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a b s t r a c t

A series of dirhenium carbonyl compounds containing p-conjugated diyne ligands and symmetrical 2,5-
bis(aryl)rhenacyclopentadienes has been synthesized by reaction of [Re2(CO)8(CH3CN)2] and 1,8-
bis(aryl)-1,7-octadiyne derivatives [aryl¼ 2-thienyl (a), 2-pyridyl (b), 2-quinolyl (c) and 9-
phenanthrenyl (d)]. We found that diyne ligands undergo coordination to the labile rhenium dinuclear
in bridging or chelate modes, however, the formation of metallacyclopentadiene complexes was favor-
ably observed. All products were fully characterized by IR, NMR, ESI-MS, UVeVis and fluorescence
spectroscopy. Single-crystal structures of three new 2,5-bis(aryl)rhenacyclopentadienes [Re2(CO)7(m-
h1:h1:h2:h2-C16H14S2)] (1a), [Re2(CO)6(CH3CN)(m-h1:h1:h2:h2-C16H14S2)] (2a) and [Re2(CO)6(CH3CN)(m-
h1:h1:h2:h2-C26H20N2)] (2c) are described. DFT calculations were used to evaluate the proposed geom-
etries for the two h2:h2-diyne complexes [Re2(CO)6(CH3CN)2(m-h

2:h2-C18H16N2)] (3b), [Re2(CO)6
(CH3CN)2(h2:h2-C26H20N2)] (4c), and the rhenacyclopentadiene [Re2(CO)6(CH3CN)(m-h1:h1:h2:h2-
C36H26)] (2d). The photophysical properties of all complexes were assessed, in that they exhibited
fluorescence between 408 and 599 nm with quantum yields of Ff¼ 0.02e0.09. An exceptional fluores-
cence quantum yield of Ff¼ 0.64 was found for [Re2(CO)6(CH3CN)2(h2:h2-C26H20N2)] (4c), which has
been attributed to its rigid chelate structure. This work represents the second example of fluorescent 2,5-
bis(aryl)rhenaclyclopendadienes reported up to date.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

peConjugated systems have been of interest for many scientists
owing to their numerous applications in the field of material sci-
ence, involving photochemical and photobiological processes
[1e10]. peConjugated diynes have been useful building blocks for
industrial intermediates and starting materials in the synthesis of
conjugated polymers, liquid crystals, molecular wires, nonlinear
optic materials, natural products, pharmaceutical and bioactive
compounds, among others [11e20].

In organometallic chemistry, diynic compounds offer a number
of coordinationmodes and reactivity patterns with transitionmetal
carbonyls [21e28] that often result in h2-alkyne complexes or
interesting metallacyclic compounds, such as metal-
lacyclopentadienes [19,29e35]. Since the first metal-
lacyclopentadiene was successfully synthesized in 1958 [36], they
have received considerable attention because of its unique metal-
lacyclic structure [37e42], and different synthetic methods have
been reported [27,34,37,43e49]. They are well-known as in-
termediates in a diversity catalytic cyclotrimerization reactions
[39,48], but very little have been reported about the photophysical
properties of substituted metallacyclopentadienes [44,50e55].

In 2001, Marder and co-workers successfully developed a high-
yield one-pot synthesis of luminescent 2,5-bis(arylethynyl)rhoda-
cyclopentadienes by reductive coupling of 1,4-diarylbuta-1,3-
diynes, and since then, a variety of 1,4-bis(p-R-phenyl)-1,3-
butadiynes and 1,8-bis(p-R-phenyl)-1,7-octadiynes have been
used to develop a family of this class of rhodacyclopentadienes
[55e57]. Depending on the aryl substituents, these 2,5-
bis(arylethynyl)rhodacyclopentadienes can exhibit fluorescence
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with quantum yields of Ff¼ 0.01e0.69 [53,56,57]. Likewise, 2,5-
bis(p-MeO2C�C6H4�C≡C)iridacyclopenta-2,4-diene was also re-
ported, this metallacycle displays fluorescence with Ff¼ 0.08 and
no visible phosphorescence, despite of the presence of the heavy
atom [53].

Herein, we have studied the reaction of [Re2(CO)8(CH3CN)2]
with four 1,8-bis(aryl)-1,7-octadiyne derivatives [aryl¼ 2-thienyl
(a), 2-pyridyl (b), 2-quinolyl (c) and 9-phenanthrenyl (d)] for the
preparation of 2,5-bis(aryl)rhenacyclopentadienes and h2:h2-diyne
complexes. Their spectroscopy characterization and photophysical
properties are described.
2. Results and discussion

2.1. Synthesis and characterization

All dirhenium carbonyl complexes were synthesized by thermal
treatment of [Re2(CO)8(CH3CN)2] with the corresponding diyne
derivative [1,8-bis(2-thienyl)octa-1,7-diyne (a), 1,8-bis(2-pyridyl)
octa-1,7-diyne (b), 1,8-bis(2-quinolyl)octa-1,7-diyne (c) and 1,8-
bis(9-phenanthrenyl)octa-1,7-diyne (d)] in refluxing cyclohexane
(Scheme 1). In general, we have found that rhenacyclopentadienes
were predominantly obtained. Bridging and chelate coordination
modes were only observed with 1,8-bis(2-pyridyl)octa-1,7-diyne
and 1,8-bis(2-quinolyl)octa-1,7-diyne, respectively. The chelate
complex was found to be an intermediate for the formation of
corresponding rhenacyclopentadiene.

Reaction of [Re2(CO)8(CH3CN)2] with 1,8-bis(2-thienyl)octa-1,7-
diyne (a) gave two dinuclear compounds, characterized as
[Re2(CO)7(m-h1:h1:h2:h2-C16H14S2)] (1a) and [Re2(CO)6(CH3CN)(m-
h1:h1:h2:h2-C16H14S2)] (2a), where 1awas formed by carbonylation
of 2b (exchange of an acetonitrile by a CO ligand).

The carbonyl stretching region in the infrared spectrum for
compound 1a was very similar to that found for related rhenium
complexes [29,31,33]. In the 1H NMR spectrum, the thienyl protons
were like the corresponding ones in the free ligand, while the CH2
protons were no longer found to be chemically equivalent. The 13C
{1H} NMR spectrum showed equally shifted acetylenic carbons to
downfield with respect to the free ligand, due to symmetric coor-
dination of 1,8-bis(2-thienyl)octa-1,7-diyne through both C≡C
bonds. The MS spectrum of 1a displayed a peak at m/z 838.84,
which matches with the molecular ion [MþH]þ ¼ [Re2(CO)7
(C16H14S2)]þ. The observed isotopic pattern (187Re-185Re,
185Re-185Re and 187Re-187Re; m/z 836.82, 838.84 and 840.83
respectively) was characteristic of rhenium dinuclear complexes
[58] The molecular structure of 1awas established by single-crystal
XRD after slow-evaporation recrystallization in cyclohexane/
Scheme 1. Reaction of [Re2(CO)8(CH3CN)
dichloromethane mixture (Fig. 1, Table 1). The molecular structure
clearly showed a rhenacyclopentadiene unit that is ɳ2:ɳ2-coordi-
nated to a second rhenium atom. Three CO ligands are attached to
Re1 and four CO ligands to Re2. The diyne ligand is behaving as a
six-electron donor, and each rhenium atom has the optimal 18-
valence electron configuration. The ReeC and CeC bond lengths
of the rhenacyclopentadiene ring [Re1eC14¼ 2.218(4);
Re1eC15¼ 2.207(4); C14eC8¼ 1.413(5); C8eC9¼1.473(4);
C9eC15¼1.405(5)] are very similar to those reported for analogue
complexes [29,31,33]. The ReeRe distance is 2.8821(3) Å, compa-
rable to ReeRe distance values for dinuclear rhenium complexes
[29,31,33].

2a displayed a characteristic IR spectrum of hexacarbonyl
dinuclear compounds [59e61]. Its 1H NMR spectrum did not show
significant differences in comparison to the free ligand, except for
the CH2 protons that were no longer symmetrical. In the 13C{1H}
NMR spectrum, the signals assigned to the acetylenic groups are
notably downfield shifted, which was indicative of coordination to
a metal center as found for 1a. NMR spectra also revealed the
presence of one acetonitrile ligand. The mass spectrum showed a
peak at m/z 712.82 corresponding to the molecular ion
[Me(CO)5 þ H]þ (M¼ Re2C24H17S2O6N). Fortunately, we were able
to confirm the structure of 2a by single crystal XRD analysis (Fig. 1,
Table 1). The solid-state structure of 2a revealed a rhenacyclo-
pentadiene complex, which is also ɳ2:ɳ2coordinated to a second Re
atom as described for 1a. In contrast to 1a, an acetonitrile molecule
is binding to Re(1) and each rhenium atom has three CO ligands.
The ReeC and CeC distances of the metallacyclopentadiene ring
[Re1eC14¼ 2.186(2); Re1eC15¼ 2.188(2); C14eC8¼ 1.401(3);
C8eC9¼1.466(4); C9eC15¼1.404(3)] and ReeRe bond [2.8538(4)
Å] are close to those found for 1a and related compounds [29,31,33].

DFT calculations were used to investigate the geometries ob-
tained by single crystal XRD analysis of 1a and 2a. As shown in
Figure S1, the superposition of the calculated and experimental
structures is in very good agreement. The root-mean-square devi-
ation (RMSD) for 1a is 0.353 Å when all atoms are considered and
0.168 Å when only the rhenium centers and their bonded atoms are
considered. For 2a, RMSD is 0.477 Å (all atoms) and 0.142 Å
(rhenium centers and their bonded atoms). The main differences
between calculated and experimental geometries were the con-
formations of the thienyl groups, since the DFT calculations were
performed under vacuum conditions without taking into account
the packing effects present in the crystals.

The main product from the reaction of [Re2(CO)8(CH3CN)2] and
1,8-bis(2-pyridyl)octa-1,7-diyne (b) was characterized as
[Re2(CO)6(CH3CN)2(m-h2:h2-C18H16N2)] (3b). Its IR spectrum was
very similar to that found for 2a and related hexacarbonyl dinuclear
2] with p-conjugated 1,7-octadiynes.



Fig. 1. Molecular structures of complexes a) 1a, b) 2a and c) 2c obtained by single crystal XRD. Details of Re1 and Re2 coordination environments are presented for each complex.
Atomic displacement ellipsoids are at the 50% probability level and hydrogen atoms were omitted for clarity.

Table 1
Crystallographic data for complexes 1a, 2a and 2c.

1a 2a 2c

Chemical formula C23H14O7Re2S2 C24H17NO6Re2S2 C34H23N3O6Re2$0.4(C6H12)
Molecular weight (g mol�1) 838.86 851.90 975.61
Temperature (K) 150 150 150
Wavelength (Å) Mo Ka 0.71073 Mo Ka 0.71073 Mo Ka 0.71073
Crystal system Monoclinic Monoclinic Monoclinic
Space group Cc P21/n C2/c
a (Å) 9.4716(6) 11.7926(10) 34.655(2)
b (Å) 15.9487(11) 13.1044(11) 8.3341(5)
c (Å) 15.5891(13) 16.8730(15) 26.0969(16)
b (�) 95.693(2) 101.444(2) 99.325(1)
V (Å3) 2343.3(3) 2555.6(4) 7437.7(8)
Z 4 4 8
rcalcd. (g cm�3) 2.378 2.214 1.743
F(000) 1560 1592 3722
m (mm�1) 10.54 9.67 6.55
q range (�) 2.5e28.3 2.5e27.4 2.4e27.1
Reflections collected/independent 16,517/5542 54,743/5828 48,730/8208
Rint 0.017 0.030 0.056
Data/restraints/parameters 5542/142/363 5828/105/382 8208/66/474
R[F2> 2s(F2)], wR(F2) 0.011, 0.022 0.014, 0.030 0.032, 0.066
Diff. peak and hole (e Å�3) 0.45, �0.44 0.91, �0.38 0.78, �0.80
Goodness-of-fit on F2 0.77 1.03 1.05
Flack parameter 0.005(3)
CCDC number 1831209 1831210 1831211
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complexes previously reported [59e61]. The simplicity of the 1H
and 13C{1H} NMR spectra suggested a symmetric coordination of
diyne ligand with inequivalence of the CH2 protons. A significant
shift of the acetylenic carbons to downfield was observed in the 13C
{1H} NMR spectrum, indicating the coordination by the triple
bonds. Two acetonitrile molecules are also evidenced by NMR data.
The MS spectrum of 3b displayed a peak at m/z 836.31 corre-
sponding to the molecular ion [Me(CH3CN)2 þ Cl]-

(M¼ Re2C26H19O6N3), consistent with the proposed complex. The
isotopic contributions 185Re-187Re-35Cl,187Re-187Re-35Cl and
187Re-187Re-37Cl (m/z 836.31, 838.30 and 840.23 respectively) were
similar to the observed for [Re2(O2C2H3)2Cl4$2H2O] [62]. Unfortu-
nately, we were unable to obtain suitable crystals of 3b for XRD
analysis. However, based on the NMR, IR andMS data, we proposed
[Re2(CO)6(CH3CN)2(m-h2:h2-C18H16N2)] as the molecular structure
of 3b (Scheme 1). DFT calculations were carried out to investigate
the proposed geometry and its relative stability. The optimized
structure was in good agreement with our estimations (Fig. 2),
indicating that a m-h2:h2-coordination is possible with two aceto-
nitrile molecules in equatorial positions. The coordination of both
acetylenic groups is only possible with a torsion of the alkyl chain,
leading to chemical inequivalence among the CH2 groups in 1H
NMR. As expected, a decrease of the C�C bond order was observed
for both acetylenic groups in 3b.

Thermolysis of 3b in cyclohexane and n-octane was carried out
with the aim of obtaining the corresponding rhenacyclopentadiene,
but only decomposition of 3b was observed.

1,8-Bis(2-quinolyl)octa-1,7-diyne (c) reacted with
[Re2(CO)8(CH3CN)2] to afford two compounds that were charac-
terized as [Re2(CO)6(CH3CN)(m-h1:h1:h2:h2-C26H20N2)] (2c) and
[Re2(CO)6(CH3CN)2(h2:h2-C26H20N2)] (4c). Thermolysis of 4c in
cyclohexane for 10 h led to the formation of 2c. As expected, the
chelate coordination mode results to be an intermediate during the
formation of rhenacyclopentadienic complexes [47,51,63], and that



Fig. 2. PBE0/def2-SVP optimized geometries for complex 3b. Rhenium in cyan, carbon
in gray, oxygen in red, nitrogen in blue and hydrogen in white. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version
of this article.) Fig. 3. PBE0/def2-SVP optimized geometries for complexes 4c. Rhenium is shown in

cyan, carbon in gray, oxygen in red, nitrogen in blue and hydrogen in white. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

Fig. 4. PBE0/def2-SVP optimized geometries for complex 2d. Rhenium is shown in
cyan, carbon in gray, oxygen in red, nitrogen in blue and hydrogen in white. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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explains the low yield of 4c (10%).
The IR ʋ(CO) frequencies for 2c were closely related to 2a, 3b

and similar hexacarbonyl dirhenium complexes [59e61]. By com-
parison with 2a and 3b, NMR data of 2c suggested the formation of
a symmetrical rhenacyclopentadiene ring. The presence of an
acetonitrile molecule was also evidenced. MS data was consistent
with the expected molecular ion C36H26N3O6Re2, m/z: 942.05
[MþH]þ. The single-crystal XRD structure of 2c (Fig. 1) resulted to
be identical to the one described for 2a. The ReeC and CeC dis-
tances [Re1eC14¼ 2.179(5), Re1eC15¼ 2.176(5),
C14eC8¼ 1.400(7), C8eC9¼1.461(8), C9eC15¼1.412(7)] and
ReeRe bond [2.8514(7) Å] were similar to the values found for 1a
and 2a (Table 1). The calculated geometry of 2c obtained by DFT
was in very good agreement with the experimental molecular
structure, thus RMSD is 0.606 (all atoms) and 0.045 Å (rhenium
coordination spheres).

The IR ʋ(CO) frequencies of 4c suggested a hexacarbonyl dir-
henium complex. In 1H NMR, the proton H3 (at the b-position with
respect to the nitrogen atom) is significantly downfield shifted with
respect to the free ligand. The rest of the aromatic resonances did
not show significant differences, while CH2 protons were chemi-
cally inequivalent. In the 13C{1H} NMR spectrum, the acetylenic
carbons were notably downfield shifted due to the symmetrical
coordination of the triple bonds to themetal center. The presence of
two acetonitrile molecules was also evidenced by NMR. The MS
spectrum of 4c displayed a molecular ion [MeH]þ at m/z 980.63,
which is consistent with the molecular formula C36H26N4O6Re2.
The available data and previously reported results [64] suggested
that the chelate structure shown for 4c (Scheme 1) is the most
likely. The DFT optimized geometry can be seen in Fig. 3. However,
this structure differs from the previous ones since the final geom-
etry does not show neither the cyclic six-membered group nor the
direct bonding from the ethynyl carbons to the second rhenium
fragment. This is probably the reason why a second acetonitrile
molecule completes the coordination sphere of the rhenium atom.
The predicted Re-Re distance is 3.18 Å the longest one found in this
study.

Finally, the reaction of 1,8-bis(9-phenanthrenyl)octa-1,7-diyne
(d) with [Re2(CO)8(CH3CN)2] in refluxing cyclohexane afforded
only one compound that was characterized as [Re2(CO)6(CH3CN)(m-
h1:h1:h2:h2-C36H26)] (2d). Its IR and NMR data were very similar to
those explained for 2a and 2c. The MS spectrum showed a peak at
m/z 1074.15, corresponding to the molecular ion [M þ CleH]
(M ¼ Re2C44H29O6N). The DFT optimized geometry resulted in the
same coordination mode of 1a and 2c as shown in Fig. 4. In this
case, the ReeC and CeC bond lengths of the rhenacyclopentadiene
ring were Re1eC14¼ 2.20 Å, Re1eC15¼ 2.22 Å, C14eC8¼ 1.40 Å,
C8eC9¼1.47 Å and C9eC15¼1.41 Å in very close proximity with
corresponding lengths obtained by crystallography and DFT for 1a
and 2c. The calculated ReeRe distance was 2.86 Å.

2.2. Photophysical properties

Diynes ligands and their complexes were analyzed by UVeVis
and fluorescence spectroscopy to evaluate and compare their
electronic properties. The spectroscopic data are summarized in
Table 2. UVeVis and fluorescence spectra are shown in Figs. 5 and 6,
respectively. The lmax absorption wavelengths are within the range
of 230e400 nm while the lmax of emissions are in the region of
359e599 nm.

UVeVis spectra showed that all complexes present p / p*
transitions similar to those originally observed in the ligand mol-
ecules, which are slightly blue shifted (Fig. 5), probably due to the
presence of electron-rich metal centers in these complexes. The
extinction coefficients of all complexes show very different values
with respect to their free ligands, indicating that the nature of their
transitions has changed upon coordination (Table 2). TD-DFT cal-
culations revealed that these transitions may be better described as
Metal-to-Ligand Charge Transfer (MLCT). The density difference
plots for these electronic states (Figure S4) displayed negative
density differences over the Re atoms and positive density differ-
ences over carbonyl and aromatic ligands in all complexes,



Table 2
UVeVis and fluorescence spectra of diyne ligands and their complexes.

Compound UVeVis lmax/nma TD-DFT l/nm ε/M�1 cm�1 F lmax/nmb Ff
c Stokes Shift D l

a 273 e 11892 390 0.12 117
b 295 e 13958 598 0.16 303
c 251 e 155824 359 0.08 108
d 260 e 133286 380 0.17 120
1a 234 233 17384 549 0.09 315
2a 231 237 18163 545 0.06 314
2c 230 235 114960 408 0.06 178
2d 250 247 54300 428 0.03 178
3b 298 294 1828 599 0.02 301
4c 400 409 20540 472 0.64 72

a At room temperature in CH2Cl2.
b At room temperature in CH2Cl2. [a]¼ 10�5 M, [b]¼ 10�5M, [c]¼ 10�6M, [d]¼ 10�6 M, [1a]¼ 10�5M, [2a]¼ 10�5M, [3b]¼ 10�4M, [2c]¼ 10�6M, [4c]¼ 10�6M and

[2d]¼ 10�6 M.
c Fluorescence quantum yield in CH2Cl2 relative to tetraphenylporphyrin (Ff¼ 0.11).

Fig. 5. UVeVis absorption spectra in CH2Cl2 at room temperature for: a) a, 1a, 2a ([C]¼ 10�5M); b) b ([C]¼ 10�5M), 3b ([C]¼ 10�4M); c) c, 2c, 4c ([C]¼ 10�6M); d) d, 2d
([C]¼ 10�6M).
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supporting their assignment as MLCT. The predicted energies of all
complexes are in very good agreement with those experimentally
obtained, as shown in Table 2 (see also Figure S3).

Fluorescence spectra have shown that diyne ligands and their
corresponding complexes exhibit emission between 359 and
599 nm (Fig. 6). Compound 4c unveiled a broad emission spectrum
with an additional band at 472 nm (Fig. 6c), which might be
assigned to a MLCT transition state involving a low-lying p* orbital
of the ligand [65e71].

As summarized in Table 2 and Fig. 7, awide range of Stokes shifts
were found for all complexes, where rhenacyclopentadienes 1a and
2a displayed the largest Dl values (315 and 314 nm, respectively).
4c, possessing a chelated octa-1,7-diyne ligand, presented the
shorter Stokes shift in this study (Dl¼ 72 nm). This suggests that



Fig. 6. Emission spectra in CH2Cl2 at room temperature for: a) a, 1a, 2a ([C]¼ 10�5M); b) b ([C]¼ 10�5M), 3b ([C]¼ 10�4M); c) c, 2c, 4c ([C]¼ 10�6M); d) d, 2d ([C]¼ 10�6M).
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the fluorescence of 4c occurs from the excited singlet state S1,
despite that carbon atoms are directly bound to a heavy metal
atom, similar to found for iridium and rhodium complexes with
rigid structures [53,56].

Rhenacyclopentadienes 1a, 2a, 2c and 2d exhibited fluorescence
with quantum yields of Ff¼ 0.03e0.09, being these Ff values
comparable to those reported for related rhodacyclopentadienes
(Ff¼ 0.01e0.69) [50,53e55,57]. The analysis of the frontier Kohn-
Sham orbitals showed similarities between the two series of met-
allacyclopentadienes. In all cases, electron delocalization from
Re(CO)n fragments to the ligand molecules is observed but in
different degrees. Orbital plots can be seen in Figure S2 and a
molecular orbital diagram for the rhenacyclopentadienes in this
work can be seen in Fig. 8. The energy separation between HOMO-
LUMO orbitals is high, ranging from 3.77 to 4.02 eV. Moreover, the
frontier orbitals are energetically isolated from the other orbitals,
especially the LUMO. The same trends were observed in the rho-
dacyclopentadiene series reported by Marder and collaborators in
which energy separations were calculated in the 2.71e2.91 eV
range for the HOMO-LUMO gap [53]. Another similarity between
the electronic structures of the two series is the relative low weigh
of the heavy atom in the frontier orbitals, more importantly for the
LUMO. A combination of these two characteristics associated with
the rigidity of the ligands explain the presence of fluorescence in
these compounds as a consequence of a lower than expected spin-
orbit coupling for the compounds [53].
Thus, the rhenacyclopentadienes reported in this study repre-

sent the second family of fluorescent 2,5-disubstituted metal-
lacyclopentadienes reported in the literature [50,53e55,57],
although phosphorescence would have been expected due to the
heavy atom effect [72e78]. Likely, additional vibrational modes in
the complexes generate new ways of non-radiative decay and are
thus responsible for lower quantum yields compared to their free
ligands (Table 2) [55,70]. For complex 4c, the fluorescence quantum
yield (Ff¼ 0.64) was significantly higher with respect to the free
ligand (Ff¼ 0.08), possibly due to the more rigid structure by the
chelated diyne ligand [53,56,79].
3. Conclusions

The labile dinuclear [Re2(CO)8(CH3CN)2] reacts with a variety of
1,8-bis(aryl)-1,7-octadiyne derivatives [aryl¼ 2-thienyl (a), 2-
pyridyl (b), 2-quinolyl (c) and 9-phenanthrenyl (d)], leading to
new p-complexes. We found that the formation of 2,5-
disubstituted metallacyclopentadiene complexes was favored.
When 1,8-bis(2-quinolyl)-1,7-octadiyne was used a chelate com-
plex (4c) was also obtained, which was found to be an intermediate
in the formation of the corresponding rhenacyclopentadiene. It was
not possible to isolate the expected metallacycle from reaction of
[Re2(CO)8(CH3CN)2] with 1,8-bis(2-pyridyl)octa-1,7-diyne (b), only



Fig. 7. UVeVis absorption and fluorescence spectra of all complexes in CH2Cl2 at room temperature. 1a, 2a ([C]¼ 10�5M), 3b ([C]¼ 10�4M), 2c, 4c ([C]¼ 10�6M), 2d ([C]¼ 10�6M).

Fig. 8. Molecular orbital diagrams for the series of rhenacyclopentadienes 1a, 2a, 2c and 2d. Horizontal arrows indicate the HOMO and LUMO orbitals and their corresponding
contribution from Re atoms in each of these orbitals. Vertical arrows indicate energy separations between orbitals.
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a bridge p-coordination of the diyne ligand was observed (complex
3b).

DFT calculations accurately supported the experimental results
obtained by single-crystal XRD. DFT calculations were also used to
evaluate the proposed geometries of [Re2(CO)6(CH3CN)(m-
h1:h1:h2:h2-C36H26)] (2d), [Re2(CO)6(CH3CN)2(m-h2:h2-C18H16N2)]
(3b), and [Re2(CO)6(CH3CN)2(h2:h2-C26H20N2)] (4c). The photo-
physical studies showed that all complexes exhibit fluorescence
with quantum yields Ff¼ 0.02e0.64, despite the presence of heavy
atoms. The chelate complex 4c, with a more rigid structure, pre-
sented the higher quantum yield (Ff¼ 0.64). Lastly, the rhenacy-
clopentadienes reported in this study represent the second family
of fluorescent 2,5-disubstituted metallacyclopentadienes.

4. Experimental section

4.1. General Remarks

All reactions were carried out under an argon atmosphere using
standard Schlenk techniques unless otherwise stated. The solvents
were previously dried and distilled following standard methods
[80]. [Re2(CO)8(CH3CN)2], 1,8-bis(2-thienyl)octa-1,7-diyne (a); 1,8-
bis(2-pyridyl)octa-1,7-diyne (b); 1,8-bis(2-quinolyl)octa-1,7-diyne
(c); and 1,8-bis(9-phenanthrenyl)octa-1,7-diyne (d) were synthe-
sized according to published procedures [81e83]. 1H and13C NMR
spectra were recorded using Bruker Avance AM300, AM500 and
AM600 spectrometers and assignment of carbon chemical shifts
was based on HMBC and HMQC experiments. Infrared spectra were
recorded as cyclohexane and CH2Cl2 solutions using a 2mm CaF2
cell on a Spectrum 100 series Perkin Elmer spectrophotometer.
Mass spectra were acquired on a Thermo Scientific TSQ Quantum
Ultra AM Triple Quadrupole mass spectrometer employing the
Heated Electrospray Ionization (HESI) technique. The UVeVis
spectra were performed on a PerkinElmer Lambda 2 spectropho-
tometer. Fluorescence spectra were recorded at room temperature
on a Perkin Elmer LS45 fluorescence spectrometer with a pulse
xenon lamp. Fluorescence quantum yields (Ff) were determined in
CH2Cl2 on freshly prepared samples (air-equilibrated) with absor-
bance at the excitation wavelength (417 nm for the standard tet-
raphenylporphyrin). Solutions of tetraphenylporphyrin in CH2Cl2
were used as a standard (Ff¼ 0.11).

4.2. Synthesis of [Re2(CO)7(m-h
1:h1:h2:h2-C16H14S2)] (1a) and

[Re2(CO)6(CH3CN)(m-h
1:h1:h2:h2-C16H14S2)] (2a)

A solution of [Re2(CO)8(CH3CN)2] (100mg, 0.147mmol) and 1,8-
bis(2-thienyl)octa-1,7-diyne (a) (38mg, 0.147mmol) in cyclo-
hexane (25mL) was stirred and refluxed for 1 h under nitrogen. The
solvent was evaporated to dryness, and the solid residue was
chromatographed by TLC (SiO2, eluant: hexane/dichloromethane,
8:2 v/v) to give [Re2(CO)7(m-h1:h1:h2:h2-C16H14S2)] (1a) (16mg;
yield 17%) and [Re2(CO)6(CH3CN)(m-h1:h1:h2:h2-C16H14S2)] (2a)
(15mg; yield 12%). Spectral data for 1a: IR (cyclohexane, n(CO)/
cm�1): 2087 m, 2034 s, 2017 m, 1978 s, 1965 w, 1935 m. 1H NMR
(600MHz, CDCl3): d 7.17 (dd, 2H, 3JH5-H4¼ 5.4 Hz, 4JH5-H3¼1.0 Hz,
H5 Thienyl), 6.95 (dd, 2H, 3JH4-H5¼ 5.4 Hz, 3JH4-H3¼ 3.6 Hz, H4Thienyl),
6.72 (dd, 2H, 3JH3-H4¼ 3.6 Hz, 4JH3-H5¼1.0, H3Thienyl), 3.25 (m, 2H,
aCH2C¼ C), 2.68 (m, 2H, bCH2C¼ C), 1.73 (m, 2H, aCH2CH2C¼ C),
1.68 (m, 2H, bCH2CH2C¼ C). 13C NMR (600MHz): 152.62 (s, C2),
142.56 (s, C6), 131.75 (s, C7), 127.05 (s, C4), 125.39 (s, C3), 124.44 (s,
C5), 30.79 (s, C8), 22.17 (s, C9). MS: m/z 838.84 [MþH]þ, isotopic
pattern peaks m/z: 836.82 (187Re-185Re), 838.84 (185Re-185Re) and
840.83 (187Re-187Re). UVeVis: CH2Cl2, lmax¼ 234 nm,
ε¼ 17384M�1cm�1. Fluorescence: CH2Cl2, lmax¼ 549 nm,
Ff¼ 0.087. Spectral data for 2a: (cyclohexane, n(CO)/cm�1): 2042 m,
2012 s, 1962 m, 1930 w, 1928 w, 1912 w. 1H NMR (500MHz, CDCl3):
d 7.15 (dd, 2H, 3JH5-H4¼ 5.3 Hz, 4JH5-H3¼1.0 Hz, H5 Thienyl), 6.99 (dd,
2H, 3JH3-H4¼ 3.3 Hz, 4JH3-H5¼1.0 Hz, H4Thienyl), 6.79 (dd, 1H,3JH4-
H5¼ 5.31 Hz, 3JH4-H3¼ 3.3, H3Thienyl), 3.20 (m, 2H, aCH2C¼ C), 2.76
(m, 2H, bCH2C¼ C), 2.49 (s, 3H, HCH3CN), 1.85 (m, 2H, aCH2CH2C¼ C),
1.65 (m, 2H, bCH2CH2C¼ C). 13C NMR (500MHz, CD2Cl2): d 193.8 (s,
CO), 193.6 (s, CO), 186.2 (s, CO), 153.5 (s, C2), 151.2 (s, C6), 130.6 (s,
C7), 126.9 (s, C3), 124.9 (s, C4), 123.6 (s, C5), 30.7 (s, C8), 22.6 (s, C9),
3.5 (CCH3CN). MS: m/z 712.82 [M-(CO)5þH]þ, isotopic pattern peaks
m/z: 712.82 (185Re-187Re), 710.79 (185Re-185Re) and 714.81
(187Re-187Re). UVeVis: CH2Cl2, lmax¼ 231 nm, ε¼18163M�1cm�1.
Fluorescence: CH2Cl2, lmax¼ 545 nm, Ff¼ 0.06.

4.3. Synthesis of [Re2(CO)6(CH3CN)2(m-h
2:h2-C18H16N2)] (3b)

A solution of [Re2(CO)8(CH3CN)2] (100mg, 0.147mmol) and 1,8-
bis(2-pyridyl)octa-1,7-diyne (b) (38mg, 0.147mmol) in dry cyclo-
hexane (25mL) was refluxed under nitrogen for 4 h. After evapo-
ration of the solvent, TLC (SiO2, eluant: hexane/dichloromethane,
2:8 v/v) of the yellow residue gave one main band characterized as
[Re2(CO)6(CH3CN)(m-h1:h1:h2:h2-C18H16N2)] (3b) (47mg; yield
36%). Spectral data for 3b: IR (CH2Cl2, n(CO)/cm�1): 2036 m, 2007 m,
1949 m, 1919 s, 1896 s 1H NMR (500MHz, CD2Cl2): d 8.51 (dd, 2H,
3JH6-H5¼ 4.8 Hz, 4JH6-H4¼1.8 Hz, H6pyridyl), 7.64 (ddd, 2H, 3JH4-
H5¼7.7 Hz,3JH4-H3¼7.7 Hz, 4JH4-H6¼1.8 Hz, H4pyridyl), 7.14 (dd, 2H,
JH3-H4¼7.7 Hz, JH3-H5¼1.7, H3pyridyl), 7.04 (dd, 2H, JH5-H4¼7.7 Hz,
JH5-H6¼ 4.8, H5pyridyl), 3.13 (m, 2H, aCH2C¼ C), 2.44 (m, 2H,
bCH2C¼ C), 2.12 (s, 3H, HCH3CN),1.75 (m, 2H, aCH2CH2C¼ C),1.68 (m,
2H, bCH2CH2C¼ C). 13C NMR (500MHz, CD2Cl2): d 165.8 (s, C2),
156.0 (s, C7), 149.7 (s, C6), 136.3 (s, C4), 129.7 (s, C8), 121.5 (s, C5),
121.2 (s, C3), 31.0 (CCH3CN), 30.4 (s, C9), 22.4 (s, C10). MS: m/z 836.31
[M-(CH3CN)2þCl]-, isotopic pattern peaks m/z: 836.31
(185Re-187Re-35Cl), 838.30 (187Re-187Re-35Cl) and 840.23
(187Re-187Re-37Cl). UVeVis: CH2Cl2, lmax¼ 298 nm,
ε¼ 1828M�1cm�1. Fluorescence: CH2Cl2, lmax¼ 599 nm, Ff¼ 0.02.

4.4. Synthesis of [Re2(CO)6(CH3CN)(h
1:h1:h2:h2-C26H20N2)] (2c) and

[Re2(CO)6(CH3CN)2(h
2:h2-C26H20N2)] (4c)

A mixture of [Re2(CO)8(CH3CN)2] (100mg; 0.147mmol) and 8-
di(2-quinolyl)octa-1,7-diyne (c) (53mg; 0.147mmol) in dry cyclo-
hexane was stirred and refluxed for 6 h under nitrogen. The solvent
was evaporated to dryness, and the solid residue was chromato-
graphed by TLC (SiO2, eluant: hexane/dichloromethane, 3:7 v/v) to
give two compounds characterized as
[Re2(CO)6(CH3CN)(h1:h1:h2:h2-C26H20N2)] (2c) (51mg; yield 74%)
and [Re2(CO)6(CH3CN)2(h2:h2-C26H20N2)] (4c) (7mg; yield 10%).
Spectral data for 2c: IR (CH2Cl2, n(CO)/cm�1): 2041 s, 2009 s, 1954 m,
1918 m, 1985 sh. 1H NMR (600MHz, CD3COCD3): d 8.25 (d, 2H, 3JH3-
H4¼ 8.4 Hz, H4), 8.02 (d, 2H, 3JH8-H9¼ 8.4 Hz, H9), 7.89 (d, 2H, 3JH6-
H7¼ 7.9 Hz, H6), 7.70 (ddd, 2H, 3JH8-H9¼ 8.3 Hz, 3JH7-H8¼ 6.9 Hz,
4JH6-H8¼ 1.4 Hz, H8), 7.53 (m, 4H, 3JH3-H4¼ 8.4 Hz, 3JH6-H7¼ 7.9 Hz,
3JH7-H8¼ 6.9 Hz, H3, H7), 3.31 (m, 2H, H13a), 2.90 (s, 3H, HCH3CN), 2.46
(m, 2H, H13b), 1.82 (m, 4H, H14). 13C NMR (600MHz, CD3COCD3):
d 194.8 (s, CO), 194. (s, CO), 186.9 (s, CO), 166.8 (s, C2), 163.9 (s, C5),
148.1 (s, C10), 135.7 (s, C4), 129.1 (s, C8), 128.9 (s, C12), 128.6 (s, C9),
127.4 (s, C6),127.1 (s, CCH3CN),126.4 (s, C11),125.6 (s, C7),120.5 (s, C3),
29.9 (s, C13), 22.1 (s, C14), 2.6 (s, CCH3CN). MS: m/z 942.05 [MþH]þ,
isotopic pattern peaks m/z: 942.05 (187Re-185Re), 940.26
(185Re-185Re) and 944.09 (187Re-187Re). UVeVis: CH2Cl2,
lmax¼ 230 nm, ε¼114960M�1cm�1. Fluorescence: CH2Cl2,
lmax¼ 408 nm, Ff¼ 0.06. Spectral data for 4c: IR (CH2Cl2,n(CO)/
cm�1): 2042 m, 2010 s, 1957 s, 1918 w. 1H NMR (600MHz, CD2Cl2):
d 8.23 (d, 2H, 3JH3-H4¼ 8.6 Hz, H4), 8.06 (dd, 4H, 3JH3-H4¼ 8.6 Hz,
3JH6-H7¼ 9.0 Hz, H6, H3), 7.82 (d, 2H, 3JH8-H9¼ 8.1 Hz, H9), 7.71 (ddd,
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2H, 3JH6-H7¼ 9.0 Hz, 3JH7-H8¼ 6.8 Hz, 3JH7-H9¼1.4 Hz, H7), 7.51 (ddd,
2H, 3JH8-H9¼ 8.0 Hz, 3JH7-H8¼ 6.9 Hz, 4JH6-H8 1.1 Hz, H8), 3.26 (s, 4H,
H13), 1.94 (m, 4H, H14), 1.26 (s, 6H, HMeCN). 13C NMR (600MHz,
CD2Cl2): d 151.0 (s, C2), 148.8 (s, C5), 147.3 (s, C11), 136.5 (s, C4), 130.0
(s, C7), 129.6 (s, C6), 128.0 (s, C9), 127.9 (s, C12), 126.3 (s, C8), 118.4 (s,
C3), 30.1 (s, CCH3CN), 24.1 (s, C13), 23.4 (s, C14). MS: m/z 980.63 [M-
H]-, isotopic pattern peaks m/z: 980.63 (187Re-185Re), 979.02
(185Re-185Re) and 982.02 (187Re-187Re). UVeVis: CH2Cl2,
lmax¼ 400 nm, ε¼ 20540M�1cm�1. Fluorescence: CH2Cl2,
lmax¼ 472 nm, Ff¼ 0.64.

4.5. Synthesis of [Re2(CO)6(CH3CN)(m-h
1:h1:h2:h2-C36H26)] (2d)

A mixture of [Re2(CO)8(CH3CN)2] (100mg; 0.147mmol) and 1,8-
bis(9-phenanthrenyl)octa-1,7-diyne (d) (68mg; 0.147mmol) in dry
cyclohexane was refluxed under nitrogen for 2 h. After evaporation
of the solvent, TLC (SiO2, eluant: C6H12:CH2Cl2, 7:3 v/v) of the yel-
low residue gave one main band characterized as
[Re2(CO)6(CH3CN)(m-h1:h1:h2:h2-C36H26)] (2d) (18mg; yield 17%).
Spectral data for 2d: IR (CH2Cl2, n(CO)/cm�1): 2039 m, 2008 s, 1950 s,
1924 w, 1889 sh. 1H NMR (600MHz, CDCl3): d 8.80 (d, 2H, 3JH12-
H13¼ 8.2 Hz, H13), 8.63 (d, 2H, 3JH6-H7¼ 7.4 Hz, H7), 8.08 (d, 2H,
3JH4-H5¼ 8.1 Hz, H4), 7.92 (m, 2H, H10), 7.88 (s, 2H, H2), 7.66 (dd, 2H,
3JH12-H13¼ 8.2 Hz, 3JH11-H12¼ 7.5 Hz, H12), 7.63 (m, 6H, H11, H5, H6),
3.08 (m, 2H, H17a), 2.57 (m, 2H, H17b), 2.38 (s, 3H, HCH3CN), 1.88 (m,
2H, H18a), 1.68 (m, 2H, H18b). 13C NMR (600MHz, CDCl3): d 194.8 (s,
CO), 193.9 (s, CO), 187.7 (s, CO), 162.9 (s, C15), 145.4 (s, C8), 132.5 (s,
C9), 131.2 (s, C1), 129.7 (s, C16), 128.8 (s, C14), 128.6 (s, C10), 127.5 (s,
C3), 127.4 (s, C2), 127.0 (s, C11), 126.3 (s, C4), 126.1 (s, C12),
125.7e124.6 (s, C5, C6), 124.1 (s, C13), 122.2 (s, C7), 30.8 (s, C17), 22.3
(s, C18), 4.3 (s, CCH3CN). MS:m/z 1074.15 [Mþ Cl-H]-, isotopic pattern
peaks m/z: 1072.08 (187Re-185Re-35Cl), 1074.09 (187Re-187Re-35Cl)
and 1076.08 (187Re-187Re-37Cl). UVeVis: CH2Cl2, lmax¼ 250 nm,
ε¼ 54300M�1cm�1. Fluorescence: CH2Cl2, lmax¼ 428 nm,
Ff¼ 0.03.

4.6. Crystal structure determination

Data collections were performed in a Bruker APEX II CCD
diffractometer using Mo Ka (l¼ 0.71703 Å) radiation and the
APEX2 software (Bruker, 2010). Cell refinement and data reduction
were performed in SAINT (Bruker, 2010) and SHELXT [84] and
SHELXL [85] were used for solution and refinement of the struc-
tures. All the refinement process was performed with OLEX2 [86]
which was also used to prepare molecular graphics for publication.
All non-hydrogen atoms were refined anisotropically, including
those in disorder. Hydrogen atoms were modelled in idealized
positions and refined according to the riding model. Further crys-
tallographic information is available as supporting information as
well as CCDC files (1831209, 1831210, 1831211). These data can be
obtained free of charge via http://www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the CCDC, 12 Union Road, Cambridge CB2
1EZ, UK; fax, þ 44 1223 336033; e-mail, deposit@ccdc.cam.ac.uk).

4.7. Theoretical calculations

DFT and TD-DFT calculations were performed in the ORCA
package (version 4.0.1) [87] using the PBE0 hybrid functional [88]
and the def2-SVP basis set for all atoms [89]. Inclusion of relativistic
effects was necessary to account for correct bond distances
involving the metal atoms like previously reported [90e94]. The
quasi-relativistic Stuttgart-Dresden ECPwas used for rhenium in all
calculations [95]. Built-in auxiliary basis sets were employed
together with the RIJCOSX approximation [95]. Convergence
criteria for geometries were 5.0� 10�6 Eh for the energy change
and a RMS gradient of 1.0� 10�4 Eh a0�1. In all cases, the densities
were optimized using a DIIS procedure with a tolerance for the
energy of 1.0� 10�8 Eh. TD-DFT calculations were used to obtain
vertical excitations using the same level of theory. For all com-
plexes, the first 50 singlet excited states were calculated using a
2.5� 10�7 Eh as the convergence tolerance for the energies. Com-
parison between theoretical and experimental (XRD) structures
was performed by superimposing two structures considering
coincident centers of mass. The overlay was optimized using rota-
tion matrices in order to minimize the root mean squared
deviation.
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