K was determined
by X-ray diffraction on a stick-shaped 0.10 mm � 0.05 mm �
0.05 mm very slightly amber transparent crystal. Data collection
was done on a SMART-APEX II CCD diffractometer system. Data
was reduced using SAINT [28], while the structure was solved by
direct methods, completed by Difference Fourier Synthesis and
refined by least-squares using SHELXL [29]. Multi-scan absorption
corrections were applied using SADABS [30]. The hydrogen atoms
positions were calculated after each cycle of refinement with SHELXL

using a riding model for each structure, with C–H distance of
0.93 Å. Uiso(H) values were set equal to 1.2 Ueq of the parent carbon
atom. Table S1 show main data collection and refinement details
was prepared with publicif [31].

2.3. Cyclic voltammetry

Cyclic voltammetry studies were performed on a CH-Instru-
ments 650E potentiostat. Cyclic voltammogram at 100 mV s�1 at
room temperature was recorded in DCM (SeccoSolv� Merck)
solutions (1.0 mM) using tetrabutylammonium perchlorate
(n-Bu4NClO4) as the supporting electrolyte (0.1 M). A standard
three-electrode cell was used, with a 3-mm diameter glassy carbon
working electrode, a platinum wire counter electrode, and an
Ag/AgCl coupled with a Luggin capillary reference electrode.
All potentials were referred to the redox potential of ferrocene
(Fc)/ferrocenium ion (Fc+) as an internal standard.

2.4. Spectroscopic and photophysical measurements

IR spectrum (4000–400 cm�1) of the compound was measured
using a Jasco FTIR-4600 spectrophotometer equipped with an
ATR PRO ONE. 1H NMR spectrum was recorded on a Bruker Avance
400 MHz spectrometer at 298 K and using CDCl3 as solvent. UV–Vis
spectra were recorded on an Agilent 8453 Diode-Array spectropho-
tometer in the range of 250–700 nm in aerated solvent solutions at
room temperature. Emission spectra were measured in a Horiba
Jobin-Yvon FluoroMax-4 spectrofluorometer in different solvents
at room temperature or in ethanol-methanol glass (4:1, v/v) at
77 K. Luminescence lifetime measurements were carried out with
the time correlated single photon counting technique using a Pico-
Quant FluoTime300 fluorescence lifetime spectrometer. A sub-
nanosecond Pulsed LED PLS-280 or PLS-300 were employed as
pulsed light sources (FWHM �500 ps; average power 1 mW). Time
resolved experiments were made in DCM solutions either air-equi-
librated or argon-saturated. Emission quantum yields (Uem) were
measured using procedures described in literature using Quinine
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Sulphate in 0.1 M H2SO4 or [Ru(bpy)3](PF6)2 in acetonitrile solution
as standard compounds [32,33]. Singlet oxygen, O2(1Dg), measure-
ments were carried out in a Fluotime 200 consisting in a multi-
channel scaler Nanoharp 200. Excitation at 355 nm was achieved
with a laser FTSS355-Q3, (Crystal Laser, Berlin, Germany) working
at 1 kHz repetition rate. For the detection at 1270 nm a NIR PMT
H10330A (Hamamatsu) was employed. The O2(1Dg) quantum
yields (UD) were determined by comparing the intensity at zero
time of the 1270 nm signals to those of optically-matched solu-
tions of phenalelnone as Ref. [34]

2.5. Kinetics and thermodynamic parameters of ligand exchange
process

All ligand exchange experiments conducted at different temper-
ature considered the exchange reaction proposed in Scheme 3:

Under conditions [Br�] >> [RePNTfO], the observed rate con-
stant, kobs, was assumed to be equal to Eq. (1), where k0 can be
the contribution of an additional pre-dissociative process: [35,36]

Kobs ¼ k1½Br�� þ k0 ð1Þ
Following the kobs dependence on the [Br�], the second order

rate constant, k1, was determined at different temperatures. Using
the Eyring Eq. (2):

ln
k1
T

� �
¼ ln

kB
h

� �
þ DS–
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� DH–

R
1
T

ð2Þ

the activation parameters DS–, DH–y DG– were determined.

2.6. Topological analysis of the electron localization function (ELF)

In order to gain a deeper insight concerning the nature of elec-
tron delocalization and bonding in this system, we resort to explo-
ration of the topological analysis of the electron localization
function g(r) (ELF) [37,38]. The analysis of the gradient vector field
of g(r) leads directly to a unique division of the molecular space
into basins of attractors related to the chemical concepts of struc-
tures and bonding. Within such a framework the basins are empir-
ically associated to chemically meaningful concepts such as atomic
cores and valence bonding and lone pairs regions. ELF can be inter-
preted in terms of the relative local excess of kinetic energy density
associated to the Pauli principle. ELF is conveniently defined to be
ranged in the [0,1] interval, where the highest values correspond to
the spatial positions with high relative electron localization.
Valence basin densities are naturally delocalized among those
associated with the inner atomic shell densities of the core basins.
Hence, it is expected that ELF analysis helps to unravel the nature
of chemical bonding around the Re center. It should be emphasized
however that the ELF electronic basin populations characterize
only the spatial organization (not energetically aspects) of the
bonding in terms of the electron pair localization [39–41].

2.7. Computational details

All geometry optimizations were performed at the B3LYP/6-31
+G(d,p) level of theory using the Gaussian09 Rev C.01 package of
programs (G09) [42], and started from geometry determined by
means of X-rays diffraction. The LANL2DZ basis set was used only
for Rhenium. Excited state calculations were performed within the
Scheme 3. General reaction for the displacement of triflate by bromide ligand.
time-dependent DFT methodology as implemented in G09. Solvent
effect for simulating dichloromethane have been incorporated
through the polarizable continuum model (PCM) using the integral
equation formalism variant (IEFPCM) [43,44]. Absorption and
emission spectra were simulated from the above calculations using
the GaussSum 3.0 suite of freely available processing tools. A full
width at half-maximum (FWHM) of the Gaussian curves corre-
sponding to 3000 cm�1 was employed to convolute both spectra.
Representations for molecular orbitals were generated using the
G09 cubegen tool and have been visualized using VMD and Povray
3.6 programs [45,46]. Topological analyses of q(r) and g(r) were
performed using the TopMod [47] and Multiwfn [48] suite of
packages.
3. Results and discussions

3.1. Structural description

The structure of the RePNTfO complex is closely related to
those of the parent RePNBr [11], and can be described as a central
ReI ion octahedrally surrounded by three carbonyl groups in a fac-
correlation, a chelating and bidentate pyridyl-diphenyl-phosphine
(PN) molecule and a O-coordinated and monodentate triflate, as
shown in Fig. 1. The N–Re–P bite angle, 65.67(12)�, is a little bit clo-
ser to the value for a regular octahedron (90�) compared to those
described for the precursor RePNBr, 64.9(1)� [11]. The rhenium
to the triflate anion oxygen atoms distances are 2.208(4)Å, 4.235
(6)Å and 3.652(5)Å for O4, O5 and O6 respectively, suggesting
the triflate is firmly mono-coordinated to the rhenium atom.
Table 1 shows the most significant bond distances and angles. A
summary of the most relevant intermolecular interactions is given
in Table S2.
3.2. Electrochemistry

Electrochemical properties of RePNTfO have been studied by
cyclic voltammetry (Fig. 2) and Square-Wave voltammetry
(Fig. S2) using DCM and (N(n-Bu)4)+(ClO4)� as the supporting elec-
trolyte. All measurements were referred to Fc/Fc+ potential. The
RePNTfO complex presents an irreversible peak at around
Fig. 1. Molecular structure diagram for RePNTfO showing partial atom numbering
scheme. Displacement ellipsoids drawn at the 50% level of probability. Hydrogen
atoms are drawn as spheres of arbitrary radii.



Table 1
Selected interatomic or bond distances (Å), angles (�) and torsion angles (�) for
RePNTfO.

Re1–C1 1.901(8) Re1–N1 2.185(5)
Re1–C2 1.920(7) Re1–O4 2.208(4)
Re1–C3 1.879(7) Re1–P1 2.4648(15)
Re1� � �O5 4.235(6) Re1� � �O6 3.652(5)

C1–Re1–C2 89.1(3) C3–Re1–N1 98.5(2)
C3–Re1–C1 89.5(3) C2–Re1–O4 96.7(2)
C3–Re1–C2 87.7(3) N1–Re1–O4 78.62(17)
C1–Re1–N1 167.9(2) C3–Re1–P1 93.5(2)
C2–Re1–N1 100.2(2) C1–Re1–P1 105.02(19)
C3–Re1–O4 175.1(2) C2–Re1–P1 165.8(2)
C1–Re1–O4 92.8(2) N1–Re1–P1 65.67(12)
S1–O4–Re1 133.7(3)

Re1–O4–S1–O6 �31.3(5) Re1–O4–S1–C21 �145.2(5)
Re1–O4–S1–O5 105.9(5)

Fig. 2. Cyclic voltammogram of RePNTfO, measured in DCM and (n-Bu4NClO4) as
the supporting electrolyte at scan rate of 100 mV s�1. All measurements were
referred to Fc/Fc+ potential.

Fig. 3. Gas phase DFT computed spin density transitions for the vertical oxidation
(a) and reduction (b) of RePNTfO.
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+1.35 V, which has been attributed to ReI/ReII oxidation, as previ-
ously reported for ReNN, ReNNN [49] and RePNNBr [12] systems.

Furthermore, the system presents three irreversible reduction
processes, with peaks ca. at �1.38 V, �2.03 V and �2.30 V, which
may be assigned to the stepwise reduction and decomposition of
the organic ligand. It has been reported in literature for
organometallic complexes containing the diphenyl-2-pyridylphos-
phine ligand in the structure, that these systems show three irre-
versible reduction processes at negative potentials [50]. Square-
wave voltammetry experiments allowed to visualize and more
clearly assign the different oxidation and reduction processes pre-
sent in the system RePNTfO.

By comparison to RePNBr and related compounds [13], the last
band has been assigned to a ligand reduction. To confirm this pro-
posal, we have optimized the molecular structure of RePNTfO by
means of DFT calculations. The computed structure in the gas
phase closely resembles that determined by X-rays diffraction
(Table S3). Vertical oxidation and reduction of the ReI molecule
leads to odd-electron species, where the unpaired electron mainly
resides on the rhenium atom in the oxidized specie RePNTfO+

(Fig. 3a) and into the ligand in the reduced specie RePNTfO�

(Fig. 3b).
It is interesting to note that upon electron removal or addition,

important distortions of the geometry of the corresponding species
occur after optimization (Table S3), which is consistent with the
observed irreversibility of both waves.
3.3. Absorption and emission properties

Fig. 4a shows the absorption spectrum of RePNTfO in DCM
solution. As can be seen, it has a maximum at 295 nm
(e = 7.1 � 103 M�1 cm�1) with a shoulder at 350 nm (e = 1.8 �
103 M�1 cm�1). These absorption bands are typically assigned to
intraligand (p? p⁄) and metal to ligand charge transfer (MLCT,
dp? p⁄) transitions.

For comparison, the absorption spectrum of the parent complex
RePNBr was also included in Fig. 4a. It can be observed a similar
shape of the bands, but an hypsochromic shift occurs when bro-
mide is replaced by triflate.

The displacement of the MLCT band to lower energy in the case
of RePNBr can be attributed to the retro-back donation effect
of the bromide atom orbitals which are contributing to the
HOMO orbital. Similar behavior has been reported for homologue
NN-diimine coordinated complexes [51,52]. The solvent effect on
the absorption band is shown in Fig. 4b.

A bathochromic shift with the polarity can be observed as
typically found for MLCT bands, however the band shape lost
its structure in more polar solvents. This observation motivates
us to explore the possibility of replacement of the coordinated
triflate by a solvent molecule, feasible when the solvent has also
coordinating capabilities.

Fig. 4c demonstrates the change of the absorption spectra when
a small quantity of MeCN is added to a solution of RePNTfO in
DCM. Similar behavior was found for [(phen)(H2O)Re(CO)3]+

(phen = 1,10-phenanthroline) [51], where the labile water mole-
cule was proven to be replaced by coordinating solvents.

The emission spectra of RePNTfO and RePNBr in air-saturated
DCM solutions after excitation at 330 nm can be observed in
Fig. 5a. The long Stokes Shift is consistent with a MLCT transition.
The emission maximum at 535 nm of RePNTfO is blue-shifted



Fig. 4. (a) Absorption spectra of RePNTfO and RePNBr in DCM. TDDFT computed
spectra for RePNTfO (PCM = DCM) was included for comparison. (b) Absorption
spectra of RePNTfO in solvents of different polarities. (c) Spectral absorption change
of RePNTfO in DCM upon the addition of MeCN.

Fig. 5. (a) Emission spectra of RePNTfO and RePNBr in DCM at room temperature
(solid lines) and at 77 K (dotted lines). (b) Time evolution of the emission spectrum
of RePNTfO in MeCN solution.

226 G. Prado et al. / Polyhedron 137 (2017) 222–230
when compared with the one of RePNBr at 550 nm, which con-
firms the contribution of bromide orbitals to the HOMO and con-
sistent with bands at lower energies for electron-donor ligands
[53]. The structureless emission band of RePNTfO in glassy solu-
tion at 77 K shows an hypsochromic shift due to the rigidochromic
effect previously reported for these kind of complexes [54],
remaining at higher energy than its homologue. To confirm the
replacement of the triflate group by a solvent molecule, the
emission spectra in MeCN solution were recorded following its
evolution in time (Fig. 5b). The initial emission band in MeCN solu-
tion, centered around 520 nm, exhibits a bathochromic shift attrib-
uted to the contribution of the p-acidity of the coordinated
molecule of acetonitrile.

Table 2 shows a summary of the photophysical properties of
RePNTfOmeasured in diverse solvents. Highly polar or protic ones,
like ethanol or DMF, prevented measurement due to emission
quenching. As clear from the Table 2 and despite their similar
emission spectra (RePNTfO and RePNBr), the values for emission
quantum yields and lifetime are lower when triflate, instead of
bromide, is coordinated to rhenium. The highest value for the
emission quantum yield; Uem; was 0.0022, measured in acetoni-
trile, as would be expected in terms of the Energy-Gap Law [53].

Time resolved experiments allow us to observe a biexponential
luminescent decay at 530 nm upon excitation at 300 nm in differ-
ent solvents. Lifetimes, in the order of a few nanoseconds are mea-
sured in some solvents (see Table 2). The amplitude for the long
(s1) and short (s2) components show a slight dependence with
the solvent nature. These results evidence the presence of two
emissive excited states, as previously described for RePNBr [13].

For this last complex, the biexponential decay was related to
the presence of two different MLCT triplet excited states very close
in energy, one of those involving the pyridine orbitals (dp ? ppy

⁄ )
and the other one, the phenyl ones (dp ? pph

⁄ ) [13]. It seems that



Table 2
Summary of the photophysical properties of RePNTfO in air equilibrated solvent solutions.a

Solvent kabs (nm) (e/103 M�1 cm�1) kem (nm) Uem sb (ns) UD

DCM 295 (7.1)
350 (1.8)

535 0.0012 11.6 (14%)
2.6 (86%)

0.020

C6H6 296 (5.0)
350 (1.9)

530 0.0013 7.89 (27%)
0.93 (73%)

0.032

MeCN 280 (5.1)
315 (1.0)

520 0.0022 21.5 (90%)
0.73 (10%)

–

DMF 290 (6.9)
340 (1.2)

540 <0.0010 – –

EtOH 296 (3.5)
330 (1.3)

520 <0.0010 – –

a Errors were lower than 10%.
b Values reported between parentheses are amplitudes in percent contribution from each decay component.
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this characteristic is preserved for RePNTfO, just with shorter life-
times probably due to the presence of the triflate ligand. As we
excited at 300 nm, it is probably too, that the short component
can be related to an intraligand transition. The triplet character
for the emissive states was stated by measuring the singlet oxygen
generation.
3.4. Computational calculations

To get a deeper understanding of the photophysical behavior
related to its electronic structure, we have performed DFT/TD-
DFT modeling for the RePNTfO compound, and for the hypothetic
compounds RePNMeCN+ and RePNDMF+ (see Scheme 4), where
triflate has been replaced by MeCN and DMF respectively. For each
case, calculations have been made in the gas phase and using the
corresponding PCM. The idea is to test the effect on the absorption
spectra of the solvent polarity and the triflate substitution for a sol-
vent molecule, as suggested by photo-physical results.

Table S3 shows the main optimized distances for RePNTfO,
RePNMeCN+ and RePNDMF+, in good agreement with X-rays
determined values for RePNTfO. Table 3 shows the TDDFT com-
puted excitations for RePNTfO in the gas phase, while Fig. 6 depicts
the DFT computed frontier orbitals HOMO�1, HOMO, LUMO and
LUMO+1. A complete DFT computed frontier orbitals for RePNTfO,
RePNMeCN+ and RePNDMF+ can be found in supplementary infor-
mation Fig. S3.

These results support that the lowest energy transition involve
a charge transfer from the metal to the ligand p⁄-orbitals, confirm-
ing the MLCT nature attributed by the photophysical results to the
absorption centered at 350 nm, while the higher energy transitions
involve ligand orbitals and have p? p⁄ character. TDDFT results
show the 1MLCT band computed for RePNTfO should suffer hyp-
sochromic shift with solvent polarity, as clear from Fig. S4a. As pro-
posed before, coordinating solvents like MeCN or even DMF could
replace labile groups in ReI complexes [51].

To compute the potential effect in the absorption spectra of the
replacement of the triflate in the rhenium first coordination
sphere, Fig. S4b shows the TDDFT computed spectra in the gas
phase for RePNTfO, RePNMeCN+ and RePNDMF+. Weakly coordi-
Scheme 4. Schematic drawings of the structure of RePNTfO and the model
compounds RePNMeCN+ and RePNDMF+.
nating DMF has similar effect than the triflate, but MeCN should
produce a strong influence on the absorption spectra, especially
in the MLCT band. Fig. S4c shows the TDDFT computed spectra
for RePNMeCN+ in the PCM model for MeCN and for RePNDMF+

in the PCM model for DMF, while Table S4 shows a detail of the
excitations for each model. DFT/TDDFT results strongly support
the hypothesis of substitution of the triflate anion by the ligand
in the ReI coordination sphere in solution.

3.5. ELF characterization of chemical bonding in RePNTfO

The topological analysis of ELF provides a picture of bonding in
terms of electron pair regions. The ELF analysis (Figs. 7and 8) evi-
dences that there is no disynaptic basin associated to the region
between the Re1 center and the O4 atom of the triflate. In contrast,
five well defined valence disynaptic basins are located in the coor-
dinating sphere around the Re center, i.e., V(Re1, N1), V(Re1, P1), V
(Re1, C1), V(Re1, C2), and V(Re1, C3), which integrates 2.62e, 1.92e,
3.06e, 2.92e, and 3.19e respectively. ELF highlights the common
distorted octahedral coordination sphere of Re(I). It became clear
that the valence region around the Re center interacts with the
nonbonding (lone pair) region of the O4 oxygen which integrates
to 6.08e. The Re–O4 can be associated in such a framework to a
more labile interaction than those characterizing the Re–CO bonds
Fig. 9.

3.6. Triflate exchange kinetics

To have a direct proof of triflate exchange, we tried reaction of
ReNTfOwith tetrabuthylammonium bromide in solution, since the
exchange leads to the well characterized product RePNBr [13], and
to gain detailed knowledge of the process. Kinetic experiments of
triflate exchange by bromide at different temperatures would also
provide information about the reaction mechanism.

Considering the reaction in Scheme 3 and fulfilment the condi-
tion [Br�] >> [RePNTfO], the changes of the absorption were fol-
lowed as shown in Fig. 7.

The Inset corresponds to the lineal dependence of the observed
rate constant, kobs, on the bromide concentration in DCM at 20 �C.
From the slope of this plot, the bimolecular rate constant, k1, was
obtained. These values at different temperatures (see Table 4),
allow us to get the Eyring parameters.

As can be seen from the absorption band In our case, the pres-
ence of the P,N-ligand and also, the nucleophilicity of the bromide,
contribute to the easy replacement of the triflate. In addition, the
good ability as leaving moiety of triflate, can be related to the acti-
vation parameters, with a high negative value for DS–, being
around 40% of contribution to DG–. This major entropic factor
could be explained in terms of more order and compact transition
state, which is compatible with an associative mechanism, Ia.



Table 3
Summary of main energy, wavelength and oscillator strength computed for observed
transitions in the absorption spectra of RePNTfO in gas phase.

N E (eV) k (nm) f Major contributions

1 3.37 368 0.021 HOMO�1? LUMO (11%)
HOMO? LUMO (88%)

2 3.46 358 0.011 HOMO�1? LUMO (88%)
HOMO? LUMO (10%)

4 3.77 329 0.021 HOMO? LUMO+1 (83%)
5 3.90 318 0.038 HOMO�1? LUMO+1 (83%)
10 4.24 292 0.034 HOMO�3? LUMO (93%)

Fig. 6. DFT computed frontier orbitals HOMO�1, HOMO, LUMO and LUMO+1 plots
for RePNTfO. A complete set can be found in electronic supplementary information.

Fig. 7. View of the ELF = 0.836 isosurface for RePNTfO. The region between the Re1
and O4 centers do not exhibit a disynaptic basin.

Fig. 8. ELF color-filled map with contour lines for RePNTfO in a plane defined by
the O1–Re1–O4 atomic cores. Bolded lines correspond to ELF = 0.836 (inner) and
ELF = 0.500 (outer). Length unit is Angstrom.

Fig. 9. Time evolution of the absorption spectrum for the reaction of RePNTfO with
Br�. Inset: Determination of the rate constant, k1, from plot of kobs vs [Br�] in DCM
at 20 �C.

228 G. Prado et al. / Polyhedron 137 (2017) 222–230
4. Conclusions

The reaction of [P,N-{(C6H5)2(C5H4N)P}Re(CO)3Br] (RePNBr)
with silver triflate produces the [P,N-{(C6H5)2(C5H4N)P}Re
(CO)3(O-CF3SO3)] (RePNTfO), which contains the anion directly
coordinated to ReI. RePNTfO experiences one irreversible oxidation
at +1.35 V (ReI/ReII) couple and three irreversible reduction pro-
cesses at �1.38 V, �2.03 V and �2.30 V (P,N-ligand). The complex
in DCM solution displays a maximum at 295 nm and a shoulder
around 350 nm, which corresponds to intraligand (p? p⁄) and
metal to ligand charge transfer (MLCT, dp? p⁄). Excitation of
RePNTfO in DCM at 350 nm leads to an emission spectrum cen-
tered at 535 nm. The change of the absorption and emission spec-
tra in coordinating solvents compared to those observed in non-
coordinating ones together with DFT/TDDFT calculations suggests
that coordinating solvents replace the triflate into the coordination
sphere of ReI in solution. ELF analysis confirms a very weak bond
between ReI and triflate oxygen atom. Kinetics of the exchange of
triflate by bromide measured in DCM at different temperatures



Table 4
Rate constants and activation parameters from Eyring plot for the forward reaction of RePNTfO with bromide (Br�).

k1 (10�3 M�1 s�1)* Eyring parameters

20 �C 40 �C DH– (kJ mol�1)* DS–(J mol�1 K�1)* DG– (kJ mol�1)*

10.2 41.1 50.8 �109.6 83.5

* Errors were lower than 10%.
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allowed to estimate the Eyring parameters: DH–, DS– and DG–,
50.8 kJ mol�1, �109.6 J K�1 mol�1 and 83.5 kJ mol�1 respectively.
The high negative entropy is indicative of a compact transition
state, compatible with an associative mechanism, Ia, for the
exchange.
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Appendix A. Supplementary data

CCDC 1504763 contains the supplementary crystallographic
data for [P,N-{(C6H5)2(C5H4N)P}Re(CO)3(O-CF3SO3)]. These data
can be obtained free of charge via http://dx.doi.org/10.1016/j.
poly.2017.08.018, or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-
336-033; or e-mail: deposit@ccdc.cam.ac.uk. Experimental and
computed bond distances for the [P,N-{(C6H5)2(C5H4N)P}Re
(CO)3(O-CF3SO3)]+ and [P,N-{(C6H5)2(C5H4N)P}Re(CO)3(O-CF3SO3)].
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.poly.2017.08.018.
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