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ABSTRACT: A series of electronically tuned fac-Re(CO)3Cl inverse
pyridyl-1,2,3-triazole complexes have been synthesized in good to
excellent yields (72−95%) by refluxing methanol solutions of
[Re(CO)5Cl] and the substituted [2-(4-R-1H-1,2,3-triazol-1-yl)-
methyl]pyridine ligands (py(CH2)tri-R). The resulting rhenium(I)
complexes were characterized by elemental analysis, HR-ESI-MS and IR
and 1H and 13C NMR spectroscopy. Additionally, the molecular
structures of three of the complexes were confirmed using X-ray
crystallography. The electronic properties of this series of fac-
[(py(CH2)tri-R)Re(CO)3Cl] complexes were examined using UV−
vis, Raman, and emission spectroscopy and cyclic voltammetry
techniques. The complexes exhibit intense absorptions in the UV
region, which were modeled using time-dependent density functional theory (TD-DFT). The calculations suggest that the lower
energy part of the absorption band is MLCT in nature and additional higher energy π−π* transitions are present. The electronic
spectra are nearly identical for all except where R = 4-nitrophenyl, suggesting that the 1,2,3-triazolyl unit acts as an electronic
insulator. The TD-DFT calculations suggest that the lowest energy MLCT transition is polarized to the pyridine moiety for all
complexes except the nitro-substituted one. With R = 4-nitrophenyl the MLCT is directed to an acceptor MO polarized to the
triazole-R moiety. This finding is supported by resonance Raman studies that show enhancement of modes associated with the
triazole-R group. The complexes are weakly emissive at room temperature with quantum yields <10−3 and correspondingly short
excited-state lifetimes (τ < 20 ns). The electrochemistry of the complexes is defined by quasi-reversible Re oxidation and
irreversible triazole-based ligand reduction processes. The nitro-substituted complexes show additional nitrobenzene-type
reduction features. Consistent with the spectroscopic data, the positions of the oxidation and reduction processes are essentially
unaffected by the electronic nature of the 2-(4-R-1H-1,2,3-triazol-1-yl)pyridine substituent.

■ INTRODUCTION

There has been almost 40 years1 of intense interest in
complexes with the general formula fac-[Re(N∧N)(L)(CO)3]
(where N∧N is a neutral conjugated diimine ligand such as 2,2′-
bipyridine (bipy, 1; Figure 1) or 1,10-phenanthroline (phen, 1)
and L is an ancillary ligand) due to their rich photophysical

properties.2,3 Complexes of this type have been exploited as
components of luminescent4 and light-harvesting materials5

and as photocatalysts for the reduction of CO2.
6,7 A range of

luminescent sensors and metallosupramolecular architectures
have also been developed from the diimine rhenium(I)
tricarbonyl motif.8 Additionally, bioconjugated [Re(N∧N)(L)-
(CO)3] complexes have been examined as diagnostic imaging
and therapeutic agents.9 All these applications have made use of
substituted bipy or phen chelating units, but more recently, as
part of efforts to generate new photophysical properties,
rhenium(I) tricarbonyl complexes with other N∧N10 and
N∧C11 bidentate chelate ligands have been explored.
The 2-(1-R-1H-1,2,3-triazol-4-yl)pyridine (pytri-R, 2) and

[(4-R-1H-1,2,3-triazol-1-yl)methyl]pyridine (py(CH2)tri-R, 3)
“click” ligands have emerged as readily modified bipy and phen
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Figure 1. Bidentate N∧N chelators 2,2′-bipyridine (bipy, 1), 1,10-
phenanthroline (phen, 1), 2-(1-R-1H-1,2,3-triazol-4-yl)pyridines (2),
and [(4-R-1H-1,2,3-triazol-1-yl)methyl]pyridines (3).
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surrogates.12 These compounds are synthesized using the
functional group tolerant Cu(I)-catalyzed 1,3-cycloaddition of
organic azides with terminal alkynes (the CuAAC reaction),13

which enables the rapid generation of a wide range of
functionalized ligands. This has meant that complexes of
these ligands have been applied to the development of
electronic14,15 and luminescent16,17 materials, catalysts,18 and
metallo-pharmaceuticals.19

Several different research groups have synthesized [Re(pytri-
R)(CO)3Cl] complexes and examined their use for the
development of luminescent bioprobes.20,21 Building on that
work, we recently synthesized a family of electronically tuned
[Re(pytri-R)(CO)3Cl] complexes in an attempt to systemati-
cally modulate the photophysical properties of the fac-
Re(CO)3Cl motif.22 Interestingly, the MLCT transition energy
and the emission maxima were unaffected by the nature of the
R substituent on the 2-(1-R-1H-1,2,3-triazol-4-yl)pyridine
ligand, indicating that the 1,2,3-triazolyl unit was acting as an
electronic insulator. Here we have synthesized and charac-
terized an analogous series of electronically modified fac-
Re(CO)3Cl complexes of the “inverse” pyridyl-1,2,3-triazole
ligand 3 in order to examine whether the observed insulator
effect is dependent on the substitution pattern of the 1,2,3-
triazole unit. DFT calculations, UV−vis, Raman, and emission
spectroscopy, and cyclic voltammetry techniques were used to
examine the electronic structures of this series of complexes
and compare them to those of the analogous family
incorporating the regular “click” ligand 2.

■ RESULTS AND DISCUSSION
Ligand Synthesis and Characterization. The ligands

3a−f were synthesized in good to excellent yields (68−91%)
using the standard Fokin23 conditions (Scheme 1(i)) that we
have exploited previously for the synthesis of these and related
compounds.24−26 The new ligand 3e was characterized by
elemental analysis, HR-ESI-MS, IR, 1H and 13C NMR
spectroscopy, whereas the identity of the known ligands 3a−
d,f was confirmed by 1H NMR spectroscopy and HR-ESI-MS
(Supporting Information).27

Synthesis of Re(I) Complexes. The rhenium(I) com-
plexes were prepared using the method previously exploited to
synthesize the related 2-(1-R-1H-1,2,3-triazol-4-yl)pyridine fac-
[Re(CO)3Cl] complexes.21,22 One of the ligands (3a−f, 1
equiv) was added to a methanol solution of [Re(CO)5Cl] (1
equiv), and the resulting reaction mixture was heated at reflux
for 16 h (Scheme 1(ii)). The reaction mixtures were then
cooled to room temperature. In some cases this resulted in the
precipitation of the rhenium(I) complexes from solution. In
other cases the addition of diethyl ether or petroleum ether to
the reaction mixtures led to the precipitation of white-pale
yellow microcrystalline powders which were isolated by
filtration in excellent yields (72−95%). The complexes have
been characterized using elemental analysis, HR-ESI-MS, IR,
1H and 13C NMR spectroscopy (Supporting Information).
IR spectra of the isolated colorless solids show absorption

bands resulting from C−H stretching (3100−2900 cm−1) and
from the skeletal vibrations of the aromatic rings (1600−1400
cm−1), confirming the presence of the ligands in the isolated
materials. Additionally, three strong ν(CO) stretching bands
are observed in the region 2029−1882 cm−1, indicative of the
presence of the fac-[Re(CO)3Cl] core (Supporting Informa-
tion). Unequivocal proof of this facial ( fac) coordination
geometry was obtained from X-ray crystallography (vide infra).

The values of the ν(CO) stretching bands are very similar to
those observed for related fac-[(1 or 2)Re(CO)3Cl] complexes
(range 2029−1881 cm−1), suggesting that the strength of the
rhenium−ligand interaction in these complexes is compara-
ble.22,28 This is somewhat surprising, as it has been shown that
1 and 2 form more stable complexes than 3 with other metal
ions.24,29

Elemental analysis indicated that these bidentate “click”
ligands 3a−f formed rhenium(I) complexes with a 1:1
metal:ligand ratio. Consistently, the HR-ESI-MS spectra
(acetonitrile) of the complexes showed major ions due to
[(L)Re(CO)3Cl](Na)

+ and [(L)Re(CO)3]
+, which displayed

the expected Re185/187 isotope patterns (Supporting Informa-
tion).

1H NMR spectra of the rhenium(I) complexes 4a−e were
recorded at room temperature in d6-acetone (Figure 2 and
Supporting Information), and in general, the spectra show a
simple pattern containing one set of proton signals, suggesting
the quantitative formation of single metal containing species. In

Scheme 1. a

aLegend: (i) NaN3, CuSO4·5H2O or Cu(OAc)2, ascorbic acid,
Na2CO3, DMF/H2O (4:1), room temperature, 20 h; (ii) [Re-
(CO)5Cl], MeOH, 70 °C, 16 h.
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comparison with the spectra of the ligands 3a−f, the proton
signals of the corresponding rhenium(I) complexes are sharp
and shifted downfield, indicative of metal complexation in
solution. The large downfield shift of the pyridyl (Ha) and
triazole (He) proton signals indicates that the ligands are acting,
as expected, as bidentate chelates. Additionally, the two
methylene (Hd) protons of the [2-(4-R-1H-1,2,3-triazol-1-
yl)methyl]pyridine ligands, which are observed as a singlet in
the proton NMR of the free ligands, are split into two doublets
in the complexes. The observed AB coupling pattern (J = 15−
16 Hz) is due to geminal interactions between two inequivalent
protons and is also indicative of a bidentate coordination mode.
The complexes 4a−f are chiral and exist in solution as racemic
mixtures, except in the case of the steroid complex 4f. Because
the steroid substituent is also chiral, a ∼1:1 mixture of
diastereisomers is formed in this case, as shown by the 1H
NMR spectrum of 4f (Figure 2). Attempts to separate these
two isomers by chromatography were unsuccessful.
The molecular structures of the rhenium(I) complexes 4a,d,

and e (Figure 3, Table 1, and Supporting Information Table
S1) were unambiguously confirmed by X-ray crystallography.
X-ray-quality single crystals were obtained by vapor diffusion of
either methanol or diethyl ether into dilute acetone solutions of
the metal complexes. The Re(I) complexes formed with the
[(4-R-1H-1,2,3-triazol-1-yl)methyl]pyridine series of ligands all
crystallized in the triclinic space group P1 ̅. As expected, the
inverse click ligands are coordinated to the rhenium(I) center
in a bidentate fashion through the pyridyl and triazole nitrogen
atoms. A chloride and three carbonyl ligands are also bound to
the rhenium in the expected facial array, leading to a distorted-
octahedral coordination environment at the metal center. The
presence of a methylene spacer between the triazole and pyridyl
groups leads to the formation of a six-membered chelate ring,
and the bite angles of the ligands vary little, ranging from
81.98(8) to 83.5(3)°. The six-membered rings formed by
chelation of the ligand to the metal center adopt boat
conformations with the fold angles between the pyridyl and
triazole rings ranging from 111.09 to 114.22°. Altering the
substituent on the triazole ring has little effect on the metric
parameters of the rhenium complexes, suggesting that there is
very little electronic tuning of the ligand characteristics upon
side-arm substitution. In addition, the Npy−Re bonds
(2.198(5)−2.218(9) Å) are consistently longer than the
Ntrz−Re bonds (2.155(2)−2.180(7) Å); this behavior has

been observed in other metal complexes of these [(4-R-1H-
1,2,3-triazol-1-yl)methyl]pyridine ligands. A number of exper-
imental14,24,30 and theoretical studies have shown that the
related “regular” 2-(1-R-1H-1,2,3-triazol-4-yl)pyridine ligands
form more stable complexes than the [(4-R-1H-1,2,3-triazol-1-
yl)methyl]pyridine inverse “click” chelators. Interestingly, the
Re−N3trz and Re−N2trz bond lengths are remarkably similar
throughout the entire series of regular five-membered21,22 and
inverse six-membered [(N∧N)Re(CO)3Cl] “click” complexes
that have been studied (Supporting Information Table S2),
regardless of whether the triazole is coordinated to the Re
center through N2 or N3. Similar behavior has been observed
for Pd(II) complexes of these ligands.24

In the extended crystal structures the complexes 4a and d
form double-stranded supramolecular polymers that are held
together by C−H- - -Cl hydrogen bonds30,31 and either CH- π
or face-to-face π-stacking interactions (Figure 4 and Supporting
Information). In 4a the chloride of one complex hydrogen
bonds to the acidic methylene CH (Cl- - -H = 2.638(2) Å,

Figure 2. Partial 1H NMR spectra (400 MHz, d6-acetone, 298 K, 2
mM) of the ligand 3a and the rhenium(I) complexes 4a−f.

Figure 3. Molecular structures of (a) 4a, (b) 4d, and (c) 4e shown as
ORTEP diagrams. The thermal ellipsoids are shown at the 50%
probability level. Solvent molecules are omitted for clarity. The phenyl
substituent of 4a is disordered over two sites; only one orientation is
shown.
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Cl- - -C = 3.569(7) Å) on an adjacent complex, leading to the
formation of a single-stranded linear polymer. Two of these
strands interact through a face-to-face π-stacking interaction
(centroid−centroid distance 3.736 Å) between the phenyl
group and the 1,2,3-triazole units on adjacent complexes to
generate the double-stranded structure (Figure 4a and
Supporting Information). A similar hydrogen-bonding inter-
action (Cl- - -H = 2.593(2) Å, Cl- - -C = 3.53(7) Å) is found in
4d; these linear strands interact with a neighboring polymer
through CH−π interactions between the benzyl substituent
methylene hydrogens and the phenyl unit of the adjacent
complex (CH−centroid distances 3.032 and 3.122 Å) (Figure
4b and Supporting Information). The caffeine-substituted
complex 4e adopts a different supramolecular structure; the
individual complexes fold into a U-shaped conformation and
two complexes interact through C−H- - -O hydrogen bonds
(O- - -H = 2.358(2), O- - -C = 3.124(7) Å) between a carbonyl
of the caffeine substituent and an acidic CH on the pyridyl ring.
This interaction generates a supramolecular cage that is filled
with two acetone solvent molecules. The cages form a slipped
stacked polymer through face-to-face π-stacking interactions
(centroid−centroid distance 3.381 Å) between the caffeine
groups (Figure 4c and Supporting Information).
Photophysical Properties and DFT Calculations. A

number of spectroscopic and computational methods were
used to investigate the electronic structure of 4a−f. Density
functional theory (DFT) and time-dependent (TD) DFT
calculations were performed using the B3LYP and CAM-
B3LYP functionals (respectively) and 6-31G(d) and
LANL2DZ basis sets for small atoms and Re, respectively.
These calculations were checked for accuracy by comparison to
X-ray crystallographic data obtained for 4a,d and e (Table 1).
The experimental values of a number of coordinating bonds
and angles are tabulated and show good agreement with those

obtained from calculations, with bond lengths differing by less
than 0.1 Å and angles by 7° or less.32

In addition to comparing experimental and calculated
structures, vibrational spectra were also examined. In an effort
to quantify how well the experimental and simulated spectra
match, the mean absolute deviations (MAD) of analogous
bands between 400 and 1650 cm−1 were calculated. A MAD of
10 cm−1 or less is considered to indicate that the computational
modeling is accurate enough to use for prediction of less easily
measured, electronic properties.32−34 Figure 5 shows a typical
comparison for 4b in which a MAD of 7 cm−1 was found. The
other complexes were calculated as having MADs of 10, 9, 9,
10, and 10 for 4a,c−f, respectively.
The electronic absorption spectra of 4a−f are shown in

Figure 6. These show a strong band at ∼250 nm and a weaker
one at ∼290 nm, except in the case of 4b. The 4-nitrophenyl-
substituted complex 4b also shows these transitions; however,
the 250 nm band is shifted to ∼275 nm (along with 4e) in
addition to displaying a different intensity profile. The
calculated TD-DFT results are summarized and compared to
experiment in Table 2, including a comparison of electron
transition density changes. TD-DFT predicts that the lower
energy band of all complexes (except 4b), at around 290 nm
and predicted at ∼330 nm, is MLCT in nature with most of the
electron density based on the pyridine section of the ligand
(Figure 7). In fact, all predicted transitions for 4d and f are
MLCT in nature. The remaining complexes’ higher energy
transition, observed at around 255 nm and calculated at 240
nm, is predicted to be more π−π* in nature and centered on
the R substituent. However, a reasonable amount of MLCT
character is still observed. These assignments for the two major
transitions are in agreement with those found for a similar
series of complexes based on the ligand 2.22 Similarly to the
previous study, neither the experimental nor the calculated
transitions show significant shifts with differing substituents,

Table 1. Selected Bond Lengths (Å) and Angles (deg) of the Rhenium(I) Inverse “Click” Complexesa

4a 4d 4e

Bond Lengths (Å)
Re(1)−N(1) 2.198(5), 2.291 2.218(9), 2.272 2.214(2), 2.271
Re(1)−N(3) 2.164(5), 2.215 2.180(7), 2.205 2.155(2), 2.207
Re(1)−C(21) 1.896(8), 1.926 1.940(11), 1.931 1.921(3), 1.930
Re(1)−C(22) 1.921(8), 1.922 1.945(10), 1.925 1.921(3), 1.926
Re(1)−C(23) 1.907(8), 1.915 1.922(11), 1.914 1.925(3), 1.914
Re(1)−Cl(1) 2.4741(18), 2.540 2.481(3), 2.513 2.4791(7), 2.513

Bond Angles (deg)
N(1)−Re(1)−N(3) 82.88(19), 82.6 83.5(3), 82.6 81.98(8), 82.3
N(1)−Re(1)−C(21) 172.7(3), 175.0 174.2(4), 171.8 172.12(10), 171.8
N(1)−Re(1)−C(22) 94.5(3), 94.1 95.0(4), 94.1 95.97(10), 94.2
N(1)−Re(1)−C(23) 97.0(3), 90.9 95.5(4), 94.9 93.81(10), 94.9
N(1)−Re(1)−Cl(1) 83.16(13), 86.9 83.5(2), 81.7 84.50(6), 82.0
N(3)−Re(1)−C(21) 92.7(3), 92.8 92.8(4), 92.3 93.32(10), 92.5
N(3)−Re(1)−C(22) 175.2(2), 176.0 178.3(4), 174.9 177.11(10), 174.8
N(3)−Re(1)−C(23) 95.4(3), 90.4 92.9(4), 93.1 94.37(11), 93.2
N(3)−Re(1)−Cl(1) 85.36(14), 87.7 83.8(2), 85.2 83.68(6), 85.3
C(21)−Re(1)−Cl(1) 90.7(3), 90.7 91.7(3), 91.5 88.71(9), 91.3
C(21)−Re(1)−C(22) 89.5(3), 90.1 88.8(4), 90.4 88.49(12), 90.4
C(21)−Re(1)−C(23) 89.2(4), 91.2 89.1(4), 91.6 92.85(12), 91.6
C(22)−Re(1)−Cl(1) 90.4(2), 89.7 96.7(3), 90.4 94.12(9), 90.3
C(22)−Re(1)−C(23) 88.8(3), 92.0 86.5(4), 90.9 87.78(12), 90.9
C(23)−Re(1)−Cl(1) 179.3(2), 177.3 176.7(3), 176.5 177.58(9), 176.8

aCalculated values (DFT, B3LYP) are shown in boldface.
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except in the case of 4b. Compound 4f displays an extra
shoulder transition at 287 nm, which TD-DFT predicts to be of
MLCT character.
The 4-nitrophenyl-substituted complex 4b is the only

material reported here with a significantly different electronic
absorption spectrum. TD-DFT is consistent with this finding
and predicts that the lower energy band at 302 nm (predicted
at 282 nm) involves a donor molecular orbital (MO) spread
over the metal center and an acceptor MO based on the 4-
nitrophenyl (Figure 8). The higher energy transition at 271 nm,
predicted at 288 nm, is similar in nature but with an additional
small contribution from the R substituent to the donor orbital.
This is not inconsistent with the other complexes, just with a
smaller −R contribution.

The nature of electronic transitions can also be probed by the
use of resonance Raman spectroscopy. This technique involves
exciting the sample with a laser wavelength that is coincident
with the electronic transition. Raman band intensities are
enhanced by up to 106 depending on the nature of the
vibration; that is, modes that mimic the electronic transition
undergo enhancement.3,33,35 Using the pattern of Raman band
enhancements in concert with knowledge of the nature of the
vibrational modes, gained from DFT frequency calculations, we
can probe the electronic transitions. Resonance Raman spectra
using 350.7 nm excitation showed limited enhancement of a
few modes for 4b and c; no usable spectra could be obtained
for the other complexes (Figure 9). It is possible to use the
enhancement patterns to ascertain if the MLCT transition is
polarized on either the pyridine or triazole moiety. This can be

Figure 4. Mercury diagrams showing the extended packing present in
the solid-state structures of (a) 4a, (b) 4d, and (c) 4e. Color scheme:
gray, carbon; blue, nitrogen; teal, rhenium; red, oxygen; white,
hydrogen.

Figure 5. Comparison of simulated (upper, blue trace) Raman
spectrum of 4b with the experimental FT-Raman spectrum (lower,
black trace).

Figure 6. Electronic absorption spectra of 4a−f obtained at 10−5 M
concentrations in CH3CN.
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achieved because the polarization or asymmetry of the acceptor
MO preferentially enhances bands associated with the LUMO.
For example analysis of the nature of the enhanced Raman
bands36 has been previously used to establish that the MLCT

transition of [Ru(pypz)3]
2+ (where pypz is 2-(2-pyridyl)-

pyrazine) is polarized to the pyrazine, as evidenced by the
enhancement of pyrazine over pyridine bands in the resonance
Raman spectrum.37 In a study of Re(CO)3Cl(dppz-11-CO2Et)
(dppz is dipyrido[3,2-a:2′,3′-c]phenazine) the enhancement of
the ester CO band was indicative of an MLCT state with
delocalized ligand π* character38the unsubstituted ligand

Table 2. Comparison of Experimental Electronic Absorption Data with TD-DFT Calculations for 4a−f

exptl calcda electron transition density changeb (%)

compd λ/nm
ε/L M‑1

cm‑1
λ/
nm F confign (coeff) Re(CO)3Cl pyridine

triazole−
CH2 −R

4a 251 24100 236 0.235 H-4 → L+3 (0.17), H-3 → L+3 (0.18), H → L+3
(0.14)

42 → 7
(−35)

1 → 23
(22)

12 → 22
(10)

46 → 48
(2)

286 (sh) 10000 332 0.0391 H-1 → L (0.82), H → L (0.10) 96 → 5
(−91)

2 → 88
(86)

2 → 7 (5) 1 → 0 (−1)

4b 271 (sh) 21500 259 0.2849 H-6 → L (0.15), H-5 → L (0.14), H-3 → L (0.36),
H-1 → L (0.11)

49 → 1
(−48)

1 → 2 (1) 14 → 11
(−3)

36 → 87
(51)

302 22800 282 0.2203 H-3 → L (0.10), H-1 → L (0.50), H-1 → L+6
(0.14), H → L (0.10)

87 → 14
(−73)

1 → 2 (1) 7 → 10 (3) 5 → 74
(69)

4c 258 34400 242 0.4691 H-2 → L+3 (0.31), H → L+3 (0.24) 48 → 5
(−43)

0 → 16
(16)

11 → 33
(22)

41 → 46
(5)

301 (sh) 11500 332 0.0403 H-1 → L (0.66), H → L (0.22) 89 → 5
(−84)

1 → 88
(87)

3 → 6 (3) 6 → 0 (−6)

4d 254 13100 243 0.0807 H-4 → L (0.61) 90 → 10
(−80)

9 → 75
(66)

1 → 13
(12)

0 → 1 (1)

289 (sh) 6600 329 0.0259 H-1 → L (0.93) 98 → 5
(−93)

1 → 87
(86)

0 → 7 (7) 0 → 0 (0)

4e 266 21500 246 0.1239 H-3 → L+2 (0.88) 4 → 4 (0) 0 → 0 (0) 1 → 2 (1) 95 → 93
(−2)

299 (sh) 7400 329 0.0357 H-1 → L (0.89) 95 → 5
(−90)

2 → 89
(87)

3 → 5 (2) 0 → 0 (0)

4f 254 14000 233 0.0371 H-6 → L (0.38), H-5 → L (0.24), H-3 → L+1
(0.12)

78 → 5
(−73)

10 → 86
(76)

7 → 8 (1) 6 → 0 (−6)

287 (sh) 8800 294 0.0283 H-3 → L (0.43), H → L+2 (0.16), H → L+3 (0.10) 97 → 24
(−73)

1 → 55
(54)

2 → 20
(18)

0 → 1 (1)

298 (sh) 6600 333 0.0361 H-1 → L (0.92) 95 → 5
(−90)

2 → 90
(88)

3 → 5 (2) 0 → 0 (0)

aObtained via TD-DFT utilizing the CAM-B3LYP functional. bChanges in the wave function amplitude with transition for the optical electron.

Figure 7. Molecular orbital diagrams for complex 4a. Orbitals on the
left-hand side are the major MOs involved in the 286 nm transition,
while orbitals on the right-hand side show the major contributors to
the 251 nm transition.

Figure 8. Molecular orbital diagrams for the transition at 302 nm in
complex 4b.

Figure 9. Resonance Raman spectra of 4b and c obtained in CH3CN
at 10−3 M concentrations using 350.7 nm excitation.
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shows enhancement of only the phen-based modes due to the
localized electronic structure present in dppz complexes.39

The bands that show enhancement in the resonance Raman
spectrum of 4b are based on the triazole and 4-nitrophenyl
moieties. This is consistent with the nature of the probed
transition, shown in Figure 8. The modes at 854, 976, 1111,
1349, and 1490 cm−1 are all of this nature, and Figure 10a
shows the band at 1349 cm−1 as an example. Along with these
modes the band at 2032 cm−1 is a carbonyl stretch and that at
1612 cm−1 is more pyridine based (Figure 10b).

Despite the poor enhancement seen in the resonance Raman
spectrum of 4c, we observe a carbonyl stretch at 2035 cm−1,
confirming the MLCT nature of the electronic transition. The
other bands at 976, 1032, 1180, 1256, 1314, 1564, and 1620
cm−1 are characterized as delocalized over the ligand and R
group and as such are less informative as to the nature of the
acceptor MO. In view of the poor resonance from the lower
energy transitions for these samples at this excitation
wavelength, preresonance Raman cannot be discounted. This
would enhance modes that mimic the strong UV transitions
which are π−π* in nature, enhancement of delocalised modes is
not inconsistent with this finding.
Excited State Spectroscopy. Table 3 includes the

emission data for 4a,c−f. Complex 4b, the 4-nitrophenyl-

substituted species, does not show any emission, which is
consistent with the significantly shorter lifetimes observed for
analogous 4-nitrophenyl-substituted complexes based on the
ligand 2.22 The emission band shows very little change with
differing R group, with λem falling between 520 and 538 nm. 4c
also displays a second emission band at 419 nm. Lifetimes are
very short, between 10 and 17 ns, and do not appear to be
significantly affected by substituent. Finally, the quantum yields
of 4a,c−f are extremely weak, in the range (1.3−8.3) × 10−4.
These quantum yields are 2 orders of magnitude lower than
those of the 2-based analogues22 and 1 order of magnitude less
than those of the 2-based tridentate analogues.20 Despite the
modest quantum yields of all complexes reported here, we do
observe that the material with the bulkiest group (4f) exhibits
the greatest quantum yield, which is not inconsistent with the
literature.17

The observed fluorescence quantum yields and lifetimes are
smaller than those for analogous complexes based on the 2
ligand.22 This is consistent with a study performed by
Thummel et al.40 on a series of 2-(2′-pyridyl)indoles
incorporating 3,3′-methylene, 3,3′-dimethylene, 3,3′-trimethy-
lene, and 3,3′-tetramethylene groups. It was reported that, as
the length of the 3,3′-group increases, the extra flexibility
correlates to a decrease in quantum yield and excited-state
lifetime. This is the same trend observed for complexes with the
ligand 2 in comparison to the more flexible ligand of type 4.11

Electrochemistry. The electrochemistry of the rhenium
compounds 4a−f in CH2Cl2 solution was probed with cyclic
voltammetry using Bu4NPF6 as supporting electrolyte. Data are
presented in Table 4 and a representative voltammogram, that
of 4a, in Figure 11. An internal decamethylferrocene (Fc*)+/0

reference standard was used, under which conditions
E°([FcH]+/0) = 0.55 V.41 At first glance the electrochemical
behavior of 4a−f resembles that of the rhenium triazoles
previously reported by this group22 with Re oxidation and
ligand reduction processes at opposite extremes of the solvent
window. Closer examination, however, reveals a key difference
for 4a−e. For these samples the ReI/ReII couple now gives rise
to a quasi-reversible feature at ca. 1.5 V. Variation of E° with
differing triazole ligand substituents are within or close to the
experimental error. The literature contains many reports of the
electrochemistry of rhenium tricarbonyl diimine halide
complexes.3,7,42 This previous work, however, has concentrated
on systems in which the ligand generates a five-membered Re−
chelate ring, and for the most part43 these characteristically
display an irreversible ReI/ReII oxidation. The increased
reversibility we observe for this process in 4a−e is presumably
the result of greater stabilization of the ReII oxidation state
provided by the six-membered chelate ring, although electronic
effects may play some part. The six-membered ring

Figure 10. Vibrational mode diagrams of complex 4b showing (a) the
mode at 1349 cm−1 and (b) the mode at 1612 cm−1.

Table 3. Emission Maxima, Obtained in CH3CN at 350.7 nm
Excitation, and Emission Lifetimes, Obtained in CH3CN at
354.7 nm, of 4a,c−f at Room Temperature

complex λem/nm τem
a/ns Φ × 10−4 kr × 104/s‑1 knr × 107

4a 538 15 4.3 2.8 7.7
4c 419 10 1.3 1.3 10.0

524 13 1.3 1.0 7.7
4d 537 17 2.0 1.2 5.9
4e 526 13 2.1 1.6 7.7
4f 520 13 8.3 6.4 7.7

a±10%.

Table 4. Electrochemical Data for 4a−fa

compd Epc(triazole)/V Epc(nitrobenzene)/V E°(nitrobenzene)/V E°(Re)/V

4a −1.75 1.50
4b −1.63 −0.94 1.54
4c −1.74 1.49
4d −1.77 1.50
4e −1.70 1.54
4f −1.75 1.54 (Epa)
3b −1.7 −0.97

aConditions: 1 × 10−3 M in CH2Cl2 solution, 0.1 M Bu4NPF6, referenced with internal [Fc*]+/0 = 0.00 V.
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configuration is uncommon but, where reported, gives rise to a
similar quasi-reversible ReI/ReII feature.44 Why the steroid
analogue 4f should behave differently and exhibit an irreversible
Re oxidation process is unknown, but this could be connected
to the presence of the OH functionality in the substituent.
The cathodic electrochemistry is similar to that of the

rhenium triazole systems previously presented.22 With the
exception of the nitro-substituted compound 4b, the
voltammograms of the diimine complexes are characterized
by an irreversible ligand-based reduction wave. This occurs at
ca. −1.7 V, and the reversibility does not improve with
increased scan rate. Variations of Epc with the differing triazole
ligand substituents are within or close to the experimental error.
The reduction scan of the nitro-substituted compound 4b

closely resembles that of the uncoordinated ligand (3b, Table
4) and those of nitrobenzyl and nitrophenyl compounds we
have previously reported.22 The triazole reduction process falls
outside the swept potential range. Observed instead is
electrochemical behavior characteristic of the nitrobenzene
fragment,45 a reversible one-electron reduction to a stable
radical anion, followed by irreversible processes.

■ CONCLUSIONS
A series of electronically tuned fac-Re(CO)3Cl inverse pyridyl-
1,2,3-triazole complexes have been synthesized in good to
excellent yields (72−95%) by refluxing methanol solutions of
[Re(CO)5Cl] and the substituted [2-(4-R-1H-1,2,3-triazol-1-
yl)methyl]pyridine ligands (py(CH2)tri-R). The resulting
rhenium(I) complexes were characterized by elemental analysis,
HR-ESI-MS, and IR and 1H and 13C NMR spectroscopy.
Additionally, the molecular structures of three of the complexes
were confirmed using X-ray crystallography. A systematic
spectroscopic and computational study of the family of
complexes 4a−f gave information on their electronic structure.
It was found that the lowest energy transition is MLCT in
nature, with the acceptor orbitals being located on the pyridine
section of the ligand; consistent with this polarization of charge,
the substituents appear to have little effect on the electronic
properties. Furthermore, except in the case of the nitro complex

4b, the effect of changing the −R group was found to be
minimal with respect to the absorption spectra and emission
maxima and the electrochemical oxidation and reduction
processes. This indicates that, similarly to complexes with
ligand 2, the 1,2,3-triazolyl unit acts as an insulating unit. The
compounds are weakly emissive, with short lifetimes (τ < 20
ns) in solution at room temperature. This behavior is consistent
with the greater flexibility in the ligand that facilitates
nonradiative decay. The functional group tolerance of the
CuAAC methodology used to generate the bidentate [2-(4-R-
1H-1,2,3-triazol-1-yl)methyl]pyridine “click” ligands should
enable a wide range of functionalized complexes to be readily
synthesized without affecting the intrinsic photophysical
properties of the complexes. This property could potentially
be useful in tuning the solubility of new optical materials
without altering the electronic properties.

■ EXPERIMENTAL SECTION
Unless otherwise stated, all reagents were purchased from commercial
sources and used without further purification. Petrol refers to the
fraction of petroleum ether boiling in the range 40−60 °C. Reactions
were followed by TLC on aluminum-backed silica gel 60 F254 sheets
from E. Merck, visualized under UV light. Column chromatography
was performed using Scharlau silica gel 60, 0.04−0.06 mm, 230−400
mesh. All melting points were determined using a Sanyo Gallenkamp
apparatus and are uncorrected. 1H and 13C NMR spectra were
recorded on either a 400 MHz Varian 400 MR or a Varian 500 MHz
VNMRS spectrometer at 298 K. Chemical shifts are reported in parts
per million and referenced to residual solvent peaks (CDCl3,

1H δ 7.26
ppm, 13C δ 77.16 ppm; d6-acetone,

1H 2.05 ppm, 13C 29.84, 206.26
ppm; CD3CN,

1H δ 1.94 ppm, 13C δ 1.32, 118.26 ppm; d6-DMSO, 1H
2.50 ppm, 13C 35.52 ppm). Despite extended acquisition times, it was
not possible to observe the carbonyl carbon peaks in the 13C NMR
spectra. Coupling constants (J) are reported in hertz (Hz). Standard
abbreviations indicating multiplicity were used as follows: m =
multiplet, quint = quintet, q = quartet, t = triplet, d = doublet, s =
singlet, br = broad. IR spectra were recorded on a Bruker ALPHA FT-
IR spectrometer with an attached ALPHA-P ATR measurement
module. Microanalyses were performed at the Campbell Micro-
analytical Laboratory at the University of Otago. Electrospray mass
spectra (ESI-MS) were collected on a Bruker micro-TOF-Q
spectrometer. UV−visible absorption spectra were acquired with a
Perkin-Elmer Lambda-950 spectrophotometer or Jasco V-550
spectrophotometer. Cyclic voltammetric experiments in CH2Cl2
were performed at 20 °C on solutions degassed with argon. A three-
electrode cell was used with Cypress Systems 1.4 mm diameter glassy-
carbon working, Ag/AgCl reference, and platinum-wire auxiliary
electrodes. The solution was ∼10−3 M in electroactive material and
contained 0.1 M Bu4NPF6 as the supporting electrolyte. Voltammo-
grams were recorded with the aid of a Powerlab/4sp computer-
controlled potentiostat. Potentials are referenced to the reversible
formal potential (taken as E° = 0.00 V) for the decamethylferrocene
[Fc*]+/0 process.46 Under the same conditions, E° calculated for
[FcH]+/0 was 0.55 V.41 The ligands 3a,26 3d,26 and 3f24 were prepared
using our previously reported methods. 2-Propyn-1-ylxanthine was
prepared using the reported literature method.47

General Synthetic Procedure for the Re(I) Complexes.
[Re(CO)5Cl] (1.0 equiv) and one of the ligands 3a−f (1.0 equiv)
were dissolved in methanol (30−50 mL) and heated at reflux for 16 h.
The volume of solvent was reduced by half using rotary evaporation,
and then the solution was cooled to 4 °C in the refrigerator for 16 h.
The resulting colorless solid was isolated by filtration and washed with
petroleum ether to give the complexes 4a−f (72−95%).

Figure 11. Cyclic voltammogram for 4a at 100 mV s−1 (1 × 10−3 M in
CH2Cl2 solution, 0.1 M Bu4NPF6, window referenced with equimolar
[Fc*]+/0).
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