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Novel mono- and dinuclear tricarbonylrhenium(I) complexes
of formula [Re(Mebpy-CN)(CO)3Cl] (1), [Re(Mebpy-CN)-
(CO)3(CH3CN)](PFg) (2), and [(CH3CN)(CO)3Re(Mebpy-CN)
Ru(NH;)5](PFg)3 (3), in which Mebpy-CN = 4-methyl-2,2'-bi-
pyridine-4’-carbonitrile, were prepared and characterized by
spectroscopic, photophysical, and computational techniques.
The complete structure of complex 2 was determined by X-
ray diffraction. The increased conjugation in the bipyridyl
ring owing to the nitrile substituent increases the emission
quantum yields of the 3MLCT (metal-to-ligand charge-trans-

fer) lowest-lying excited states of 1 and 2 with respect to the
corresponding bpy complexes (bpy = 2,2'-bipyridine). The
mixed-valent species of formula [(CH3CN)(CO)s;Re(Mebpy-
CN)Ru(NHj3)5]** (4) was prepared in situ and as a mixed salt;
the charge recombination from its metal-to-metal charge-
transfer (MMCT) excited state is predicted to lie in the Mar-
cus inverted region. The electronic structures and optical
properties of all the reported complexes calculated by DFT
and TD-DFT methods agree reasonably well with experi-
mental results.

Introduction

Tricarbonylpolypyridylrhenium(I) complexes of the type
[Re(diimine)(CO);(L)]"" have attracted great interest owing
to their rich manifold of ground- and excited-state physico-
chemical properties. Structural variations of the diimine
and/or the axial ligand L have led to applications of these
complexes as sensors,!'I molecular switches,? probes for cell
imaging,® in photochromism,™ and for CO, reduction.
Dinuclear mixed-valent asymmetric complexes are relevant
in the study of energy and electron-transfer processes.[®!

We have recently reported the syntheses and spectro-
scopic, electrochemical, spectroelectrochemical, and photo-
physical properties of a series of ruthenium polypyridyl
complexes with 4-methyl-2,2'-bipyridine-4’-carbonitrile
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(Mebpy-CN) as an auxiliary ligand, the structure of which
is shown in Scheme 1. An improvement in the photosensi-
tizing properties with respect to [Ru(bpy)s]** (bpy = 2.,2'-
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Scheme 1. Structures of Mebpy-CN; complex 1 and cations of 2
and 3.
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bipyridine) was found when going from x = 1 to x = 3 in
the series [Ru(bpy);_.(Mebpy-CN),]** as a consequence of
the increasing electronic delocalization imposed by the ni-
trile substituent on the bpy ring.[”]

To discover if this improvement can be reproduced in
similar complexes with other transition metals, we report in
this work the synthesis and spectroscopic, photophysical,
and structural properties of new mono- and dinuclear
tricarbonylrhenium(I) complexes of formula [Re(Mebpy-
CN)(CO);Cl1] (1), [Re(Mebpy-CN)(CO)3(CH;CN)]*, cation
of 2, [(CH5CN)(CO);Re(Mebpy-CN)Ru(NH3)s]**, cation
of 3, and [(CH5CN)(CO);Re(Mebpy-CN)Ru(NH;)s]**, cat-
ion of 4. The experimental results will be compared with
computational analysis using DFT and TD-DFT tech-
niques. Chemical structures of 1 and the cations of 2 and 3
are also shown in Scheme 1.

Results and Discussion

Synthesis and Crystal Structure

The synthetic procedures used were similar to those
previously described for related tricarbonylpolypyridylrhen-
ium(I) complexes.!!>8] The new complexes were soluble in
organic solvents, and their purity was confirmed by chemi-
cal analyses, IR, Raman, and NMR spectra.

The crystal structure of complex 2 was solved by X-ray
diffraction analysis. The complex crystallizes with a mole-
cule of toluene that interacts with Mebpy-CN through a n—
7 stacking interaction. This interaction is favored by the
electron-withdrawing nature of the nitrile group in Mebpy-
CN and the electron-donor nature of the methyl group of
toluene. A face-centered stacking is the more favored orien-
tation caused by this kind of interaction,! but the steric
constraints imposed by the other molecules onto the crystal
shift the position of the toluene ring.

Figure 1 displays the molecular structure of the cation of
2, whereas the main crystallographic data and selected bond
lengths and angles can be found in Tables S1 and S2 in the
Supporting Information, respectively. The structure is that
of a slightly distorted octahedron. All bond lengths and

Figure 1. ORTEP diagram (ellipsoids at 70% probability) of the
cation of 2 with C atoms in black, N atoms in blue, and Re atom
in yellow. All hydrogen atoms have been omitted for clarity.
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angles are within the expected values for tricarbonylpolypy-
ridylrhenium(I) complexes; for example, the Re-N(py)
mean distance in related complexes is 2.176 and 2.185 A.[2
However, it is interesting to note that the Rel-N1 bond
length, in which the pyridyl ring contains the nitrile group
(2.162 A), is slightly shorter than the distance found for Re—
N2 (2.173 A), in which the pyridyl ring contains the CH;
group. This result is consistent with the optimized structure
in the DFT calculations and is related to the electron-with-
drawing effect of the CO groups that reinforces the Re-N
bonding.

The N1-Rel-N2 angle of around 74° indicates the geo-
metrical restrictions imposed by the bidentate pyridyl li-
gands; consequently, the rest of the equatorial angles for N—
Re-CO are larger than 90°, which is expected for an ideal
octahedral geometry. Finally, the distance C=N (1.140 A)
is typical of nitrile bonded to an aromatic ring.!'!

IR, Raman, and NMR Spectra

IR spectra of complexes 14 exhibit the typical vi-
brational modes of bipyridine groups between 1650 and
1400 cm™!, the characteristic band that corresponds to the
v(C=N) stretching mode in Mebpy-CN, and the expected
three bands of v(C=0), which correspond to the carbonyl
stretching modes for Re complexes in the facial (fac) config-
uration.l'-121 A list of the wavenumbers is shown in the Exp.
Section. The v(C=N) bands of 1 and 2—more intense in
the Raman than in the IR —are slightly displaced to higher
wavenumbers with respect to that of the free ligand
[L(C=N) = 2234cm '], a shift that can be attributed to
metal coordination to the pyridine nitrogen atoms of
Mebpy-CN, as reported before for similar Ru com-
plexes.-131 In these complexes, since no © backdonation
from the metal center to the nitrile group is expected owing
to their remote interaction, v(C=N) is shifted to a higher
frequency as a result of the inductive effect of the metal.l'!]
The lower value of v(C=0) in 1 with respect to 2 is due to
the fact that CI is a weaker m acceptor than CH5;CN, and
therefore the extent of m backbonding from Re' to the carb-
onyls is higher in 1 than in 2.

The coordination of the [Ru(NH;)s]** group to the ni-
trile end of coordinated Mebpy-CN in complex 3 is con-
firmed by the considerable shift of v (C=N) to a lower value
than that of the free ligand (Av = —-55c¢m™") as a conse-
quence of the strong m-backbonding effect from d,, orbitals
of ammine Ru to ©* orbitals of Mebpy-CN.Il This effect
increases the m backbonding of Re! to the n* orbitals of the
carbonyl groups and the nitrile end of acetonitrile, which
shifts the corresponding v(C=0) and v(C=N) bands to
lower wavenumbers. The ammonia symmetric deformation
mode of 3 appears at dy,,,(NH;3) = 1278 cm ™!, thus indicat-
ing the oxidation state(II) of the Ru center.['?]

Assignments of all NMR spectroscopic signals could be
carried out by 2D techniques and are displayed in the Exp.
Section.
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UVI/Vis Spectra

The UV/Vis spectra of complexes 1-3 in CH;CN at room
temperature are shown in Figure 2. Data of /.., and &y,
are included in the Exp. Section. Intraligand transitions are
observed between 200 and 300 nm. All the complexes exhi-
bit d(Re)— 1* (Mebpy-CN) metal-to-ligand charge trans-
fer (MLCT) bands at A,,,x = 402, 360, and 358 nm for 1, 2,
and 3, respectively. By substituting CI" by the more m-ac-
cepting acetonitrile, the MLCT band is shifted to higher
energies. The band centered at A,,,, = 516 nm in 3 corre-
sponds to a d.(Ru)—* (Mebpy-CN) MLCT band, which
disappears upon oxidizing Ru'" to Ru"™ by adding bromine
or by applying an adequate potential (1 V). Figure 3 shows
a spectroelectrochemical experiment of 3. A metal-to-metal

10*x & (M'em™)

200 300 400 500 600 700 800
A (nm)

Figure 2. UV/Vis spectra of 1 (red line), 2 (blue line), and 3 (purple
line) in CH;CN at room temperature.

Abs

Figure 3. UV/Vis spectra obtained by controlled potential electroly-
sis of 3 at 1V versus Ag/AgCl in CH;CN, the final species being
4. Inset: 3.45X 1073 M solution of 3 in CH;CN (black line) after
addition of an excess amount of Br,(g). Red dash-dot line: MMCT
band obtained by deconvolution; green dashed line: fitted spectra.
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charge transfer (MMCT) band is detected at 4,,,, = 577 nm
in complex 4.

Electrochemistry and Spectroelectrochemistry

Values of the redox potentials of the cations of com-
plexes 1-3 in CH3CN [0.1 M tetrakis(n-butyl)ammonium
hexafluorophosphate (TBAH)] versus Ag/AgCl (3 m KCI)
obtained by cyclic voltammetry are shown in Table 1. The
oxidations of the rhenium centers in all complexes are
quasi-reversible. For complex 1, a fast substitution of CI~
by CH;CN occurs upon oxidation by means of a dispropor-
tionation mechanism.['*2] The first reduction wave of 1 is
reversible and is followed by two consecutive reduction pro-
cesses, one reversible and the other irreversible'*?! as
shown in Figure 4. The spectroelectrochemical behavior of
1 at an applied potential V' = —1 V reveals that after re-
duction of the ligand and reoxidation, CI" is labilized and
substituted by CH3;CN and the nitrile group of Mebpy-CN
is hydrolyzed to amide. Evidence of this transformation has
been obtained by spectroscopic measurements. As shown in
Figure S1 of the Supporting Information, the UV/Vis spec-
trum of the electrolyzed solution is the same as that ob-
tained from a hydrolyzed sample obtained by column puri-
fication and identified by its IR spectrum shown in Fig-
ure S2 of the Supporting Information: the v(C=N) band of
1 disappears completely and a new and intense band ap-
pears at 1686 cm™!, which is typical of a carbonyl stretching
vibration of a carboxamide group.''l Nitrile hydrolysis is
also observed in the dinuclear complex 4, as discussed be-
low.

Table 1. Electrochemical data, in CH5CN, at 22 °C.[l

EY) [V] 17‘5i [V] AEy) [V][b] 10 vmrer [Cmfl]
1 143 -0.97, -1.22, -1.30 2.40 2.49
2 1.87 -0.85, —1.18, —-1.28 2.72 2.78
3 191,0.75 -0.90,-1.34, -1.47 2.81,2.11 279, 1.94

[a] E,/» versus Ag/AgCl. [b] AE,,, = E% — E5SSL.

60 =

40 4

lyy (4A)

Figure 4. Cyclic voltammogram (in red) and differential pulse
voltammogram (in blue) for complex 1 in CH;CN, 0.1 m TBAH.
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For the cation of complex 2, in which CI is replaced by
CH;CN, the redox potential of the metallic couple Re**/
Re* is higher than that in 1 owing to the lower electron-
donor character and higher m-acceptor capability of
CH;CN. Its first reduction wave (Ej,, = —0.85 V) is revers-
ible and followed by two reduction process (one reversible
and the other irreversible). The UV/Vis spectroelectrochem-
istry of the cation of complex 2 at an applied potential of
V = -09YV is displayed in Figure 5: a bleaching of the
MLCT band at 350 nm and appearance of new bands at
370 and 450 nm are observed, consistent with the formation
of the radical anion Mebpy-CN. Reoxidation at V =
—-0.7 V produces almost a total recovery of the original
complex.

0,6 -
04
[%2]
e
<
0,2 -
0,0 4
I I M 1 ] M ] 1
200 300 400 500 600 700 800
A (nm)

Figure 5. UV/Vis spectroelectrochemistry of 2 in CH;CN, 0.1 M
TBAH at '=-09 V.

The dimetallic cation of complex 3 has a higher redox
potential for the rhenium couple than that of 2, as expected
when considering its higher charge. The redox potential of
the ruthenium couple Ru**/Ru** (E,;, = 0.75 V) is charac-
teristic of nitrile species coordinated to pentaammineruth-
enium groups.[’!

There is a correspondence between the electrochemical
data and the positions of the MLCT bands, as expected.!!]
In effect, a linear relationship is disclosed (see Table 1) be-
tween AE,, = E9% — ESS! and the maximum frequency of
the MLCT bands, vy cr

Kinetics of Nitrile Hydrolysis

In aqueous solutions, complex 4 undergoes nitrile hydrol-
ysis, as evidenced by the consecutive UV/Vis spectra shown
in Figure S3 of the Supporting Information. When oxidiz-
ing complex 3 to complex 4 by adding K,S,05 in an excess
amount at pH = 3.0 (CF;COOH) and 7 = 0.1 m (KCl), the
MLCT band is displaced to higher energies, as expected
when the nitrile group is hydrolyzed to a carboxamide
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group.['¥ The rate constant obtained under pseudo-first-or-
der conditions after triplicate measurements, k;, =
(2.5+0.5)x1025s7!, is of the expected order for mixed-
metal complexes in which a nitrile group of a bridging li-
gand is coordinated to Ru!' [l

Intramolecular Electron Transfer

Coordination of a pentaammineruthenium(Il) moiety to
the free N of the nitrile group of Mebpy-CN bonded to the
[Re(CO);(CH3CN)J* core is clearly evidenced in the cation
of complex 3 by IR, cyclic voltammetry (CV), and UV/Vis
data. As shown in Figure 3, selective oxidation of the ruth-
enium center in 3 either by an electrochemical or a chemical
method produces the mixed-valent complex 4. The band at
Amax = 516 nm that corresponds to the MLCT transition
d.(Ru)— n*(Mebpy-CN) disappears and a weak band ap-
pears at Apa = 577 nm (¢ = 132 M ' cm™!) that corresponds
to an MMCT transition d.(Re'")— d.«(Ru'"). The experi-
mental values of Viux, €max, and E,, obtained by deconvol-
ution of the Gaussian-shaped MMCT band (inset of Fig-
ure 3) can be used to calculate the values of Hap, a?, and /
(electronic coupling, electron delocalization parameter, and
reorganization energy for the intramolecular metal-to-metal
electron transfer, respectively) through Equations (1), (2),
and (3)1'7]

Hs (em™) =2.06 X 107 [(&mae) Vmac)(AV12)]" (1/7) (1)
& = (Hi/ Vs ) @
A =Eopp— AG” - ALy 3)

in which ¢,,,, is the molar absorptivity at the absorption
maximum, V,,., is the energy of the intervalence absorption
maximum, AV, is the bandwidth at half-height of the inter-
valence transition, r is the metal-metal distance, E,;, is the
energy of the intervalence absorption maximum in eV, AG®
is the free energy between both redox centers [assumed as
approximately AE;, = E;n(Re'/Re') — E;» (Ru''/Ru'h)],
and AE,, is the energy difference between the excited and
ground states, estimated as 0.25 eV for several ruthenium
complexes in the event that the MMCT transition results in
the population of an excited state.!'®! The distance r
(9.425 A) was estimated on the basis of the crystal structure
of 2 and the typical Ar-CN-Ru(NH3)s distance.['3] The
value of the estimated electronic coupling element between
both metallic centers calculated with Equation (1), Hap =
484 cm™!, is similar to that found for a mixed-valent com-
plex with a comparable metal-metal distance, of formula
[(bpy)>Ru(Mebpy-CN)Ru(NH3)s]’*.['1 The value of o?
(7.8 X 10 indicates a similar delocalization. The value of
the reorganization energy A (=0.74 ¢V) is less than that of —
AG° (= 1.16eV) so that the rate constant for the charge-
recombination step following light excitation (Ru'— Re'l)

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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(ky, in Scheme 2) is predicted to fall in the Marcus inverted
region.['] This fact opens up the possibility of having long-
lived charge-separated states in mixed-valence chemistry.

[(CH,CN)(CO),Re"(Mebpy-CN)RU"(NH;),]*
k

q

hv hv’ [(CH,CN)(CO),Re"(Mebpy-CN)RU'(NH,).]*

k;r;/w“ (MMCT)
[(CH,CN)(CO),Re'(Mebpy-CN)Ru"(NH,),]*
Scheme 2. Formation of the mixed-valent isomer of 4 by light exci-

tation. Straight arrows indicate radiative processes; curved arrows
indicate nonradiative processes.

Photophysical Properties

Relative radiative quantum yields were calculated by
using Equation (4)

4

in which @, is the quantum yield of a reference ([Ru(bpy);]-
(PF¢), in acetonitrile, @, = 0.095),29 . and I, are the inte-
grated sums of the emission intensities of the reference and
the sample, respectively, A, and A, are the absorbances of
the sample and the reference at their excitation wavelengths,
and 7, and 7, are the refraction indexes of the respective
solvents (taken to be equal to the neat solvents).

Estimates of the zero-point energy gap (E), the Huang—
Rhys factor (Sy), the energy of the average vibrational
mode coupling of the ground and excited states (hwys), and
the spectral bandwidth (Avy ;) were determined by a sin-
gle-mode fit of the steady-state emission spectra according
to Equation (5) as described by Meyer et al.[>!]

2
16) = Z _Vuh("\z 45\4 2 expl —4In(2) V-LBy +vyho,
b() V/\ ‘ (A VU,HZ

Figure 6 shows the normalized spectral traces for emis-
sion of complexes 1-4 at room temperature using this equa-
tion. Their emission manifold even at 77 K is broad and
unstructured, as is typical for decays from *MLCT excited
states of tricarbonypolypyridylrhenium(I) complexes.['!
The values of hw,; obtained from fitting at 77 K were used
in the fitting at room temperature. The spectral fitting re-
sults for all the complexes are shown on Table S3 of the
Supporting Information.

The electron-vibrational coupling constants (Huang—
Rhys factors) are dimensionless quantities related to the dif-
ference in equilibrium displacement for the normal modes
(AQ.) between the ground state and excited state as stated
in Equation (6)

(©)
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Figure 6. Spectral fitting of normalized emission spectra of com-
plexes 1 (red), 2 (blue), 3 (purple), and 4 (green) using Equation (5)
(Zexe = 350 nm).

S, =1/2(Mo/H)\AQ,)* (6)

in which M is the reduced mass and w the angular fre-
quency (2mv) for the normal mode. The values of Sy de-
creases when going from 1 to 4, thus indicating that the
rigidity of Mebpy-CN increases along the series. The Sy
factor is smaller for Mebpy-CN complexes than for bpy
complexes, a fact that can be explained by the increased
electronic delocalization induced by the nitrile group.[?l
The photophysical properties of complexes 1-4 in
CH;CN at room temperature are summarized in Table 2
The quantum yield of complex 3 is less than that of com-
plex 2 because the absorption maximum of the Ru chromo-
phore (4,s = 516 nm) is close to the emission maximum of
the excited Re chromophore (4., = 588 nm), thus leading
to an “autoquenching” process. However, the luminescence
lifetime of 3 is longer than that of 2 because of the increased
delocalization caused by the coordination of the N end of
the nitrile group of the bridging ligand to the Ru center in
3. The increase in the excited-state lifetime when going from
1 to 4 parallels the decrease in Sy;. The shift to lower ener-
gies of the excited states in Mebpy-CN complexes relative
to the bpy complexes can explain the increase in k,, values
and the subsequent decrease in the corresponding lifetimes

Table 2. Photophysical properties of the excited states of complexes
1-4, in CH;CN, at room temp (* indicates an excited state).

7 [ns]t@ 7 [ns]®! 3 107 k, 107 ky,
[s 1][a] [s 1][01
1* 12 - 0.0020 1.6 8.1
2% 286 293 0.085 3.0 32
3* 439 431 0.0046  0.10 0.23
4% 31 (12%), 91 (47%),  0.046 0.95 0.20
482 (88%) 480 (53%)
[a] Time-correlated single-photon counting (TCSPC). [b] Laser

flash photolysis (LFP). [c] kny = kops — ki

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. Transient spectra for complexes 2 and 4 in CH3CN at room temp. together with the transient absorption decays monitored at
370 nm (top), and the emission decays obtained by TCSPC and monitored at the emission maximum (bottom) of each complex. Solid
gray lines represent mono- (complex 2) and double- (complex 4) exponential fitting.

according to the energy-gap law.['2l However, the quantum
yields of luminescence for Mebpy-CN complexes are higher
than those of the corresponding bpy complexes (e.g., for
[Re(bpy)(CO)5(CH;CN)™*, ¢ = 0.0225),1231 a fact that has
been previously detected for ruthenium complexes with
Mebpy-CNI! and can be attributed to the increased elec-
tron delocalization in the bpy ring that occurs upon adding
a nitrile group.

The transient spectra and absorbance decay at 370 nm
for complexes 2 and 4 are shown in Figure 7. For complex
4, no evidence of the formation of a transient Ru'' species
was obtained in the LFP experiments, since the emission of
the excited state at 579 nm interferes with the possible tran-
sient absorption near 520 nm; therefore, the spectra were
cut off at 500 nm. The observed maxima at 370 and 450 nm
can be assigned to IL transitions of the Mebpy-CN™ radi-
cal, in agreement with the spectroelectrochemical results
obtained upon reduction of Mebpy-CN (Figure 5) and with
previous studies on Ru complexes.!”) The transient decays
are compared with the emission decays of both complexes
obtained by TCSPC and monitored at the emission maxi-
mum of each complex. For complex 2, and also for complex
3 (not shown), the observed decays were perfectly monoex-
ponential, and both transient techniques yielded the same
lifetime for each complex (see Table 2). In contrast, the ab-
sorption and emission decays for complex 4 showed double-
exponential decay behavior. The data were fitted with the
general function Y(7) = a,exp(-t/t)) + a.exp(-t/t,) with a;
+ a, = 1, and to compare both techniques, the average life-
time was calculated as <t> = a;7; + a,7,. The longer life-
time obtained by both methods was the same and closer to
that observed for complex 3 (owing to the decay from the
SMLCT excited state [Re'"Mebpy-CN~]), but a little differ-
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ence was obtained for the shorter decay component be-
tween both techniques. This result can be attributed to the
noisier LFP than TCSPC signal and also to different moni-
toring wavelengths. Despite this, a decay that is one order
of magnitude faster is present for complex 4 that can be
attributed to an extra nonradiative pathway as shown in
Scheme 2. Now, since it is well known that the lifetimes of
non-emissive charge-transfer excited states of tricarbonyl-
polypyridylrhenium(I) complexes usually fall in the nanose-
cond regime,” we propose that the shorter lifetime could
be due to the decay from an excited MMCT state: the
charge recombination process, kp, shown in Scheme 2,
which has been predicted to lie in the Marcus inverted re-
gion.

Calculations

Table 3 shows the compositions of some frontier MOs
for complexes 1-4. There is a remarkable mixing between
the d (Re) and the d.(Cl) orbitals in the HOMO of 1.
Therefore, the lowest-lying energy absorption band in 1 can
be assigned to a metal-ligand-to-ligand charge transfer
(MLLCT) transition. The electron-density difference map
(EDDM) for this band can be envisaged as a transfer of
electronic density from the Re(CO);Cl fragment to Mebpy-
CN, as described for [Re(bpy)(CO);Cl] by Vicek and
Z4lis.2%2 In the whole series, the LUMO is centered at the
Mebpy-CN ligand. In the mixed-valent complex 4, the a-
and B-MO compositions are displayed. It is well known that
in molecules with unpaired electrons, the spin orbitals are
spin-unrestricted and therefore the spatial parts of the a
orbitals will differ from the spatial parts of the P orbit-
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als.[>>"] In this case, the B-spin LUMO orbital is centered
on the Ru atom, which is consistent with the experimental
description of the mixed-valent species as [(CH;CN)-

Figure 8.

(CO);Re!(Mebpy-CN)Ru(NH;)s]**.
LUMOs and HOMOs for all complexes are displayed in

Diagrams of

Table 3. Energies and percent contributions of the three highest HOMOs and the three lowest LUMOs for the ground states of complexes

1-4.
[Re(Mebpy-CN)(CO);Cl] (1)

MO E [eV] Re [%] Me-bpyCN [%] CO [%] CI [%]
LUMO+2 —-1.54 2 92 6 1
LUMO+1 -2.23 0 99 1 0
LUMO -3.10 2 92 4 1
HOMO -6.72 49 4 21 25
HOMO-1 -6.82 47 6 20 27
HOMO-2 -7.30 68 1 31 0
[Re(Mebpy-CN)(CO);(CH3CN)]*, cation of 2
MO E [eV] Re [%] Me-bpyCN [%] CO [%] AN [%]
LUMO+2 -1.73 2 91 6 0
LUMO+1 -2.40 0 99 1 0
LUMO -3.29 2 93 4 0
HOMO -7.29 60 10 25 5
HOMO-1 -7.40 61 10 23 5
HOMO-2 -7.62 69 2 29 0
[(CH;CN)(CO);Re(Mebpy-CN)Ru(NH;3)s]**, cation of 3

MO E [eV] Re [%] Ru [%] Me-bpyCN [%] CO [%]
LUMO+2 -1.78 1 0 92 6
LUMO+1 -2.48 0 2 97 1
LUMO -3.37 3 4 88 4
HOMO -6.29 0 92 4 0
HOMO-1 -6.30 1 86 10 0
HOMO-2 -6.36 0 88 9 0
[(CH;CN)(CO);Re(Mebpy-CN)Ru(NH3)s]**, cation of 4
a-MO E [eV] Re [%] Ru [%] Me-bpyCN [%] CO [Y]
LUMO+2 -2.79 0 1 97 1
LUMO+1 -3.16 0 59 0 0
LUMO -3.78 3 2 92 3
HOMO -7.03 62 0 11 21
HOMO-1 -7.33 62 0 10 21
HOMO-2 -7.48 71 0 2 26
[(CH3;CN)(CO);Re(Mebpy-CN)Ru(NH;3)s]**, cation of 4
ﬁ-MO E [eV] Re [%J] Ru [OA)] Me-bpyCN [OA)] CO [0 0]
LUMO+2 -2.87 0 62 0 0
LUMO+1 -3.77 3 2 91 3
LUMO -5.53 0 96 1 0
HOMO -7.03 62 0 11 16
HOMO-1 -7.32 62 1 10 18
HOMO-2 —~7.48 71 0 2 26
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Figure 8. Electronic-density diagrams of some LUMOs (upper graphs) and HOMOs (lower graphs) for complexes 1-4.
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Figure 9. Calculated UV/Vis spectra of 1-4 in solid lines; experimental spectra in dashed lines.

As shown in Figure 9, calculated UV/Vis spectra for
complexes 1-4 present reasonable agreement with the ex-
perimental spectra.

Conclusion

Novel mono- and dinuclear tricarbonylrhenium(I) com-
plexes with Mebpy-CN were prepared and characterized by
diffraction, spectroscopic, photophysical, and computa-
tional techniques. The increased conjugation in the bipyr-
idyl ring due to the nitrile substituent increases the emission
quantum yields of the SMLCT lowest-lying excited states
with respect to the corresponding bpy complexes. In the
mixed-valent species of formula [(CH3CN)(CO)s;Re-
(Mebpy-CN)Ru(NHj;)s]**, charge recombination from its
MMCT excited state is predicted to lie in the Marcus in-
verted region. The electronic structures and optical proper-
ties of all the reported complexes calculated by DFT and
TD-DFT methods agree reasonably well with experimental
results.

Experimental Section

Materials and Instrumentation: All chemicals used in this work were
analytical reagent grade. CH;CN was freshly distilled from P,Oy
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for electrochemical measurements. TBAH was recrystallized four
times from EtOH and dried at 150 °C for 72 h. NMR spectra were
obtained from samples in CD;CN with a Bruker 500 MHz instru-
ment operating at a frequency of 500.13 MHz for 'H NMR spec-
troscopy and 125.75 MHz for '*C NMR spectroscopy. ESI mass
spectra were recorded with a Bruker Esquire 6000 mass spectrome-
ter. Absorption spectra were determined with a Varian Cary 50
spectrophotometer using 1 cm quartz cells. Emission measurements
for Ar-degassed solutions were carried out in 1 cm fluorescence
cells with a Shimadzu RF-5301 PC spectrofluorometer at room
temperature, and the spectra were corrected by a previously de-
scribed procedure.*) A cold finger Dewar accessory was used for
emission measurements at 77 K. Ground-state infrared spectra
(4000-400 cm ') were measured as KBr pellets with a Perkin—Elmer
FTIR RX-I spectrophotometer. Raman spectra were recorded in
the range 3500-60 cm™! with a Raman DXR spectrometer from
Thermo Scientific equipped with a trinocular Olympus Micro-
scope. Electrochemical measurements were carried out with a BAS
Epsilon EC instrument. A standard three-electrode arrangement
was used, with vitreous carbon as working electrode, Pt wire as
auxiliary electrode, and Ag/AgCl (3 m KCl) as reference electrode.
All solutions were prepared in freshly distilled CH;CN (with 0.1 m
TBAH as the supporting electrolyte) and thoroughly degassed with
Ar prior to each measurement. Reported £, values for reversible
waves were calculated as the averages between the peak values that
corresponded to the cathodic (E.) and anodic (E,) waves: Ej, =
(E. + E,)/2. Data obtained by CV were almost equal to those ob-
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tained by differential pulse voltammetry (DPV). For irreversible
waves, the reported values are those determined by DPV. UV/Vis
spectroelectrochemical experiments were performed in CH;CN
(0.1 M TBAH) using a 1 mm path-length spectroelectrochemical cell
from CH Instruments, with Pt grid as working electrode, Pt wire
as counter electrode, and Ag/AgCl (3 M KCl) as reference electrode.
Lifetimes and transient spectra of the lowest-lying SMLCT excited
states were obtained with a laser flash photolysis setup as described
previously.'?! Lifetimes were also determined by a time-correlated
single-photon counting (TCSPC) technique, with a Tempro-01 ap-
paratus from Horiba Jobin Yvon (Glasgow, U.K.), using as the
excitation pulse source an ultrafast (460+27) and (340*+15) nm
Nanoled from Horiba operating at 250 kHz. Emission was col-
lected at the emission maxima of complexes 1-4 with a monochro-
mator with emission bandwidth selected at 12 nm. Fluorescence
intensity decay was fitted with the Fluorescence Decay Analysis
Software DAS6 of Horiba Jobin Yvon by deconvolution of the
pulse function using a single-exponential model function. All mea-
surements were performed at room temperature in CH3CN solu-
tions saturated by bubbling for 20 min with high-purity argon, air,
and oxygen gases (>99.98, Indura SRL, Argentina). Calculations
were performed using Gaussian *98.1271 Molecules were optimized
using the PBE1PBE hybrid functional, which is composed of the
Perdew, Burke, Ernzerhof exchange,*® and a correlation functional
with 25% HF exchange. Basis set LanL2DZ was chosen for all
atoms, and geometry optimizations were performed under vacuum.
No symmetry restrictions were placed on the geometry optimiza-
tions. Frequency calculations were performed to ensure that these
geometries corresponded to global minima: no imaginary fre-
quencies were obtained for the optimized geometries. The effect
of the solvent was included using the conductor-like polarizable
continuum model (CPCM) for calculating orbital energy levels and
UV/Vis spectra in acetonitrile. The contribution of the different
groups on the orbitals, calculated UV/Vis spectra, and transitions
related to them were obtained using the GaussSum Program (ver-
sion 2.2).2) UV/Vis profiles were obtained by considering a typical
half-bandwidth of Av;;, = 3000 cm™! for all electronic transitions.
Chemical analyses were carried out at INQUIMAE, University of
Buenos Aires, Buenos Aires, Argentina, with an estimated error of
+0.5%.

Crystal Structure Determination: Crystals of 2 were obtained by
slow evaporation of a concentrated solution of the complex in a
acetonitrile/acetone/toluene/hexane (1:1:1:2) mixture. Measure-
ments were carried out with a Bruker Smart Apex CCD dif-
fractometer using graphite-monochromated Mo-K, radiation (4 =
0.71073 A) from an X-ray tube. The measurements were made in
the range 2.086 to 28.350° for 6. Full-sphere data collection was
carried out with w and ¢ scans. A total of 21280 reflections were
collected, of which 6525 [R(int) = 0.0301] were unique. The used
programs were: SMART for data collection,*”) SAINT+ for data
reduction,®] SADABS for absorption correction.l*?l Structure
solution and refinement were carried out using SHELXTL.[33 The
structure was solved by direct methods and refined by full-matrix
least-squares methods on /2. The non-hydrogen atoms were refined
anisotropically. The hydrogen atoms were placed in geometrically
optimized positions and forced to ride on the atom to which they
are attached. Final R indices [/>2a(])]: R1 = 0.269, wR2 = 0.0623.
R indices (all data): R1 = 0.0304, wR2 = 0.0644.

Mebpy-CN: The ligand 4-methyl-2,2'-bipyridine-4’-carbonitrile
(Mebpy-CN) was prepared following procedures reported in the
literature.34!

[Re(Mebpy-CN)(CO);Cl| (1): A mixture of [Re(CO)sCl] (200 mg,
0.553 mmol) and Mebpy-CN (112 mg, 0.574 mmol) was added to
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toluene (15 mL) and heated under reflux conditions for 2 h under
subdued light. The mixture was cooled to room temperature and
stored in the refrigerator at 5 °C for 1 h. The solid was then filtered,
washed with toluene and diethyl ether, and dried under vacuum
over P,O;, overnight, yield 230 mg (83%). C;sHyCIN;OzRe
(500.91): caled. C 36.0, H 1.8, N 8.4; found C 36.1, H 1.8, N 8.3.
'"H NMR (500.13 MHz, CD,Cl,): 6 = 2.61 (s, 3 H), 7.47 (1 H), 7.75
(1 H), 8.07 (1 H), 8.42 (1 H), 8.88 (1 H), 9.20 (1 H) ppm. ESI MS
ion clusters at m/z = 523.77 [M - Cl — CO + CD,Cl,]*. ESI MS
negative ion clusters at m/z 553.75 {[Re(Mebpy-CN)-
(CO);Cl(H,0)]} . IR (KBr): ¥ = 3050 (vw), 2935 (vw), 2226 (w),
2244 (vw), 2025 (vs), 1938 (vs) 1880(vs) 1618(w), 1410 (w) cm .
UV/Vis (CH;CN): 4 (eX 104, mem™) = 212 (3.70), 243 (2.13),
305 (1.40), 402 (0.41) nm.

[Re(Mebpy-CN)(CO)3(CH3CN)|(PFe):3.5H,0 (2): AgCF;SO;
(77 mg, 0.300 mmol) was added to a solution of 1 (145mg,
0.289 mmol) in CH3CN (80 mL) and heated under reflux condi-
tions for 4.5 h under subdued light. The mixture was then cooled
to room temperature, and a stoichiometric quantity of AgCl was
removed by filtration. The filtrate was rotary evaporated to approx-
imately 5 mL and added to a solution of NH4PF (370 mg) in water
(4 mL). After cooling in the refrigerator overnight, the yellow solid
was filtered, washed with water and diethyl ether, and dried under
vacuum. The solid was subjected to flash chromatography on silica
gel (with toluene/acetone/methanol: 6:3:1) and the first eluent was
collected. The solution was rotary evaporated to dryness and the
obtained solid was collected with acetone (5 mL), added to n-hex-
ane (50 mL), and stored in the freezer overnight. The obtained light
yellow solid was filtered and dried under vacuum over P,O, over-
night, yield 150 mg (76%). C;7H,;sF¢N4O4 5P Re (678.5): calcd. C
30.1, H 2.2, N 8.3; found C 304, H 1.8, N 7.7. 'H NMR
(500.13 MHz, CD;CN): § = 2.04 (br. s, 3 H), 2.61 (s, 3 H), 7.62 (1
H), 7.97 (1 H), 8.38 (1 H), 8.78 (1 H), 8.87 (1 H), 9.18 (1 H) ppm.
13C NMR (125.75 MHz, CD5CN): 6 = 3.92, 21.7, 116.2, 123.8,
125.0, 127.0, 127.5, 130.4, 130.7, 154.6, 2 X 155.2, 156.1, 158.7,
3X194.5 ppm. ESI MS ion clusters at m/z = 506.80 [Re(Mebpy-
CN)(CO)3(CH3CN)]*, 509.82 [Re(Mebpy-CN)(CO);(CD;CN)]*.
IR (KBr pellet): v = 3096 (vw), 2958 (vw), 2298 (vw), 2240 (vw),
2041 (vs), 1941 (vs) 1930(vs), 1618 (w), 1411 (w), 845 (vs), 557 (m)
cm !, UV/Vis (CH;CN): 4 (eX 104 m'em™!) = 248 (1.09), 318
(0.65), 329 (0.66), 360 (0.31) nm.

[(CH3CN)(CO);Re'(Mebpy-CN)Ru" (NH3)s|(PFq)s (3): A solution
of 2 (50 mg, 0.070 mmol) in acetone (20 mL) was purged with Ar
for 30 min. Then [Ru(NH;3)s(H,O)](PF¢), (35 mg, 0.070 mmol),
which was prepared according to a reported method,> was added,
and the resulting mixture was stirred under Ar for 4 h. The final
purple solution was concentrated to approximately 5 mL, and di-
ethyl ether (50 mL) was added to precipitate a purple solid that
was stored overnight. The solid was filtered, rinsed with diethyl
ether, and purified by chromatography in alumina (acetone/meth-
anol, 1:1). Unreacted mononuclear precursor eluted first, and the
new dinuclear complex was collected afterward, rotary evaporated
to approximately 5 mL, precipitated by diethyl ether, and stored in
the refrigerator overnight. Finally, a purple solid was filtered and
dried under vacuum over P,0;, yield 34mg (43%).
C7H,;F sNgOsP3ReRu (1127.6): caled. C 18.1, H 2.4, N 11.2;
found C 17.9, H 2.5, N 11.3. 'H NMR (500.13 MHz, CD3CN): ¢
=2.07 (3 H,), 2.60 (s, 3 H), 7.56 (1 H), 7.77 (1 H), 8.30 (1 H), 8.61
(1 H), 889 (1 H), 9.11 (1 H) ppm. *C NMR (125.75 MHz,
CDs;CN): 6 = 21.7, 116.5, 123.8, 125.6, 126.1, 127.6, 129.8, 130.0,
2X154.6, 155.9, 158.3, 194.5 ppm. ESI MS ion clusters at m/z =
506.80 [M - Ru(NHj)s(PFg);]*, 538.89 [M - Re(CO)s-
(CH;CN)(PF¢),]*. IR (KBr pellet): ¥ = 3371 (m), 3300 (m), 3186
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(vw), 2958 (vw), 2933 (vw), 2269 (vw), 2179 (s), 2026 (vs), 1935
(vs), 1898 (vs), 1608 (s), 1413 (w), 1278 (s), 839 (vs), 559 (s) cm .
UV/Vis (CH;CN): 4 (¢X 104, m'em™!) = 247 (2.13), 310 (1.03),
323 (0.98), 358 (0.41), 516 (0.99) nm.

[(CH3CN)(CO);Re!(Mebpy-CN)Ru™(NH;)s|(PFg);Br-12H,0  (4):
A solution of 3 (20 mg) in freshly distilled acetonitrile (10 mL) was
oxidized by the addition of a stoichiometric amount of a standard-
ized solution of Br, in acetonitrile.*®) The complex was precipitated
by the addition of diethyl ether (100 mL) and stored in the refriger-
ator overnight. An orange solid was filtered, washed three times
with diethyl ether, and dried under vacuum. It was recrystallized
from acetone/diethyl ether, filtered, and dried under vacuum over
P,0,, yield 34 mg (43%). C,;HsBrF sNyO,sP;ReRu (1423.7):
caled. C 14.3, H 3.6, N 8.9; found C 14.0, H 3.3, N 9.0. IR (KBr
pellet): ¥ = 3348 (m), 3244 (m), 3186 (vw), 2936 (vw), 2293 (vw),
2241 (vw), 2038 (vs), 1943 (vs) 1904(vs) 1623(m), 1419 (m), 1312
(m), 839 (vs), 559 (s) cm™'.

CCDC-977825 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Crystal data in Table S1, selected bond lengths and angles in
Table S2, emission spectral fittings in Table S3, spectroelectrochem-
istry of complex 1 in Figure S1, comparisons of IR spectra of 1
and its hydrolyzed derivative in Figure S2, hydrolysis consecutive
spectra in Figure S3, and crystallographic data in cif format.
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