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ABSTRACT: Here we study the effect of metals on the characteristic Soret band of N-confused 
porphyrins. We used DFT calculations to study how this low-lying region of the spectrum of the 
NCP-2H isomer is affected by the introduction of transition metals with various (d2, d3, d4 and d6) d-
electron configurations. The spin ground state of these complexes is mostly dependent on the number 
of unpaired electrons, both with and without the presence of an axial ligand. The analysis of the 
electronic distribution and spin density showed that these unpaired electrons are often harbored by 
the N-confused porphyrin ring instead of on the metal. Time-dependent DFT results indicated that 
the aromatic system of porphyrin is disrupted in the N-confused isomer: instead of the typical large 
Soret band, this now gives rise to two peaks of much lower intensity. Most metallo-porphyrins 
exhibited similar optical properties, with the HOMO/LUMO orbitals showing a mixed 
metal/porphyrin character. The only exception was the Rh metalloporphyrin that exhibited a ligand-
to-metal charge transfer band with increasing intensity as function of the ligand field. This suggests 
Rh is the only metal whose orbitals are higher in energy than the ligand's, indicating that it is the 
only system where the redox processes occur on the metal. 

KEYWORDS: Metalloporphyrins, N-confused porphyrins, Electronic configuration, DFT, Ligand 
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INTRODUCTION 

Porphyrin-like motives found in biological molecules such as the heme group[1], vitamin B12[2] or 
chlorophylls[3] inspired chemists to synthesize tetraphenylporphyrin (TPP), octaethyl porphyrin 
(OEP), and many other derivatives, transition-metal complexes and materials with all kinds of 
interesting properties.[4] Eventually, studies turned to its isomers and new porphyrinoids have been 
created.[5] The first N-confused porphyrin (NCP) (see Scheme 1) was synthesized in 1994.[6,7] Two 
of its tautomers were later successfully isolated depending on the solvent: NCP-3H and NCP-2H,[8] 
which, in conjunction with DFT[9] calculations, allowed for the study of their individual 
properties,[10-12] unraveling their promise for application such as the development of new 
photodynamic therapeutics.[13] NCP-3H exhibited a higher degree of aromaticity and was thus 
considered to be more stable. Nevertheless, transition-metal complexes with both tautomers have 
been synthesized[14-17] and they are often interconvertible via redox reactions. The possibility of 
forming neutral molecules when combined with MII and MIV (with axial ligands) metal ions with 
decreased steric hindrance at its center, or of the derivatization of the outer N-H bond, however, 
confer additional interest to the NCP-2H form. 
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The complexes of such ligands have become a hot topic due to their prospective anti-cancer 
activity,[18] CO2 fixation/derivatization capabilities[19-21] and ability to function as molecular 
(anion) sensors[22] or photosensitizers.[23] The properties of these compounds have been tentatively 
rationalized with analyses of the relative energy differences of their frontier orbitals (DHOMO and 
DLUMO)[24] which are mainly located at the porphyrin ring and barely mixed with the metal d 
orbitals. However, these compounds have been obtained in the bare porphyrin forms, with axial 
ligands[25] and even as metal-metal bonded dimers,[26] and there is no explanation for this 
preference or its consequences on the properties of these compounds. The repercussions of changing 
the metal center have also not been explored, especially with regards to spin state which is often not 
reported. 

Here, we study a series of Cr(II), Cr(III), Mo(II), Mo(IV), Os(II), Os(IV), Rh(III) complexes with the 
N-confused porphyrin NCP-2H to understand the different forms in which they are obtained, 
focusing on their spin state and electronic structure. 

 

 

Scheme 1. Schematic structure of a porphyrin, its N-confused isomers including the one used as a ligand here, 
and corresponding transition-metal complexes. The latter two are analyzed in the present work: M = CrII/III, 
MoII/IV, OsII/IV, RhIII. 

 

METHOD VALIDATION 

To the best of our knowledge, no X-ray structures are available in the CCDC database for N-confused 
porphyrins. Luckily, previous results had indicated that the methodology developed in-house for 
determining bond-orders[27] based on the S12g functional[28] was successful in the description of 
the properties of porphyrin transition metal complexes. However, because of the diversity of 
coordination environments of the metal in (confused) porphyrins with different axial ligands, we 
started by testing our computational method against experimental data available in the literature for 
porphyrin-chloride systems. 
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Fig. 1. Example of the X-ray crystal structure of the Rh(porph)Cl complex reported in the literature (top, CCDC 
code JETBUI[29]), and our computational model (bottom). 

 

Metal-Cl porphyrin structures were retrieved from the Cambridge Crystallographic Data Center 
database with Cr, Rh and Os, reorganized and simplified to a model which was devoid of substituents 
on the porphyrin ring (Figure 1). The models were then optimized with S12g/TZ2P (including 
solvent and relativistic effects, see Computational details) in all the relevant spin states and their 
energy minima were analyzed. Comparison of these results to those available in the original literature 
reports can be found in Table 1. 

 

Table 1. Comparison between M-Cl distance and ground spin state of the complexes reported in the literature 
and our computational models 

 M-Cl (Å) Ground state (S) CCDC ref 
 Exp. DFT Exp. DFT 

CrIII(Cl)(H2O) 2.321 2.296 3/2 3/2 ROTKES [30] 

OsIV(Cl)2 2.293 2.324 1a) 1 ZAVLIR [31] 

RhIIICl 2.204 2.261 0 0 JETBUI [29] 

a)  Actual magnetic moment measured was slightly lower than expected for S=1.  

 

The coordination environment in our computational models is the same as that found in the crystal 
structure: a Cl axial ligand was added in the case of Rh, two in the case of Os and one Cl and one 
water molecule in the case of Cr. Indeed, our models proved to be good representations of the full 
complexes that had been synthesized, thus showing the minor effect of the porphyrin substituents on 
the structural and electronic properties of the metal center. The correct ground (spin) state was 
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predicted for all three complexes using the chosen method, S12g/TZ2P. The largest M-Cl bond 
distance differences between theory and experiment were obtained for the OsIV complex (0.031 Å, 
1.4%) and the RhIII (0.057 Å, 2.6%) meaning that the DFT geometries are also in good agreement 
with the single crystal X-ray results. Further details on the geometrical properties and relative 
energies of these complexes can be found in Tables S1-S3. 

 

RESULTS AND DISCUSSION 

We have confirmed the reliability of the S12g functional for the systems at hand (see Method 
validation) and are now able to delve deeper into the electronic properties of these N-confused 
metalloporphyrins. A correct spin ground state is crucial for the shape and electronic transitions of 
these molecules; hence it must be analyzed first. This was performed not only for the bare metallo-N-
confused porphyrin, but also for the analogues with a negatively charged axial ligand from each end 
of the spectrochemical series (Cl- and CN-). We chose monoanions to keep the total charge of the 
final complexes at the bare minimum. The results are presented consecutively, with increasing 
number of d electrons, from d2 in the Mo(IV) NCPs to d6 in the case of those bearing Os(II) or Rh(III) 
metal ions. 

 

Spin state 

d2 and d3 populations 

The two cations with the lowest d-electron count are MoIV(4d2) and CrIII(3d3). Energies of the possible 
spin states, relative to the lowest lying state, for their NCP complexes are represented in Scheme 2. 

            

Scheme 2. Spin state relative energies for CrIII and MoIV N-confused porphyrins and their pentacoordinate 
analogues. 

 

In both cases, a high-spin (S=3/2 and S=1, for chromium and molybdenum, respectively) electronic 
distribution is shown to be more stable for the bare N-confused porphyrins. The same effect is 
observed upon addition of the axial ligands for the d2 and d3 populations: the low-spin state is slightly 
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stabilized by the low-field inducing chloride anion, but this stabilization is counteracted by the high-
field axial ligand cyanide. Nevertheless, no spin state change is to be expected when moving from the 
square planar to square pyramidal coordination sphere. 

 

d4 population 

Three metal ions studied here have a d4 population: CrII (3d4), MoII (4d4) and OvIV (5d4). This series 
provides insight into the effect of core potential as each metal belongs to a different period of the 
periodic table. Results are in Scheme 3. 

 

       

Scheme 3. Spin state relative energies for Md4 N-confused porphyrins and their pentacoordinate analogues. 

 

The core potential is not affecting the spin state, as similar energy profiles were obtained for the three 
metal centers. A high-spin state is the most favorable for the bare metal NCPs (S=2 for CrII and MoII, 
S=1 for OsIV), but the coordination of an axial ligand, even with a low field strength, stabilizes a lower 
spin configuration to such extent that a spin change is to be expected. In the case of osmium, energy 
differences close to the chemical accuracy limit (1.57 kcal mol-1 and 0.28 kcal mol-1) are obtained, so 
it is possible that a mixed spin distribution is measured experimentally, depending on the 
temperature. However, the increase in DSP to a point that it matches or is greater than the spin pairing 
energy and the qualitative similarity to the other two energy profiles are clear. 

 

d6 population 

The metal ions with the highest d electron population are RhIII(4d6) and OsII(5d6). The results 
obtained for those metalloporphyrin complexes are in Scheme 4. Energies above 33 kcal mol-1 are not 
represented to scale. 
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Scheme 4. Spin state relative energies for Md6 N-confused porphyrins and their pentacoordinate analogues. 

 

We have again obtained comparable energy profiles for the two metals. The S=2 high-spin 
configuration is too high in energy for the bare NCP complexes and those with an axial ligand, 
regardless of the metal center. The intermediate spin state is the most stable for the square planar 
complexes, but the low-spin (S=0) configuration is clearly the most stable for the complexes with 
axial ligands. 

A summary of the results presented above can be found in Table 2. 

Table 2. Summary of the results presented above on the spin state of the complexes. 

 Ground state (S) 

 d2 d3 d4 d6 
M(NCP) 1  2 1 1 

M(NCP)Cl 1  1 0 0 

M(NCP)CN 1  1 0 0 

 

The same spin states and energy profiles were obtained for the complexes with equal d electron 
count; they seem to depend only on the number of d electrons on not on the charge of the metal or 
even the total charge of the complexes. The exception to this rule was OsIV which, despite having a 
similar energy profile to the remaining d4 complexes, can stabilize lower spin states even further. The 
coordination to an additional axial ligand can either have no effect on the spin state, for smaller d 
orbital populations, or allow for the stabilization of a lower spin configuration via increase of the 
energy difference between the stabilized and the destabilized d orbitals. This, however, is occurring 
simply due to the destabilization of the dz2 orbital upon axial ligand coordination: the strong field 
ligand cyanide would generally only extend the effect of the low field chloride, further destabilizing 
already higher energy electronic configurations. 

As shown before, the present computational method proved to be accurate in assigning the spin state 
of metallo porphyrinate complexes. Porphyrin derivatives, however, are known non-innocent 
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ligands[32] so a careful look into the electronic structure of these complexes must be carried out to 
understand if all of the spin density in these complexes is located in the metal centers or if the NCP 
ring is the entity that will participate in redox processes involving these complexes. This may occur 
even if the aromatic system is disrupted by the N-confusion. The combination of a population 
analysis of molecular orbitals with great d-character with the mapping of the Mulliken spin densities 
should provide this information. 

For both d6 metallo-N-confused porphyrins, a S=1ground spin state was obtained. This would 
correspond to a low-spin state in the square-planar ligand field, with two filled d-based molecular 
orbitals (4 electrons) and two SOMOs. A Sit analysis[33] of the d-orbital occupations reveals a total of 
four electrons. This means that instead of the expected Rh(III) and Os(II) cations, we formally 
observe the coupling of Rh(IV) and Os(IV) with ligand radicals, RhIVNCP● and OsIVNCP●●. From a 
ligand-field point of view, this can be rationalized as the low-lying d-orbitals will all be partially 
occupied, thus increasing the stability of the complexes. The spin-density, however, is in different 
parts of the NCP ring (Scheme 5). In the case of the Rh NCP, there is one highly localized unpaired 
electron on the confused carbon atom and the remaining electron is delocalized over the four N-
confused porphyrin Cb. In the case of the Os NCP, the two electrons are completely delocalized over 
the outer ring of the ligand. 

The Os(IV) NCP complex is correctly described as bearing formal Os(IV). This agrees with the above 
observation: Osmium will always prefer to have four unpaired d electrons and redox processes are 
expected to occur on the ligand. A similar observation is made for the molybdenum metal ions: the 
Mo(II) complex is best described as formal Mo(IV) coupled with a Mo(II) diradical as similar spin 
densities are obtained for the metal center and only two SOMOs were obtained. Finally, the same 
was observed for the theoretical Cr(II) NCP, which instead is better described as CrIIINCP● indicating 
that reduction of the Cr(III) compound would reduce the ligand and not the metal. 

 

           

Scheme 5. Mulliken spin density atom coloring from dark blue (~0.0) to red (> 1.0) for the lowest spin states of 
Rh(NCP) and OsII(NCP) – the latter is representative of the remaining M(NCP) complexes. Numbers represent 
the Multipole Derived Charge Analysis (q) spin densities for relevant atoms. 

 

These preliminary results have directed us to properly investigate the electronic structure of all these 
compounds. We have done so via a combined oxidation state and spin density analysis (see 
Supporting Information Tables S4-S5). Both approaches are based on defining how many electrons 
are localized, in this case, at the metal and how many electrons are delocalized over the whole 
structure. The oxidation states can be calculated directly[34,35] from the localization and 
delocalization indexes as obtained from a QTAIM topology analysis.[36] As for the spin densities, 
these are relatively pitted against each other (metal vs porphyrin atoms) for complexes with unpaired 
electrons. The example for MoII complexes can be found in Scheme 6. 
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Scheme 6. Example for the theoretical MoII complexes of how the spin density localization can provide 
information on the electronic structure of the complexes. 

 

A summary of the results can be found in Table 3. They show that only a limited number of oxidation 
states is available for most metals (CrIII, MoIV, OsIV) as the NCP ligand is very likely to be reduced, 
except for the case of rhodium in which two oxidation states can arise, RhIII/IV. 

 
Table 3. Electronic configuration of the metalloporphyrins. 

 Formal electronic configuration (FEC) 

 M(NCP) M(NCP)Cl M(NCP)CN 
CrIII [CrIIINCP]+ [CrIII(NCP)Cl] [CrIII(NCP)CN] 
MoIV [MoIVNCP]2+ [MoIV(NCP)Cl]+ [MoIV(NCP)CN]+ 
CrII [CrIII(NCP•)] [CrIII(NCP•)Cl]- [CrIII(NCP•)CN]- 
MoII [MoIV(NCP••)] [MoIV(NCP••)Cl]- [MoIV(NCP••)CN]- 
OsIV [OsIV(NCP)]2+ [OsIV(NCP)Cl]+ [OsIV(NCP)CN]+ 
OsII [OsIV(NCP••)] [OsIV (NCP••)Cl]- [OsIV(NCP••)CN]- 
RhIII [RhIV(NCP•)]+ [RhIII(NCP)Cl] [RhIII(NCP)CN] 

 

This assignation is not clear for the Rh(NCP). Therefore, we used energy decomposition analysis 
(EDA)[37] to further investigate the correct electronic structure in Rh(NCP) as it is not entirely clear 
from the spin density and localization indexes. The orbital interactions are in the table below: 

 
Table 4. Orbital interaction energy as calculated per EDA. 

 Orbital interaction stabilization (kcal mol-1) 

[CrIII(NCP•)] -813.83 
[CrII(NCP)] -432.73 

[RhIV(NCP•)]+ -1488.07 
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[RhIII(NCP)]+ -935.67 
 

EDA provided the expected result for chromium in which it shows that the CrIII(NCP•) is the species 
with the greatest orbital stabilization. The same was observed for the RhIV species bound to a NCP 
radical instead of RhIII analogue, confirming the assignation in Table 3. 

We also attempted to study any correlation of these findings with the geometry of the NCP rings and 
their delocalized p system. The shape of porphyrins has been recently reviewed by Kingsbury and 
Senge.[38] Although they derive some intricate geometrical parameters, we have preferred to 
perform a continuous shape measurement (CShM) with SHAPE.[39,40] This measurement quantifies 
the difference between a selected geometry, in our case the metalloNCPs, and the geometries of ideal 
transition-metal complexes. We compared the bare NCP complexes to the four vertices[41] 
polyhedral model and the axial substituted NCPs to the five vertices[42] polyhedral. Greater 
distortions are expected for the latter, as axial coordination on one end only seems to be capable of 
pulling the metal out of plane. The results can be found in SI Table S6. The greatest distortions can be 
found for the square planar MoIV and OsIV, as well as for square pyramidal OsIV, OsIVNCP•• and RhIII. 
Indeed, axial coordination is shown to increase the CShM in general, as this effect is larger with the 
cyanide ligand, but nothing else was obtained from that analysis. We also compared relevant 
BODSEP bond orders (bond orders normalized in such a way that their sum corresponds to the total 
number of bonds) to those reported in previous work by some of us.[27] These results can be found in 
SI Table S7. NCP-2H is said to be less aromatic than porphyrin. When one compares their dianion 
analogues, one can note that there is an increase in N-Ca bond order. If one assumes that the ideal 
aromatic value for these mixtures of single and double bonds is 1.5,[27] the anion of the NCP would 
seem to be more aromatic than that of porphyrin, which is contradictory. While metal coordination 
was shown to, on average, not influence this bond order, the same is not true in the case of NCP, as 
there is a slight decrease in the BODSEP of the N-Ca bond. The lateral M-N bond orders are 
comparable between the NCP complexes and those with porphyrin, but the M-C bond is 
exceptionally strong, thus weakening the opposite M-N bond, as can be noted by average bond order 
values close to 0.300. Unsurprisingly, the bond between the metal and the high-field ligand is 
stronger than that of the metal-chloride. 

 

Electronic properties 

The porphyrin absorption spectrum shows a triade of smaller intensity bands at higher wavelengths, 
the Q bands, and an absorption maximum at a higher energy wavelength, so called Soret band (B 
band). This spectrum has been tentatively interpreted with a four-orbital model originally proposed 
by Gouterman,[43] which states that these bands arise from p-p* transitions between the 
HOMO/HOMO-1 and the LUMO/LUMO+1 pairs, with varying degrees of bonding and antibonding 
character depending on substituents, and the effect of such ring substituents and metal coordination 
has been revisited by other computational chemists.[44,45] 

We will thus be performing a similar analysis for the N-confused isomer and respective metalloNCPs. 
The comparison between the Soret band region of normal porphyrin, the NCP-2H isomer and the 
corresponding dianion, NCP-2H2-, is in Figure 2. All the spectra presented in this section were 
calculated in DMF, as it is the solvent in which the confused porphyrin isomer was isolated. 
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Fig. 2. Absorption spectra (dimethylformamide) calculated in the Soret band region of porphyrin (red) NCP-2H 
(orange) and its dianionic form (green). Band width = 40 nm, Gaussian height broadening. 

 

The single band that was obtained for porphyrin around ca. 375 nm is in good agreement with the 
literature. This band appears to split into two bands with lower absorption values, in both NCP-2H 
and its dianionic form. However, if the average between the two absorption peaks is taken, porphyrin 
and its N-confused isomer have similar energies (porph ~375 nm, NCP-2H  ~375 nm) and a small 
bathochromic shift is expected for the free base (free base ~400 nm). Scheme 7 provides a more in-
depth investigation of the origin of these bands. 

 

Scheme 7. Frontier orbital diagram for porphyrin (left), NCP-2H (center) and NCP-2H2- (right). The orbitals 
involved in the Soret-band associated electronic transitions are depicted next to the corresponding diagram. 

 

Despite the decrease in the HOMO-LUMO gap that is clearly noticeable from left to right in Sheme 
7, what seems to contribute most to the differences in the calculated UV-Vis spectra is the decrease in 
the symmetry level of the N-confused monomer when compared to normal porphyrin. The orbitals 
involved in the electronic transitions of porphyrin are highly symmetric, cover most of the ring and 
agree with the four orbital model that states the orbitals involved in the transitions should be in the 
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frontier region (HOMO-3, HOMO-2). The same is not true, however, for the N-confused isomer. The 
decrease in DHOMO-LUMO explains the lowest energy band observed at ca. 410nm, but electron 
transitions accounting for a higher energy band (ca. 340 nm) are also noted. These electrons stem 
from orbitals that are much lower in energy (HOMO-7), in contradiction with the four-orbital 
model. A similar phenomenon is observed for the dianion. 

No significant changes are observed between the UV-Vis spectrum of the dianion NCP-2H2- and most 
of the transition metal complexes, except for the Rh complexes. These are shown in Figure 3 and that 
of the Os(II) complexes is shown in the SI as representative of the others (Figure S1). 

 

Fig. 3. UV-Vis spectra calculated in the Soret band region of (NCP)M (red), (NCP)M-Cl (blue) and (NCP)M-CN 
(green) for the Rh metal complexes. Band width = 40 nm, Gaussian height broadening. 

 

The spectra in Figure 3 show a large ligand to metal charge transfer band that occur from p orbitals in 
the NCP ring to the dz2 metal orbital (Scheme S1 – Rh(NCP) HOMO/LUMO orbitals). The 
introduction of an axial ligand in the Rh(III) NCP not only increases the intensity of the band, but 
also its energy. This increase seems to be correlated with the strength of the field induced by the axial 
ligand which suggest it may be tuned. 

Figure 4 contains the DHOMO-LUMO for the bare and substituted metalloNCPs. 
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Fig. 4. HOMO-LUMO gaps for all the complexes in this work (energies in eV). 

 

The HOMO-LUMO gap for NCP-2H is 1.42 eV as per Scheme 7. Analogous Zn and Mg complexes 
were reported to have HL gaps of (2.25 was obtained for the isomer NCP-2H) 2.21 eV and 2.14 
eV.[46] The same result was obtained here, coordination to the transition-metal decreases this gap in 
all cases (Figure 4). However, as NCP-2H and its metal complexes do not exhibit the same 
Gouterman-type frontier orbitals, this parameter alone is not sufficient to explain their spectra. Most 
of the metal complexes have frontier orbitals that also have mostly a NCP ring character and p-p* 
transitions occur, but that is not true for Os(II) or Rh(III), where both HOMO and LUMO are mostly 
located around the metal. In such cases the ligand p* orbitals are in turn LUMO+2. 

The two cases in which there is a massive increase in the gap from the normal to the Cl are Cr(III) 
and Rh(III). In both cases there is a massive destabilization of the LUMO orbital with respect to the 
HOMO (225% and 351% respectively) upon Cl coordination and this phenomenon is exacerbated 
further with the higher field ligand. The gap only decreases in Cr(II) and Mo(II). In both cases, the 
HOMO and LUMO orbitals for normal and the axial ligand analogues are very similar. They also have 
the same spin ground states for the bare NCP and Cl-coordinated (S=2 and S=1). Mo(II) has a smaller 
difference in H-L gap due to the largest destabilization of the LUMO orbital in regards to the HOMO 
in the Cl complex (143% vs 109%). 

 

Redox chemistry of the rhodium-NCP radical 

The [RhIII(NCP)]+ is best described as [RhIV(NCP•)]+ and it has been established that for Cr, Mo and Os 
a single oxidation state is accessible as the remaining redox chemistry occurs in the NCP ring. It is 
thus interesting to see what happens upon reduction and oxidation of the rhodium N-confused 
porphyrin as two oxidation states (RhIII/IV) seem to be accessible. The reduction of [RhIVNCP•]+ yields 
the neutral [RhIINCP] doublet which is more stable than the quartet by ca. 27 kcal mol-1. The 
oxidation of [RhIVNCP•]+ yields a mixed configuration of quartet (more stable by ca. 0.04 kcal mol-1) 
and doublet. The quartet corresponds to the oxidation of the metal to a FEC of [RhVNCP•]2+ while the 
doublet is an oxidation of the NCP ligand, yielding the [RhIVNCP]2+ species. 
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Scheme 8. Redox chemistry of the bare Rh N-confused porphyrin complex. 

 

CONCLUSIONS 

The electronic distribution and optical properties of the N-confused NCP-2H isomer and their 
transition metal complexes were analyzed. Our computational method proved to be successful in the 
description of both the geometries and spin states of known similar porphyrins. The spin state of the 
putative N-confused metalloporphyrins was shown to depend mostly on the total number of unpaired 
electrons and the same spin state was obtained for NCPs with seemingly equal number of d electrons, 
even with metals from different rows of the periodic table. An analysis of the electronic distribution 
in the bare metalloNCPs unveiled the redox character of the N-confused porphyrin. The introduction 
of an axial ligand was shown to affect the spin state of d4 and d6 complexes, as expected, but the effect 
is independent of the strength of the axial ligand field. Although in the porphyrin the electronic 
transitions associated to the B band region arise from frontier orbital excitations, the same is not true 
for NCP-2H or its metal complexes. This is problematic as the simple DHOMO-LUMO gap analysis that is 
usually performed for the comparison of porphyrin derivatives is no longer possible for the N-
confused analogues, the actual orbitals involved in the transitions must be studied as well. Here, the 
relative energy between the metal and ligand orbitals seems to be the determining factor: d2, d3, d4 
and Os(II) complexes showed a UV-Vis spectrum very similar to that of the dianion NCP-2H-, while 
the d6 Rh complexes showed a large LMCT band that is deeply affected by the axial destabilization of 
the metal d orbitals. 

 

Computational details 

DFT calculations were performed using the ADF/QUILD[47-49] program packages. Scalar relativistic 
corrections were employed using the Zeroth Order Regular Approximation[50] (ZORA). Solvent 
effects were included with the Conductor-like Screening Model (COSMO)[51] for 
dimethylformamide. Geometry optimizations, frequency, TD-DFT and single-point calculations were 
done with the S12g[28] functional and a triple-ζ basis set with double polarization functions[52] 
(S12g/TZ2P). Vibrational modes under 100 cm-1 were raised to this value when calculating Gibbs 
energies, to compensate for the breakdown of the harmonic oscillator model.[53-55] 
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