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Abstract

The reaction of Re(CO)5Cl with 2-benzoylpyridine (bopy) has been examined and a novel Re(CO)3
+ tricarbonyl – fac-[Re(CO)3(bo-

py)Cl] – has been obtained. The compound has been studied by IR, UV–Vis spectroscopy and X-ray crystallography. The molecular
orbital diagram of the tricarbonyl has been calculated with the density functional theory (DFT) method. The spin-allowed singlet–singlet
electronic transitions of [Re(CO)3(bopy)Cl] have been calculated with the time-dependent DFT method, and the UV–Vis spectrum of the
title compound has been discussed on this basis.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The d6 transition metal complexes with heteroaromatic
ligands have been the subject of intense investigations for
many years. The interest of researches has been attracted
mostly by their unique photophysical and photochemical
properties, crucial for numerous potential and already
introduced practical applications. The most frequently
studied compounds of this type are complexes of general
formula fac-[Re(CO)3(L–L)(E)]0/+, where E stands for a
halogen atom or other ligand approximately axial to the
heteroaromatic rings plane. The photobehaviour of such
complexes may be discussed in terms of three types of
excited states: (i) metal-to-ligand charge transfer (MLCT)
states, (ii) ligand-to-ligand charge transfer (LLCT) states,
(iii) intraligand (IL) states. The latter one appears to lie
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doi:10.1016/j.jorganchem.2007.06.036

* Corresponding author.
E-mail addresses: basia@ich.us.edu.pl (B. Machura), rafal.kruszynski

@p.lodz.pl (R. Kruszynski).
at rather high energies in the fac-[Re(CO)3(L–L)(E)]0/+

complexes, and they are of little photochemical impor-
tance. The excited states of [Re(CO)3(L–L)(E)]0/+ com-
plexes are often sufficiently long-lived to become engaged
in energy transfer reactions. Currently, several fac-
Re(CO)3

+ complexes are used as electroluminescent mate-
rials in OLED-type devices [1–12].

Furthermore, the excited states of [Re(CO)3(L–L)(E)]0/+

complexes may be both strong reductants and oxidants.
The high reactivity of the reduced species may be utilized
in photocatalysis. For example, photoexcitation of [Re(CO)3-
(bipy)Cl] in the presence of triethylamine produces
[Re(CO)3(bipy)Cl]�, which loses the chloride ligand. The
further reaction with CO2 results in the photocatalytic
CO2 reduction to CO [10].

The spectroscopic and redox behaviour of the Re(I)
complexes are ligand dependent and can be tuned by
varying the identity of their chelate ligands, so there is a
clear need to synthesize and investigate novel species of this
type.
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Table 1
Crystal data and structure refinement for 1

Empirical formula C15H9ClNO4Re
Formula weight 488.88
Temperature (K) 291.0(3)
Wavelength (Å) 0.71073
Crystal system Monoclinic
Space group P21/c
Unit cell dimensions

a (Å) 15.3719(6)
b (Å) 11.4640(5)
c (Å) 8.3746(4)
b (�) 93.555(4)

Volume (Å3) 1472.96(11)
Z 4
Dcalc (Mg/m3) 2.205
Absorption coefficient (mm�1) 8.447
F(000) 920
Crystal size (mm) 0.462 · 0.266 · 0.264
h Range for data collection (�) 2.66–25.00
Index ranges �17 6 h 6 18,

�13 6 k 6 13,
�8 6 l 6 9

Reflections collected 15203
Independent reflections (Rint) 2584 (0.0424)
Completeness to 2h (%) 99.9
Maximum and minimum transmission 0.111 and 0.082
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Here, we present the synthesis, spectroscopic character-
ization, crystal and molecular structure of the fac-
[Re(CO)3(bopy)Cl] (1) tricarbonyl with 2-benzoylpyridine
(bopy). The binding of bopy to the central ion occurs
through the N–O chelating site. This coordination
produces a five-membered ring containing an unsaturated
a-iminoketo function which can act as a p acceptor
towards a bound p electron-rich metal center such as rhe-
nium(I). The a-iminoketo chelation plays an important
role in the biosynthesis of the pterins, lumazines, flavins
coenzymes [13,14]. Accordingly, the complex 1 may be
viewed as a simple model for such metalloenzymes.

The molecular orbital diagram of 1 has been calculated
with the density functional theory (DFT) calculations. Cur-
rently, the DFT method is commonly used to examine the
electronic structure of transition metal complexes. It meets
with the requirements of being accurate, easy to use and
fast enough to allow the study of relatively large molecules
of transition metal complexes [15]. The spin-allowed
singlet–singlet electronic transitions of 1 have been calcu-
lated with the time-dependent DFT method (TDDFT
method), and a good assignment with the experimental
spectrum has been observed.
Data/restraints/parameters 2584/0/199
Goodness-of-fit on F2 1.073
Final R indices [I > 2r(I)] R1 = 0.0295, wR2 = 0.0745
R indices (all data) R1 = 0.0354, wR2 = 0.0797
Largest difference in peak and hole (e Å�3) 1.181 and �1.222
2. Experimental

2.1. General procedure

The reaction was performed under an argon atmo-
sphere. The solvents were dried before use, using the
appropriate drying reagents. Re(CO)5Cl and bopy were
purchased from Aldrich, and used as received.

The IR spectrum was recorded on a Nicolet Magna
560 spectrophotometer in the spectral range 4000–
400 cm�1 with the samples in the form of KBr pellets.
The electronic spectrum was measured on a spectropho-
tometer Lab Alliance UV–Vis 8500 in the range 1000–
200 nm in dichloromethane solution. Elemental analyses
(C H N) were performed on a Perkin–Elmer CHN-2400
analyzer.

2.2. Preparation of [Re(CO)3(bopy)Cl] (1)

Re(CO)5Cl (0.2 g, 0.55 mmol) and bopy (0.11 g,
0.60 mmol) in toluene (80 cm3) were refluxed for 6 h.
The resulting reaction mixture was allowed to cool to
room temperature and reduced in volume to �10 ml.
An off-red solid was filtered off, washed with hexane,
diethyl ether, and dried; yield 85%. Single crystals of
complex 1 were grown by the slow diffusion of diethyl
ether into a solution of the complex dissolved in
dichloromethane.

IR (KBr, cm�1): mCO = 2027, 1920, 1863 and 1672 cm�1;
mCN and mC@C = 1593, 1572 and 1552 cm�1. (Calc. for
C15H9ClNO4Re: C, 36.85; H, 1.86; N, 2.86. Found: C,
36.76; H, 1.90; N, 2.79%).
2.3. Crystal structures determination and refinement

The yellow crystal of 1 was mounted on a KM-4-CCD
automatic diffractometer equipped with a CCD detector,
and used for data collection. X-ray intensity data were
collected with graphite monochromated Mo Ka radiation
(k = 0.71073 Å) at temperature of 291.0(3) K, with x scan
mode. Details concerning crystal data and refinement are
given in Table 1. Lorentz, polarization and empirical
absorption corrections [16] were applied. The structure
was solved by the Patterson method and subsequently
completed by the difference Fourier recycling. All the
non-hydrogen atoms were refined anisotropically using
full-matrix, least-squares technique. The hydrogen atoms
were treated as ‘‘riding’’ on their parent carbon atoms
[d(C� � �H) = 0.93 Å] and assigned isotropic temperature
factors equal 1.2 times the value of equivalent tempera-
ture factor of the parent carbon atom. SHELXS97 [17],
SHELXL97 [18] and SHELXTL [19] programs were used for
all the calculations. Atomic scattering factors were those
incorporated in the computer programs.

3. Computational details

GAUSSIAN03 program [20] was used in the calculations.
The geometry of 1 was optimized in the singlet state with
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the DFT method with the use of B3LYP functional
[21,22]. The electronic spectrum of 1 was calculated with
the TDDFT method [23]. The solvent effect was simu-
lated using the polarizable continuum model (PCM) in
which the solvent cavity is seen as a union of interlock-
ing atomic spheres. The calculations were performed by
using ECP basis set on the rhenium atom, and the stan-
dard 6-31G basis set for others. For chloride, oxygen,
phosphorous and nitrogen atoms, diffuse and polariza-
tion functions were added [24,25]. The Xe core electrons
of Re were replaced by an effective core potential and
DZ quality Hay and Wadt Los Alamos ECP basis set
(LANL2DZ) [26] was used for the valence electrons.
Additional d function with exponent a = 0.3811 and f
function with exponent a = 2.033 on the rhenium atom
were added [27].
Fig. 1. Molecular structure of 1.
4. Results and discussion

4.1. Preparation and Infrared data

The title complex was prepared by refluxing of
[Re(CO)5Cl] with a small excess of 2-benzoylpyridine in
toluene. It was isolated as air-stable, microcrystalline solid,
soluble in common organic solvents. The infrared spectrum
of 1 displays three bands in the carbonyl stretching region:
a sharp intense band at 2027 cm�1 and two lower-energy
bands 1920 and 1863 cm�1. This pattern corresponds to
three CO units in a fac isomer arrangement [28]. A band
due to the bopy m(C@O) vibration appears at 1672 cm�1,
and characteristic bands of the C@C and C@N stretching
modes of 2-benzoylpyridine are observed in the range
1600–1550 cm�1 [29].
Table 2
The experimental and optimized bond lengths [Å] and angles [�] for 1

Bond lengths

Experimental Optimized

Re(1)–C(1) 1.931(7) 1.937
Re(1)–C(2) 1.898(6) 1.913
Re(1)–C(3) 1.931(7) 1.921
Re(1)–Cl(1) 2.458(1) 2.517
Re(1)–N(1) 2.181(5) 2.202
Re(1)–O(4) 2.149(3) 2.179
C(1)–O(1) 1.130(8) 1.157
C(2)–O(2) 1.142(7) 1.162
C(3)–O(3) 1.106(8) 1.165
C(9)–O(4) 1.246(6) 1.249
4.1.1. Crystal structure

The crystallographic data for the title complex are
given in Table 1. The perspective drawing of 1 with
atomic numbering is shown in Fig. 1. The overall
structure of 1 can be considered as a distorted octahedral
with the largest deviations from the expected 90� bond
angles coming from the bite angle of 2-benzoylpyridine.
It equals to 73.9(1)�, and it is similar to that reported
for the related [Re(CO)3(6-ATML)Cl] Æ 3C6H6 (6-
ATML = 6-acetyl-1,3,7-trimethyllumazine) [75.2(1)�]. The
bite angles O–M–N in the structures with a-iminoketo
chelate ligands bounded to transition metals depend
mainly on the size of the metal center, the smallest values
(down to 67�) were found for AgI complexes and the larg-
est angles (up to 85�) were observed for compounds with
CuII[13].
Bond angles

Experimental Optimized

C(2)–Re(1)–C(1) 87.7(2) 90.32
C(2)–Re(1)–C(3) 90.7(3) 90.77
C(3)–Re(1)–C(1) 90.3(3) 90.85
C(2)–Re(1)–O(4) 172.0(2) 170.88
C(3)–Re(1)–O(4) 93.3(2) 94.84
C(1)–Re(1)–O(4) 99.1(2) 96.77
C(2)–Re(1)–N(1) 99.0(2) 99.35
C(3)–Re(1)–N(1) 94.2(2) 94.57
C(1)–Re(1)–N(1) 171.8(2) 168.83
O(4)–Re(1)–N(1) 73.9(1) 73.07
C(2)–Re(1)–Cl(1) 94.7(2) 91.77
C(3)–Re(1)–Cl(1) 174.5(2) 176.06
C(1)–Re(1)–Cl(1) 91.0(2) 92.14
O(4)–Re(1)–Cl(1) 81.12(1) 82.27
N(1)–Re(1)–Cl(1) 83.9(1) 82.05
O(1)–C(1)–Re(1) 178.7(5) 178.06
O(2)–C(2)–Re(1) 177.5(6) 177.18
O(3)–C(3)–Re(1) 178.7(6) 179.40
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The electron-rich central ion of 1 shows larger affinity
towards the less basic but strongly p accepting carbonyl
oxo atom, and the Re–O(4) is slightly shorter than the
Re–N(1) bond (Table 2). The value D = d(M–N) � d(M–
O), reflecting the symmetry of the chelate arrangement in
such structures, is equal to 0.032 Å for 1. It can be assumed
that the Re center is situated symmetrically between N(1)
and O(4) donor atoms.

The pyridyl and phenyl substituents of bopy ligand are
planar in the range of experimental error and they are
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Fig. 2. The energy (eV), character and some contours of
inclined at 40.1(2)�. The aromatic rings: pyridyl� � �pyridyl#
(x, �y + 1.5, z � 0.5), pyridyl� � �pyridyl# (x, �y + 1.5,
z + 0.5), phenyl� � �phenyl (�x + 1, �y + 1, �z) are con-
nected via p� � �p stacking interactions [30]. The distances
between ring centroids are equal to 4.204(9), 4.204(9),
3.618(9) Å respectively, and the dihedral angles between
the rings are following 7.4(6)�, 7.4(6)�, 0.0(7)�. The angles
between linking ring centroids vector and normal to the
first of stacked rings are equal to 36.4(6)�, 35.3(6)�,
20.0(7)�, whereas the perpendicular distances between first
yz

the occupied and unoccupied molecular orbitals of 1.
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Fig. 3. The experimental and calculated electronic absorption spectra of 1.
Full line: the experimental spectrum measured in CH2Cl2. Blue dashed
line: spectrum calculated in vacuum. Red dashed line: spectrum calculated
in dichloromethane. (For interpretation of the references in colour in this
figure legend, the reader is referred to the web version this article.)
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of stacked rings centroid and second ring are 3.430(9),
3.382(9), 3.400(9) Å.

4.1.2. Optimized geometry
The geometry of 1 was optimized in a singlet state by the

DFT method with the B3LYP functional. The optimized
geometric parameters are gathered in Table 2. The calcu-
lated bond lengths and angles are in agreement with the
values based upon the X-ray crystal structure data, and
the general trends observed in the experimental data are
well reproduced in the calculations.

4.1.3. Electronic structure

The complex 1 is a closed-shell structure. Its molecular
orbital diagram with several occupied and virtual molecu-
lar orbital contours is presented in Fig. 2. The HOMO–
LUMO gap equals to 3.09 eV. The low-lying virtual
orbitals correspond mainly to p�bopy and p�CO. The LUMO,
LUMO + 1, LUMO + 2 and LUMO + 5 are centered on
the bopy ligand. The higher virtual orbitals are delocalized
among Re and carbonyls or among Re, carbonyls and
bopy.

The three highest occupied molecular orbitals are pre-
dominately localized on the rhenium atom, corresponding
to the (5dxy)2(5dxz)

2 (5dyz)
2 occupation of the central ion.

However, ligand contributions are also important. All
these orbitals have a relatively considerable CO character.
The HOMO and HOMO � 1 orbitals contain an admix-
ture of chloride pp orbitals, and HOMO � 2 – admixture
of p oxygen orbital of bopy ligand.
4.2. Electronic spectrum

The electronic absorption spectrum was measured at
room temperature in dichloromethane, and the experi-
mental absorption bands were assigned using the singlet
excited states calculated with the time-dependent DFT
method. The experimental and calculated electronic spec-
tra of 1 are compared in Fig. 3. Each calculated transi-
tion is represented by a gaussian function y ¼ ce�bx2

with the height (c) equal to the oscillator strength and
b equal to 0.04 nm�2. As seen in Fig. 3, TDDFT/PCM
calculations well reproduce the absorption spectrum of
1 measured in dichloromethane. The lowest allowed
absorption band, which occurs at 2.55 eV, has been cal-
culated at 2.29 eV. The agreement between the experi-
mental and calculated spectra is worse when the solvent
is neglected. Neglecting the solvent strongly underesti-
mates energies of the low-lying electronic transitions.
The lowest absorption band energy is underestimated
by 0.55 eV in this case.

Table 3 shows the spin-allowed singlet–singlet elec-
tronic transitions calculated with the TDDFT method
for 1. For the high energy part of the spectrum, only tran-
sitions with oscillator strengths larger than 0.020 are listed
in Table 3. The assignment of the calculated transitions to
the experimental bands is based on the criterion of the
energy and oscillator strength of the calculated
transitions.

The low-energy absorption band of 1.246(6) 1 appears
at 466.3 nm, and is red shifted in comparison with the lon-
gest wavelength experimental band (370 nm) of [Re(CO)3-
(bipy)Cl] [7]. The TDDFT/PCM calculations show that it
originates predominately in the HOMO � 1! LUMO
transition. As can be seen from Fig. 2, the HOMO � 1 is
delocalized on the whole Re(CO)3Cl unit, and the LUMO
is completely centered on the bopy ligand. Accordingly, the
HOMO � 1! LUMO transition can be seen as mixed
Re! bopy (MLCT) and Cl! bopy (LLCT) or a delocal-
ized MLLCT (metal–ligand-to-ligand CT) description can
be used.

The experimental absorption bands at 300.0 and
220.2 nm are attributed to metal-to-ligand charge transfer

(occurring from the rhenium ion to the p-antibonding orbi-
tals of the bopy ligand or p-antibonding orbitals of the car-
bonyl group), ligand–ligand charge transfer and intraligand
(IL) transitions (Table 3).
5. Supplementary material

CCDC 638024 contains the supplementary crystallo-
graphic data for C15H9ClNO4Re. These data can be
obtained free of charge via http://www.ccdc.cam.ac.uk/
conts/retrieving.html, or from the Cambridge Crystallo-
graphic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK; fax: (+44) 1223-336-033; or e-mail: deposit@
ccdc.cam.ac.uk.

http://www.ccdc.cam.ac.uk/conts/retrieving.html
http://www.ccdc.cam.ac.uk/conts/retrieving.html


Table 3
The energy and molar absorption coefficients of experimental absorption bands and the electronic transitions calculated with the TDDFT method for 1

The most important orbital excitations Character k [nm] E [eV] f Experimental k [nm] (E [eV]) e

H � 1! L d/p(Cl)! p*(bopy) 540.4 2.29 0.0041 486.3.(2.55) 9440
H � 1! L d/p(Cl)! p*(bopy) 491.8 2.52 0.1499

H � 3! L p(bopy)! p*(bopy) 361.5 3.43 0.0123 300.0 (4.13) 32500
H � 4! L p(bopy)/p(Cl)! p*(bopy) 341.2 3.63 0.2379

H � 6! L p(bopy)/p(Cl)/d! p*(bopy) 315.4 3.93 0.0263

H � 1! L + 1 d/p(Cl)! p*(bopy) 312.3 3.97 0.0433

H � 7! L p(bopy)/p(Cl)! p*(bopy) 279.1 4.44 0.0906 220.2 (5.63) 77700
H! L + 2 d/p(Cl)! p*(bopy) 269.2 4.61 0.0288

H � 1! L + 2 d/p(Cl)! p*(bopy) 266.9 4.65 0.0227

H � 1! L + 2 d/p(Cl)! p*(bopy) 265.4 4.67 0.0326

H � 8! L r(Cl)/p(bopy)! p*(bpzpy) 261.8 4.74 0.0205

H � 2! L + 3 d/p(O)! p*(CO) 259.9 4.77 0.1094

H � 4! L + 1 p(bopy)/p(Cl)! p*(bopy) 242.5 5.11 0.0247

H � 5! L + 1 p(Cl)/p(bopy)/d! p*(bopy) 229.4 5.41 0.0983

H � 2! L + 6 d/p(O)! p*(CO) 222.7 5.57 0.0581

H � 4! L + 2 p(bopy)/p(Cl)! p*(bopy) 212.5 5.83 0.0480

H � 7! L + 1 p(bopy)/p(Cl)! p*(bopy) 209.7 5.91 0.0409

H � 1! L + 9 d/p(Cl)! p*(CO)/p*( bopy) 203.5 6.09 0.0254

H � 5! L + 2 p(Cl)/p(bopy)/d! p*(bopy) 202.6 6.12 0.0324

H � 4! L + 4 p(Cl)/p(bopy)! p*(CO) 201.6 6.15 0.0205

H! L + 10 d/p(Cl)! p*(CO)/p*(bopy) 200.8 6.18 0.0294

H � 8! L + 1 r(Cl)/p(bopy)! p*(bpzpy) 200.0 6.20 0.0546

H � 2! L + 8 d/p(Cl)! p*(CO)/p*( bopy) 198.1 6.26 0.0667

H � 14! L p(bopy)! p*(bopy) 194.9 6.36 0.1373

H � 2! L + 9 d/p(O)! p*(CO)/p*( bopy) 194.6 6.37 0.0567

H � 4! L + 5 p(bopy)/p(Cl)! p*(bopy) 193.0 6.42 0.1552

H! L + 13 d/p(Cl)! p*(CO) 190.3 6.51 0.0822

H � 7! L + 2 p(bopy)/p(Cl)! p*(bopy) 188.6 6.57 0.1763

H � 8! L + 3 r(Cl)/p(bopy)! p*(CO) 187.8 6.60 0.0403

H � 14! L p(bopy)! p*(bopy) 187.1 6.63 0.1449

H � 14! L p(bopy)! p*(bopy) 186.5 6.65 0.1216

H � 3! L + 5
H � 7! L + 4 p(bopy)/p(Cl)! p*(CO) 186.0 6.67 0.1004

H � 6! L + 5 p(bopy)/p(Cl)! p*(bopy) 185.4 6.69 0.0330

H � 8! L + 3 r(Cl)/p(bopy)! p*(CO) 185.2 6.69 0.1401
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