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A new phenylimidorhenium(V) compound containing the
2-[(2-hydroxyethylimino)methyl]phenol Schiff-base ligand:

experimental and theoretical aspects
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(Received 22 July 2014; accepted 10 November 2014)

Reaction of equimolar trans-[Re(NPh)(PPh3)2Cl3] with H2L, a 1 : 1 Schiff-base condensate of sali-
cylaldehyde and ethanolamine, in chloroform gives trans-[Re(NPh)(HL)(PPh3)Cl2] (1a) in good
yield. 1a has been characterized by C, H, and N microanalyses, FTIR and UV–vis spectra. The
X-ray crystal structure of 1a reveals that it is an octahedral trans-Cl,Cl phenylimidorhenium(V)
complex. The rhenium center has an ‘N2OCl2P’ coordination sphere. 1a crystallizes in the mono-
clinic space group P21/c with a = 11.2391(5), b = 16.4848(7), c = 16.3761(8) Å, V = 3034.0(2) Å3

and Z = 4. The electrochemical aspects of 1a have been studied. Electrochemical studies of 1a in
dichloromethane show a quasi-reversible Re(V) to Re(VI) oxidation at 1.128 V versus Ag/AgCl.
This redox potential reasonably matches the calculated redox potential, 1.186 V versus Ag/AgCl.
Geometry optimization of the trans-Cl,Cl 1a vis-à-vis its cis analog, cis-Cl,Cl 1b, have been
performed at the level of density functional theory (DFT). It is revealed that 1a is more stable than
1b by 21.6 kcal per mole of energy in the gas phase.
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1. Introduction

The chemistry of rhenium complexes has been the focus of renewed attention from
applications. Rhenium complexes have been investigated energetically since the
radionuclides of rhenium are optimal for therapeutic applications owing to its high β-ray
energy and short half-life (186Re: βmax = 1.070 MeV, t1/2 = 90 h; 188Re: βmax = 2.120 MeV,
t1/2 = 17 h). They can target malignant tissues and have fairly fast clearance from the blood
and other non-target tissues [1, 2]. 99mTc, the most widely used radionuclide for diagnostic
imaging in nuclear medicine, is a group VII congener of rhenium. Thus, the chemistry of
rhenium is almost akin to that of technetium. Therefore, the coordination chemistry of rhe-
nium often supplements technetium, the mainstay in the field of radiopharmaceutical appli-
cations. In particular, the oxorhenium(V) and phenylimido rhenium(V) compounds are
investigated for the design of novel radiopharmaceuticals. This is due to the fact that oxo-
rhenium(V) compounds can readily be obtained from the reduction of perrhenate(VII) and
can subsequently be stabilized by coordinating with a variety of ligands [3–8].

The chemistry of rhenium encompasses several formal oxidation states ranging from –I
to VII. Oxidation of Re(V) complexes to Re(VII) is a pre-requisite in the catalytic cycle of
an oxygen atom transfer (OAT) reaction [9]. The catalytic aspects of mono- and dinuclear
methyloxorhenium(V) complexes as potential candidates for OAT reactions have been
explored [10–12]. The catalytic propensities of p-tolylimidorhenium(V) complexes
anchored with the picolinate ancillary ligand were studied in terms of the synthesis of
N-substituted ethyl glycine esters from ethyl diazoacetate and amines [13]. Thus, there is
interest in understanding the structures, spectroscopic properties, and redox behaviors of
Re(V) complexes. This aspect of rhenium chemistry has kindled our interest to develop the
chemistry of rhenium in this +V oxidation state.

2-[(2-Hydroxyethylimino)methyl]phenol (H2L), a Schiff-base ligand, seems to be a prom-
ising candidate in this perspective. H2L can adopt different modes in its binding to metal
centers – chelating as well as bridging, either in tridentate monoanionic (HL1−) form or in
tridentate bianionic (L2−) form. Earlier, both HL1− and L2− have been employed to stabilize
metal ions like Cu(II), Ni(II), Fe(III), Mn(II), Mn(III), and Zn(II) [14–22]. Thus, the coordi-
nation chemistry of the first row transition metal ions with H2L is vast. Consequently, the
nuclearities and geometries of the synthesized complexes are also diverse. Tetranuclear
Cu(II), Ni(II), and Fe(II) with cubane structures are among these [20, 21]. Currently, we
have been working to coordinate H2L to rhenium [22].

Oxorhenium(V) complexes have been investigated for electronic structures and bond-
ing situations using density functional theory (DFT) [23]. A large number of systems
containing the oxorhenium(V) core have been studied by Gancheff et al. [24, 25]. Other
systems like p-tolylimidorhenium(V) and tricarbonylrhenium(I) cores have also been stud-
ied by Machura et al. [13, 26, 27]. Time-dependent DFT (TDDFT) studies have been part
of the investigations for explaining the electronic structures of oxorhenium(V) species to
predict the reaction pathways primarily leading to catalytic aspects of oxorhenium(V)
complexes [28].

Herein, we report the synthesis, characterization, structural elucidation, and redox
behavior of a phenylimidorhenium(V) complex of H2L. To gain further insights into the
electronic structure, electronic transitions and redox behavior – calculations at the level of
DFT and time-dependent density functional theory (TDDFT) were undertaken.
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2. Experimental

2.1. Materials and physical measurements

Ammonium perrhenate (Sigma–Aldrich Chemicals) was used as received. trans-[Re(NPh)
(PPh3)2Cl3] was prepared following a reported method [29] and using toluene in lieu of
benzene as a solvent. Ethanolamine and salicylaldehyde were purchased from Sigma–
Aldrich and were used without further purification. Microanalyses were performed with a
Perkin-Elmer 2400II elemental analyzer. FTIR spectra were recorded as KBr pellets with a
Perkin-Elmer FTIR-100 spectrophotometer. UV–vis absorption spectra of 1a were recorded
on a Perkin-Elmer Lambda 25 spectrophotometer and NMR spectra (in CDCl3) with a
Bruker DPX300 spectrometer. Electrochemical experiments were performed on a BAS
Epsilon electrochemical workstation (Model CV-50) under nitrogen in dry and degassed
dichloromethane at 293 K. The supporting electrolyte was tetra-n-butylammonium perchlo-
rate (TBAP) (0.1 M). The conventional three-electrode assembly was comprised of a glassy
carbon (GC) working electrode, a platinum wire counter electrode and a Ag/AgCl reference
electrode. All potentials reported herein are referenced to Ag/AgCl.

2.2. Synthesis of [Re(NPh)(HL)(PPh3)Cl2] (1a)

To a suspension of trans-[Re(NPh)(PPh3)2Cl3] (0.227 g, 0.25 mM) in toluene (10 mL) was
added H2L (0.041 g, 0.25 mM) dissolved in 10 mL of toluene dropwise with stirring. The
resulting reaction mixture was heated under reflux for 5 h. During reflux, the color changes
from green to greenish brown. The resulting solution was evaporated under reduced pres-
sure to dryness to have a gummy mass. The gummy mass was thoroughly washed with
diethyl ether to get a dirty green powder. Yield: 145 mg, 75%; Anal. Calcd for
C33H30N2O2Cl2PRe: C, 51.16; H, 3.90; N, 3.62. Found: C, 49.98; H, 3.82; N, 3.73%. FTIR
(KBr, cm−1): (C=N) 1603 (versus); (Re≡N) 1025 (s). 1H NMR (CDCl3, 300 MHz) (δ,
ppm): 4.01 (br. s, 2H); 4.09 (d, 2H, 5.1 Hz); 6.31 (d, 1H, 8.4 Hz); 6.90 (t, 1H, 7.2 Hz);
7.16 (t, 3H, 5.4 Hz); 7.32–7.35 (m, 11H); 7.53 (t, 2H, 6.3 Hz); 7.73–7.79 (m, 5H); 8.07 (d,
1H, 10 Hz); 8.38 (s, 1H). UV–vis (CH2Cl2), λmax (ε, M−1 cm−1): 263 (25,400); 319
(19,525); 360sh (12,295); 423sh (3260); 555 (118); 714 (84). ΛM (acetonitrile):
0.20Ω−1 cm2 mol−1 (non-electrolyte).

2.3. X-ray crystal structure determination

Single crystals of 1a, suitable for X-ray structure determination, were selected by examina-
tion under a microscope. The appropriate single crystal of 1a was mounted on a Bruker
SMART APEX II CCD area detector diffractometer at 103 K using graphite monochromat-
ed Mo-Kα radiation (λ = 0.71073 Å). Intensity data of 1a was reduced using SAINT [30]
and the empirical absorption corrections were performed with SADABS [31]. The structure
of 1a was solved by direct methods and refined by full-matrix least-square methods based
on |F|2 using SHELXL-97 [32]. All non-hydrogen atoms were refined anisotropically. Hydro-
gens were placed in calculated positions and constrained to ride on their parent atoms. All
the calculations were carried out using SHELXS-97, SHELXL-97, and SHELXTL [32] programs.
The crystallographic data for 1a are summarized in table 1.
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2.4. Computational details

All computational studies were performed by DFT. The geometry was optimized in a
closed-shell singlet (S = 1) state starting from the molecular structure as determined by
X-ray crystallography. Here, we have assessed a group of DFT methodologies to study
structural properties of the phenylimidorhenium(V) complex (1a) namely, functions BPV86,
B3LYP, CAM-B3LYP, B3PW91, and PBEPBE in combination with basis sets LANL2DZ
[33], SDD [34], LANL2 MB [33, 35], Def2–631G [36, 37], and STMIDI [38, 39]. For rhe-
nium, the core electrons (60) were treated through the pseudo-potential approximations
(ECP) as included in the LANL2DZ [33] basis set. The valence electrons for the non-metal
atoms in STMIDI were treated with MIDI [38], those for the metal were described by a
basis set (8s7p6d2f1g)/[6s5p3d2f1g) [34]. The core electrons were replaced by Stuttgart
effective core pseudo-potentials [34, 39]. These basis sets take relativistic effects into con-
sideration. This consideration bears some meaning specifically when systems with heavy
atoms are studied [40]. TDDFT method was employed to calculate 65 singlet transitions for
1a in dichloromethane solution [41], the latter being described by the conductor-like
polarizable continuum model (C-PCM) [42, 43]. Electronic spectra were simulated by the
program package GAUSSIAN 09, Rev. C.01 [44], which has been used for all the theoretical
studies reported in this work. The results were interpreted and plotted using GaussSum [45]
and Gabedit [46] software, respectively. For the determination of Gibbs free energy the
same basis set and the same solvent model were considered.

Table 1. Crystal data and structure refinement for 1a.

Parameter Complex 1a

Formula C33H30Cl2N2O2PRe
Formula weight 774.67
Crystal system Monoclinic
Space group P21/c
Unit cell dimensions
a (Å) 11.2391(5)
b (Å) 16.4848(7)
c (Å) 16.3761(8)

Volume (Å3) 3034.0(2)
β (°) 90.2795(11)
Z 4
Temperature (K) 103
ρcalc (g cm−3) 1.696
μ (Mo-Kα)/mm−1 4.267
F(0 0 0) 1528
Crystal size (mm) 0.28 × 0.34 × 0.40
λ (Mo-Kα) (Å) 0.71073
θ ranges (°) 2.5 < θ < 31.1
Total reflection 52,497
Reflection independent (Rint) 9712 (0.043)
h/k/l −16 : 16/ −23 : 23/ −23 : 23
Reflection observed (I > 2σ) 8434
R1 0.0248
WR2 0.0548
Goodness of fit 1.07
Δρmax and Δρmin (e Å

−3) −0.93, 1.42

Note: R1 = Σ||Fo| − |Fc||/Σ |Fo|, wR2 = [Σw(Fo
2− Fc

2)2/Σw(Fo
2)2]1/2, Calcd

w = 1/[σ2(Fo
2) + (0.0226P)2 + 2.1419P] where P = (Fo

2 + 2Fc
2)/3.
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3. Results and discussion

3.1. Synthesis

H2L, a 1 : 1 Schiff-base condensate of ethanolamine and salicylaldehyde, was reported ear-
lier [22, 47, 48]. 1a, the phenylimidorhenium(V) complex under study, has been obtained
by ligand exchange of trans-[Re(NPh)(PPh3)2Cl3] with 2-[(2-hydroxyethylimino)methyl]
phenol (H2L) in equimolar proportions. 1a has been prepared in toluene and was isolated as
a solid green mass. C, H, and N micro-analytical data of the crystals of 1a are consistent
with our proposed empirical formula. 1a is soluble in dichloromethane, chloroform,
acetone, toluene, acetonitrile, DMSO, and DMF. At room temperature (298 K), 1a is
diamagnetic. 1a is a non-electrolyte in acetonitrile solution.

3.2. X-ray crystal structure

Green air-stable crystals of 1a suitable for X-ray diffraction were obtained by slow direct
diffusion of petroleum ether (40–60 °C) into a moderately concentrated solution of 1a in
dichloromethane at room temperature. An ORTEP perspective view of the asymmetric unit
along with the atom numbering scheme is shown in figure 1. Selected metrical parameters
are given in table 2. The rhenium is at the center of a distorted octahedral environment. The
basal plane is formed by the imino nitrogen of HL−, two chlorides and PPh3. Like oxorhe-
nium(V) [22], our ligand also binds the rhenium center in 1a in a bidentate mode. The Re

Figure 1. ORTEP diagram of 1a showing the atom labeling scheme with 30% probability ellipsoids.
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center is displaced by 0.147(3) Å towards (Re≡NPh)3+ from this basal plane. The monoan-
ionic phenolate oxygen (O1) of the ligand is trans to the (Re≡NPh)3+. This trans position
of O1 is consistent with the trans directing influence of (Re≡NPh)3+. This is the normal
mode of binding of a salicylaldimine-derived ligand regardless of its denticity [49, 50]. The
Re1–N1 distance is 1.726(2) Å, in the range 1.67–1.74 Å, typical for mononuclear com-
plexes of rhenium(V) having a [Re≡NR]3+ core. This length affirms the presence of a triple
bond, Re≡N [51–57]. The Re1–N1–C1 bond angle is 168.94(18)°. This value is closer to

Table 2. Selected experimental bond distances (Å) and angles (°) for 1a.

Re1–N1 1.726(2) Re1–N2 2.126(2)
Re1–O1 1.9727(17) Re1–P1 2.4616(6)
Re1–Cl1 2.4238(6) Re1–Cl2 2.4066(6)

Cl1–Re1–Cl2 171.74(2) Cl2–Re1–P1 96.22(2)
Cl1–Re1–P1 89.24(2) Cl2–Re1–O1 85.21(5)
Cl1–Re1–O1 89.32(5) Cl2–Re1–N1 89.73(7)
Cl1–Re1–N1 96.00(7) Cl2–Re1–N2 82.41(6)
Cl1–Re1–N2 90.91(6) P1–Re1–O1 82.90(5)
P1–Re1–N1 94.95(7) O1–Re1–N1 174.25(8)
P1–Re1–N2 167.40(6) O1–Re1–N2 84.50(7)
N1–Re1–N2 97.57(8) Re1–N1–C1 168.94(18)

Table 3. Bond distances (Å) of rhenium with coordinated oxygen and nitrogen and ligand bite angle (°) in some
oxo/imidorhenium(V) complexes.

N, O donor ligand
[ReOCl2(N–O)PPh3]/
[ReNArCl2(N–O)PPh3] Re–Oa Re–Nb ∠OReNc Ref.

bopyH = benzoylpyridine cis-[ReOCl2(bopyH)(PPh3)] 1.921(4) 2.146(6) 75.0(2) [58(a)]
hbtH = 2-(2′-hydroxyphenyl)−2-

benzothiazole
cis-[ReOCl2(hbt)(PPh3)] 1.945(3) 2.172(3) 82.18(13) [58(b)]
cis-[ReOCl2(hbt)(PPh3)] 1.939(7) 2.173(9) 81.9(3)
cis-[ReOCl2(hmpbta) (PPh3)] 1.9458(18) 2.155(2) 80.34(8)

Hhpb = 2-(2-hydroxyphenyl)-
1H-benzimidazole

trans [ReOCl2(hpb) (PPh3)] 1.940(4) 2.146(5) 81.10(19) [58(c)]
cis-[ReOCl2(hpb)(PPh3)] 1.953(2) 2.120(3) 81.38(10)

Hhqn = 8-hydroxyquinoline cis-[ReOCl2(hqn)(PPh3)] 1.997(4) 2.148(4) 87.0(2) [58(d)]
Hhep = 2-pyridine-ethanol [ReOCl2(hep)(PPh3)] 1.868(2) 2.200(2) 86.0(1)
H2map = 2-aminobenzyl alcohol [ReOCl2(Hmap)(PPh3)] 1.861(8) 2.158(9) 80.0(3) [58(e)]
Hbcp = N-(2-hydroxybenzyli

-dene)-benzothiazole
cis-[Re(bcp)OCl2(PPh3)] 1.949(5) 2.165(6) 82.8(2) [58(f)]

APOH = 4-anilino-3-penten-2-
one

trans [ReO(APO)Cl2(PPh3)] 2.002(2) 2.105(2) 83.50(8) [49]

DPOH = 4-[2,6-
dimethylanilino]-3-penten-2-
one

trans [ReO(DPO)Cl2(PPh3)] 2.010(3) 2.124(3) 82.8(1) [49]

HL1P = Ph2PC6H4–2-HC=N
(C6H4–2-OH)

cis-[ReOCl2(PPh3)(L
1PO)] 1.958(6) 2.192(7) 76.3(3) [59(d)]

HL = 2-allylimino- methyl-
phenol

cis-[ReOCl2(L)(PPh3)2] 1.930(3) 2.134(5) 83.14(15) [64]

H2L = 2-[(2-hydroxyethyl
imino) methyl] phenol

cis-[ReOCl2(HL)(PPh3)] 1.941(2) 2.130(3) 82.54(12) [22]
trans [Re(NPh)(HL)(PPh3)
Cl2]

1.9727(17) 2.126(2) 84.50(7) This work

hmbzim = 2-hydroxymethyl
benzimidazole

cis-[Re(p-NC6H4CH3)
Cl2(hmbzim)(PPh3)]

2.009(8) 2.120(11) 76.9(4) [67]

aBond length of Re and ligand O.
bBond length of Re and ligand N.
cLigand bite angle; cis–cis-Cl, Cl; trans – trans Cl, Cl.
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180° rather than 120°. Thus, the X-ray data hints at sp hybridization of the N1 donor. In
table 3, we have compared the Re–O, Re–N and the bite angle (∠OReN) of our compound
with other analogous oxo-, imido- Re(V) systems with N/O donor bidentate chelating
ligands of the type [ReOCl2(N–O)PPh3] and [ReNArCl2(N–O)PPh3]. It appears that the
Re–O and Re–N bond lengths are 1.861(8)–2.013(3) and 2.105(2)–2.200(2) Å, respectively.
In our case, the corresponding bond distances are also in the stipulated range. In 1a, the
Re1–O1 and Re1–N2 distances are 1.9727(17) and 2.126(2) Å. The bite angle in 1a also
matches available literature [75.0(2)–87.0(2)] (table 3). The N1–Re1–O1 angle of 174.25
(8)° is in considerable deviation from the idealized value 180° for a regular octahedral
geometry. Consequently, the narrow bite angle [O1–Re1–N2 84.50(7)°] of the chelating
ligand in 1a significantly distorts the octahedral geometry around the rhenium center in a
‘N2OCl2P’ coordination environment. The majority of the known imidorhenium(V)
complexes, based on salicylaldimine ligands, display structures with halides in trans dispo-
sitions [59–62]; 1a is not an exception. The Cl(1)–Re1–Cl(2) angle is 171.74(2)°, near
180°. Thus, 1a is a trans-Cl,Cl complex with the Re–Cl bond lengths of 2.4238(6) and
2.4066(6) Å.

The crystal structure is stabilized by CH–π hydrogen bonds. In 1a, the distance between
the methylene proton (H15A) and the center of the phenyl ring (comprising C22, C23, C24,
C25, C26, and C27) in PPh3 of another molecule is 2.785 Å and the distance between C15
and the center of the phenyl ring is 3.701 Å. These distances are optimum for significant
CH/π interactions [63, 64].

3.3. Geometry optimization

Optimization starting from the crystallographically determined molecular structure of 1a
leads to a minimum as stationary point. The general features observed in the experimental
data are well-reproduced in the calculations, despite a few large deviations in calculated
bond lengths and angles. All the methods attempted give acceptable discrepancies between
the experimental and theoretical geometric data (table S1, see online supplemental material
at http://dx.doi.org/10.1080/00958972.2014.996145). The Re1–N1 and other coordinating
bonds with rhenium are sensitive parameters for the basis sets and functionals of DFT under
study. The calculated Re1–N1 bond length for 1a is 1.723–1.796 Å (experimental value
1.726(2) Å). The differences in Re1–N1 bond distances between calculated values (as
obtained by employing different DFT methods) and the crystallographic result for 1a are
plotted in figure S1. From the plot, it is obvious that the best calculated result was obtained
with CAM-B3LYP in combination with basis sets LANL2DZ. All other methodologies are
less effective for the Re1–N1 bond length. The functional CAM-B3LYP in combination
with any basis set is a judicious choice for 1a. Similarly, the differences in the bond
distances of all the bonds between calculated values (as obtained by employing several
basis sets in combination with CAM-B3LYP methods) and the crystallographic results for
1a are plotted in figure S2. For all existing bonds with the rhenium center in 1a (Re1–N1,
Re1–Cl1, Re1–Cl2, Re1–O1, Re1–N2, and Re1–P1), the data generated by the STMIDI in
combination with CAM-B3LYP method can best reproduce the experimental results. Hence,
we have used CAM-B3LYP in combination with STMIDI method of DFT for the prediction
of the vibrational spectrum, assessments of molecular electronic structures and free energy
calculations for the evaluation of redox potential for 1a.
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To elucidate the bonding properties of the trans-Cl,Cl 1a isomer and cis-Cl,Cl 1b isomer,
calculations at the level of DFT were undertaken. The geometries were optimized in singlet
state using the STMIDI with the CAM-B3LYP functional. From geometry optimization, it
was found that the trans-Cl,Cl 1a isomer is more stable than the cis-Cl,Cl 1b isomer by
21.6 kcal M−1. Thus, the theoretical outcome corroborates our experimental findings.

Figure 2. The experimental (blue) and calculated (red, non-scaled) vibrational spectra of 1a (see http://dx.doi.org/
10.1080/00958972.2014.996145 for color version).
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3.4. Spectroscopic properties

3.4.1. FTIR and 1H NMR spectroscopy. A very strong band at 1610 cm−1 in the IR
spectrum of 1a is assigned to the azomethine (>C=N–) group vibration. The IR spectrum of
1a exhibits a sharp band at 1025 cm−1, assignable to the characteristic stretching frequency
of υ(Re≡N) [13, 26]. The calculated strong stretching frequency of υ(Re≡N) appears at
1079 cm−1 for 1a and two very weak frequencies at 1430 and 1564 cm−1 are also observed
[13]. The experimental vibrational spectrum of 1a has been compared with the calculated
(non-scaled) one in figure 2. The calculated vibrational spectrum of 1a is in good agreement
with the experimental data. The experimental and calculated IR spectra of 1a are similar in
terms of their band positions, band intensities, and shapes. The calculated υ(Re≡N) and
υ(C=N) frequencies for 1a are higher than the corresponding experimental values by only
~1 and ~5%. However, these discrepancies are justified when seen from a theoretical
perspective. Often, the computed gas phase data are at variance with the experimental one
[65, 66].

The characteristics of all the spectral signals in the 1H NMR spectrum of 1a are akin to
the 1H NMR spectral pattern of H2L [22] with downfield shifts. The observed signals corre-
sponding to methylene protons are assigned at 4.01 and 4.09 ppm. The signal at 8.38 ppm
indicates the imino-methine –CH=N– group in the ligand. The aromatic region is dominated
by signals of triphenylphosphine protons. This region is considerably overlapped due to
proton resonances arising from the phenylimido group and salicylaldimine ring.

3.4.2. Molecular orbital description. The partial molecular orbital energy diagrams
derived from the CAM-B3LYP in combination with STMIDI calculation as well as contours
of the selected frontier orbitals (HOMO–LUMO) are shown, respectively, in figures 3 and 4
for 1a. The analyses of MOs are helpful to gain insights into the chemical bonding between
rhenium and the surrounding ligands and for the understanding of the electronic properties.
The electronic transitions, characters of MOs and oscillator strengths for 1a obtained with
the CAM-B3LYP in combination with STMIDI methodology are presented in table 4. The
strong σ- and π-donor properties of the phenylimido ligand destabilize the 5dx2�y2 and the
5dyz/xz orbitals within the d orbital manifold. Our calculations reproduce the rhenium d orbi-
tal manifold resulting from the presence of a terminal phenylimido ligand [13, 67, 68]. The
rhenium center in 1a is a 5d2 electronic configuration. These electrons reside in an MO with
a significant contribution from the dxy orbital to give a singlet ground state. The HOMO to
LUMO energy gap is 5.719 eV for 1a. In 1a, the highest occupied molecular orbital
(HOMO) enjoys significant metal character, predominantly dxy and bonding p orbitals of
chloride. The highly populated orbitals (HOMO-2, HOMO-5, HOMO-6, HOMO-7, and
HOMO-9) are mostly contributed by PPh3 orbitals. The MOs, HOMO-1, HOMO-4, and
HOMO-8 predominantly exhibit the π-bond character of H2L orbitals. The LUMO,
LUMO + 1, LUMO + 2, LUMO + 4, LUMO + 5 orbitals are, respectively, composed of
dx2�y2 , dxz, dyz, dz

2, and dz
2 rhenium orbitals in antibonding arrangements. In contrast, the

LUMO + 3 is mainly contributed by the π-antibonding orbitals of PPh3. The MOs of
HOMO-3 are mainly influenced by the π-bond character of phenylimido ligand (NPh),
while the LUMO and LUMO + 1 are predominantly contributed by the π-antibonding
orbitals.
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Figure 3. The MO diagram of 1a showing the character and energy (eV).
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3.4.3. Electronic spectra. The absorption spectrum of 1a is simulated in the presence of
dichloromethane employing the TDDFT with the CAM-B3LYP in combination with
STMIDI method. The outcome is in agreement with our experimental data (figure 5). Calcu-
lated spin-allowed singlet–singlet electronic transitions of 1a along with the experimental
data are summarized in table 4. Only transitions with oscillator strengths higher than 0.0200
are taken into consideration for the high energy part (360–251 nm) of the spectrum of 1a.
The calculated low-energy absorption bands at 640.61 and 572.54 nm for 1a are contributed

Figure 4. Selected HOMOs and LUMOs of 1a. Positive values of the orbital contour are represented in yellow
(0.04 au) and negative values in blue (−0.04 au) (see http://dx.doi.org/10.1080/00958972.2014.996145 for color
version).

Table 4. Calculated electronic transitions of 1a in dichloromethane employing the STMIDI-CAM-
B3LYP method.

Most important orbital excitations λ f Experimental λ (ɛ)

H→ L 640.61 0.0001 714 (84)
H→ L+1 572.54 0.0001 555 (118)

423 (3260)
H-1→ L 361.88 0.004 360 (12,295)
H→ L+4, H→ L+5 358.50 0.002
H-1→ L+1, H→ L+2 326.16 0.029 319 (19,526)
H-10→ L, H-7→ L 312.78 0.040
H-3→ L, H-10→ L, H-7→ L 302.39 0.221
H→ L+2, H-1→ L+1 291.36 0.317
H-2→ L, H-1→ L+2 281.37 0.208
H-2→ L+1, H-13→ L+1, H-4→ L 256.44 0.062 263 (25,400)
H-4→ L, H-12→ L 255.64 0.033
H-10→ L+1, H-7→ L+1, H-12→ L 251.04 0.189

Note: λ wavelength (nm); ɛ molar absorption coefficient (dm3 mol−1 cm−1); f oscillator strength; H highest occu-
pied molecular orbital; L lowest unoccupied molecular orbital.
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by HOMO→ LUMO and HOMO→ LUMO + 1 transitions. Analyses of the orbitals also
allow us to decipher the types of transitions. These transitions can best be described as
mixed d→ d (ligand field; LF), dπ(Cl)→ dRe (ligand–metal charge transfer; LMCT), and
π(Cl)→ π*(NPh)/π*(HL) (ligand–ligand charge transfer; LLCT) or may be delocalized metal
ligand–ligand charge transfer; MLLCT transitions. The above bands are correlated with the
experimentally determined bands at 714 and 555 nm. The absorption band calculated at
361.88 nm (observed at 360 nm) is assigned to HOMO-1→ LUMO transition. The origin
of this transition can be mixed π(Cl)→ dRe, d(HL)→ π*(NPh)/π*(HL) or π(Cl)→ π*(HL)/π*(NPh)
excitation. Intense bands in the high energy region are largely due to LLCT transitions [13].

3.5. Electrochemistry

The redox properties of 1a have been examined in dichloromethane at GC electrode under
N2. 1a exhibits a redox couple on the positive side of the Ag/AgCl reference electrode. The
CV of 1a (figure 6) shows a quasi-reversible voltammogram at 1.128 V versus Ag/AgCl
reference electrode. The corresponding peak current ratio, ipa/ipc, is 1.05 with peak-to-peak
separation, ΔE of 114 mV. H2L is electrochemically inert in the potential range of interest,
i.e. on the positive side of Ag/AgCl. Thus, this oxidation can be assigned as metal centered.
Comparison of the voltammetric peak currents with those of the ferrocene–ferrocenium cou-
ple under the same experimental conditions establishes that the oxidative response in 1a
involves one electron, ascribed to the Re(VI)/Re(V) couple [69–72]. The electrochemical data
for 1a are tabulated in table 5. The peak current, ip, increases with the square root of scan
rate (ν1/2), but not in proportionality. Thus, the metal centered oxidation for 1a is
quasi-reversible [71]. The electrochemical response for 1a can be assigned as:

Figure 5. The experimental (red) and calculated (green) electronic absorption spectra of 1a and the magnified part
is in the inset (see http://dx.doi.org/10.1080/00958972.2014.996145 for color version).
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½ReVINPhðHLÞPPh3Cl2�þ þ e� ! ½ReVNPhðHLÞPPh3Cl� (1)

The electrochemical behavior of 1a can be rationalized through DFT calculations [73]. The
contribution of rhenium to the occupied MOs is significant. Thus, 1a shows predominant
metal-based oxidation. This enables us to determine the Gibbs free energy theoretically,
which in turn leads to prediction of reduction free energy of 1a. In doing so, a Born-Haber
thermodynamic cycle was framed. The free energies of the oxidized as well as the reduced
forms of 1a in the gas phase and also in solution (scheme 1) were incorporated in this

Figure 6. Cyclic voltammogram of 1a in dichloromethane at a scan rate of 100 mV s−1. The analyte concentration
was 1.012 × 10−3 M.

Table 5. Cyclic voltammetric data for 1a.

Epa(ipa) Epc(ipc) ΔE ipa/ipc E½ (Exp.) E (Theo.)

1.185(8.57) 1.071(8.16) 114 1.05 1.128 1.186

sEpa = anodic peak potential, V; Epc = cathodic peak potential, V; ipa = anodic peak current, μA; ipc = cathodic peak
current, μA; E½ = 0.5(Epc + Epa) V; ΔE = Epa − Epc, mV.

Scheme 1. Proposed thermodynamic cycle for the prediction of reduction free energy (DGVI=V
red ).
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cycle. The estimated reduction free energy was then referenced with respect to standard
hydrogen electrode (SHE).

From the above cycle, we can set the following equations:

DGVI=V
redðDCMÞ ¼ DGVI=V

redðgÞ þ DDGsolv (2a)

DDGsolv ¼ DsGreducedðDCMÞ � DsGoxidizedðDCMÞ (2b)

DGred ¼ DGVI=V
redðDCMÞ � DGRef :electrode

red (2c)

Here, DGVI=V
redðgÞ is the reduction free energy of 1a in the gas phase. ΔsGreduced(DCM) and

ΔsGoxidized(DCM), respectively, are the solvation free energies of the reduced and oxidized
forms of 1a. ΔGsolv is the difference between the solvation free energies of the reduced and
the oxidized complexes, i.e. (ΔsGreduced(DCM)− ΔsGoxidized(DCM)). The absolute reduction
free energy for Re(VI) to Re(V), DGVI=V

redðDCMÞ, was determined by using equations (2a) and
(2b). Subsequently, equation (2c) was used to obtain the reduction free energy of a refer-
ence electrode. The reference electrode considered here for the sake of computation is the
standard hydrogen electrode (SHE). In our present calculation, the absolute reduction free
energy of SHE was taken as 4.44 eV, as recommended by IUPAC for the absolute value of
SHE in 1986 by Trasatti et al. [74]. The reduction potential value was evaluated from the
pre-determined ΔGred employing the standard relationships, E1/2 = −ΔGred/(nF) where n is
the number of electrons transferred and F is the Faraday constant [75]. We have determined
the reduction free energy (DGVI=V

redðDCMÞ) through DFT by using the solvent model, C-PCM
and the obtained value is 5.835 eV. In our present exercise, the calculated E1/2 is 1.395 V
versus SHE. After necessary reference conversion, this value comes out as 1.186 V versus
Ag/AgCl. Thus the theoretical outcome reasonably corroborates our experimental redox
potential, 1.128 V versus Ag/AgCl. We also compare our determined potential with the
experimental value of a system previously reported. The Re(VI)/Re(V) redox potential of a
Re(V)-oxo compound, [ReVO(HL)PPh3Cl2], was found to be 1.420 V versus Ag/AgCl
[22]. Clearly, this value is higher than that found in 1a under identical electrochemical
situation. Most likely, this is due to the structural difference between [ReVO(HL)PPh3Cl2]
and [ReVNPh(HL)PPh3Cl2], rendering 1a electrochemically more labile than the Re(V)-oxo
system. Thus, the Re(VI)/Re(V) redox potential is less here.

4. Conclusion

We have synthesized and characterized a new phenylimidorhenium(V) complex from an
ancillary ligand, 2-[(2-hydroxyethylimino)methyl]phenol (H2L). The X-ray crystal structure
of [Re(NPh)(HL)(PPh3)Cl2] (1a) reveals that the rhenium(V) center is octahedral ‘N2OPCl2’.
The two chlorides are trans to each other. Thus, 1a can best be described as a trans-Cl,Cl
phenylimidorhenium(V) complex. DFT calculations in the gas phase reveal that trans-Cl,Cl
phenylimidorhenium(V), 1a is more stable than the cis counterpart, cis-Cl,Cl phenylimido-
rhenium(V) complex, 1b by 21.60 kcal M−1. The electronic structure of 1a has also been
studied by C-PCM solvent model (dichloromethane) employing DFT level of theory and the
outcomes agree with the experimental data. In CV, 1a undergoes a quasi-reversible one
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electron oxidation from Re(V) to Re(VI) in dichloromethane at 1.128 V versus Ag/AgCl.
The redox potential was also modeled through DFT. The calculated potential, 1.186 V versus
Ag/AgCl corroborates our experimental redox potential, 1.128 V versus Ag/AgCl.

Supplementary material

Crystallographic data for the structural analyses have been deposited with the Cambridge
Crystallographic Data Center (CCDC No. 975550). Copies of this information can be obtained
free of charge from the Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
(Fax: +44 1223336033; E-mail: deposit@ccdc.cam.ac.uk or www: http://www.ccdc.cam.ac.uk).
Supplementary data associated with this article can be found in the online version.
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