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ABSTRACT: Chemical oxidation and oxygenation of carbonyl
ruthenium(II) azuliporphyrin [Ru(TPAP)(CO)] were explored.
[Ru(TPAP)(CO)] reacts with dioxygen giving carbonyl
ruthenium(II) 21-oxyazuliporphyrin [Ru(TPAP-O)(CO)] reveal-
ing the activation the Ru−C bond inside azuliporphyrin
coordination cavity. Solution and X-ray structural studies
confirmed the tendency of [Ru(TPAP-O)(CO)] to form dimeric
[Ru(TPAP-O)(CO)]2. The dimer adopts a head-to-tail structure
with the azulenolate groups forming bridges from one macrocycle
to the ruthenium(II) in the adjacent unit. One-electron oxidation
of [Ru(TPAP)(CO)] gives the first π-cation radical of metallo-
carbaporphyrinoid[Ru(TPAP)(CO)]+•with extraordinary
participation of the azulene unit in the spin delocalization. The
most characteristic 1H NMR features of the radical are large, sign-alternating isotropic shifts of resonances assigned to meso-aryl,
azulene, and pyrrolic hydrogen atoms. The spin distribution determined by density functional theory confirmed the π-cation
radical electronic structure reproducing the diagnostic spectroscopic features including π-delocalization at meso-aryl resonances
and very characteristic sign alternation of contact shifts for an azulene moiety.

■ INTRODUCTION

A dynamic development of synthetic routes of carbaporphyr-
inoids allows an exploration of a porphyrin-like or porphyrin-
unlike coordination chemistry.1−9 A set of organometallic
derivatives formed by a combination of metal cations and
appropriately tuned carbaporphyrinoids may serve as a perfect
(chemically and structurally) environment to explore innova-
tive organometallic chemistry in a “vessel” formed by
porphyrin-like surrounding. The remarkable structural flexi-
bility of carbaporphyrinoids, including N-confused porphyrin, is
reflected by adaptation of various coordination modes inside a
macrocyclic frame, with or without formation of a direct
metal−carbon bond. Atypical oxidation states of metal ions can
be trapped in organometallic settings,2,4 for instance, extremely
rare organocopper(II) complexes.10−12

Azuliporphyrin 1 is a member of the carbaporphyrinoid
family with an azulene moiety built into the framework
(Scheme 1).13,14 The straightforward and facile synthetic route
for 5,10,15,20-tetraarylazuliporphyrin (TArAP) is enabled by
specific suitability of azulene as a substrate for Rothemund-type
condensation.14−17 Thus, this ligand can be considered as a
highly attractive candidate for exploration of organometallic
chemistry inside the carbaporphyrinoid core.2 Till present, in
contrast to flexible structures of other carbaporphyrinoids,
meso-tetraaryl and β-alkylated azuliporphyrins form organo-
metallic compounds where solely a direct M−C σ-bond [M =
Ni(II), Pd(II), Pt(II), Ir(III)] has been detected.4,18−20

Dithiaethyneazuliporphyrin, the contracted carbaporphyrinoid

that contains an azulene moiety embedded in the [18]-
dithiacarbatriphyrin(4.1.1) macrocyclic framework acted as a
monoanionic ligand forming the Ru−C(sp2) σ-bond as well.21

A different situation was observed when copper(II) acetate
reacted with tetraarylazuliporphyrin 1 affording copper(II)
complex of 21-hydroxyazuliporphyrin 1−OH.22 Recently we
demonstrated that the azulene moiety can act as an
independent coordination platform due to specific properties
of its π-surface giving rise to a series of cluster complexes with
general formula [M(TPAP){Ru4(CO)9}], in which M =
Ru(CO), Ni, Pd, Pt.23
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Scheme 1. Azuliporphyrin and 21-Hydroxyazuliporphyrin
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The present contribution concerns chemical oxidation and/
or oxygenation of ruthenium(II) azuliporphyrin 2[Ru-
(TPAP)(CO)]. Activation of the Ru−C bond by molecular
oxygen leads to the formation of complex 3[Ru(TPAP-
O)(CO)]showing a more general tendency in reactivity of
the M−C bond inside an azuliporphyrin coordination cavity.
One-electron oxidation of 2 gives the first π-cation radical of
metallocarbaporphyrinoid 6 with extraordinary participation of
the azulene unit in spin delocalization as showed by 1H NMR
and theoretical investigations.

1H NMR spectroscopy has been extensively applied to
paramagnetic molecules including a variety of paramagnetic
metalloporphyrins and metalloproteins.6,24−27 Subsequently,
this technique was also used to paramagnetic metallocarbapor-
phyrinoids incorporating copper(II), iron(II), iron(III), or
nickel(II)6,28−38 giving the fundamental spectroscopic compre-
hension of molecular and electronic structures, metal−arene
interactions, structural rearrangements, and intramolecular
reactivity. In this study, particular emphasis was put on 1H

NMR studies as a source of insight into the electronic and
molecular structures of oxidized ruthenium carbaporphyrinoids.
These electronic structures can be compared to those of the
related and much more intensively studied ruthenium regular
porphyrins.39−44

■ RESULTS AND DISCUSSION

Synthesis and Spectroscopic Properties. A ruthenium-
(II) ion was readily inserted into azuliporphyrin 1 in the
reaction with a sub- or equimolar amount of [Ru3(CO)12]
affording carbonyl ruthenium(II) azuliporphyrin [Ru(TPAP)-
(CO)] 2 as reported previously.23

Solution of 2 undergoes very slow reaction with dioxygen at
298 K (Scheme 2, conversion of 2 to 3). The reaction time can
be significantly shortened in elevated temperature. The
transformation of 2 involves an oxygenation at the C(21)
position. This leads to a formation of carbonyl ruthenium(II)
21-oxyazuliporphyrin [Ru(TPAP-O)(CO)] (3) albeit in a
relatively low yield suggesting stability of the Ru−C bond in

Scheme 2. Synthesis and Reactivity of Carbonyl Ruthenium(II) 21-Oxyazuliporphyrins 3 and 4a

aAxial ligand L = Et3N (TEA), n-BuOH, Py-d5.

Figure 1. Electronic UV−vis spectra (chloroform 293 K) of (a) monomeric 2-TEA (brown, dashed) and 3-TEA (pink), (b) 3-TEA in chloroform
(pink, dashed), 3 and 4 (dimeric) in thermodynamic equilibrium 4 (red).
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2. 3 is also a product of reaction of 21-hydroxyazuliporphyrin
(1−OH) and triruthenium(0) dodecacarbonyl (conversion of
1−OH to 3). The reaction of [Ru(TPAP-O)(CO)] with
[Ru3(CO)12] in chlorobenzene recovers [Ru(TPAP)(CO)]
(Scheme 2, conversion of 3 to 2). The ruthenium(0) cluster
seems to act as a reducing agent scavenging the 21-oxy bridge
in the temperature of boiling chlorobenzene. Thus, the direct
Ru−C bond is recovered. The same reactivity pattern is
reproduced when 21-hydroxyazuliporphyrin 1−OH reacts with
ruthenium dodecacarbonyl in boiling chlorobenzene (con-
version of 1−OH to 2).
The equatorial (CNNN) donor set of 2 was replaced by the

(ONNN) one at the coordination crevice of 3. [Ru(TPAP-
O)(CO)] is stable and was purified by the standard
chromatographic procedures. Subsequently, 3 has also been
isolated in the solid state as the monomeric complex ligated
with n-butanol[Ru(TPAP-O)(CO)(n-butanol)] (3-nBuOH)
or as dimeric complex [Ru(TPAP-O)(CO)]2 (4) depending on
the way of crystallization.
The products 3-L (Laxial ligand) and 4 (in equilibrium

with 3) were characterized in solution by 1H NMR and UV−vis
spectroscopy. This characterization was supported by high-
resolution mass spectrometry (HRMS). [Ru(TPAP-O)(CO)]
ionizes in electrospray conditions to [Ru(TPAP-O)(CO)]H+

and dimer ic [Ru(TPAP-O)(CO)]2H
+. Calcd for

C51H32N3O2Ru (M + H+) (3 + H+): 820.1538; found:
820.1521; C102H63N6O4Ru2 (M + H+) (4 + H+): 1639.3036;
found: 1639.3025 (m/z) with an isotopic distribution
consistent with the chemical composition (Supporting
Information, Figures S4 and S5).
When 2 is oxygenated to 3, significant changes are readily

detected in electronic spectra (Figure 1a). To facilitate the
comparison the spectra were taken in the presence of
triethylamine (TEA) acting as auxiliary ligand that occupies
the axial position in 2-TEA and 3-TEA (Figure 1a, traces brown
and pink, respectively). The noticeable increase of splitting of
the most intense two bands was detected once the oxygen atom
is inserted into the Ru−C(21) of 2 to form 3. The markedly
different spectrum for 3 was measured in chlorinated solvents
in absence of additional ligands (Figure 1b, red trace). Such
spectroscopic features were attributed to the thermodynamic
equilibrium between 3 and its dimeric counterpart 4. Evidently
the apical coordination sites of two molecules of 3 were made

available to mutual oxygen coordination allowing a head-to-tail
dimerization yielding 4 (Scheme 2). Significantly the gradual
decrease of dimer diagnostic band intensity (centered at 475
nm) parallel with increase of monomer diagnostic band
intensity (centered at 524 nm) was detected following the
temperature lowering.
The presence of carbonyl ligand in [Ru(TPAP-O)(CO)] was

verified by infrared spectroscopy. The coordination of a
carbonyl group for 3 was firmly confirmed by the characteristic
frequency of the CO stretching, ν(CO) = 1947 cm−1, which is
very close to that established for [RuII(TTP)(CO)(py)] and
2.23,45 The single CO resonance was detected at 13C NMR
spectrum of 3-py-d5 (182.0 ppm, Supporting Information,
Figure S1) with a position resembling those determined for
carbonyl ruthenium(II) 5,10,15,20-tetraarylporphyrins46,47 and
2-py-d5.

23

Molecular Structures of 3-nBuOH and 4. The molecular
geometry of 3-nBuOH as determined by X-ray crystallography
(Figure 2) reflects a balance between constraints of the
macrocycle ligand, the size of the ruthenium(II) ion, and the
predisposition of the ruthenium(II) ion for six-coordination in
porphyrinic surroundings, resembling eventually some funda-
mental structural features of carbonyl ruthenium(II) porphyr-
in46 or carbonyl ruthenium(II) azuliporphyrin.23 The apical
coordination sites are occupied by carbonyl and 1-butanol with
the Ru−O distance of 2.206(10) Å. The Ru−O(21) distance is
equal to 2.072(8) Å, and the Ru−C(21) distance equals
2.523(13) Å, which is only slightly longer than Cu−C(21)
(2.474(3) Å) in analogous copper(II) complex [Cu(TPAP-
O)].22 The molecule demonstrates a deflection angle with the
azulene that equals 52.1(4)° defined as the dihedral angle
between a plane determined by azulene atoms and the N3

plane. It is ca. 7° smaller than that found for [Cu(TPAP-O)].22

The environment of C(21) is close to trigonal. The projection
of the ruthenium(II) onto the C(21)−O bond lies close to
oxygen atom as reflected by the Ru−O(21)−C(21) angle of
93.7(8)°.
The C(21)O(21) distance of 1.314(16) Å resembles these

seen for nickel(II), iron(III), and rhodium(III) complexes of
21-hydroxy N-confused porphyrin31,48−50 and is close to the
C−O distance of 1.335 Å, which is typical for phenoxide
ligands.51

Figure 2.Molecular structure of 3-nBuOH (left, perspective view; right, presentation of macrocyclic folding with aryl groups omitted for clarity). The
displacement ellipsoids represent 30% probability. Selected bond distances [Å]: Ru−N(22), 2.025(10); Ru−N(23), 2.024(10); Ru−N(24),
2.028(10); Ru−O(21) 2.072(8); Ru−O(49) 2.206(10); Ru−C(21), 2.523(13).
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Structural studies confirmed the tendency of 3 to form a
dimeric structure providing that potential ligands competing for
apical position of ruthenium(II) are removed from solution.
Thus, crystals of 4 grown by slow evaporation of dichloro-
methane solution were subjected to single-crystal X-ray
diffraction (SC-XRD) measurements. Views of the dimeric
molecule are shown in Figure 3. The dimer adopts a head-to-
tail structure with the azulenolate groups forming bridges from
one macrocycle to the ruthenium(II) in the adjacent unit. The
Ru−Ru′ central ions are separated by 3.513(4) Å. The
ruthenium(II) and oxygen atoms are located at the corners of
deformed parallelogram defined by Ru, O(21), Ru′, and
O(21′), in which the Ru−O(21)′−Ru′−O(21) torsion angle
equals 13.9(8)°.
Both subunits are twisted with respect to each other as nicely

reflected by the angle between axes determined by C(21)···
N(23) and C(21)′···N(23)′ atoms that equals 23.3(9)°
pointing for a non-centrosymmetric entity (symmetry of the
selected crystal belongs to crystal space group P43212). Each
subunit consists of an approximately planar tripyrrolic fragment
and a highly deflected azulene moiety (N3 and C(1), C(2),
C(3), C(4), C(21) planes; 53.6(10)°). The distance between
the subunits measured as the distance between CNNN planes
is close to 3.40 Å, which is also optimal for attractive stacking
interactions. The bridging oxygen atom is bound to the second
ruthenium center with the Ru−O distance equal to 2.235(17)
Å, while the intramolecular Ru−O bond is 2.104(17) Å long.
Nuclear Magnetic Resonance Studies. The 1H NMR

spectrum of tripyrrolic unit of 3-py-d5 resembles the basic
pattern of 21-hydroxyazuliporphyrin consistent with the
borderline macrocyclic aromaticity (Figure 4c). The spectrum
contains an AB spin system at δ = 7.85, H(7,18), and δ = 7.27
ppm, H(8,17), with a coupling constant (3J = 5.1 Hz) typical
for a pyrrole ring in porphyrinoids, which is accompanied by
singlet at δ = 7.27 ppm, of central pyrrole unit H(12,13). The
1H and 13C resonances of azulene were assigned as follows: 1H
NMR H(21,31) 5.41, H(22,32) 5.82, H(23) 5.58 ppm; 13C NMR
C(21,31) 129.6, C(22,32) 136.6, C(23), 128.9 ppm.
In contrast to 3-py-d5 the visible broadening of all resonances

was detected at 300 K for 3 (Figure 4b). These spectroscopic
features are preserved in the whole investigated 190−300 K
temperature range. With temperature change a smooth shift of
the resonances can be also observed. It is clearly reflected by
diagnostic azulene resonances, which relocated from 6.6 to 6.4
ppm (300 K) to 6.0−5.4 ppm (190 K) positions. Thus, 1H

NMR studies compelled consideration of the complex dynamic
behavior that involves the thermodynamic equilibrium between
monomeric 3 and acyclic (5-45 and 5-135) and cyclic (4-1 and
4-2) dimers (Scheme 3).
The effect of dimeric coordination upon the chemical shifts

and line widths is certainly quite complex. The variable-
temperature 1H NMR studies (Supporting Information, Figure
S3) allowed elucidation of the conformational rearrangement of
the acyclic dimer 5 engaging the intramolecular rotation of two
subunits with respect to a single Ru−O(21)′ bridging bond.
Accordingly an exchange, involving the cyclic dimeric 4, a
variety of acyclic dimeric rotamers, and monomeric 3, is in
limits to allow averaging of chemical shift. At the same time it is
sufficiently slow to reveal features of intermediate exchange
rates as far as increased line width is concerned.
Alternatively, an intramolecular enantiomerization can be

invoked. In principle 4 adopts two enantiomeric conformations
differentiated by puckering of Ru−O(21)−Ru′−O(21)′ paral-
lelogram as discussed above in course of X-ray analysis (Figure
3). One can presume that the nonplanar arrangement of this
structurally crucial ring is not very rigid. Thus, the dimer flips
from one enantiomer (4-1) to another (4-2) via a unique

Figure 3. Molecular structure of 4 (left, perspective view with coordination centers marked with colors; right, a view showing an isolated
diruthenium coordination center motif). The displacement ellipsoids represent 30% probability. Selected bond distances [Å]: Ru−N(22), 2.07(2);
Ru−N(24), 2.015(19); Ru−O(21), 2.104(17); Ru−O(21)′, 2.235(17). A well-defined twist between subunits reflects the absence of the inversion
center in 4.

Figure 4. 1H NMR spectra (500 MHz, CDCl3, 300 K) of (a) 2-py-d5,
(b) cyclic 4 and acyclic dimers 5 in equilibrium with 3, and (c) 3-py-
d5.
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transformation (Figure 5), which seems consistent with 1H
NMR data.

Electrochemical Oxidation. Cyclic voltammetry (Sup-
porting Information, Figure S9) demonstrates that 2 undergoes
two consecutive, reversible one-electron oxidations with
semireversible half-wave potentials at (1) −0.048 V and (2)
0.42 V (dichloromethane, tetrabutylammonium perchlorate
(TBAP), relative to the ferrocenium/ferrocene (Fc+/Fc)
couple). The first potential is relatively low, which accounts
for the easy accessibility of an one-electron oxidized form.
Similar values of oxidation potentials were determined for 3
(E1/2(1) = 0.04 V, E1/2(2) = 0.34 V). The oxidation potentials
previously reported for palladium(II) azuliporphyrin, E1/2(1) =
0.46 (−0.06) V and E1/2(2) = 1.01 (0.49) V, versus Ag/AgNO3
(values relative to the Fc+/Fc couple in brackets) are in the
same range as determined for 2. Two subsequent one-electron
ligand-centered processes in [Pd(TPAP)] were accounted for
in this oxidation wave observation.19 Considering the essential
similarities in the oxidation patterns of ruthenium(II) and
palladium(II) azuliporphyrins, one can suggest that the first
one-electron oxidation of 2 is also ligand-centered yielding
carbonyl ruthenium(II) azuliporphyrin π-cation radical 6, and
for 3 it is carbonyl ruthenium(II) 21-oxyazuliporphyrin π-cation
radical 7. Significantly, it is well-documented that the carbonyl
complexes of ruthenium(II) regular porphyrin electrochemi-
cally or chemically undergo ring oxidation to form the π-cation
radicals.52−59

Chemical Oxidation of 2 and 3. Oxidation of [Ru-
(TPAP)(CO)] (2) solutions in chloroform-d with varying
amounts of 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ)
at 300 K was systematically followed by 1H NMR. Oxidation of
2 affords ruthenium(II) azuliporphyrin π-cation radical 6
(Scheme 4), which is persistent enough to be characterized
in detail by UV−vis, IR, 1H NMR, and 2H NMR spectroscopies
(Figure 6).

The addition of DDQ is accompanied by the loss of the 1H
NMR resonances of 2 and the growth of resonances due to
generation of 6. The results of the complete one-electron
oxidation are given in Figure 6c. Reduction of the 6 solution
(e.g., with zinc dust) restores the 1H NMR spectrum of
diamagnetic 2.
The spectrum of 6, shown in Figure 6, was collected at 270 K

to achieve optimal resolution of broad resonances (linewidths
vary in the 130−1170 Hz limits). An electron exchange
between 2 and 6 is slow on the 1H NMR time scale at the
whole investigated temperature range as the separate set of 2
and 6 resonances could be simultaneously detected after
addition of substoichiometric amount of oxidant. The assign-
ments, which are given above selected peaks (Figure 6c), were
made on the basis of paramagnetic shifts, site-specific
deuteration, and specific substitution of meso-aryls (Supporting
Information, Figure S2). To identify pyrrole resonances, the 1H
NMR spectrum of deuterated analogue 2(dx) (deuterated at β-
pyrrole positions with 85% efficiency) was synthesized and
subsequently converted into 6(dx). The appropriate 1H NMR
spectrum of 6(dx) revealed the significant decrease of intensity
of pyrrole resonances (Figure S2). The complementary 2H
NMR spectrum of 6(dx) confirmed an assignment (Figure 6,
inset). The chemical shifts and isotropic shifts are reported in
Table 1.
The UV−vis electronic spectrum of 6 (Supporting

Information, Figure S8) presents the broad features slightly
bathochromically shifted in comparison to 2. The coordination

Scheme 3. Proposed Equilibria between 3, 4, and 5

Figure 5. Top view of two enantiomers of 4 (one artificially generated
from the X-ray data) showing the twisted conformation. The flip of the
Ru−O(21)−Ru′−O(21)′ tetragon shown at the bottom view.

Scheme 4. Chemical Oxidation of 2 to 6
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of carbonyl in 6 was confirmed by the characteristic frequency
of the CO stretching ν(CO) = 1966 cm−1, which is noticeably
larger than that established for 2 (ν(CO) = 1923 cm−1). This
change parallels results reported for oxidation of carbonyl
ruthenium(II) porphyrin to carbonyl ruthenium porphyrin π-
cation radical. In those studies the position of the diagnostic
CO stretching band was shifted to higher values (due to
oxidation of macrocycle one-electron) by 15−42 cm−1

depending on choice of porphyrin (TPP or OEP), solvent
and axial ligand.58,59 The electron paramagnetic resonance
(EPR) spectrum of 6 (g = 2.01, toluene, 77 K) displays a
pattern that suggests an electronic structure with a dominating
cation radical contribution (Supporting Information, Figure
S10).61

One-electron oxidation of 2 was also accomplished using Br2
as an oxidizing agent (Figure 6b). The spectroscopic pattern of
6-Br resembles that of 6 although all linewidths have
considerably increased varying in the 360−1620 Hz limits.
The high linewidths of the overlapping resonances precluded
the detailed spectroscopic analysis for 6-Br. The spectroscopic
features of 6 differ from these of 6-Br; thus, evidently different
sixth (axial) ligands are coordinated after oxidations (for 6
presumably phenoxide is generated from DDQ, for 6-Br
bromide).
A Curie plot for the azulene, pyrrole, and meso-aryl

resonances of 6 is given in Figure 7. The experimental data
are consistent with linear behavior over the whole temperature
range. The extrapolated intercepts are near the normal
diamagnetic positions for diamagnetic [Ru(TPAP)(CO)] 2.

Figure 6. 1H NMR spectra (CDCl3, 600 MHz, 270 K) generated by
oxidation of (a) 3 to 7 with DDQ, (b) 2 to 6-Br with Br2, and (c) 2 to
6 with DDQ. (inset) The 92.12 MHz 2H NMR spectrum of 6(dx)
(CHCl3/CDCl3, 300 K).

Table 1. 1H NMR Data for Paramagnetic Ruthenium Porphyrin and Ruthenium Porphyrinoids

ruthenium porphyrin Pyrr oPh mPh pPh 21,31 22,32 23

6(diMeO)a 27.8 −4.2 −0.6 −30.5 21.1 −35.8
6.6 −4.8 −6.9

−25.1
6(Cl)a 27.4 −8.5 27.4 −29.3 20.5 −33.8

5.6 −18.4 22.4
−26.1

6(Me)a 27.8 −10.7 29.0 (24.0) −29.3 20.5 −33.8
6.3 −21.0 23.7

−23.3 (15.3)
6a 28.2 −9.4 28.2 −2.1 −30.5 20.9 −35.4

6.0 −19.1 23.1 −9.4
−26.2

6 isotropic shifta,b 20.5 −17.1 20.6 −16.9 −37.3 14.5 −42.0
−1.7 −26.8 15.5 −9.6
−33.9

6o calcd contact shifta 42.7 −41.3 17.6 −36.9 −37.1 11.5 −37.8
14.2 −24.3 9.3 −19.3

−38.0
6o-Br calcd contact shifta 42.8 −18.7 4.2 −8.5 −55.6 20.2 −57.8

16.8 −21.5 7.5 −15.7
−26.9

[RuII(TPP)Br(CO)]•c,54 3.35 −13.4 23.4 −6.0
[RuII(TPP)Br(CS)]•c,55 −5.35 −15.8 25.7 22.6
[RuIII(TPP)Ph]d,60 −30.9 2.6 4.5 5.5

4.6 4.9
[RuIII(TPP)(RNC)2](ClO4)

e,f,57 2.55 −10.7 21.5 −4.63
[RuIV(TPP)Br2]

d,60 −48.0 5.2 12.8 5.8

a270 K. b2 as the diamagnetic reference. Descriptors in brackets for complex 6, that is, diMeO, Cl, and Me, denote meso-phenyl substitution (3,5-
dimethoxy, p-chloro, p-methyl (p-tolyl), respectively). c302 K. d300 K. e298 K. fR = 2,6-xylyl.
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In the same manner as for 2 chemical oxidation of 3 was
tested using DDQ and Br2 as oxidants. Under the standard
conditions the one-electron oxidation product 7, observed
solely when DDQ was used, exhibited very limited stability, and
consequently the observations were limited to lower temper-
ature to retard the rate of the product decay still achieving the
reasonable spectroscopic features (Figure 6a). In such
conditions formed species 7 survived for a short period of
time, yet sufficient to collect a reasonable 1H NMR spectrum.
The spectroscopic features of 7 resemble those of 6 albeit the
spread of paramagnetically shifted resonances is smaller.
Electronic Structure of 6. One-electron oxidation of

ruthenium(II) regular porphyrins may afford in principle three
types of electronic structures.52−57,60 Metal-centered oxidation
yields ruthenium(III) regular porphyrin. Depending on a
choice of axial ligand(s), two fundamental (dxy)

2(dxzdyz)
3 or

less-common (dxy)
1(dxzdyz)

4 electronic structures were identi-
fied, which are differentiated by distribution of an unpaired
electron on d-orbitals. Noticeably, an oxidation of carbonyl or
thiocarbonyl ruthenium(II) regular porphyrins occurs prefer-
entially at the porphyrinic ring to give an a2u-cation radical
species albeit the contribution of an alternative a1u-cation
structure to a ground electronic state can be considered.52−56
1H NMR spectroscopy was shown to be a uniquely definitive
method for detecting and characterizing paramagnetic metal-
loporphyrinoids.24,27,62 The hyperfine shift patterns are
sensitive to the oxidation, spin, and ligation states and allow
addressing fine details of the electronic structure. The
characteristic shifts for representative examples of paramagnetic
ruthenium meso-tetraarylporphyrins derivatives are gathered in
Table 1. The diagnostic spectrum pattern of carbonyl
ruthenium(II) porphyrin π-cation radical, [RuII(TPP)Br-
(CO)]•, follows the spin distribution expected for the a2u
electronic configuration (Table 1). Alternatively, ruthenium-
(III) porphyrin, [RuIII(TPP)(RNC)2]ClO4, with a less
common electronic ground state, demonstrated peculiar spin
density distribution due to the partial delocalization of the
(dxy)

1 unpaired electron into the a2u orbital of the porphyrin
ring. It could be made possible by appropriate deformation of
the porphyrin ring.24,63−65 In such a case the porphyrin ring
acquires also significant a2u-type radical character due to the
strong a2u−dxy interaction.

24,63−65 Analysis of the data reveals

that the specific feature of a2u porphyrin π-cation radicals is the
distribution of a substantial amount of positive spin density at
the meso carbon and pyrrole nitrogen atoms, while the a1u
radical has a node at the meso positions but a large spin density
at the pyrrole carbon atoms.24,27 A correlation exists between
the sign of the spin density on the meso carbon atom and the
relative phenyl ring spectrum pattern.24 In the case of the
positive spin density, the phenyl ring shows an upfield shift for
ortho and para and the downfield shift for meta resonances
when the π-delocalization dominates the isotropic shift.
The interest in the one-electron oxidation product of

ruthenium carbonyl 5,10,15,20-tetraarylazuliporphyrin 2 arises
from spectroscopic and theoretical considerations regarding the
electronic properties of ruthenium carbaporphyrinoid com-
plexes. In comparison to ruthenium porphyrins with sym-
metrical peripheral substitution, the 1H NMR spectrum of 6
(Figure 6c, Table 1) is inherently more complex because of the
reduction in symmetry from C4v to Cs, which occurs upon
azulene incorporation. This overall mechanism of spin-density
delocalization is expected to be more complex due to an
extension of π-system by fusion of the tropylium ring. The most
characteristic 1H NMR spectroscopic features of 6 are large,
sign-alternating isotropic shifts of the meso-phenyl protons. The
contact shift sign reversal after the p-methyl substitution of
meso-phenyl is also consistent with the π-delocalization
mechanism. The hyperfine shift pattern for the meso-aryls of
6 bears the essential resemblance to ruthenium(II) carbonyl
meso-tetraarylporphyrins π-cation radicals considering both
values and alternation of the isotropic shifts (Table 1).
Importantly, the azulene resonances also demonstrate the
diagnostic alternation of their isotropic shifts signs. The
peculiar upfield and downfield spread of β-hydrogen resonances
were recognized as well. These patterns of isotropic shifts
features remain unprecedented in a group of paramagnetic
ruthenium(III) porphyrins or ruthenium(II) porphyrins π-
cation radicals.

Electronic StructureDensity Functional Theory
Calculations. To assess the electronic structure of 6, density
functional theory (DFT) calculations were performed. The
appropriate models of 2 and 3, 6 and 7 were subjected to a
DFT optimization at the B3LYP/6-31G(d,p)/LANL2DZ level
of theory (Figures S11−S15). The final geometry correspond-
ing to a one-electron oxidized derivative of carbonyl ruthenium
azuliporphyrin 6 is shown in Figure 8.
One-electron oxidation preserves the essential geometric

metrics of 2o. In particular the bond lengths in the coordination
core are only modestly changed (for 2o: Ru−C(21) 2.020, Ru−
N(22) 2.090, Ru−N(23) 2.136, Ru−N(24) 2.090 Å; for 6o:

Figure 7. Curie plots for the azulene, pyrrole, and meso-aryl 1H NMR
resonances of 6 (CDCl3).

Figure 8. DFT-optimized structure of 6o. The apical position occupied
by a phenoxide derivative of DDQ.
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Ru−C(21) 2.001, Ru−N(22) 2.079, Ru−N(23) 2.144, Ru−
N(24) 2.087 Å). The optimized structure 6o reveals the saddled
conformation of the porphyrinic core. The metal ions are
located in the plane defined by equatorial donor atoms
(CNNN).
Figure 9 presents a diagram of selected molecular orbitals for

6o. The electronic structure of 6o corresponds to the classical

description of ruthenium(II) azuliporphyrin π-cation radical
structure with a (dxy)

2(dxz)
2(dyz)

2 electronic configuration of
the ruthenium(II) and the π-radical on the porphyrin.
The representative contour plots of the highest occupied

molecular orbitals (HOMOs) for 6 are shown in Figure 9. In 6o
the HOMO covers mainly DDQH axial ligand. The HOMO−1
is energetically very close to the HOMO and corresponds to
the singly occupied molecular orbital (SOMO). It shows
significant resemblance to the features of the total spin-density
distribution (Figure 10) and the a2u orbital in D4h symmetry of
regular porphyrins, which is quite typical for metalloporphyrin
radicals.24,66−68 That is, the large amplitudes at the meso
positions and nitrogen atoms are preserved. In contrast to a2u of
regular porphyrins the large amplitudes are detected at pyrrolic
β-carbons. The incorporated azulene lowers the overall
symmetry and contributes in a marked degree in composition
of the orbital. The replacement of DDQH ligand by bromide
(6o-Br) removes additional DDQ π-orbitals contribution
producing the SOMO as the HOMO (Supporting Information,
Figure S17). To facilitate the analysis the information on the
spin-density distribution is presented in the form of plots of the
surface of the total spin density (Figure 10).
Thus, the largest positive atomic spin density was determined

at the meso, azulene, and some pyrrole positions. Importantly,
the relatively small atomic spin density at the ruthenium ion

(−0.006), which is well below the density of ca. 1 expected
presuming the RuIII d5 electronic structure, is consistent with
the ruthenium(II) d6 π-cation radical description. The similar
range of values typical for one-electron oxidation of a
macrocycle were determined for metalloporphyrin π-cation
radical67,68 or metalloxoplorin radicals69 containing metal ions
that are redox innocent. The regular signs alteration of the spin
density for azulene (C21 +, C22 −, C23 +) and the β-carbon
atoms of the pyrrole ring adjacent to azulene (C7 −, C8 +)
were successfully reproduced in DFT calculations. Calculations
for 7o at the same level of theory give the same picture for 21-
oxy derivative, albeit locating higher spin-density amplitudes at
azulene carbon atoms.
Spin densities determined in the course of DFT studies on

organic radicals are typically compared with experimental
valuesisotropic hyperfine coupling constants aN and contact
shifts obtained from EPR and NMR spectroscopic measure-
ments.24 The spin density on carbon atoms (Supporting
Information, Figures S16 and S18) can be converted into the
isotropic shifts of attached protons. The detailed discussion of
the methodology was given previously.69−71 The comparison of
experimental and theoretical spectra was schematically
presented in Figure 11. An analysis leads to the fundamental
conclusion that the spin distribution of 6 is reasonably well-
accounted for by the ruthenium porphyrin π-cation radical
structure. It is important to emphasize that DFT calculations
reproduced qualitatively the following spectroscopic features:
large π-delocalization at meso-aryl resonances, as well the sign

Figure 9. Diagram of selected energy levels and relevant molecular
orbitals of complex 6o for α and β electrons separately. All surfaces
mapped with an isovalue of 0.02 and positive maxima marked red. The
SOMO is put in a frame.

Figure 10. Plot of the total spin-density surface with isovalue = 0.0004
and the positive total density marked blue.

Figure 11. Schematic representation of (a) the experimental
paramagnetic and (b) calculated contact shift patterns (1H NMR)
for 6. Resonances labeling for azulene follows that given at Scheme 1.
Applied code of colors: blue−pyrrole, orange−azulene, redmeso-
aryl.
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alternation of contact shifts for azulene and adjacent pyrrole
rings.

■ CONCLUSIONS

Coordination chemistry of carbaporphyrinoids has typically
revolved around the ability of these macrocycles to
accommodate the metal cation of interest in the macrocyclic
crevice. In this contribution we have demonstrated specific
reactivity of carbonyl ruthenium(II) azuliporphyrin 2. This
complex undergoes one-electron oxidation to form ruthenium
azuliporphyrin π-cation radical 6 with high participation of the
azulene moiety in the spin delocalization. Complex 2 is reactive
toward molecular oxygen providing new species 3 and 4 with
an oxygen atom inserted to the Ru−C bond. Monomeric and
dimeric complexes remain in thermodynamic equilibrium as
long as the auxiliary ligand is absent in the solution.
No direct evidence for the formation of intermediates in the

oxygenation process was found. An oxygenation mechanism
can be considered as the insertion of a dioxygen molecule into
the Ru−C bond to form a transient Ru−O−O−C(21)
peroxide. A rapid O−O bond cleavage results in a unique
situation in which two reactive centers are locked in the
macrocyclic cage as a consequence of restraints imposed by the
ligand structure. Further investigations of the ruthenium
carbaporphyrinoid complexes are expected to afford an insight
into the reactivity of a metal−carbon bond as specifically tuned
carbaporphyrins can be expected to stabilize intermediates of
the oxygenation process.
The field has the potential to produce ruthenium

carbaporphyrinoids with chemical properties very different
from those of regular ruthenium porphyrins39,41−44,72−75 and
the second relevant reference point−organometallic ruthenium
pincer ligand complexes,76−79 presuming that the equatorial
macrocyclic ligand accepts an active organometallic role.

■ EXPERIMENTAL SECTION
Materials. Chemicals and solvents like benzene, chlorobenzene,

hexane isomers, etc., were at least pure grade and used without
purification unless otherwise specified. Dichloromethane (DCM) was
distilled over CaH2.
Carbonyl Ruthenium(II) 5,10,15,20-tetraarylazuliporphyrins

[Ru(TArAP)(CO)] [2(x)]. (Ar = phenyl (2), p-tolyl [2(Me)], p-
chlorophenyl [2(Cl)], 3,5-dimethoxyphenyl [2(diMeO)] or carbonyl
ruthenium(II) 5,10,15,20-tetraphenylazuliporphyrin-dx [2(dx)] were
prepared, as described elsewhere,23 starting from appropriate
5,10,15,20-tetrarylazuliporphyrins. Syntheses of ligands were con-
ducted according to the general procedure described by Lash et al.14

5,10,15,20-Tetraphenylazuliporphyrin-dx (1-dx). The deuter-
ated ligand was obtained using a general procedure14 with the
appropriate modification to afford selective deuteration at β-positions.
Prior to condensation chloroform stabilized with amylene was carefully
dried over 4A molecular sieves. Azulene (160 mg, 1.25 mmol),
pyrrole-d5 (250 μL, 3.35 mmol), and benzaldehyde (460 μL, 4.45
mmol) were dissolved in freshly distilled dry, degassed chloroform
(600 mL) in a 1 L round-bottomed flask equipped with stirring bar
and a nitrogen inlet. CH3OD [6 mL, 1% (v/v)] was added to the
reaction mixture. After that, boron trifluoride diethyl etherate (330 μL,
2.67 mmol) was added, and the mixture was stirred in the dark
overnight (∼17 h) under N2. DDQ (800 mg, 3.52 mmol) was added,
and the solution was stirred for further 60 min. Then the solvent was
evaporated to dryness, and the residue was purified by chromatog-
raphy on basic alumina (grade III) in gradient from dichloromethane/
hexanes 1:2 to dichloromethane with small addition of Et3N. The
isolated product was deuterated in 85−90% on β-pyrrole hydrogen
atoms as determined by 1H NMR.

Carbonyl Ruthenium(II) 5,10,15,20-tetraaryl-21-oxyazulipor-
phyrin (3). 5,10,15,20-tetraphenyl-21-hydroxyazuliporphyrin 1−OH
(5.0 mg, 7.23 μmol) was added to degassed benzene (20 mL) together
with triruthenium(0) dodecacarbonyl (5.0 mg, 7.82 μmol). Mixture
was refluxed for 1.5 h under nitrogen atmosphere. After solvent
evaporation, the residue was subjected to purification on column
chromatography (alumina, 6−8 (wt)% of water depending on Al2O3
activity, dichloromethane). After a residual orange fraction (of
ruthenium carbonyl) at the beginning the pink fraction of unreacted
ligand was collected. After changing eluent polarity to DCM: 1-
butanol 50:1 (or using very diluted lower alcohols solutions) the red-
pink narrow fraction of [Ru(TPAP-O)(CO)] was obtained (1.9 mg,
33%).

Reaction of 1−OH (5.0 mg, 7.23 μmol) with triruthenium(0)
dodecacarbonyl (5.0 mg, 7.82 μmol) conducted and worked up in
analogous conditions resulted mainly in generation of 2 in 41% yield
revealing the elimination of 21-oxy bridge. Larger amounts of
[Ru3(CO)12] used in the insertion afforded cluster [Ru(TPAP)(CO)-
{Ru4(CO)9}].

3 can be also collected as a minor product (a few percent) of 2
synthesis (ruthenium insertion to azuliporphyrin 1) when solvent was
not sufficiently degassed. Oxygenation of 2 conducted for 2 h in
boiling chlorobenzene in aerobic conditions yielded 3% of 3 and
recovery of unreacted 2 (after column chromatography).

1H NMR (600 MHz, CD2Cl2 + Py-d5, 300 K) δ 7.91 (d, J = 6.5 Hz,
4H, 5,20-oPh), 7.85 (d, J = 5.1 Hz, 2H, 7,18), 7.83 (d, J = 7.5 Hz, 2H,
10,15-oPh), 7.63−7.58 (m, 6H, 5,20-mPh, pPh), 7.56 (td, J = 7.5, 1.0
Hz, 2H, 10,15-mPh), 7.50 (tt, J = 7.5, 1.0 Hz, 2H, 10,15-pPh), 7.43
(td, J = 7.5, 1.0 Hz, 2H, 10,15-mPh), 7.27 (d, J = 5.1 Hz, 2H, 8,17),
7.27 (s, 2H, 12,13), 7.22 (d, J = 7.5 Hz, 2H, 10,15-oPh), 5.82 (dd, J =
10.7, 9.4 Hz, 2H, 22,32), 5.58 (t, J = 9.4 Hz, 1H, 23), 5.41 (d, J = 10.7
Hz, 2H, 21,31), 13C NMR (151 MHz, CDCl3 + Py-d5, 300 K) δ 182.0
(CO), 152.7, 151.9, 149.6, 143.3, 142.0, 141.1, 137.3, 136.6 (22,32),
135.6 (7,18), 135.2 (5,20-oPh), 134.2 (12,13), 132.9 (10,15-oPh),
132.8 (10,15-oPh), 132.6, 129.6 (21,31), 128.9 (23), 128.1 (5,20-pPh),
127.4 (10,15-mPh), 127.2 (5,20-mPh), 127.13 (10,15-pPh), 127.09
(10,15-mPh), 126.6 (8,17), 116.56, 116.53, HRMS (ESI) calcd for
C51H31N3O2Ru (M+H+): 820.1538; found: 820.1521 (m/z) IR (νCO)
1947 cm−1, UV−vis (10% (v/v) Et3N/CHCl3) λmax (log ε) 389.0
(4.79), 524.6 (4.99), 648.6 (4.06), 679.7 (4.05) nm.

Instrumentation. NMR spectra were measured on Bruker Avance
500 MHz and Bruker Avance III 600 MHz spectrometers. 1H and 13C
shifts were referenced to the residual resonances of deuterated
solvents. The 2H NMR spectra were collected using a Bruker Avance
600 instrument operating at 92.12 MHz. Infrared absorption spectrum
of 3 was measured on a Bruker FT-IR VERTEX70 spectrophotometer
applying KBr disc. Experiment with DDQ was done by the ATR
technique (thin films of 2 and 2 + DDQ (6) were measured).
Absorption spectra were recorded on a Varian Carry-50 Bio
spectrophotometer. Mass spectra (High Resolution and Accurate
Mass) were recorded on a Bruker micrOTOF-Q spectrometer using
the electrospray technique. EPR spectra were recorded on the Bruker
ESP 300 spectrometer operating with an X-band equipped with an
ER035Gmeter and a HP 53550B microwave frequency counter.
Electrochemical measurements were performed with the EA9C
Multifunctional Electrochemical Analyzer in following conditions:
degassed, dry CH2Cl2, 0.1 M TBAP; scan rate 20 mV/s, working
electrode−glassy carbon disk, auxiliary electrode−platinum wire,
reference electrodeAg/AgCl. The voltammograms were referenced
against the half-wave potential of Fc/Fc+.

Crystallography. The X-ray diffraction data for 3-nBuOH and 4
were collected on Oxford Diffraction Xcalibur with an Onyx detector
(Cu Kα radiation, λ = 1.541 75 Å) and on Oxford Diffraction Xcalibur
with a Ruby detector (Mo Kα radiation; λ = 0.710 73 Å), respectively.
Single crystals suitable for the XRD experiment were obtained by
cooling 1-butanol solution of [Ru(TPAP-O)(CO)] for 3-nBuOH and
evaporating dichloromethane solution for 4. The data for 3-nBuOH
and 4 were collected at 100 K using an Oxford Cryosystem device.
Data reduction and analysis were carried out with the CrysAlis “RED”
program.80An analytical absorption correction was applied for
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3-nBuOH. Space groups were determined using the XPREP
program.81 Structures were solved by direct methods using the
SHELXS program and refined using all F2 data, as implemented by the
SHELXL program.82 The SQUEEZE procedure83 implemented into
the PLATON program was applied for disordered noncoordinated
solvent molecules, namely, 1-butanol (located in a special position) for
3-nBuOH and dichloromethane in 4. Non-hydrogen atoms in
3-nBuOH and 4 were refined with anisotropic displacement
parameters. All H atoms were found on Δρ maps or placed at
calculated positions. Before the last cycle of refinement all H atoms
were fixed and were allowed to ride on their parent atoms. Crystal data
for 3-nBuOH: C55H41N3O3Ru·1.5C4H10O, triclinic, P1 ̅, a = 13.666(3)
Å, b = 13.913(3) Å, c = 14.580(4) Å, α = 73.20(2)°, β = 67.95(3)°, γ =
83.27(3)°, V = 2459.6(12) Å3, T = 100(2) K, R = 0.111, wR = 0.2445
[2548 reflections with I > 2σ(I)] for 610 variables. Crystal data for 4:
C102H62N6O4Ru2·CH2Cl2, tetragonal, P43212, a = 13.427(3) Å, c =
44.203(7) Å, V = 7969(4) Å3, T = 100.02(10) K, R = 0.106, wR =
0.170 [1994 reflections with I > 2σ(I)] for 513 variables, Flack =
−0.08(10).
Density Functional Theory Calculations. Geometry optimiza-

tions were performed within unconstrained C1 symmetry in vacuo,
with starting coordinates derived from preoptimized models using
Gaussian software.84 Calculations were performed using the spin-
unrestricted approach (for open-shell models 6o and 7o) with the
B3LYP/6-31G(d,p) level of theory and pseudopotential (LANL2DZ)
on Ru.85,86 Harmonic frequencies were calculated using analytical
second derivatives as a verification of local minimum achievement with
no negative frequencies observed. Calculations of spin density were
performed for the optimized models. Visualization of molecular
orbitals and spin-density distribution was done with the use of
GaussView program.87
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