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ABSTRACT: Two isomeric ruthenium(II)/5,10,15,20-tetraphe-
nylporphyrin complexes featuring axially coordinated redox-active,
low-optical gap 2- or 6-isocyanoazulene ligands have been isolated
and characterized by NMR, UV−vis, and magnetic circular
dichroism (MCD) spectroscopic methods, high-resolution mass
spectrometry, and single-crystal X-ray crystallography. The UV−vis
and MCD spectra support the presence of the low-energy, azulene-
centered transitions in the Q band region of the porphyrin
chromophore. The first coordination sphere in new L2RuTPP
complexes reflects compressed tetragonal geometry. The redox
properties of the new compounds were assessed by electrochemical and spectroelectrochemical means and correlated with the
electronic structures predicted by density functional theory and CASSCF calculations. Both experimental and theoretical data
are consistent with the first two reduction processes involving the axial azulenic ligands, whereas the oxidation profile (in the
direction of increasing potential) is exerted by the ruthenium ion, the porphyrin core, and the axial azulenic moieties.

■ INTRODUCTION

Organic isocyanides, CN−R, are important constituents in
coordination chemistry’s ligand toolbox, particularly because of
their tunable steric and σ-donor/π-acceptor ratio character-
istics.1−5 Whereas the coordination of organic isocyanides to a
variety of metalloporphyrins6−14 and metallophthalocya-
nines15−18 has been well-documented, combining redox non-
innocent organic and organometallic isocyanides with such
transition metal platforms offers additional distinct oppor-
tunities in the design of molecular wires.19−22 Indeed, axial
coordination of isocyanoferrocene and 1,1′-diisocyanoferro-
cene23 to Ru(II)porphyrins and phthalocyanines has been
recently shown to exert unusual redox profiles of the
corresponding adducts that are attractive in the context of
applications in molecular electronics, including molecular
wires.24,25 Isocyanoazulenes26 constitute a special class of
isocyanoarenes and feature the non-benzenoid aromatic
substituent comprising fused five- and seven-membered sp2-
carbon rings. The polar nature of the azulenic scaffold (ca. 1.0
D) and the position of its attachment to the isocyanide junction
allow the electronic structure of transition metal−isocyanide

complexes to be manipulated.26 In order to expand the potential
utility of isocyanoazulenes in assembling organometallic
molecular wires,27,28 herein we consider two isomeric systems
involving either 2-isocyanoazulene (2-CNAz) or 6-isocyanoa-
zulene (6-CNAz) ligands axially coordinated to the ruthenium-
(II) tetraphenylporphyrin (TPP) core (Scheme 1). The choice
of this isomeric pair stemmed, in part, from the opposite
orientation of the azulenic dipole in the isocyanoazulene ligands.
The physicochemical characteristics of the new complexes
L2RuTPP (L = 2- or 6-isocyanoazulene) are compared to those
of other previously reported (RNC)2RuTPP compounds.29−32

■ RESULTS AND DISCUSSION

Synthetic, Spectroscopic, and Crystallographic Work.
The isocyanoazulene complexes (2-CNAz)2RuTPP and (6-
CNAz)2RuTPP were accessed using a simple coordination
reaction shown in Scheme 1.
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Similar to the 1H NMR patterns documented for other axially
coordinated diamagnetic ruthenium/iron porphyrins and
phthalocyanines,33−39 the 1H NMR resonances corresponding
to the axial ligands (i.e., the isocyanoazulenes) in (2-
CNAz)2RuTPP and (6-CNAz)2RuTPP are shifted significantly
upfield compared to the corresponding free ligands. Both
isomeric complexes give rise to the same number of 1H
resonances with four signals attributable to the porphyrin
macrocycle (thereby indicating a pseudo-D4h symmetry with
free rotation about the C−Ru−C axis) and four signals
corresponding to two equivalent azulenyl moieties. Notably,
the 1H NMR signatures of the tetraphenylporphyrin cores in (2-
CNAz)2RuTPP and (6-CNAz)2RuTPP are very similar to those
previously documented for other L2RuTPP complexes.24

The 1H NMR patterns for the axial isocyanoazulene ligands
are markedly different for the two isomers.26 For complex (2-
CNAz)2RuTPP, the

1H NMR resonance for the H atoms at 1,3-
positions of the azulenic scaffold (H1,3) is shifted −1.96 ppm
(upfield), whereas the H4,8 signal is shifted−1.43 ppm (upfield),
compared to the corresponding resonances documented for the
H1,3 and H4,8 nuclei of the free 2-CNAz ligand dissolved in the
same solvent. The relatively large upfield shift of the H1,3

resonance is consistent with the closer proximity of these
azulenic H atoms to the porphyrin ring. For the (6-
CNAz)2RuTPP complex, the situation is reversed. Indeed, the
1HNMR signal for the H5,7 nuclei is shifted−2.62 ppm, whereas
that for the H4,8 nuclei is shifted −0.87 ppm, compared to the
corresponding resonances recorded for the free 6-CNAz ligand
dissolved in the same solvent. In agreement with the previous
argument, the H5,7 azulenic nuclei in (6-CNAz)2RuTPP are
positioned closer to the porphyrin ring and, therefore, exhibit an
upfield shift of the corresponding 1H NMR resonances that is
larger than that of theH1,3 environment.Moreover, the 1HNMR
resonance for the H5,7 atoms of 6-CNAz undergoes an upfield
shift (−2.62 ppm) upon coordination to form (6-
CNAz)2RuTPP greater than the upfield shift (−1.96 ppm) of
the 1H NMR signal for the H1,3 atoms of 2-CNAz upon
coordination of the latter to form (2-CNAz)2RuTPP. This
observation is consistent with the azulenic H5,7 atoms in the (6-
CNAz)2RuTPP complex being in closer proximity to the
porphyrin ring as compared to the azulenic H1,3 nuclei in the (2-
CNAz)2RuTPP complex. The single-crystal X-ray structural
analyses of (2-CNAz)2RuTPP and (6-CNAz)2RuTPP confirm
the above statement (vide infra). The CN stretching
vibrations (νCN) of the isocyano junctions in (2-CNAz)2RuTPP
and (6-CNAz)2RuTPP complexes occur at 2067 and 2061 cm−1,

respectively. Notably, the νCN bands in the IR spectra of the free
2-CNAz and 6-CNAz ligands are at 2118 and 2111 cm−1,
respectively.26 The depressions in νCN energy upon coordina-
tion of 2-CNAz or 6-CNAz to RuTPP are nearly identical (51
cm−1 vs 50 cm−1) and signify appreciable Ru(dπ) →
CNAz(pπ*) backbonding interact ions within (2-
CNAz)2RuTPP and (6-CNAz)2RuTPP complexes.1 Similar
shifts for (AzNC)6Cr and (RNC)2RuTPP systems were
reported earlier.24,26 The APCI mass spectra of (2-
CNAz)2RuTPP and (6-CNAz)2RuTPP are illustrated in the
Supporting Information and confirm the 2:1 isocyanoazulene/
ruthenium porphyrin core stoichiometry in these adducts.
The UV−vis and magnetic circular dichroism (MCD) spectra

of the complexes (2-CNAz)2RuTPP and (6-CNAz)2RuTPP are
shown in Figure 1. As in the case of the previously reported

(RNC)2RuTPP complexes,24,29,30,32 these spectra essentially
constitute the superposition of the corresponding spectra
recorded for RuTPP and the axial ligands, complemented by
the additional ruthenium to isocyanoazulene (metal to ligand)
charge transfer transitions. Given that the intensities and
energies of the π−π* transitions for both azulenic moieties
and the TPP fragments in the Q band region are similar, the
UV−vis spectra of 1 and 2 are much less defined compared to
the reference complex (t-BuNC)2RuTPP, for which clear Q0−0
and Q0−1 bands were observed at 582 and 529 nm,
respectively.24,30 However, as MCD intensities of the Faraday
B terms for the axially coordinated isocyanoazulenes are
incomparably smaller than the A term intensities of the Q0−0
and Q0−1 bands for the TPP core, MCD spectroscopy allows
unambiguous identification of the Q0−0 band at 582 nm ((2-
CNAz)2RuTPP) or 586 nm ((6-CNAz)2RuTPP) nm and Q0−1
band at 538 nm ((2-CNAz)2RuTPP) and 541 nm ((6-
CNAz)2RuTPP) nm (Figure 1). As expected for the effective
four-fold symmetry of the porphyrin core in the
(CNAz)2RuTPP complexes , ΔHOMO > ΔLUMO
(ΔHOMO is the energy difference between the two highest-
energy, TPP-centered π-orbitals, and ΔLUMO is the energy
difference between the two lowest-energy, TPP-centered π*-
orbitals), which is reflected in negative-to-positive (in ascending
energy) sequence of the MCD signals.40−44 The Soret band

Scheme 1. Synthetic Strategy for the Preparation of the
(RNC)2RuTPP Complexes

Figure 1. Experimental UV−vis and MCD spectra of (2-
CNAz)2RuTPP (top) and (6-CNAz)2RuTPP (bottom).
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region in the electronic spectra of the (CNAz)2RuTPP
complexes is dominated by a single band observed at ca. 417
nm, which is associated with a very intense FaradayA term in the
corresponding MCD spectra (Figure 1). More importantly, a
very small intensity of the MCD signals between 450 and 500
nm, which is associated with fairly intense UV−vis transitions in
this region, suggests the presence of either azulene-centered
π−π* or ruthenium-to-azulene charge-transfer transitions in this
spectral envelope.
The molecular structures of (2-CNAz)2RuTPP and (6-

CNAz)2RuTPP were determined by single-crystal X-ray
diffraction. Slow evaporation of a toluene solution of (2-
CNAz)2RuTPP or (6-CNAz)2RuTPP at room temperature
provided crystals suitable for X-ray analysis. Both (2-
CNAz)2RuTPP and (6-CNAz)2RuTPP cocrystallized with
one toluene molecule in the asymmetric unit. The crystal sizes
were quite small, which resulted in a limited resolution of 0.90
and 0.84 Å for (2-CNAz)2RuTPP and (6-CNAz)2RuTPP,
respectively. The ORTEP diagrams of (2-CNAz)2RuTPP and

(6-CNAz)2RuTPP are displayed in Figure 2. Despite the low
resolution of the X-ray structure for the (2-CNAz)2RuTPP
complex, the structural differences between the isolated isomeric
(2-CNAz)2RuTPP and (6-CNAz)2RuTPP species can be
readily appreciated.
(2-CNAz)2RuTPP and (6-CNAz)2RuTPP crystallize in the

space groups P21/c and C2/c, respectively. The ruthenium ion in
(6-CNAz)2RuTPP is located at the inversion center, resulting in
one-half of the molecule being crystallographically unique. The
Ru center sits in the plane of the porphyrin ring in both (2-
CNAz)2RuTPP and (6-CNAz)2RuTPP and features a slightly
compressed tetragonal environment. Consistent with the metric
data reported earlier for other Ru−porphyrin−isocyanide
complexes, the Ru−N bond is about 0.08 Å longer than the
Ru−C distances.24,30 The Ru−C distances of 1.98−1.99 Å
observed for (2-CNAz)2RuTPP and (6-CNAz)2RuTPP are very
similar to those previously determined for the Ru−porphyrin
complexes with benzenoid isocyanoarene and isocyanoferro-
cene axial ligands.24,30 The isocyanide CN bond distances in

Figure 2. Molecular structures (A,B) and bent profiles (C,D) of (2-CNAz)2RuTPP (A,C) and (6-CNAz)2RuTPP (B,D) featuring 50% thermal
ellipsoids. All hydrogen atoms are omitted for clarity, as are the toluene solvent molecules of crystallization observed in the unit cells of both (2-
CNAz)2RuTPP and (6-CNAz)2RuTPP. Carbon atoms are gray, nitrogen atoms are blue, and ruthenium atoms are cyan. Selected bond distances (Å)
and angles (deg): (6-CNAz)2RuTPP Ru1−C23 1.980(7), Ru1−N1 2.064(5), Ru1−N2 2.054(5), N3−C23 1.169(7), N3−C24 1.411(7), C23−
Ru1−C23 180.0, C23−N3−C24 171.3(6), N3−C23−Ru1 171.3(5); (2-CNAz)2RuTPP Ru1−N1 2.095(11), Ru1−N2 2.071(10), Ru1−N3
2.103(10), Ru1−N4 2.063(9), Ru1−C45 1.999(11), Ru1−C56 1.995(13), N5- C45 1.150(16), N5−C47 1.391(17), N6−C56 1.167(17), N6−C58
1.382(18), C45−Ru1−C56 172.1(6), C45−N5−C47 173.4(15), C56−N6−C58 169.3(16), Ru1−C56−N6 164.0(14), Ru1−C45−N5 171.6(11),
C45−N5−C47 173.4(15), C56−N6−C58 169.3(16).
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(2-CNAz)2RuTPP and (6-CNAz)2RuTPP (1.15−1.17 Å) are
similar to those documented for many uncomplexed isocya-
noarenes, thereby suggesting a modest extent of Ru(dπ) →
CNAz(pπ*) backbonding, which is essentially counterbalanced
by the CN bond strengthening via the AzNC → Ru σ-
bonding interaction.1

Redox Properties. The redox properties of the azulene-
containing (2-CNAz)2RuTPP and (6-CNAz)2RuTPP com-
plexes were investigated by electrochemical and spectroelec-
trochemical approaches. The cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) profiles for the two
isomers are shown in Figure 3 and numerically summarized in

Table 1. In both cases, the first oxidation event has been assigned
to the RuII/RuIII redox couple based on the redox potential
value, spectroelectrochemical data, and the electron para-
magnetic resonance signatures of the previously reported29,30

similar [(RNC)2RuTPP]
+ complexes.24,30,32 As expected for

(RNC)2RuTPP complexes, the RuII/RuIII oxidation potential
depends slightly on the nature of the axial ligand. Indeed, the (6-

CNAz)2RuTPP complex is about 40 mV harder to oxidize
compared to the (2-CNAz)2RuTPP complex. The second
reversible oxidation wave for (2-CNAz)2RuTPP, observed at
740mV, was assigned to the oxidation of the porphyrin core, and
two closely spaced irreversible processes observed at 1.14 and
1.27 V were assigned to the oxidation of the axial
isocyanoazulene ligands (irreversible oxidation of free 2-
isocyanoazulene occurs at 0.92 V).26 In the case of (6-
CNAz)2RuTPP, however, the irreversible oxidation potentials
of the axial isocyanoazulene ligands were found to be close to the
reversible oxidation potential of porphyrin, and thus the second
wave observed in the electrochemical experiments consists of
three closely spaced single-electron electrochemical events. Two
clearly observed irreversible oxidation processes involving the
axial ligands of (2-CNAz)2RuTPP dissolved in dichloromethane
(DCM)/0.05 M TFAB (tetrabutylammonium tetrakis-
(pentafluorophenyl)borate) allowed the value of the compro-
portionation constant for the formation of the putative mixed-
valence [(2-CNAz)2RuTPP]

3+ complex to be estimated (Kc =
159). However, given the irreversible nature of the axial ligand
oxidation, spectroscopic documentation of the above mixed-
valence species remains elusive. The CV and DPV profiles of the
(CNAz)2RuTPP complexes indicate two closely spaced,
partially reversible reduction events (Figure 3). Based on the
similarities of observed reduction potentials to those docu-
mented for the free isocyanoazulenes (Table 1),26 we assigned
both processes to the sequential reduction of the axial ligands.
Again, although comproportionation constants for the mixed-
valence [(2-CNAz)2RuTPP]

− and [(6-CNAz)2RuTPP]
− com-

plexes (Kc = 15 and 72, respectively) can be estimated from the
electrochemical data, limited stability of these mixed-valence
species under spectroelectrochemical conditions precluded their
further spectroscopic characterization. Although not surprising,
such behavior is in stark contrast with the other L2RuTPP
complexes for which only porphyrin-centered reduction
processes were observed. Overall, unlike the ruthenium
porphyrins with axially coordinated isocyanoferrocene ligands,
the axially coordinated isocyanoazulenes show redox activity in
both oxidation and reduction directions.
In order to confirm the tentative assignments of the oxidation

waves observed in electrochemical experiments, spectroelec-
trochemical assessment of both 2- and 6-isocyanoazulene
complexes was performed. During the first oxidation process
under spectroelectrochemical conditions, the Soret band
undergoes intensity depletion by ∼60% and higher energy
shift to 396−397 nm. In the Q band region, upon the first
oxidation process, three new bands at ∼570, 644, and ∼715 nm
appear in the UV−vis spectra of [(2-CNAz)2RuTPP]+ and [(6-
CNAz)2RuTPP]

+ (Figures 4 and 5). A similar transformation

Figure 3.DPV (green) and CV (blue and red) electrochemical profiles
for (2-CNAz)2RuTPP (top) and (6-CNAz)2RuTPP (bottom)
complexes in DCM/0.05 M TFAB solution.

Table 1. Oxidation Potentials (V) for (RNC)2RuTPPComplexes Determined by CV andDPV in the DCM/0.05MTFAB System
at Room Temperaturea

complex RuII/RuIII TPP2−/TPP− 2L/2L+ 2L+/2L2+ 2L/2L− 2L−/2L2−

(2-CNAz)2RuTPP 0.05 0.74 1.14d 1.27d −1.91d −1.98d

(6-CNAz)2RuTPP 0.09 0.84e 0.98d,e 0.98d,e −1.83d −1.94d

(t-BuNC)2RuTPP
b −0.023 0.713

(FcNC)2RuTPP
b 0.033 0.997 0.437 0.533

2-CNAzc 0.92d −1.80d

6-CNAzc −1.79

aAll potentials are referenced to the FcH/FcH+ couple and are ±10 mV; L is the organic isocyanide ligand. bFrom ref 24. cFrom ref 26.
dIrreversible or partially reversible. eThree single-electron, closely spaced oxidation waves.
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has already been observed in the case of the Ru−porphyrins
axially coordinated with other organic isocyanide ligands, which
is characteristic of the formation of RuIII-porphyrins.24,29,30

Because of the closeness of the porphyrin- and azulene-based
oxidation potentials for (6-CNAz)2RuTPP, we did not pursue
further chemical oxidation of [(6-CNAz)2RuTPP]

+ to [(6-
CNAz)2RuTPP]

2+. However, in the case of the (2-
CNAz)2RuTPP complex, the first and second oxidation waves
are well-separated, and thus, we were able to further oxidize the
[(2-CNAz)2RuTPP]

+ complex to [(2-CNAz)2RuTPP]
2+ (Fig-

ure 4). During the second oxidation step, the intensity of the
Soret band at 397 nm decreases with concomitant appearance of
the new bands at 578, 639, 734, and ∼850 nm in the UV−vis−
NIR spectrum. The formation of broad, low-intensity bands at
ca. 850 nm is a signature indicator for the formation of a
delocalized porphyrin cation radical. We also were able to effect
the first oxidation process using chemical oxidation of the
neutral complexes with “magic blue” radical as an oxidant
(Supporting Information). The observed changes in the UV−vis
spectra of (2-CNAz)2RuTPP and (6-CNAz)2RuTPP correlate
well with the corresponding spectroelectrochemical data and
suggest the RuII/RuIII oxidation process. Overall, the spec-
troelectrochemical and chemical oxidation data confirm our
tentative electrochemical assignments and echo the previous
reports on the ruthenium(II) tetraphenylporphyrin complexes
axially coordinated with organic isocyanides.

Density Functional Theory (DFT) and Time-Depend-
ent Density Functional Theory (TDDFT) Calculations.The
DFT-predicted frontier molecular orbitals, energy diagram, and
molecular orbital compositions for (2-CNAz)2RuTPP and (6-
CNAz)2RuTPP are shown in Figures 6 and 7 and Table 2. The

choice of the M06 exchange-correlation functional45 for the
energy and excited-state calculations was dictated by the best
agreement between the theory and experiment obtained in the
TDDFT calculations although the other tested exchange-
correlation functionals (BP86,46,47 TPSSh,48 B3LYP,49 CAM-
B3LYP,50 M06L,45 M11,51 MN12SX,52 and M11L51) predict
qualitatively similar electronic structures of the analyzed
compounds. The large contribution of the Hartree−Fock
exchange part in the M06 exchange-correlation functional,
however, resulted in a relatively strong stabilization of the metal-
centered orbitals compared to the porphyrin π-orbitals. Indeed,
in the case of the (2-CNAz)2RuTPP and (6-CNAz)2RuTPP
complexes, the HOMO and HOMO−1 were predicted to be
porphyrin-centered MOs followed by the predominantly Ru-
centered dπ molecular orbitals (HOMO−2 and HOMO−3).
The difference between the TPP-centered HOMO and the
primarily Ru-centered HOMO−2 was predicted to be about 0.4
eV in energy. For both complexes, DFT predicts the
predominantly ruthenium-centered dxy-orbital as HOMO−6.
In addition, the azulene-centered, occupied molecular orbitals
were found to be the HOMO−4 and HOMO−5 for both
complexes. The M06 calculations correctly predict that the
LUMO and LUMO+1 for (2-CNAz)2RuTPP and (6-
CNAz)2RuTPP are azulene-centered, whereas the classic
Gouterman’s porphyrin-centered orbitals should be the
LUMO+2 and LUMO+3. Although the electrochemical experi-
ments discussed above suggest the first oxidation event to be Ru-
centered, all tested exchange-correlation functionals still predict
the HOMO to be porphyrin-centered. In order to reconcile this
discrepancy between the theory and experiment, we subjected
the complexes to the CASSCF calculations discussed below.
Overall, the DFT-predicted electronic structures of the (2-
CNAz)2RuTPP and (6-CNAz)2RuTPP complexes suggest that,
in addition to the classic porphyrin-centered Gouterman’s π−π*
transitions, the low-energy azulene-centered π−π* transitions,53
porphyrin(π)−azulene(π*) charge-transfer transitions, Ru(d)−
azulene(π*) charge-transfer transitions, and Ru(d)−porphyrin-
(π*) charge-transfer transitions might complicate the visible
region of the UV−vis spectra of (2-CNAz)2RuTPP and (6-
CNAz)2RuTPP.
Indeed, the TDDFT calculations predict that the porphyrin-

centered Q bands that are dominated by the single-electron
HOMO, HOMO−1→ LUMO+2, LUMO+3 excitations would

Figure 4. Spectroelectrochemical oxidation of the (2-CNAz)2RuTPP
complex in DCM/0.15 M TFAB solution at room temperature. The
first oxidation process was monitored between 0 and +0.5 V, and the
second oxidation process was monitored between +0.5 and +0.9 V.

Figure 5. Spectroelectrochemical oxidation of the (6-CNAz)2RuTPP
complex in DCM/0.15 M TFAB solution at room temperature. The
first oxidation process was monitored between 0 and +0.5 V.

Figure 6. DFT-predicted orbital energy diagram for the (AzN-
C)2RuTPP complexes.
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be observed at ca. 550 nm (labeled as “TPP” in Figure 8). The
TDDFT analysis also predicts several low-energy, predom-
inantly azulene-based transitions HOMO−4, HOMO−5 →
LUMO, LUMO+1 in the Q band region, with one having an
intensity comparable to those of the porphyrin core-centered Q
bands (labeled as “Az” in Figure 8). The TDDFT-predicted
energies of the latter (528 nm for (2-CNAz)2RuTPP and 576
nm for (6-CNAz)2RuTPP) follow the trend observed for the
free isocyanoazulene ligands. Our TDDFT calculations predict
several porphyrin (π)→ azulene (π*) transitions in the Q band
region, but those should have very low intensities. In contrast,
the TDDFT-predicted intensity for the predominantly Ru(dπ)
→ azulene (π*) band (predicted at 483 nm for (2-
CNAz)2RuTPP and 502 nm for (6-CNAz)2RuTPP) is quite
large (labeled as “Ru → Az” in Figure 8). These transitions are
responsible for the broad absorption observed in the UV−vis
spectra of (CNAz)2RuTPP complexes between 450 and 500 nm.
The most intense band predicted by the TDDFT calculations
for the azulene-containing metalloporphyrin complexes is

located at 409 nm for both complexes and is dominated by
the classic Gouterman’s54,55 porphyrin-centered, HOMO,
HOMO−1→ LUMO+2, LUMO+3 single-electron excitations.
Thus, the TDDFT analysis of the UV−vis profile of the azulene-
containing metalloporphyrin complexes discussed herein is in
reasonable agreement with the corresponding experimental data
and explains the broadening of the Q band region for these
systems. In particular, TDDFT accurately predicted energies
and relative intensities of the porphyrin-centered Q and Soret
bands as well as azulene-centered π−π* transitions. However,
although TDDFT-predicted energies of the charge-transfer
transitions were in reasonable agreement with the experimental
data, their oscillator strengths were clearly overestimated.
The results of the CASSCF calculations employing the XMC-

QDPT2 approach are illustrated in Figure 9. When we take into
consideration a high computational cost, only (2-
CNAz)2RuTPP was treated at this level of theory. In contrast
to the DFT results, the XMC-QDPT2 calculations indicate that
the HOMO is completely localized with the ruthenium’s dxy-
orbital, which is in better agreement with the electrochemical
and spectroelectrochemical experiments. According to the
XMC-QDPT2 calculations, the energy of the S0→ S1 transition
is 1.7 eV (or 729 nm), and its oscillator strength is 0.009 (the
oscillator strength of this transition is comparable to that
predicted by TDDFT). It constitutes a charge transfer from the
ruthenium-based HOMO (4dxy-orbital) to the porphyrin-
centered LUMO+3. Notably, the weight of the HOMO →

Figure 7. DFT-predicted frontier orbitals for the (AzNC)2RuTPP
complexes.

Table 2. DFT-Predicted Molecular Orbital Compositions for
the (AzNC)2RuTPP Complexesa

(2-CNAz)2RuTPP

composition, %

MO energy (eV) symmetry Ru porphyrin 2-CNAz

256 −6.201 ag 88.84 11.09 0.07
257 −6.129 au 0 0.08 99.92
258 −6.129 ag 0.11 0.2 99.69
259 −5.865 ag 59.87 34.68 5.45
260 −5.769 ag 58.37 28.89 12.74
261 −5.634 au 0.02 99.97 0.01
262 −5.377 au 0.29 97.49 2.22
263 −2.583 au 0.92 7.15 91.93
264 −2.443 ag 1.78 12.83 85.39
265 −2.269 ag 5.07 94.36 0.57
266 −2.255 ag 6.89 85.54 7.57

(6-CNAz)2RuTPP

composition, %

MO energy (eV) symmetry Ru porphyrin 6-CNAz

256 −6.305 ag 88.85 11.12 0.03
257 −6.059 au 0.02 0.15 99.83
258 −6.059 ag 0 0.08 99.92
259 −5.964 ag 57.48 34.63 7.89
260 −5.892 ag 57.39 31.13 11.49
261 −5.69 au 0.02 99.95 0.03
262 −5.438 au 0.28 95.75 3.97
263 −2.742 au 1.26 3.87 94.87
264 −2.554 ag 3.17 8.44 88.39
265 −2.326 ag 4.89 93.91 1.2
266 −2.312 ag 7.07 86.59 6.34
282 0.898 ag 10.13 6.61 83.25

aHOMO and LUMO are indicated in bold. Both complexes were
optimized in the Ci point group.
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LUMO, HOMO → LUMO+1 for S0→ S1 transition does not
exceed 0.1.

■ CONCLUSIONS
Two new complexes featuring the ruthenium(II) tetraphenyl-
porphyrin core axially coordinated with a pair of 2- or 6-
isocyanoazuelene ligands ((2-CNAz)2RuTPP and (6-

CNAz)2RuTPP) were isolated, and their physicochemical
profiles were interrogated using UV−vis, MCD, NMR, and IR
spectroscopies as well as by ESI-MS spectrometry and X-ray
crystallography. The redox properties of (2-CNAz)2RuTPP and
(6-CNAz)2RuTPP were probed using electrochemical (CV and
DPV), spectroelectrochemical, and chemical oxidation methods
and correlated with those documented earlier for other
(RNC)2RuTPP compounds. In all cases, the first and second
oxidation events were attributed to the reversible oxidation of
the RuII center followed by the TPP(2−)/TPP(1−) process,
with the further isocyanoazulene-based oxidations occurring at
higher potentials. The stepwise reduction of the title compounds
involves the axial isocyanoazulene ligands. Spectroelectrochem-
ical and chemical oxidation methods were used to elucidate the
spectroscopic signatures of the [(RNC)2RuTPP]

n+ (n = 1, 2)
species in solution. DFT and TDDFT calculations were
employed to correlate the spectroscopic and redox properties
of (2-CNAz)2RuTPP and (6-CNAz)2RuTPP with the elec-
tronic structures of these complexes.

■ EXPERIMENTAL SECTION
Materials. All commercial reagents were ACS grade and were used

without further purification. All reactions were performed under a dry
argon atmosphere within flame-dried glassware. Toluene was distilled
over sodium metal. Dichloromethane and hexanes were distilled over
CaH2. Tetrabutylammonium tetrakis(pentafluorophenyl)borate
(TFAB, (NBu4)[B(C6F5)4]),

56 2-isocyanoazulene (2-CNAz),26 and
6-isocyanoazulene (6-CNAz)26 were prepared according to the
published procedures.

Synthetic Work. Synthesis of (2-CNAz)2RuTPP. Commercially
available (OC)RuTPP (0.16 g, 0.21 mmol) was added to a solution of
the 2-CNAz ligand (0.20 g, 1.3 mmol) in 20 mL of the toluene/CH2Cl2
(1/1, v/v) mixture under an argon atmosphere. The reaction mixture
was stirred for 2 h at room temperature. The solvent was then removed
under reduced pressure. The resulting solid was washed several times
with hexanes, water, and dried under vacuum. Yield: 0.13 g (59%). Anal.
Calcd for C66H42N6Ru·H2O: C, 76.36; H, 4.27; N, 8.09. Found: C,
76.01; H, 4.22; N, 7.90. 1H NMR (300 MHz, CDCl3, peak assignments
were deduced with the aid of of 2D COSY): δ 8.55 (s, 8H, β- pyrrole),
8.19 (m, 8H, m-Ph), 7.67 (m, 12H, o-Ph, p-Ph), 7.65 (m, 4H, H4,8,
C10H7NC), 7.32 (t, 2H, H

6, C10H7NC,
3JH−H = 9.8 Hz), 6.91 (t, H5,7,

C10H7NC,
3JH−H = 9.8 Hz), 5.32 (s, 4H, H1,3, C10H7NC) ppm. IR

(KBr): ν(NC) 2067 cm−1. HRMS (APCI-TOF, positive ions mode)
calcd for C66H42N6Ru: 1020.2527. Found: 1020.2520 [M]+.

Synthesis of (6-CNAz)2RuTPP.Commercially available (OC)RuTPP
(0.10 g, 0.13mmol) was added to a solution of the 6-CNAz ligand (0.15
g, 0.99 mmol) in 50 mL of the toluene/CH2Cl2 (1/1, v/v) mixture
under an argon atmosphere. The reaction mixture was stirred for 2 h at
room temperature. The solvent was then removed under reduced
pressure. The resulting solid was washed several times with benzene−
hexanes and hexanes and dried under vacuum. Yield: 0.13 g (65%).
Anal. Calcd for C66H42N6Ru·C6H6: C, 78.74; H, 4.40; N, 7.65. Found:
C, 78.39; H, 4.67; N, 7.74. 1H NMR (300 MHz, CDCl3, peak
assignments were deduced with the aid of 2D COSY): δ 8.58 (s, 8H, β-
pyrrole), 8.18 (m, 8H, m-Ph), 7.66 (m, 12H, o-Ph, p-Ph), 7.63 (t, H2,
C10H7NC,

3JH−H = 3.7 Hz), 7.40 (d, 4H, H4,8, C10H7NC,
3JH−H = 10.7

Hz), 7.04 (d, 4H, H1,3, C10H7NC,
3JH−H = 3.7 Hz), 4.59 (d, 4H, H5,7,

C10H7NC,
3JH−H = 10.7 Hz). IR (KBr): ν(CN) 2061 cm−1. HRMS

(APCI-TOF, positive ions mode) calcd for C66H42N6Ru: 1020.2527.
Found: 1020.2525 [M]+.

Instrumentation. A Bruker Avance NMR instrument was used to
acquire 1H and 2D COSY NMR spectra at 300 MHz. The 1H NMR
spectra are referenced to the residual CHCl3 solvent resonance, and the
chemical shifts are reported in parts per million (ppm). All UV−vis data
were obtained on a JASCO-720 spectrophotometer at room temper-
ature. JASCOV-1500 andOLIS DCM17CD spectropolarimeters with
a 1.1 T electro- or 1.4 TDeSa permanent magnet were used to obtain all

Figure 8. Experimental UV−vis (top) and TDDFT-predicted
(bottom) spectra of (2-CNAz)2RuTPP (A) and (6-CNAz)2RuTPP
(B).

Figure 9. CASSCF-generated frontier MOs for (2-CNAz)2RuTPP.
The S0 → S1 event corresponds to the electronic transition from
HOMO to LUMO+3 with the weight of 0.64.
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MCD data. The FTIR data were obtained on a PerkinElmer FTIR
spectrometer Spectrum 100 at room temperature with solid samples
dispersed in KBr pellets. Electrochemical measurements were
conducted using a CHI-620C electrochemical analyzer employing the
three-electrode scheme. Carbon or platinum working, platinum
auxiliary, and Ag/AgCl pseudoreference electrodes were used in a
0.05 M solution of TFAB in CH2Cl2. The redox potentials are
referenced to the FcH/FcH+ couple using decamethylferrocene as an
internal standard. Spectroelectrochemical data were collected using a
custom-made 1 mm cell, a working electrode made of platinum mesh,
and a 0.15 M solution of TFAB in CH2Cl2. High-resolution APCI mass
spectra were recorded using a Bruker MicrOTOF-III system for
samples dissolved in THF. Elemental analyses was performed by
Atlantic Microlab, Inc. in Atlanta, Georgia.
DFT Computational Details. All computations were performed

using the Gaussian 09 software package running under UNIX OS.57

Molecular orbital contributions were compiled from single-point
calculations using the QMForge program.58 All geometries were
optimized using B3LYP exchange-correlation functional and full-
electron double-ζ quality basis set (DGDZVP) for all atoms.59

Frequencies were calculated for all optimized geometries in order to
ensure that final geometries represent minima on the potential energy
surface. In all single-point calculations, the M06 exchange-correlation
functional45 was used. TDDFT calculations were conducted for the first
80 excited states in order to ensure that all charge transfer (CT) and
π−π* transitions of interest between 300 and 800 nm were accounted
for. Solvent effects were modeled using the polarized continuummodel
approach.
CASSCF Calculation Details. The vertical excitation energy (S0→

S1) and its oscillator strength from the first singlet ground electronic
state (S0) to the first excited electronic state (S1) were calculated at the
expanded multiconfigurational quasi-degenerate perturbation theory
(XMC-QDPT2) level using the def2-TZVP basis set and effective core-
potential for ruthenium (RU-ECP-28,4).59,60,61 The state averaged
complete active space self-consistent field (SA-CASSCF) consisted of
16 electrons in 12 molecular orbitals. The state averaging was
performed at the lowest 2 singlet and 2 triplet states. The effective
Hamiltonian included 35 states. The all-multireference calculations
were carried out in Firefly software.62 We chose the XMC-QDPT2
method because it was successfully applied for the excited-state
electronic energy calculations for a variety of small and large
molecules.63−66

X-ray Crystallography. Single crystals of (2-CNAz)2RuTPP and
(6-CNAz)2RuTPP suitable for X-ray crystallographic analysis were
obtained by slow evaporation from their toluene solutions. X-ray
diffraction data were collected on a Rigaku RAPID II Image Plate
system using graphite-monochromated radiation. Experimental data
collection, cell refinement, reduction, and absorption correction were
performed by CrystalClear-SM Expert 2.0 r12.67 The structures were
solved by Superflip.68 The toluene solvent molecule in the X-ray
structure of the (2-CNAz)2RuTPP complex was found to be severely
disordered and was removed using the PLATON SQUEEZE
procedure. All hydrogen atoms were placed in their geometrically
expected positions. The isotropic thermal parameters of all hydrogen
atoms were fixed to the values of the equivalent isotropic thermal
parameters of the corresponding carbon atoms using riding model
constraints so that Uiso(H) = 1.2Ueq(C) for the hydrogen atoms. Both
structures reported herein were completely refined via the full-matrix
least-squares method using the Crystals for Windows or SHELXTL
program. Complete crystallographic information is available.
Selected Crystal Data for (6-CNAz)2RuTPP: FW 1020.12, Mo Kα

radiation (λ = 0.71073 Å) at 123 K, monoclinic, space group C2/c, a =
23.455(2), b = 12.6158(8), c = 19.111(3) Å, α = 90°, β = 111.223(9)°, γ
= 90°, V = 5271.6(10) Å3, Z = 4, μ = 0.345 mm−1, 9405 reflections
(2982, I > 2.0/σ(I)), parameters 715, θmax = 25.027; final R1 = 0.0711,
Rw = 0.1950. The toluene solvent molecule was removed using the
program PLATON SQUEEZE.69 The structure was refined by full-
matrix least-squares refinement on F2 using SHELXL-2014/770 and the
user interface ShelXle.71 Additional crystallographic information may
be found in CCDC-1902218.

Selected Crystal Data for (2-CNAz)2RuTPP: FW 1020.31, Cu Kα
radiation (λ = 1.54187 Å) at 123 K, monoclinic, space group P21/c, a =
23.4732(17), b = 12.9276(2), c = 19.052(4) Å, α = 90°, β =
112.963(8)°, γ = 90°, V = 5323.2(11) Å3, Z = 4, μ = 2.790 mm−1, 9485
reflections (3734, I > 2.0/σ(I)), parameters 330, θmax = 68.246; Final R1
= 0.1044 [I > 2\σ(I)], Rw = 0.3674 [I>-3.0\σ (I)]. The structure was
refined by full-matrix least-squares refinement on F2 using CRYS-
TALS.72 Additional crystallographic information can be found in
CCDC-1902219.
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