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Abstract. A careful DFT reexamination of the geometric and electronic structures of reduced 

main-group porphyrin complexes E(Por)L2 (M = Si or Ge, L = pyridine or thf), B2(Por), and 

C2(Por) has confimed these as pure isophlorin complexes with normal-valent coordinated 

central atoms. Only, axially unligated Ge(Por) and the dications [B2(Por)]2+ and [C2(Por)]2+ 

feature aromatic porphyrin ligands. The calculations faithfully reproduce the strong bond 

length alternation along the outer rim of the macrocycle in the reduced complexes, consistent 

with antiaromatic character, as well as much stronger ruffling in the reduced Group 14 

complexes relative to nonreduced complexes such as M(Por)X2 (M = Si or Ge, X = F or Cl). 

The latter is thought to reflect the lower barrier to nonplanar deformation for the antiaromatic 

systems. In addition, unlike B2(Por) and its dication, which are planar, C2(Por) and its 

dication are predicted to be strongly ruffled, reflecting the smaller size of the center C2 unit. 

The calculations also predict characteristically low ionization potentials and singlet-triplet 

gaps for the antiaromatic complexes. A brief exploratory study of the as yet unknown Group 

15 complexes M(TPP)(Ph)(py), where M = P and As, also indicated an antiaromatic 

isophlorin macrocycle coordinated to a pentavalent Group 15 center. 
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 Introduction. Classical main group chemistry (except for period 2) typically exhibits 

stable group oxidation states equivalent to the group number (e.g., +3 for Group 13, +5 for 

Group 15, etc.).  Typical formulations observed for porphyrin complexes with elements (E) 

from Groups 1, 2 and 13-15 are EI
2(Por), EII(Por), EIII(Por)X, EIV(Por)X2, and [MV(Por)X2]+, 

respectively. For sixth-period p-block elements, oxidation states two units lower than the 

group oxidation states are also observed, as in TlI
2(Por), PbII(Por), and BiIII(Por)X for Groups 

13-15).1,2 Against this backdrop, Vaid and coworkers have reported a number of reduced 

Group 14 porphyrin derivatives whose molecular formulas superficially correspond to 

MII(Por2–) or MII(Por2–)L2, where M = Si or Ge (but not Sn) and L is a neutral ligand such as 

pyridine or thf (Scheme 1).3,4,5,6 Remarkably, the two complexes Ge(TPP) and Ge(TPP)(py)2 

(TPP = meso-tetraphenylporphyrin), both crystallographically characterized, were found to 

exhibit dramatically different behavior relative to each other.4 Thus, Ge(TPP) is aromatic and 

its structural and spectroscopic features are consistent with a GeII(Por2–) formulation, whereas 

Ge(TPP)(py)2 exhibits strong bond length alternation along the outer rim of the porphyrin, 

with 1H NMR studies and NICS calculations indicating an antiaromatic macrocycle.7,8,9 

Additional analogues of the latter compound have also been reported and include Si(TPP)L2 

(L = thf, py), Si(Pc)(py)2, and Ge(Pc)(py)2 (Pc = phthalocyanine).3,5,6 The antiaromatic 

character of these complexes was interpreted in terms of a tetraanionic, two-electron–reduced 

porphyrin (or Pc) ligand, a so-called isophlorin coordinated to an M(IV) center, i.e., 

MIV(Por4–)L2.  

 Porphyrin derivatives with coordinated B2 and C2 units provide additional examples 

of reduced p-block element porphyrins. The B2 porphyrins have been characterized in two 

different oxidation states. The diboranyl porphyrins (XBBX)(TPP) (X = F, Cl, nBu) and 

[(B2)(TPP)]2+, which contain a formal B-B single bonded [BII
2]

4+ unit, exhibit spectroscopic 

behavior typical of an aromatic macrocycle and are readily formulated as [(BII
2)(Por2–)]2+.10,11 

The reduced, neutral complex (B2)(TPP), on the other hand, appears to feature a formal 

[BI
2]

2+ group with a B=B double bond. On closer inspection, this complex was also found to 

be an isophlorin derivative with a B-B single bond and an antiaromatic (BII
2)(Por4–) 

electronic description (Scheme 1).11 An equivalent set of C2 porphyrins containing C=C units 

has also been reported – [(C2)(TPP)]2+, which is aromatic, and (C2)(TPP), the reduced, 

antiaromatic isophlorin form.12,13  

 Although quantum chemical calculations (geometry optimizations) accompanied 

several of the experimental reports,3,4,11 no comprehensive theoretical study has addressed the 
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field as a whole. Presented herein is such a study, where the key question has been whether 

the central atoms in these complexes exhibit any degree of subvalent or low–oxidation-state 

character.14,15,16 We have also briefly examined reduced group 15 porphyrins involving 

phosphorus and arsenic,17,18,19 which as of today remain poorly explored. 

 

 

Scheme 1. Limiting-case descriptions for reduced Group 14 (M = Si, Ge) and diboron 

porphyrins. 

  

Results and discussion 

Three different density functional theory (DFT) methods – BP86,20,21 OLYP,22,23 and 

B3LYP24-D325 – were used to examine a selection of reduced silicon, germanium, B2, C2, 

phorphorus, and arsenic porphyrin derivatives. Table 1 presents key B3LYP-D3 results, 

including selected optimized geometry parameters for these complexes and adiabatic 

ionization potentials and singlet-triplet gaps; the other two functionals yielded very similar 

results in essentially all cases. Selected structural data from experimental X-ray analyses are 

also included in Table 1. 

 (a) Reduced silicon and germanium porphyrins. The optimized geometries of the 

reduced six-coordinate complexes E(TPP)L2, where M = Si or Ge, L = pyridine (py) or 

tetrahydrofuran (thf), and TPP = tetraphenylporphyrin, are in excellent agreement with the X-
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ray structures of Si(TPP)(thf)2 (CSD: QATVIR3) and Ge(TPP)(py)2 (LIHYAD4) (Figure 1). 

These structures exhibit pronounced bond length alternation along the outer C20 perimeter of 

the macrocycle, as expected for isophlorin derivatives. Notably, no bond length alternation is 

associated with the N-C bonds in these compounds. Another interesting aspect of these 

structures is that, both experimentally and theoretically, the reduced six-coordinate 

complexes are significantly more ruffled than their aromatic dihalogeno analogues E(TPP)X2 

(see the ruffling dihedrals  listed in Table 1).26,27 A plausible explanation for this difference 

is that there is less of an energy cost associated with nonplanar deformation of an 

antiaromatic isophlorin relative to an aromatic porphyrin.28,29,30 Peripheral bond length 

alternation and ruffling together result in an overall lower molecular symmetry, D2, for the 

reduced six-coordinate complexes E(TPP)L2, which may be compared with D2d for Si(TPP)F2 

(RITFOP26) and approximately D4h for Ge(TPP)Cl2 (NIPKEC27). For the four-coordinate 

complex Ge(TPP), the calculations also led to a delocalized structure, consistent with an 

aromatic GeII(Por2–) formulation and in excellent agreement with the crystal structure 

(LIJVAC4). The calculations, however, failed to converge for a closed-shell singlet state of 

the analogous four-coordinate Si complex Si(TPP). Given that Sn(II) porphyrins are stable, 

the results clearly indicate that the stability of the four-coordinate E(II) state follows the 

expected order SiII < GeII < SnII, as indeed pointed out by Vaid et al.4 

 

Figure 1. Highlights of the B3LYP-D3/STO-TZ2P optimized geometries (Å) for 

Si(TPP)(py)2 (left) and Si(TPP)F2 (right). 
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 (b) Diboron and dicarbon porphyrins. Geometry optimization of unsubstituted 

B2(Por) and B2(TPP) led to C2h final geometries with planar macrocyclic cores and strong 

bond length alternation along the C20 periphery, consistent with an EII
2

4+(Por4-) isophlorin 

formulation (Figure 2). In an attempt to locate a diborene-porphyrin state containing a BI=BI 

fragment,11 we optimized B2(Por) with a D2h symmetry constraint.  However, the resulting 

structure, at an energy of 0.19 eV at the B3LYP-D3/STO-TZ2P level (and at 0.06 eV with 

OLYP) relative to the C2h minimum, corresponded to the transition state for bond-shift self-

isomerization of the molecule.31,32,33  Indeed, the B-B distance in the D2h structure turned out 

to be slightly longer than that in the C2h minimum, strongly arguing against a diborene 

description (Figure 2a,b). As a last resort, we searched for a diborene-porphyrin local 

minimum by carrying out linear-transit C2h and D2h calculations as a function of the B-B 

distance, but again to no avail. The potential energy curve obtained indicated a single 

minimum corresponding to the bond-alternating C2h geometry (Figure 3). Unsurprisingly, 

geometry optimization of dicationic species [B2(Por)]2+ and [B2(TPP)]2+ yielded delocalized 

macrocyclic cores with peripheral bond length alternation, signifying aromatic, porphyrin 

states (Figure 4). 

 

 



6 

Figure 2. Highlights of the B3LYP-D3/STO-TZ2P optimized geometries for (a) the C2h 

global minimum and (b) the D2h transition state structure of B2(Por); and (c) the C2 optimized 

structure of C2(Por).  

 

Figure 3. Potential energy scan for B2(Por) as a function of the B-B distance. 

 

 

Figure 4. Highlights of the B3LYP-D3/STO-TZ2P optimized structures of [C2(TPP)]2+ (left, 

C2, ruffled) and [B2(TPP)]2+ (right, C2h, planar). 

 

 In many ways, geometry optimization of dicarbon porphyrin derivatives led to results 

analogous to those obtained for the diboron systems (Figures 2c and 4). Thus, bond-

alternating structures were obtained for neutral, unsubstituted C2(Por) and for C2(TPP), while 

delocalized structures were obtained for [C2(Por)]2+ and [C2(TPP)]2+. In other words, the 

neutral species are best regarded as isophlorins and the dications as porphyrins. The 

optimized geometries of the diboron and dicarbon complexes do exhibit one key difference, 

however: whereas the diboron systems, as described above, are essentially planar, the 

dicarbon systems are strongly ruffled. This difference, which holds for both the neutral 

antiaromatic and the dicationic aromatic states, is reasonably ascribed to the much shorter, 

central carbon-carbon bonds (~ 1.3 Å) in the dicarbon systems relative to the boron-boron 

bonds in the diboron systems (~ 1.7 Å; see Table 1 and Figures 2 and 4 for details ). As is 
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well-known, a smaller coordinated “element”, in these cases a two-atom ellipsoid, results in 

an increased propensity for ruffling.29   

 (c) Electronic-structural considerations. The change in electron distribution from 

EII(Por) to EIV(TPP4-)L2 (E = Si, Ge) requires the migration of two electrons from an E(pz) 

orbital to one of porphyrin eg LUMOs. Given that the pz and the eg MOs are orthogonal by 

symmetry, electron migration between them can only happen in an all-or-none manner. NBO 

analyses also did not evince any indication of a lone pair on the central element in the six-

coordinate E(TPP)L2 complexes. Thus, both qualitative symmetry considerations and 

quantitative calculations categorically ruled out any trace of E(II) character in these six-

coordinate reduced complexes, thus confirming their status as pure isophlorin complexes. For 

B2(Por) (C2h), the -symmetry occupied MOs were found to exhibit varying degrees of B-B 

bonding and antibonding character (Figure 5). NBO analysis, however, confirmed only a 

single B-B  bond for the complex, again as expected for a pure isophlorin derivative. In 

other words, of the various complexes considered so far, only Ge(TPP) qualifies as a genuine 

low–oxidation-state p-block element complex of a true porphyrin. 

 Our calculations also indicated low adiabatic ionization potentials ≲ 5.25 eV and low 

adiabatic singlet-triplet gaps of only 0.1-0.25 eV for the reduced antiaromatic complexes, 

relative to the true, aromatic porphyrin derivatives. By comparison, typical closed-shell 

porphyrins exhibit gas-phase ionization potentials > 6.0 eV34,35,36 and singlet-triplet gaps 

around 2.0 eV. 

 A detailed analysis of magnetically induced currents, such as we37,38,39 and others40 

have reported for other porphyrinoid systems, would be of unusual interest for the present 

antiaromatic isophlorin derivatives. However, the small HOMO-LUMO gaps of these 

complexes introduces significant doubt into the validity of the currents calculated at the DFT 

level. Accordingly, as in the case of our recent study of norcorrole, we have chosen to defer a 

discussion of magnetically induced currents until such time as ab initio multiconfigurational 

(MCSCF) calculations prove feasible for the present systems.41 
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Figure 5. Frontier MOs of B2(Por) (C2h). 

 

 (d) Reduced phosphorus and arsenic porphyrins. While P(V) and As(V) 

porphyrins are well-established, the analogous E(III) complexes are essentially unknown.18,19 

Our DFT calculations on the five-coordinate complexes E(TPP)(X) and the six-coordinate 

complexes E(TPP)(X)(py) (E = P, As; X = Cl, Ph) yielded somewhat confusing results. Thus, 

while B3LYP-D3 calculations predicted triplet ground states for certain of the five-coordinate 

complexes including P(TPP)Cl and As(TPP)Ph, they predicted the expected, singlet 

antiaromatic states for P(TPP)Ph and for all four six-coordinate E(TPP)(X)(py) species 

examined, consistent with an EV-isophlorin description (Table 1). The calculations also 

predicted strongly ruffled geometries for these species, as for their Si and Ge congeners. The 

potential isolation of these reduced Group 15 complexes remains an intriguing goal for this 

field.  
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Conclusion 

A careful DFT reexamination of reduced main-group porphyrins has confirmed that the great 

majority of them are pure isophlorin complexes with no trace of low–oxidation-state or 

subvalent character. Thus, reduced six-coordinate complexes of the type E(Por)L2, where M 

= Si or Ge, and L is a neutral ligand, are all to be regarded as EIV(Por4-)L2, with a normal-

valent main-group center. Likewise, B2(Por) should be viewed as (BII)2(Por4-), i.e., as a 

diboranyl-isophlorin with normal trivalent boron atoms linked by a single bond as opposed to 

a diborenyl-porphyrin.14 A significant structural insight from this work is that antiaromatic 

isophlorin species are more prone to ruffling than related aromatic porphyrin species. Also, 

unlike B2(Por) and its dication, which are planar, C2(Por) and its dication are predicted to be 

strongly ruffled, reflecting the smaller size of the center C2 unit. Finally, a brief exploratory 

study of the as yet unknown complexes M(TPP)(Ph)(py), where M = P and As, also indicated 

an antiaromatic isophlorin macrocycle coordinated to a pentavalent Group 15 center. 
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Table 1. Selected B3LYP-D3/STO-TZP results: bond distances (Å),a ruffling dihedrals (, º), adiabatic singlet-triplet gaps (EST, eV) and ionization 

potentials (IP, eV); distances in italics are from experimental X-ray structures. 

  M-N M-Lax N-C (C-C)l (C-C)s (C-C)l (C-C)s (C-Cmeso)l (C-Cmeso)s  EST IP CSD code 

Si(TPP)(py)2 1.870 2.022 1.402 1.400 1.347 1.445 1.389 1.433 1.361 54.0 0.22 4.24  

Si(TPP)(thf)2 1.862 1.924 1.403 1.401 1.349 1.446 1.392 1.433 1.361 55.7 0.24 4.34  

 1.844 1.891 1.400 1.399 1.346 1.442 1.386 1.439 1.369 61.1   QATVIR3  

Si(TPP)F2 1.946  1.671  1.375  1.357  - 1.436  - 1.390  - 33.3  1.98 6.68  

 1.918 1.643 1.385 1.332  1.425  1.385  38.8   RITFOP26 

Ge(TPP) 2.213 - 1.374 1.357 - 1.440 - 1.398 - 0.5 1.27 5.87  

 2.194  1.375 1.365  1.433  1.397  0.0   LIJVAC4 

Ge(TPP)(py)2 1.962 2.127 1.400 1.399 1.345 1.447 1.390 1.434 1.361 38.6  0.14 4.20  

 1.937 2.105 1.400 1.387 1.360 1.433 2.812 1.424 1.387 49.2   LIHYAD4 

Ge(TPP)(thf)2 1.946 2.058 1.401 1.402 1.349 1.448 1.392 1.435 1.362 43.1 0.11 4.20  

Ge(TPP)F2 2.035  1.813  1.376  1.360  - 1.439  - 1.402  - 7.6  2.01 6.79  

Ge(TPP)Cl2 2.019 2.262 1.377 1.343  1.435  1.393  0.4   NIPKEC27 

B2(Por) b 1.449  1.415 1.401 1.347 1.442 1.385 1.417 1.351 0.0 0.24 5.14  

B2(TPP) 1.450 - 1.418 1.396 1.343 1.441 1.384 1.427 1.402 1.5 0.23 4.87  

[B2(TPP)]2+ 1.450 - 1.406 1.363 - 1.415 - 1.394 - 1.1 1.51 -  

C2(Por) b 1.427   1.402  1.398  1.346  1.441  1.386 1.414  1.350  55.5  0.25 5.21  

C2(TPP) 1.422 - 1.403 1.397 1.346 1.441 1.387 1.428 1.359 58.9 0.25 4.95  

 1.446  1.406 1.391 1.341 1.437 1.387 1.426 1.361 52.6   SAKYIO12 

[C2(TPP)]2+ 1.423 - 1.395 1.369 - 1.414 - 1.396 - 58.9 0.73  -  

P(TPP)(Cl)(py) 1.809 2.078 (py) 

2.136 (Cl) 

1.407 1.400 1.347 1.442 1.385 1.427 1.354 64.3 0.13 4.55  

P(TPP)(Ph) 1.805 1.817 1.414 1.399 1.346 1.440 1.382 1.424 1.351 65.3 0.14 4.74  

P(TPP)(Ph)(py) 1.823 2.188 (py) 

1.852 (Ph) 

2.810 1.401 1.347 1.443 1.386 1.429 1.356 63.5 0.14 4.44  

As(TPP)(Cl)(py) 1.927 2.197 (py) 

2.236 (Cl) 

1.404 1.400 1.346 1.444 1.386 1.430 1.356 48.8 0.12 4.53  

As(TPP)(Ph)(py) 1.943 2.284 (py) 

1.956 (Ph) 

1.401 1.400 1.347 1.445 1.388 1.434 1.359 47.7 0.14 4.40  

a Mean distances for longer and shorter bonds are indicated by subscripts l and s, respectively. 
b Por = porphine 
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A comprehensive DFT reinvestigation of reduced main-group element porphyrins has addressed 

the issue of potential subvalent character for the main-group element centers.  


