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Acid—Responsive Rhenium(l) NHC Complexes: Pyrazine vs Pyridine

Pedro O. Abate, > b ¢ d José Francisco Rizo, ®® Francisco José Fernandez-de-Cérdova, b Abel Ros,* b
and Orestes Rivada-Wheelaghan* 2 b,

Four rhenium(l) tricarbonyl complexes featuring pyridine- or pyrazine-functionalized N-heterocyclic carbenes were
synthesized and fully characterized, including the determination of their molecular structures by single-crystal X-ray
diffraction. Electrochemical and spectroelectrochemical measurements were performed. The development of isosteric Re(l)
complexes enabled a direct comparison of how Brgnsted and Lewis acids influence their electronic properties. Complexes
containing the pyridyl core showed no detectable changes in either electrochemical or spectroscopic studies. In contrast,
those bearing the pyrazine fragment exhibited significant shifts at both reductive and oxidative potentials, attributable to
4the extra nitrogen atom in the 1,4-diazine ring, which can interact with Brgnsted (and Lewis) acids. In this regard,
comparison of alkali salts with Brgnsted acids revealed that the presence of the latter induces substantially larger electronic

perturbations.

Introduction

Multifunctional ligands can bind to metal centers, interact with
other molecules, or respond to stimuli through additional
functionalities in their structures.! In homogeneous catalysis,
metal-ligand cooperation may serve as an example in which
both the metal and the multifunctional ligand act in concert,?
either through redox stabilization,? or through direct interaction
with chemical bonds enabling the desired reactivity.* However,
as is often the case, the best example is observed in nature and
involves enzyme activity modulation by the binding of a
regulatory molecule to a site distinct from the active site.® The
synergistic process of allosteric regulation has inspired synthetic
chemists to build and modulate functional supramolecular
structures,® 8 to fine-tune the electronic properties of “simple”
molecules,®! or to develop switchable catalysis,'213 thereby
expanding their applicability.’* For example, owing to the
selective capacity of polyether motifs to bind alkali cations in
solution, their rational addition proximal to the metal-binding
site in different ligands'>=22 has helped to develop systems that
respond to stimuli. This has allowed the modification of the
redox properties of many systems using non-redox-active
additives,1820.23.24 ejther to promote redox transformations at

a-Departamento de Quimica Inorgdnica, Universidad de Sevilla, C/Prof. Garcia
Gonzdlez 1, 41012 Seville, Spain. E-mail: orivada@us.es

b Instituto de Investigaciones Quimicas, Centro de Innovacién en Quimica Avanzada
(ORFEO-CINQA), Consejo Superior de Investigaciones Cientificas — Universidad de
Sevilla, C/Américo Vespucio 49, 41092 Seville, Spain. E-mail: abel.ros@iig.csic.es

¢ Universidad de Buenos Aires, Facultad de Ciencias Exactas y Naturales,
Departamento de Quimica Inorgdnica, Analitica y Quimica Fisica, Pabelldn 2,
Ciudad Universitaria, C1428EHA, Buenos Aires, Argentina.

4 CONICET — Universidad de Buenos Aires. Instituto de Quimica-Fisica de
Materiales, Ambientes y Energia (INQUIMAE), Pabellon 2, Ciudad Universitaria,
C1428EHA, Buenos Aires, Argentina.

Supplementary Information available: [details of any supplementary information

available should be included here]. See DOI: 10.1039/x0xx00000x

potentials other than the original ones?>2¢ or to facilitate the
activation of molecules.?7:28

Alternatively, others have developed their ligand scaffolds with
the stimuli-responsive group located in regions remote from the
reactive center.??32 Thus, the reactivity and electronic
properties of the complex vary with the addition of a Lewis33-36
or Bronsted acid,3%3738 without directly involving the first
coordination sphere. Building on the concept of remotely
modulating electronic properties, we have designed a pyrazine
(pz)-based ligand to systematically investigate how Brgnsted
and Lewis acids influence the electronic characteristics of the
metal complex. Building blocks based on 1,4-diazine have been
used in the assembly of molecular aggregates,3°-*! and they are
well known for their capacity to facilitate charge delocalization
among multiple metal centers.#%42-34 Moreover, there has been
an increase in reports of coordination complexes bearing
ligands with a pz core targeting new avenues of reactivity and
catalysis, which have undoubtedly led to a greater
understanding of these frameworks.*>*7 Pincer-type ligands
represent the most common platform, with substituted groups
such as: bis(imino)-pz,*84° bisphosphine-pz,#%>051 and N-
heterocyclic carbenes (NHCs), among others.>? Interestingly,
across all the literature reviewed, we found no reports in which
the effects of adding Brgnsted and/or Lewis acids to pz-
substituted complexes have been systematically examined.
Therefore, we report the synthesis and characterization of
rhenium(l) tricarbonyl complexes stabilized by pyridine (py)-
and pz-functionalized NHC ligands, along with a systematic
investigation of the effects of Brgnsted and Lewis acid additives
on their electronic properties.

Results and discussion
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Syntheses and crystal structure.

The two imidazolium precursors synthesized (CIHL®Y: 3-mesityl-
1-(pyridin-2-ylmethyl)-1H-imidazol-3-ium; and CIHLP%:  3-
mesityl-1-(pyrazin-2-ylmethyl)-1H-imidazol-3-ium) were
prepared in two steps starting from 2-(chloromethyl)pyridine
and 2-(chloromethyl)pyridine, respectively. The 2-
(chloromethyl)pyrazine was obtained by a radical reaction with
N-chlorosuccinimide.> The corresponding substrates were later
reacted with 1-mesityl-1H-imidazole to obtain the desired
CIHLPY and CIHL®? precursors. For the synthesis of the neutral
rhenium complexes, a well-established methodology was
followed.>* Thus, the corresponding azolium salt was treated
with Ag,0 to generate the silver carbene intermediates after 24
h at room temperature under dark stirring, and these were then
transmetallated to [ReCl(CO)s] to afford the neutral complexes
1, [Re(CI)(CO)s3(L?)], and 2, [Re(Cl)(CO)s(LP?)], in 77% and 66%
yields, respectively (Scheme 1, top). Due to solubility issues, this
reaction step required 48 h of heating (at 40 °C). To obtain the
cationic acetonitrile adducts 3-X, [Re(CH3CN)(CO)s(LP)][X], and
4-X, [Re(CH3CN)(CO)s3(LP?)][X], the complexes 1 and 2 were
treated with the corresponding silver salt (AgX) in a solvent
mixture containing acetonitrile (X = BF4, PFs or OTf]. To avoid
anion effects during electrochemical measurements, the triflate
anion was replaced with PFg by treatment with an aqueous
NH4PFs solution (see supporting information, Sl). Thus,
following Method A or B (Scheme 1, bottom), cationic
complexes 3:X and 4-X were obtained in moderate to good
yields (34-87%).

Y.
Cle ‘ \j
~
N 1) Ag,0, CH,Cl,
N 24 h

rt N
~
2) [ReCI(CO)s] <\) Lo
40°C, 48h N
Y = CH, CIH-LPY Y =CH, 1
Y =N, CIH-LP? Y=N, 2
®
Method A v T [X]®
1) Ag(CF3SO3) | AN
dioxane/MeCN, reflux _
2) NH4PFs (ag. N
tor2 ) NH4PFs (aq.) NCO\R‘/CO
AgBF, <\'Y (":O\N\\
N \
MeCN/CH,Cl,
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X= PFg; Y = CH; 3-PFq

67%)

X=PFg Y =N; 4-PFg (34 %)
X=BF; Y = CH; 3-BF, (87%)
X=BF;Y=N; 4BF, (64 %)

Scheme 1. Synthesis of neutral and cationic Re' complexes 1-4.

With respect to the spectroscopic properties of neutral
complexes 1 and 2, the *H-NMR spectra exhibit the common

2| J. Name., 2012, 00, 1-3

diastereotopic pattern of the methylene benzylic,.Rrotqns
(doublets around 5.3-5.4 and 6.2-63!' 1ppr)/ DEndO1ERE
inequivalence of the methyl groups of the mesityl fragment,
which indicates the bidentate bearing of the NHC-N ligand. This
is also corroborated by 3C NMR, which shows the Ccarpene
resonance around 182-183 ppm and only three carbonyl groups
in the 191-197 ppm region. In the case of cationic complexes
3-PF¢ and 4-PFg, the acetonitrile adduct is corroborated by H
and 13C NMR spectra, showing signals at 2.37 and 3.7 ppm,
respectively, attributed to the methyl group of the coordinated
acetonitrile molecule. Due to the m-acceptor capability of the
CH3CN ligand compared to chloride, the n-retrodonation to the
NHC and CO groups is less efficient in complexes 3-PFs and
4-PFg, and therefore the chemical shifts of the Ccarpene and CO
groups are shielded by ~3-4 ppm with respect to neutral
complexes 1-2. These structural features could also be
confirmed by IR measurements (Fig. 1 and Table 1). The intense
carbonyl bands observed in Re(CO)3 complexes with a-diimine
or carbene-type ligands are sensitive to the electron-accepting
properties of the coordinated ligands. Table 1 summarizes the
experimental and DFT-calculated carbonyl stretching
frequencies of complexes 1-2 and 3-4-PFs. As shown in Table 1,
all complexes display three bands assigned to the A’(1), A", and
A’(2) vibrational modes, consistent with a facial gecometry of the
carbonyls.>>% Replacement of the py ring with a stronger m-
acceptor, such as pz, has only a minor effect on the stretching
frequencies, causing an average blue shift of = 5 cm™. When the
chloride ligand is replaced by the m-acceptor CH3CN, all the
carbonyl stretching frequencies exhibit a more pronounced
blue shift, with an average of = 40 cm™.

| —1 —2 —3PF, —4PF,]

IANYACAN
M
N S\

N SN

T T
2050 1950 1900

T
2000 1850

Wavenumber (cm™)
Fig. 1. IR spectra of complexes 1, 2, 3-PFg and 4-PFg in CH3CN at room temperature.

The magnitude of the shift in the carbonyl stretching
frequencies of 1 vs 3-PFg or 2 vs 4-PFg can be correlated with
changes in the bond orders, derived from the average carbonyl
force constants calculation (kay).°” An increase in the kay value is
indicative of a decrease in m-backdonation from the rhenium
center to the carbonyl ligands. As shown in Table 1, k., increases
when ClI- is replaced by CHsCN, consistent with the
enhancement of the CO bond order.

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Experimental and calculated CO vibrational frequencies of complexes 1, 2, 3-PFe
and 4-PFg in acetonitrile at room temperature.

v/ cm™ (DFT)
compound Kav® (N.m™1)
A(1) A~ A(2)
2017 1915 1880
1 1517
(2027) (1921) (1895)
2019 1920 1886
2 1523
(2030) (1928) (1901)
2033 1933 1923
3-PFe 1557
(2041) (1941) (1933)
2035 1940° 1926°
4-PFg 1563
(2042) (1941) (1932)

3 Average carbonyl force constant (kgy) calculated as kg, = 4.0383 x 10’42—2"M,
i 9i

where g; is the degenerancy of the ith carbonyl stretching mode of frequency v;
(cm?).

b Bands obtained from Lorentzian deconvolution (Fig. S25).

All these structural features observed in solution could be
corroborated in the solid state by X-ray diffraction analysis.
Thus, as shown in Fig. 2, the neutral complex 2 and the cationic
complexes 3:-PFs and 4-BF; adopt a distorted octahedral
geometry with chirality at the Re center (although the
crystallographic unit cell contains both enantiomers, only one is
shown in the figure). The 3 carbonyl groups adopt a facial
geometry, consistent with the results observed in the IR studies.
No differences are observed in the structure when a different
counter anion is present, as X-ray diffraction studies were
obtained for complex 3:PF¢ and 3:BF4 (see Sl). Similarly, no
significant changes are observed in the structure when the
chloride ligand is exchanged for acetonitrile from 2 to 4:BF,.
Regarding the bond distances, the Re-CO bond distances trans
to the carbene moiety are slightly elongated (~1.95 A) as
compared to the others (~1.92 A), due to the trans influence of
the carbene ligand.

. .__.e ]
& N1?: ! T ?/ N1 ‘?
I N1., ~ ',—‘\ "g”‘.‘ s N2 @
52002 o3 I ronfrern &% N ® ¢
of-gFe o ,“ ] 020690 d ° o
N2A S ~ g C21A 015 'R | &
A | e el N
cnu | v ol [ S @ | NaA @ G224 /+/
¢ N2 N3AL #CZUA M% 9‘ C”’E
&03 %‘b‘ ,’4 dOZA ¢c1
[ ] o-¢ ? ‘9\“ I bm
Q‘D L] x
M
[}
2 3-PF¢ 4-BF,

Fig. 2. X-ray structures of complexes 2, 3:PFg, and 4-BF,. Structures are shown with
50% displacement ellipsoids. Non-coordinating anions and solvents are omitted
for clarity. Selected bond lengths (A): 2: C1-Re1=2.488(1); C1-Rel= 2.165(3); C22-
Re= 1.952(4); N1-Re= 2.221(3). 3-PFs: C7A-Re1A= 2.174(8); C20A-RelA= 1.91(1);
C21A-RelA= 1.957(9); N1A-RelA= 2.229(7).
1.922(4); C16-Re=1.945(4); N2-Re= 2.213(3).

4-BF;: C15-Re= 2.169(4); Cl-Re=

This journal is © The Royal Society of Chemistry 20xx
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The electrochemical measurements were performed in dry

CHsCN solution with 0.1 M BusNPFs as the supporting
electrolyte, using a glassy carbon working electrode, a Pt
counter electrode (CE), and a saturated calomel electrode (SCE)
as the reference electrode (at constant temperature of 293 K)
at a scan rate of 0.1 V s71. Table 2 shows the redox potentials of
complexes 1, 2, 3:-PF¢ and 4-PFs, obtained under these
conditions. As expected for NHC-based rhenium complexes,
these compounds exhibit metal-centered oxidations and ligand-
centered reductions, respectively. For the neutral complexes,
the Re?*/* couples were detected at 1.18 V, 1.27 V, 1.66, and
1.73 V, for 1, 2, 3-PF¢ and 4-PFg, respectively. These values are
consistent with those previously reported for analogous
complexes.>* The differences observed between complexes 1
vs. 2 and 3-PFg vs. 4-PFg are attributed to the substitution of the
py ring with a pz ring in the carbene ligand. Since pz is a more -
accepting (electron-withdrawing) ligand,*® it stabilizes the Re
(dmt tyg) orbitals, resulting in an anodic shift of ~ 90 mV of the
Re2+/+ couple (Fig. 3).

Re2+/ +
—
c
[0
=
=]
O
J
’_/—/
T T T T
-2 -1 0 1 2

E (V vs SCE)

Fig. 3. Oxidative and reductive Cyclic Voltammetry of 3:-PFg (blue) and 4-PF¢ (green)
in CH3CN 0.1 M BusNPFg at 293 K. v = 100 mV/s. [complex] = 1 mM.

On the other hand, comparison between the complexes having
the same carbene ligand and varying the axial ligand, from CI- to
CHsCN, renders a shift of ca. 50 mV of the Re?*/* couples. As
shown in their cyclic voltammograms (Fig. S26-S29, S| pages
S24-S27), these processes are quasi-reversible in nature, with a
slight increase in reversibility when the CI-is replaced by CH3;CN.
This behavior can be attributed to the formation of the solvento
complex the
complexes.5859 Scan rate studies were conducted for the Re2*/+
couples of the four complexes; in all cases, the processes were
diffusion-controlled as evidenced by the linear dependence of
the peak current on the square root of the scan rate (Fig. S26-
S29, pages 524-527).60

The ligand-centered reduction processes were detected at -1.99
V (1), -1.36 V (2), -1.73 V (3-PFg), and -1.15 V (4-PFg),
respectively. All these redox couples are described as one-
electron transfer processes. In complexes 1 and 3:PFs, the

after one-electron oxidation of neutral

J. Name., 2013, 00, 1-3 | 3
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reductions are assigned to the py”?! couple, whereas in
complexes 2 and 4-PFs, they are pz®-1-based. The shift of around
600 mV in the L%! reduction potential of the complexes
containing py vs. pz arises from the enhanced electron-
withdrawing ability of pz vs py, resulting in an anodic shift of the
pz%-1 reduction potential.

Table 2. Reduction potentials and absorption spectroscopic data of complexes 1, 2, 3-PFe
and 4-PFg in acetonitrile at room temperature.

compoun | Ey; (AE,)*/ Ve (mV) AE Amax/nm /M-

d Re2+ ! /Ve (Vmax/cm™) lem™

1 1.18 (80) -1.99 3.17 308 4213
(irr.) (32468)

2 1.27 -1.36 2.63 348 2560
(100) (irr.) (28736)

3 1.66 (80) -1.73 3.39 296 6706
(irr.) (33784)

4 1.73 (90) -1.15 2.88 313 8180
(irr.) (31152)

2 0E, = |Eq| — |E|.® Exjp vs SCE. € AEy, = ERS ™" — V).

DFT calculations of the one-electron oxidized and one-electron
reduced species of complexes 1, 2, 3-PFs, and 4:-PFg were
performed to gain a better understanding of the electronic
structure. DFT calculations were performed using the PBE1PBE
(PBEO) hybrid functional.5* Re(l) was described with the
LANL2DZ basis set with the corresponding ECP, all non-metal
atoms were treated with the 6-311G(d,p) basis set.62-64
Dispersion interactions are taken into account with the Grimme
dispersion correction with Becke-Johnson damping.®> 66 All the
calculations were done using the con all the calculations were
done by using the conductor-like polarizable continuum model
(CPCM).%7. 68 Calculated Spin densities (SDs) support the
assignment of the redox events (Table S2, Sl page S29). On the
other hand, the SDs of the oxidized complexes help to
rationalize the greater influence of the axial substitution
relative to the equatorial substitution in the reduction potential
of the ReZ*/* couple. As the one-electron oxidation involves the
HOMO, which is a dy, (Re) orbital, ligand substitution along the
z-axis is expected to induce a stronger stabilization of this
orbital than substitution in the equatorial plane (pz vs. py).
Consequently, this stronger stabilization shifts the Re2*/* couple
cathodically.

UV-Vis Spectroscopy and TD-DFT calculations.

In Fig. 4, the electronic absorption spectra of complexes 1, 2,
3:PFs and 4-PFg in CH3CN at room temperature are presented.
Below 280 nm, the spectra are dominated by nt(py)-> n*(py) and
n(pz)—> n*(pz) intraligand (IL) transitions. The absorption bands
above 280 nm are mainly assigned to dm(Re)-> m*(py) and
dri(Re)> m*(pz) metal-to-ligand charge transfer transitions
(MLCT). These assighnments are supported by time-dependent
DFT (TD-DFT) calculations of the optimized singlet geometry of
the complexes (S| Fig. S30-S33 and Tables $3-S10, pages S30-

4| J. Name., 2012, 00, 1-3

S34). A common feature of the broad lowest-epergy.MLET
absorption is a low-intensity band, which Bar é81eRA3tR6RY A35i8H
to an additional MLCT transition. In complex 1, the intense band
at 308 nm is assigned to a dy,(ReCl)-> t*(py) (HOMO-1->LUMO)
metal-ligand-to-ligand charge-transfer transition (MLLCT,). In
complex 2, the MLLCT; is observed at 348 nm, is assigned to a
dy.(ReCl)=> m*(py) (HOMO-1->LUMO) transition, and is red-
shifted relative to complex 1. This shift is explained by the lower
energy of the LUMO in the pz-containing complex vs. the LUMO
of the py analogue. For complex 3:PFg, the MLLCT; is observed
at 293 nm and is assigned to a dy;(Re*NHC)-> nt*(py) (HOMO-
1->LUMO) transition. In complex 4-PFs, the MLLCT1 is observed
at 320 nm, and is mainly assigned to a d,,(Re*NHC)-> m*(pz)
(HOMO-1->LUMO) transition.

For all four complexes, the lowest MLCT transition (MLLCT,) is
described as dx(Re*NHC)-> nt*(py or pz) (HOMO->LUMO). The
low molar absorptivity of the MLLCT, compared with MLLCT:
can be rationalized by the orthogonality between the donor and
acceptor orbitals involved in this transition. A linear correlation
is observed between the energy of the MLLCT; band and the
redox potential difference between the Re?*/* and L%! redox
couples (AE},;)%%70. Calculated UV-Vis spectra, together with
the electron density difference maps (EDDMs) for selected
transitions, can be found in the SI (Tables S3-S10, pages S30-
S34).

3
—
—2
——3-PF,
——4-PF,
IE 2 i
(&)
N
=
<
o
Z 14
w
O T
220 320 420

Wavelength (nm)

Fig. 4. UV-Vis spectra of complexes 1, 2, 3-PFs and 4-PFs in CH3CN at room

temperature.

UV-Vis Spectroelectrochemistry and TD-DFT calculations.

UV-Vis spectroelectrochemistry (UV-Vis-SPEC) was employed to
investigate the absorption changes following one-electron
oxidation and one-electron reduction of 3-PFs and 4:-PF¢ in
MeCN (0.1 M BusNPFg 0.1 M). (TD)DFT calculations were
performed to support the assignments of the transitions. For
complex 3, upon one-electron oxidation a marked decrease in
the intensity of the MLCT bands at 293 nm and 252 nm, along
appearance of a shoulder at 267, was observed (Fig. 5). (TD)DFT
assign this shoulder to MLCT transitions described as
dyz(Re)>1t*(py) / dy.(Re*NHC)->1t*(py) (Fig. S36 and Table S11-

This journal is © The Royal Society of Chemistry 20xx
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12, pages S37-5S38). These features are consistent with the
change from a d® to a d® electronic configuration of the Re(l)
center. In addition, a new low-intensity band emerges at 682
nm, and according to our calculations, this transition is assigned
as an NHC->d.(Re) LMCT from HOMO-4(B) to LUMO(B) (Fig. 5).
The spectral changes observed upon oxidative UV-Vis-SPEC
resemble those previously reported for mesoionic carbene
(MIC) complexes.”

In complex 4-PFs, one-electron oxidation leads to similar
changes in the absorption spectra (Fig. S35, page S36), including
a decrease of the MLCT bands at 320 and 254 nm and the
emergence of a shoulder at 427 nm. From TD-DFT calculations,
this new band is predominantly assigned to contributions from
NHC->1t*(pz) (IL) / dy.(Re)->m*(pz) (MLCT) transitions. On the
other hand, in complex 4:-PFs, the LMCT band (Fig. S35, page
S36) is centered at 689 nm and, according to our calculations
(Fig. S38 and Table S15-16, pages S39-40), is described as
NHC->dx.(Re) (HOMO-4(B)->LUMO(B)).

1,0
\\ 0,05 —
o o 0041 Lsz*
Q
g € 00
8 o05; 8003
o o
3 80,024
< " <<
—3
0,014
—1__ a2+ A ;
00— ‘ 0,00 WWW\P“\ ‘
230 280 330 380 500 600 700 800 900

Wavelength (nm) Wavelength (nm)

Fig. 5. UV-Vis spectroelectrochemistry for 3:PFg in CH3CN (0.1 M BusNPFg) at room
temperature. Conditions: WE (platinum), CE (platinum), and RE (Ag/AgCl 3M
NaKCl). (E = 1.6 V vs Ag/AgCl). EDDM of the LMCT band (#Trans 5), in which
turquoise and violet colors indicate regions of increased and decreased electron

density, respectively.

Spectral changes following one-electron reduction of complex
3:PF; indicate that the MLCT absorptions at 293 and 252 nm
decrease in intensity, while a new broad absorption between
300 and 400 nm develops (Fig. S37, page S38). In addition, a new
band appears at 443 nm. As supported by TD-DFT calculations,
the broad band is mainly assigned to n*(py)—>dy.(Re) (LMCT)
transition, whereas the band centered at 443 nm arises from
¥ (py)=>CO (IL) / m*(py)=>NHC (IL) transitions (Fig. S37 and
Table S13 and S14). The changes observed after one-electron
reduction of complex 4:PFs resemble those recorded for
complex 3:PFe. Thus, a general increase in the absorbance
between 270 and 440 nm is accompanied by the development
of a new band at 484 nm (Fig. S39, page S41). According to TD-
DFT calculations, these transitions are attributed to d,,(Re)->CO
(MLCT) / m*(pz)=>NHC (IL) and mt*(pz)->NHC (IL) / m*(pz)=>CO
(IL), respectively.

Interaction with Lewis acids.

To explore how external stimuli modulate the redox properties
of the cationic complexes 3-PFs and 4-PFg, we conducted cyclic
voltammetry studies in the presence of Lewis acids such as LiPFg

This journal is © The Royal Society of Chemistry 20xx
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and B(CeFs)z in CH3CN (0.1 M BusNPFs). The cyclic yoltammetry
experiments were conducted under an Ar¥eOsiPRBHeAlsiAg tRE
same experimental setup (WE, CE, RE) as described in the
Electrochemistry section. In Fig. 6, the effect of adding LiPFgin
the Re?*/* and L% reduction of complexes 3-PFs and 4-PFs is
shown. In complex 3:PFg, the absence of an additional nitrogen
atom bearing a lone pair available for coordination serves as a
control experiment to interpret the shifts in the redox couples
observed upon the addition of Lewis acids in complex 4:-PFs. As
shown in Fig. 6, the Re2*/* couple in both complexes remains
unchanged upon the addition of LiPFs. Analysis of the
voltammograms at reductive potentials shows a more
pronounced effect of the addition of LiPFs on the LY (pz)
couple. This can be rationalized by assuming that Li* ions
interact with the free nitrogen atom of the pz moiety, rendering
it more electron-accepting and thereby shifting the reduction
potential by = 200 mV to more positive values. The
electrochemical studies using B(CesFs)s as a strong Lewis acid
yield similar results, i.e., no shift in the Re?*/* couple and a
comparable shift of the L%1 (200 mV) couple in complex 4-PFs
(Fig. S41). In contrast, no changes are observed in the redox
potential of the Re2*/+ and L%! (py) couples in complex 3-PFs
(Fig. 6 and S40). These results are consistent with the absence
of a free coordinating nitrogen atom in complex 3:-PFs. The
influence of B(CsFs)s to complex 4-PFgwas also monitored by 'H-
NMR (Fig. S44, page S45). Thus, successive additions of the
strong Lewis acid in CD3CN solutions, deshields the protons at
the pz ring and the methylene bridge, as it is observed when a
strong Brgnsted acid is added (vide infra).

Current (nA)
Current (nA)

12 14 16 18 12 14 16 18

E (V vs SCE) E(V vs SCE)
T T 10

50{ &
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-404
2501 . . : ;
2,0 1,5 1,0 05 15 -1,0 0,5 0,0
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Fig. 6. Oxidative and reductive cyclic voltammetry of 3-PFs (top left and bottom
left) and 4-PFe (top right and bottom right) upon successive additions of LiPFs
(from light color, 1 equiv. to dark color, 22 equiv.) in CH3CN (0.1 M BusNPF¢) at 298
K. v =100 mV/s. [complex] = 1.4 mM.
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Interaction with Brgnsted acids.

Having established the effect of Lewis acids on the redox
behavior of complex 3:PFg and 4-PFg, we tested how Brgnsted
acids modulate their electronic properties. In contrast to Lewis
acids, protonation at the N of the pz modifies the electronic
structure by introducing a formal positive charge. This is
expected to produce a stronger perturbation in both the metal
and ligand-centered reduction processes and in the associated
spectroscopic features. Protonation studies were carried out in
CH3CN (electrochemistry, IR, and UV-Vis spectroscopy) or
CDsCN (*H-NMR) solutions of complex 4-PFg in the presence of
trifluoromethanesulfonic acid (TfOH). Fig. 7 shows the cyclic
voltammograms of complex 4-PFg¢ with increasing equivalents of
TfOH, ranging from 0 to 5.25 equiv. Upon addition of TfOH, the
Re2*/* redox couple shifts anodically by 25 mV, indicating a small
but detectable effect of protonation on the stabilization of the
tyg orbitals, as shown in Fig. 8. On the other hand, the ligand-
centered reduction L% (pz) shows a significant anodic shift of
= 1 V. Moreover, protonation increases the reversibility of the
L9-1 process, thereby stabilizing the pz-reduced-complex (Fig.
S43).72 The larger shift in the L% redox couple evidences a
pronounced stabilization of the i pz orbitals, thus decreasing
the energy of the LUMO as the protonated pz becomes more
electron-accepting.

60 : : :
50
40
< 30
S 20
5 10
(@) 1
0,
-10
440t -
14-1,2-1,0-08-0,6 04 -0,2 0,0 12 14 16 18
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o2
<
=
| L
2
= 30 pA
o
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—— 4-PF-H* :
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-2 -1 0 1 2

E (V vs SCE)

Fig. 7. Reductive (top left) and oxidative (top right) cyclic voltammetry of 4-PFs
upon successive additions of TfOH (1 to 5.25 equiv.) in CH3CN 0.1 M BusNPFe at
298 K. v = 100 mV/s. [complex] = 1.4 mM. Cyclic voltammetry comparison of
complex 4-PFgin the absence (black line) and presence (green line) of 5.25 equiv.

of TfOH in CH3CN (0.1 M BusNPFg) at 298 K. v = 100 mV/s. [complex] = 1.4 mM.

This observation is supported by DFT calculations of the
molecular orbitals of 4-PFe-H*. Calculations also show that the
LUMO+2 of complex 4:PF¢ becomes the LUMO+1 upon
protonation, resulting in the overall stabilization of LUMO and
LUMO+1 (Fig. 8). The influence of protonation on the metal-

6 | J. Name., 2012, 00, 1-3

centered oxidation and ligand-centered redugtion,ipoRZs
containing complexes has been describe@! f&rlR1P/BERIPAAA
complexes.?* In our model complex, the magnitude of the shift
for the L%1 is comparable to that reported for the Ru complexes
(= 1 V). In contrast, the effect in the Re?*/* redox couple is
approximately five times smaller than that reported for the Ru?*
complex. This weak response can be attributed to a lower
degree of mixing between the pz and pz-H* orbitals and the
Re2*/* orbitals compared to the Ru2* complexes.

In addition to electrochemical and DFT studies, the influence of
protonation was also monitored by H-NMR (Fig. S46, page
S46). Successive additions of TfOH produce a clear deshielding
of the protons at the pz ring and the methylene bridge, with
smaller effects observed for the carbene, acetonitrile, and
mesityl protons (Fig.547-5S48).

Re co MeCN ‘ ‘ Re co MeCN
pz NHC pzH+ NHC

1o — JE— A

2 N L2

———  e——————————

-3 [ --3
S \ L4 S
E AE, =4.42eV T )
3 5= ~=-5 §
5 AE,=2.91eV g
0 _ l 0

7 L7

'8 T T T T T T '8

0,0 0,5 1,0 0,0 0,5 1,0
Fractional Fractional
Contribution Contribution

Fig. 8. DFT-calculated molecular orbital diagram for complex 4:-PFg and 4-PFs-H+ in
acetonitrile. The horizontal bars represent the contribution of each fragment to
the molecular orbital composition. Fragment contributions are highlighted in

black (Re), red (CO), magenta (pz), green (NHC) and blue (MeCN).

Finally, the impact of protonation was further studied by IR and
UV-Vis spectroscopy (see Fig. 9). Upon addition of TfOH, the CO
stretching frequencies move to higher wavenumbers, with
corresponding shifts of AA’(1) =5cm™, AA” =11 cm™, and AA'(2)
=12 cm™. These blue shifts are consistent with the increased
electron-accepting character of the pzH* vs. pz ligand, thus
reducing the Re—>CO m-backbonding. As evidenced by the A
values for each vibrational mode, the largest shifts correspond
to the AA” and AA’(2) modes. These are associated with the
carbonyl groups trans to the carbene and the pz ring and,
consequently, are more influenced by the protonation of the
latter.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 9. Comparative IR spectra of complex 4:-PFs in the absence (black line) and
presence (green line) of 24 equiv. of TFOH in CHsCN (left). UV-Vis spectral changes
upon successive additions of TfOH (1 to 24 equiv.) in CH3CN (right).

Increasing the electron-accepting character of the pz ring in
4-PFe-H* induces a red shift of the dm(Re)-> mn*(pz) MLLCT
transitions. As shown in Fig. 9-right, protonation of the pz leads
to a decrease in the intensity of the band at 320 nm while a new
band develops at 415 nm. These changes are accompanied by
well-defined isosbestic points at 300 and 369 nm, indicating
that two species are in equilibrium. The observed behavior is
consistent with the stabilization of the m*(pz) orbitals, as
evidenced in the cyclic voltammograms of 4:PFg-H* and
supported by DFT calculations. Moreover, the linear correlation
between the energy of the lowest MLLCT transition and AE;,
in agreement with the Lever relationship, confirms the nature
of the transition (Fig. S49).

Conclusions

We have synthesized and characterized four Re(l)-complexes
bearing NHC-based ligands. The synthesized complexes have
been fully characterized by spectroscopic, electrochemical, and
diffraction techniques, and the results have been rationalized
using DFT and TD-DFT calculations. Incorporation of a pz ring in
the ligand structure renders the L% redox couple in complex
4-PFg responsive to external stimuli such as Brgnsted or Lewis
acid. The results shown indicate that the addition of a proton
source drastically affects the electronic structure of complex
4-PF¢ relative to 3-PFg, as evidenced in their UV-Vis, NMR, and
IR spectra, as well as electrochemical response (ligand-centered
reduction L%-! shifted by = 0.90 V). The results described herein
advance the understanding of pz-based complexes. Our next
step is to use the developed systems to create heterobimetallic
assemblies that enable the exploration of distinct metal-ligand
and metal-to-metal cooperative effects.
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The data supporting this article have been included as part of the Supplementary
Information. Supplementary information:

1. General Information and Materials;

2. Synthesis of azolium salts, neutral Re-complexes, and cationic Re-
complexes;

3. NMR, IR and HRMS spectra;

4. Electrochemistry;

5. DFT calculations of the singlet and doublet ground state;
6. (TD)TDF of the singlet ground state;

7. UV-Vis Spectroelectrochemistry;

8. (TD)TDF of the one-electron oxidized and one-electron reduced species
of 3 and 4 in their singlet ground stae;

9. Acid effects: Electrochemistry and 1H NMR spectra.

Crystallographic data for 2, 3:PFs and 4-BF4 has been deposited at the CCDC
under 2516342, 2516343 and 2516344 and can be obtained from
https://www.ccdc.cam.ac.uk/

The Cartesian coordinates of optimized compounds can be found in the attached
file titted XYZ DFT_coordinates

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 23 February 2026. Downloaded on 2/25/2026 11:32:25 AM.

(cc)


https://www.ccdc.cam.ac.uk/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6dt00158k

