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Synthesis and Characterization of a Modified 

“Picket Fence” Porphyrin Complex — Stronger ππππ 

Bonding Interactions between Fe(II) and Axial 

Ligands 

Baiyin He,a Charles E. Schulzb and Jianfeng Li*a 

A new, modified “picket fence” porphyrin is synthesized and its bis(imidazole)-ligated iron(II) 

derivative [Fe(MbenTpivPP)(1-MeIm)2] is investigated. X-ray structure determinations 

demonstrate that [Fe(MbenTpivPP)(1-MeIm)2] has structural features of a near planar 

porphyrin plane, a relative perpendicular ligand orientation, and one unusually large absolute 

ligand orientation (φ). The combination of these features leads to a new type of species that is 

different from previously reported analogues. Further structural examination reveals a strong 

correlation between the mutual ligand orientations (θ) and the axial Fe―NIm bond distances, 

which is detailed for the first time. Mössbauer spectroscopic characterization shows that the 

low spin derivative has a quadrupole splitting of 0.99 mm/s at 100K. 

 

 

 

 

 

 

 

Introduction  

Porphyrin models have been investigated to correlate the 

structure of heme centers with their physical and spectroscopic 

properties.1 This strategy has been successful in the 

examination of the relative and absolute orientation of planar 

axial ligands of iron porphyrin complexes.2 A good example 

that demonstrating the importance of axial ligand orientation is 

[Fe(III)(OEP)(3-ClPy)2]ClO4 
3 where two distinct crystalline 

polymorphs have been isolated.4,5 In these structures, the two 

pyridine planes maintained a relative parallel orientation, but 

the absolute orientation of the planes changed. In the first 

polymorph, the axial pyridine planes approximately bisect the 

Np―Fe―Np angles and an S = 1/2 ⇌ S = 5/2 equilibrium has 

been found.5 In the second polymorph, the two planar axial 

ligands nearly eclipses the Fe―Np bond, and an intermediate 

spin state of iron was found.6  

Substantial investigations had been done on the electronic 

structure of low spin iron(III) porphyrin complexes and the 

effect of the axial ligand orientation is relatively clear.7 Steric 

axial ligands such as 2-methylimidazole (or tetrakis(2,6-

disubstituted phenyl)porphyrinates with bulky imidazoles8 or 

pyridines9,10) are required to force the near perpendicular 

orientation of planar axial ligands in Fe(III) porphyrinates. 

These iron(III) species display electron paramagnetic resonance 

(EPR) spectra with a characteristic signal at g ≥ 3.2, that has 

been called “large gmax”
11 (or highly anisotropic low-spin, 

HALS12). The “large gmax” signal occurs for ferriheme 

complexes with (dxy)
2(dxz,dyz)

3 electronic ground states when the 

axial ligands are in (near) perpendicular orientations;13 in 

contrast, low-spin species with axial ligands having relative 

parallel orientations exhibit rhombic EPR spectra with three g-

values consistent with an electronic configuration of 

(dxy)
2(dxz,dyz)

3.14,15 “Large gmax” signals are observed for 

complexes in which the splitting between the dxz and dyz orbitals 

is small; whereas rhombic signals are seen when the splitting 

between these two orbitals is larger. 

It had been assumed that for low spin d6 Fe(II) porphyrinates 

with closed subshell configurations, two planar axial ligands 

would prefer to align themselves in mutually perpendicular 

orientations to maximize the π-bonding interactions between 

the filled dπ orbitals of Fe(II) and the π* orbitals of the planar 

ligands. However, subsequent studies16 showed that such 

iron(II) derivatives were not as readily obtained as in the case 

of iron(III) species. Both steric axial ligands and a porphyrin 

with bulky peripheral groups are required. The structure of 
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[Fe(TMP)(2-MeHIm)2] showed that the two axial ligands have 

a nearly perpendicular ligand orientation and a very ruffled 

porphyrin core. Mössbauer characterization showed that the 

complex had a large ∆EQ of ∼1.7 mm/s.17  These structural and 

electronic features are markedly different from a series of 

[Fe(TPP)(Im)2] derivatives with parallel ligand orientations, 

near planar porphyrin planes and ∆EQ of ∼1.0 mm/s.18 In a 

recent study, the features of near planar porphyrin cores, 

perpendicular ligand orientations and ∆EQ of ∼1.0 mm/s were 

found for one species. The investigation lead to the conclusion 

that the common geometric factor for a large ∆EQ is a ruffled 

core conformation rather than ligand orientation.19  

“Picket fence” porphyrin is one of the most successful models 

for oxyheme proteins.20 The bulky pickets provide an efficient 

pocket for the bonding of O2. Efforts has been made to modify 

the traditional “picket fence” porphyrin with the aim of 

changing the pocket polarity21 and/or to provide H-bonding 

interactions.22 Although much research has been done, a single-

crystal structure which will give a direct picture of the 

molecular coordination sphere has never been presented for 

such modified “picket fence” porphyrin models. Recently in a 

large study of vibrational dynamics of iron porphyrinates,23 we 

reported three bis(imidazole)-ligated picket fence porphyrin 

complexes of [FeTpivPP(R-Im)2] (R-Im = 1-MeIm, 1-EtIm and 

1-VinylIm)19 and their oxygen adducts.24 In this work, we 

present the synthesis of a new modified “picket fence” 

porphyrin and its iron derivatives. We also isolated the 

bis(imidazole)-ligated iron(II) product and determined the 

molecular structure. The unique structural features make it a 

new type among the known [Fe(II)(Porph)(L)2] (L = planar 

nitrogen donor ligands) complexes. It has also been 

characterized by the application of multitemperature Mössbauer 

measurements.  

 

Experimental  

General Information. 

All reactions were carried out using standard Schlenk 

techniques under argon unless otherwise noted. Mössbauer 

measurement were performed on a constant acceleration 

spectrometer from 25 to 295 K with optional small field. A 

sample for Mössbauer spectroscopy was prepared by 

immobilization of the crystalline material in Apiezon M grease. 
1H, 13C–1H NMR spectra were run on BRUKER AV600. UV-

vis spectra were obtained on a Perkin-Elmer Lambda-25 

spectrometer. 

Tetrahydrofuran (THF), benzene, hexanes were distilled from 

sodium and benzophenone ketyl; dichloromethane was distilled 

from CaH2; chlorobenzene was washed with concentrated 

sulfuric acid and then water until the aqueous layer was neutral, 

dried with anhydrous MgSO4, and distilled twice over P2O5 

under argon. Pivaloyl chloride, benzoyl chloride, 2,6-lutidine 

and 1-methylimidazole were distilled under argon before use. 
57Fe2O3, zinc and mercury were used as received. Meso-

tetrakis(o-aminophenyl)porphyrin, meso-tetrakis(α,α,α,α-o-

aminophenyl) porphyrin (H2TamPP, 1)25 and meso-mono(α-o-

aminophenyl)tri(α,α,α-o-pivalamidophenyl)porphyrin 

(H2MamTpivPP, 2)26 were prepared according to a local 

modification of the reported synthesis.  

Synthesis of H2MamTpivPP (2). H2TamPP (0.50 g, 0.74 

mmol) and 0.25 mL of 2,6-lutidine were dissolved in 100 mL 

of CH2Cl2. Pivaloyl chloride (0.286 g, 2.36 mmol) and 0.25 mL 

of 2,6-lutidine in 15 mL of CH2Cl2 was added dropwise to the 

H2TamPP solution over 3 h. After additional 8 h stirring, 10% 

NH3·H2O (250 mL) was added and the reaction solution was 

stirred for another hour. The organic layer was separated and 

the aqueous layer was extracted with CHCl3 three times. The 

combined organic portion was dried over anhydrous Na2SO4 

and evaporated to dryness. The resulting solid was dissolved in 

small amount of eluent and purified by chromatography on a 

silica gel column (300-400 mesh, 25 cm; CHCl3:Et2O: hexane = 

4:1:0.15). The second main band was collected, evaporated to 

dryness and followed by recrystallization (dichloromethane-

hexane) to give a purple solid product of 410 mg (30%). 

Synthesis of H2MbenTpivPP (3). Freshly distilled benzoyl 

chloride (4 mL, 34.72 mmol) and 0.5 mL 2,6-lutidine was 

dissolved in 20 mL dichloromethane. The solution was slowly 

dropped into a dichloromethane solution (30 mL) of 

H2MamTpivPP (500 mg, 0.54 mmol) and 0.3 mL of 2,6-

lutidine. The mixture was stirred at ambient temperature 

overnight, concentrated by a rotary evaporator and filtered to 

give purple solid product. The crude product was 

chromatographed on a silica gel column (300-400 mesh, 20 cm; 

CHCl3:Et2O: hexane = 4:1:0.15). The main band was collected 

and recrystallized from dichloromethane-hexane to yield ~250 

mg product (0.243 mmol, 45%).1H NMR (600MHz, CDCl3, 

TMS): δ -2.59 (s, 2H, NHpyrr), -0.04 (s, 18H, CH3), 0.07 (s, 9H, 

CH3), 6.33–6.39 (t, J = 7.7 Hz, 2H, CHben), 6.44–6.50 (d, J = 

7.6 Hz, 2H, CHben), 6.75–6.81 (t, J = 7.3 Hz, 1H, CHben), 7.42–

7.63 (m, 6H, CHaryl), 7.76–8.05 (m, 10H, CHaryl), 8.67–8.72 (t, 

J = 7.6 Hz, 3H, NHpiv and CHβpyrr), 8.80–8.90 (d, J = 20.5 Hz, 

9H, NHpiv and CHβpyrr). 
13C–1H NMR (150MHz, CDCl3, TMS): 

1H NMR: δH -0.03, 0.07 (CH3), 6.36, 6.47, 6.78 (Hben), 7.49, 

7.54, 7.84, 7.85, 7.90, 7.95 (Haryl), 8.70, 8.84, 8.86 (Hβpyrr); 
13C 

NMR: δC 26.28, 26.40 (CH3), 125.94, 125.96, 127.86 (Cben), 

123.13, 123.37, 130.14, 130.28, 134.42, 134.70, 134.71 (Caryl), 

121.06, 121.07, 131.69 (Cpyrr).  

Synthesis of [Fe(MbenTpivPP)Cl] (4). Chlorobenzene 

solution of H2MbenTpivPP (250 mg, 0.243 mmol) and 2,6-

lutidine (0.4 mL) was transferred to anhydrous FeCl2 (0.31 g, 

2.43 mmol) by cannula. The reaction was stirred at 65°C for 10 

h till the reaction was completed (monitored by TLC). The 

solvent was evaporated and the residue was dissolved in CHCl3 

and washed with several portions of diluted hydrochloric acid 

solution. The organic layer was dried over anhydrous Na2SO4 

and evaporated. The resulting solid was purified on a silica gel 

column (300-400 mesh; CHCl3:Et2O: hexane = 4:1:0.15) and 

the main band was collected. After evaporation, the solid was 

recrystallized from CHCl3-hexane to give 220 mg of 
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[Fe(MbenTpivPP)Cl] (0.196 mmol, 80.8%). UV-vis (CHCl3): 

417.6, 507.2, 577.0, 647.0, 674.0 nm.  

Synthesis of [Fe(MbenTpivPP)(1-MeIm)2] (6). 

[Fe(MbenTpivPP)Cl] (18 mg, 0.016 mmol) and zinc amalgam 

(10% zinc, 1 mL) were dried in vacuum for 2 h. Benzene (~8 

mL) was transferred in and the mixture was stirred overnight to 

get [Fe(II)(MbenTpivPP)] (5). After 2 hours standing, the red 

solution was filtered to a new Schlenk and 1-MeIm (0.1mL) 

was added to form complex (6). The reaction was stirred for 1 h 

under argon atmosphere, hexanes was then allowed to diffuse 

slowly into the solution. X-ray quality crystals were obtained 

several weeks later. UV-vis (benzene): 429.0, 535.6, 562.6 nm.  

X-ray Structure Determinations. 

The single crystal experiment was carried out on a BRUKER 

D8 VENTURE system with graphite monochromated Mo Kα 

radiation (λ = 0.71073 Å). The crystalline samples were placed 

in inert oil, mounted on a glass pin, transferred to the cold gas 

stream of the diffractometer, and crystal data collected at 150 K. 

The structure was solved by direct methods (SHELXS-97) and 

refined against F2 using SHELXL-97.27,28 Subsequent 

difference Fourier syntheses led to the location of all 

remaining nonhydrogen atoms. For the structure refinement, 

all data were used including negative intensities. All 

nonhydrogen atoms were refined anisotropically if not 

remarked upon otherwise below. Hydrogen atoms were 

idealized with the standard SHELX idealization methods. The 

program SADABS29 was applied for the absorption correction. 

Complete crystallographic details, atomic coordinates, 

anisotropic thermal parameters, and fixed hydrogen atom 

coordinates are given in the Supporting Information; a brief 

summary of crystallographic details is given in Table 1. 

[Fe(MbenTpivPP)(1-MeIm)2]·1-MeIm. A translucent, red, 

plate crystal with the dimensions of 0.02 × 0.02 × 0.01 mm3 

was used for the structure determination. The asymmetric unit 

contains one bis-ligated [Fe(MbenTpivPP)(1-MeIm)2] 

porphyrin complex and one 1-methylimidazole molecule. All 

the atoms are ordered including the tert-butyl “picket” atoms 

and the 1-MeIm solvent molecule. All nonhydrogen atoms 

were refined anisotropically. 

Mössbauer spectra measurement. 

Mössbauer measurements were performed on a constant 

acceleration spectrometer from 25 to 295 K with optional 

small field (Knox College). The 95% 57Fe-enriched 

[57Fe(MbenTpivPP)Cl] were prepared by a method similar to 

that of Landergren.30 Dark red powder of 

[57Fe(MbenTpivPP)(1-MeIm)2] was obtained by slow addition 

of hexanes to a reduced benzene solution of 

[57Fe(MbenTpivPP)] and excess 1-MeIm as noted above. The 

product was dried in vacuum for 8 h and immobilized with a 

minimum of Apiezon M grease. The sample holder was sealed 

and used immediately for Mössbauer characterization. A 

sampling of spectra over the temperature range are given in the 

Supporting Information. 

 

Results  

The synthesis of a new modified “picket fence” porphyrin and 

its iron derivatives are reported. The six-coordinate final 

product [Fe(MbenTpivPP)(1-MeIm)2] is characterized by UV-

vis, single crystal X-ray and Mössbauer spectra. The 1H, 13C–
1H NMR spectra and UV-vis spectra are given in Supporting 

Information. Two labeled Oak Ridge thermal ellipsoid plot 

(ORTEP) diagrams of [Fe(MbenTpivPP)(1-MeIm)2] with views 

perpendicular or parallel to the porphyrin planes are given in 

Figures 1 and 2. Additional quantitative information is given in 

Figure 3.  A brief summary of the crystallographic data is given 

in Table 1. 

Solid-state Mössbauer spectra were measured for 

[57Fe(MbenTpivPP)(1-MeIm)2] and taken at several different 

temperatures from 25 to 295 K; they will be discussed 

subsequently. 

Table 1. Complete Crystallographic Details for [Fe(MbenTpivPP)(1-
MeIm)2]·1-MeIm 

 [Fe(MbenTpivPP)(1-MeIm)2]·1-MeIm 

chemical formula C78H78FeN14O4 

fw 1332.40 

a, Å 22.6252(15) 

b, Å 15.1697(9) 

c, Å 20.6703(12) 

α, deg 90 

β, deg 101.996(2) 

γ, deg 90 

V, Å3 6939.5(7) 

space group P21/c 

Z 4 

temp, K 150 

Dcalcd, g cm-3 1.275 

µ, mm-1 0.279 

Final R indices R1 = 0.0582 

[I>2σ(I)] wR2 = 0.1343 

Final R indices R1 = 0.0841 

(all data) wR2 = 0.1472 
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Figure 1. A edge-on ORETP diagram of [Fe(MbenTpivPP)(1-MeIm)2] displaying the 

atom labeling scheme. Thermal ellipsoids of all atoms are contoured at the 40% 

probability level. Hydrogen atoms have been omitted for clarity. The porphyrin 

plane is perpendicular to the plane of the paper. 

 
Figure 2. A top-down ORETP diagram of [Fe(MbenTpivPP)(1-MeIm)2]. Thermal 

ellipsoids of all atoms are contoured at the 40% probability level. The porphyrin 

plane is in the plane of the paper. 

  
Figure 3. A Formal diagram of the porphinato core of [Fe(MbenTpivPP)(1-

MeIm)2]. Averaged values of the chemically unique bond distances (in Å) and 

angles (in degree) are shown. The numbers in parentheses are the esd’s 

calculated on the assumption that the averaged values were all drawn from the 

same population. The perpendicular displacements (in units of 0.01 Å) of the 

porphyrin core atoms from the 24-atom mean plane are also displayed. Positive 

values of the displacement are towards the hindered porphyrin side. The dashed 

line indicates the imidazole on the unhindered porphyrin side and the circle 

represents the position of the methyl group on axial ligand. 

 

Discussion 

Synthesis. 

Since the report of “picket fence” porphyrin on “synthetic 

models of oxygen-binding hemoproteins.”,31 many analogues 

have been brought forward including the “tailed picket 

fence”,26 “pocket”,32 “picnic basket”33 porphyrins and others.34 

Several synthetic routes have been reported on the preparation 

of modified picket fence porphyrins, where one of the t-butyl 

pickets is substituted by a functional group to produce an 

asymmetric pocket environment. In the method reported by 

Reed and co-workers,35 H2TamPP is at first protected by one 

equivalent of triphenylmethyl group which will be removed 

after the addition of three pivaloyl groups. Finally the fourth 

picket is introduced to yield the product. This method has been 

applied in the synthesis of some models.32,36 In an alternative 

method, H2TamPP was treated with the major (3 eqv.) and 

minor (1 eqv.) substituents sequentially in a one-pot reaction 

and the resulting mixture was separated by column 

chromatography.37 In this work, we prepared H2MbenTpivPP 

porphyrin in two steps (Scheme 1). H2TamPP was first reacted 

with three equivalents of pivaloyl chloride to yield the 

intermediate product of H2MamTpivPP. In the second step, a 

phenyl group is introduced by the reaction of benzoyl chloride 

with H2MamTpivPP. 

[Fe(MbenTpivPP)Cl] is yielded by the metalation of 

H2MbenTpivPP with FeCl2. Crystalline [Fe(MbenTpivPP)(1-
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MeIm)2] can be isolated by slow diffusion of hexanes to a 

benzene solution of [Fe(MbenTpivPP)] containing excess 

amount of 1-MeIm. As a modified “picket fence” porphyrin, 

the UV-vis spectra of [Fe(MbenTpivPP)Cl] (CHCl3: 417, 506, 

577, 645, 674 nm) and  [Fe(MbenTpivPP)(1-MeIm)2] (Benzene: 

429, 536, 563 nm) are very similar to the corresponding picket 

fence analogues of [Fe(TpivPP)Cl] (CHCl3: 418, 508, 578, 648, 

675 nm) and [Fe(TpivPP)(1-MeIm)2] (Benzene: 429, 535, 565 

nm). In addition, the UV-vis spectra of [Fe(MbenTpivPP)(Py)2] 

and the carbonyl product [Fe(MbenTpivPP)(CO)(1-MeIm)] are 

also similar to those of the traditional picket fence porphyrins.31 

These will be found in the Supporting Information.  

Structure.  

We have characterized the single crystal X-ray structure of 

[Fe(MbenTpivPP)(1-MeIm)2]. Two ORTEP diagrams have 

been presented. Figure 1 gives the view parallel to the 

porphyrin plane, whereas Figure 2 is the top-down view. It can 

be seen that the two imidazole ligands are perpendicular to the 

porphyrin plane, and the two imidazole planes have a relative 

perpendicular orientation. The 1-MeIm ligand plane on the 

hindered porphyrin side makes a dihedral angle of 36.5°; the 

imidazole on the other side making a 26.9° angle to the closest 

Fe―Np vector. The dihedral angle between the two imidazole 

planes is 80.2°. The methyl group of the 1-MeIm on the 

hindered porphyrin side points to the benzene group on one of 

the four pickets, and the imidazole and benzene planes are near 

perpendicular to each other with the dihedral angle being 84.3º. 

 

Scheme 1 The Synthesis of [Fe(MbenTpivPP)(1-MeIm)2] 
a 

 
a Conditions: (a) 2,6-lutidine, CH2Cl2, r.t., 8 h; (b) 2,6-lutidine, CH2Cl2, r.t., 

overnight; (c) 2,6-lutidine, chlorobenzene, 65 °C, 10 h; (d) benzene, r.t., 

overnight; (e) benzene, r.t., 1 h. 

Additional quantitative information of the molecular structure 

is given in Figure 3, which displays the detailed displacements 

of the porphyrin core atom (in units of 0.01 Å) from the 24-

atom mean plane. The orientations of the two 1-MeIm ligands 

including the values of the dihedral angles are also shown; the 

circle represents the position of the methyl group on the axial 

ligand. Figure 3 shows that the complex has a near planar 

porphyrin core conformation. The β carbon atoms have the 

largest displacements (0.21 and 0.17 Å). The iron center is 

slightly out of the mean plane (0.07 Å) towards the hindered 

porphyrin side. This is similar to the three “picket fence” 

analogues of [FeTpivPP(R-Im)2] (R-Im = 1-MeIm, 1-EtIm and 

1-VinylIm) where the iron atoms show out of plane distances ~ 

0.05 Å towards the hindered porphyrin sides.19 The 

Np―Fe―Np angle is ideal at 90.00(12)°. The average Fe―Np 

distance of 1.994(9) Å is a typical value for low-spin 

(porphinato)iron(II) derivatives.1 Although most of these 

structural features are expected for low-spin 

[Fe(II)(Porph)(Im)2] complexes with non-steric imidazole 

ligands, one feature was quite unexpected: the absolute and 

mutual orientations of the two imidazole rings. This distinctive 

feature makes [Fe(MbenTpivPP)(1-MeIm)2] a new type among 

its analogues. 

Page 5 of 13 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



 

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

The key structural parameters of all structurally characterized 

[Fe(II)(Porph)(L)2] (L: planar nitrogen donor ligands) 

complexes are given in Table 2. The crystallographically 

required symmetry at the iron atom and the absolute ligand 

orientation given by the dihedral angle between the axial 

ligand’s mean plane and the closest Nax―Fe―Np plane 

(conventionally denoted by φ) is listed in Table 2. Also given is 

the relative ligand orientation given by the dihedral angle 

between the two axial ligand’s mean planes (denoted by θ).  

Table 2. Selected Structural Parameters for [Fe(II)(Porph)(L)2]
 a 

complex Fe S. S.b (Fe―Np)av 
c,d Fe―Nax

d (Fe―Nax)av 
c,d Core conf.d,e φ1,2 

f,g θ f,h Ref. 

[Fe(MbenTpivPP)(1-MeIm)2] C1 1.994(9) 1.991(3) 1.989 near-Pla 36.5 80.2 tw 

   1.986(3)  (Cβ,0.12) 26.9   

[Fe(TpivPP)(1-MeIm)2] C1 1.992(3) 1.9958(19) 1.9940 near-Pla 8.5 77.2 19 

   1.9921(18)  (Cm,0.12) 21.1   

[Fe(TpivPP)(1-EtIm)2] C1 1.993(6) 2.0244(18) 2.0092 near-Pla 6.6 62.4 19 

   1.9940(19)  (Cβ,0.05) 20.7   

[Fe(TpivPP)(1-VinylIm)2] C1 1.988(5) 1.9979(19) 1.9923 near-Pla 11.2 78.5 19 

   1.9866(18)  (Cβ,0.17) 24.5   

[Fe(TPP)(1-VinylIm)2] Ci 2.001(2)  2.004(2) 2.004 near-Pla 14 0i 18 

[Fe(TPP)(1-BzylIm)2] Ci 1.993(9)  2.017(4) 2.017 near-Pla 26 0i 18 

[Fe(TPP)(1-MeIm)2] Ci 1.997(6)  2.014(5) 2.014 near-Pla 15 0i 38 

[Fe(TPP)(4-MeHIm)2] Ci 1.9952(8)  2.0154(8) 2.0154 near-Pla 0.7 0i 39 

[Fe(TMP)(4-CNPy)2] Ci 1.993(2)  1.996(2) 1.996 near-Pla 40 0i 16 

[Fe(TMP)(3-CNPy)2] Ci 1.996(2)  2.026(2) 2.026 near-Pla 42 0i 16 

[Fe(TMP)(4-MePy)2] Ci 1.988(2)  2.010(2) 2.010 near-Pla 41 0i 16 

[Fe(TPP)(Py)2]Py Ci 1.993(6)  2.039(1) 2.039 near-Pla 34.4 0i 40 

[Fe(TPP)(Py)2] Ci 2.001(2)  2.037(1) 2.037 near-Pla 45 0i 41 

[Fe (OEPOH) (Py)2] (mol 1) Ci 1.995(3) 2.017(4) 2.017 near-Pla 40.4 0i 42 

[Fe (OEPOH) (Py)2] (mol 2) Ci 1.997(6) 2.004(4) 2.004 near-Pla 43.3 0i 42 

[Fe(F8TPP)(DCIm)2] Ci 1.9905(6) 2.002(3) 2.002 near-Pla 14.1 0i 43 

[Fe(TMP)(2-MeHIm)2]  C1 1.964(5) 2.030(3) 2.039 Ruf(0.51) 41.1 82.4 17 

(mol 1)    2.047(3)   41.4   

[Fe(TMP)(2-MeHIm)2]  C1  1.961(7) 2.032(3) 2.030 Ruf(0.50) 44.8 84.4 17 

(mol 2)    2.028(3)   37.9   

Fe((C3F7)4)P)(Py)2]  C1 1.958(4) 2.007(6) 2.002 Ruf(0.62) 41.3 87.5 44 

   1.996(6)    46.0   

[Fe(TF5PPBr8)(Py)2] C1 1.963(4)  2.007(7) 2.012 Sad(0.97) 1.5 68.3 45 

   2.016(7)    22.2   

[Fe(TF5PPCl8)(1-MeIm)2] C1 1.981(5) 1.999(5) 1.998 Sad(0.82) 20.9 80.7 46 

   1.997(5)   14.8   

[Fe(tn-OEP)(1-MeIm)2] C1 1.982(2) 2.000(2) 2.0035 Sad(0.89) 32.2 80.9 47 

   2.007(2)   23.8   

[Fe(tn-OEP)(1-MeIm)2]·THF C1 1.985(3) 1.999(3) 2.0005 Sad(0.83) 30.0 89.8 47 

   2.002(3)   30.3   

[Fe(tn-OEP)(Py)2] C1 1.961(3) 1.991(3) 2.0025 Sad(0.64) 38.2 84.5 48 

(mol 1)   2.014(3)   44.2   
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a Estimated standard deviations are given in parentheses. b Site symmetry of Fe. c Averaged value. d Value in Å. e Number in parenthesis is the average 
displacement of the methine carbons (Cm) or pyrrole β carbons (Cβ) from the 24-atom mean plane for ruffling (Ruf) or saddling (Sad) deformation, 
respectively; near-Pla indicates an almost planar porphyrin plane in a centrosymmetric or (modified) picket fence structures. f Value in degrees. g Dihedral 
angle between the plane of the closest Np－Fe－Nax and the ligand plane. h Dihedral angle between two axial ligands. i Exact value required by symmetry. 

Excluding the current structure, there are a total of 28 iron(II) 

porphyrin structures in Table 2. Among these 28 structures, 12 

structures possess crystallographically required inversion 

symmetry at iron atom and thus having relative parallel axial 

ligand pairs. These are the Type I porphyrin system. These 

structures also have near planar porphyrin planes consonant 

with the inversion symmetry. The last 13 species of Table 2 

are the Type II porphyrin system which have no symmetry at 

iron (twelve) or C2 symmetry (one). Most of them have large 

dihedral angles between the two axial ligands and all have 

strongly ruffled or saddled porphyrin cores which preclude the 

possibility of an inversion center. A combination of porphyrin 

peripheral groups, porphyrin plane conformation, and/or axial 

ligand substitution in these 13 derivatives are the reasons for 

the absence of the inversion center.  These derivatives will be 

considered in turn. 

In the structure of [Fe(TMP)(2-MeHIm)2], a near 

perpendicular ligand orientation results from coordination of 

two bulky 2-methylimidazole ligands.17 The 2-methyl groups 

induce a strongly ruffled porphyrin core in which the ligands 

must bind in mutually perpendicular binding pockets if the 

iron center is to become low spin. The steric 2-MeHIm leads 

to longer Fe―NIm bond distances relative to the other 

imidazole derivatives, as seen in Table 2. Electronic reasons 

for ruffling are precluded because the low spin d6 electron 

configuration of iron minimizes possible porphyrin → Fe π 

donation. This is contrast to the case of Fe(III) where the 

ground state is (dxz,dyz)
4(dxy)

1 and the porphyrin a2u (π) → 

Fe(III) π donation requires ruffling.16,51 The six Fe(tn-

OEP)(L)2 structures all have severely saddled porphyrin cores, 

resulting from the four bulky nitro groups at the meso 

positions.47,48 Three additional examples have a near-

perpendicular ligand orientation: Fe((C3F7)4)P)(Py)2],
44 

[Fe(TF5PPBr8)(Py)2]
45 and [Fe(TF5PPCl8)(1-MeIm)2].

46 These 

three complexes have extremely ruffled (Fe((C3F7)4)P)(Py)2]) 

or saddled ([Fe(TF5PPBr8)(Py)2] and [Fe(TF5PPCl8)(1-

MeIm)2]) core conformations. These porphyrin core 

conformations are the result of the peripheral substituents. The 

last two examples have smaller dihedral angles between the 

two axial ligands; but both show saddled porphyrin cores.   

Type III porphyrin systems are the three picket fence 

derivatives of [Fe(TpivPP)(R-Im)2] (R-Im = 1-MeIm, 1-EtIm 

and 1-VinylIm), which feature with relatively perpendicular 

orientations of the two axial ligands as well as near planar 

porphyrin planes. The steric demands on the picket side of the 

porphyrin require the imidazole plane align along the Fe―Np 

bond. All three derivatives have the two axial ligand planes 

with a relative perpendicular orientation. The systematic 

orientational behavior suggested that a modest π-bonding 

between the imidazoles and iron is maximized only if the two 

axial ligands have a relative perpendicular orientation.19 

The modified picket fence structure shares some common 

features with the three traditional picket fence structures. 1) 

The Fe―Nax bonds in the porphyrin pockets are longer than 

the same bonds at the other sides. 2) All the structures have 

near planar porphyrin planes with the iron centers slightly 

displaced to the hindered porphyrin sides. 3) The imidazole 

ligands at the unhindered porphyrin sides tend to have small 

angles (20.7~26.9°) with the closest Fe―Np axes. Previously 

we have noted that in the six-coordinate picket fence 

porphyrin derivatives [FeII(TpivPP)(L1)(Im)] ( L1 denotes the 

neutral ligand on the hindered side of the porphyrin plane), the 

dihedral angle between the imidazole rings and the closest 

Fe―Np axis (φ2) are in a narrow range of 20~24.5°, 

irrespective of the ligands (L1) on the opposite sides.19 Scheidt 

and Chipman had suggested the interaction of imidazole pπ ― 

metal pπ which would favor eclipsed orientations for both 

five- and six-coordinate imidazole-ligated complexes.52  

We now consider the second imidazole on the hindered 

porphyrin side. [Fe(MbenTpivPP)(1-MeIm)2] presents a large 

φ1 angle of 36.5°, in contrast to the small angles ~10° in 

[Fe(TpivPP)(R-Im)2] (R-Im = 1-MeIm, 1-EtIm and 1-VinylIm) 

derivatives. This distinctive feature, together with the near 

planar porphyrin core and relative perpendicular ligand 

orientation, excludes [Fe(MbenTpivPP)(1-MeIm)2] from the 

three types of porphyrin systems (Type I, II and III) noted 

[Fe(tn-OEP)(Py)2] C1 1.961(3) 1.999(3) 2.0080 Sad(0.85) 35.1 87.9 48 

(mol 2)   2.017(3)   36.6   

[Fe(tn-OEP)(3-ClPy)2] C1 1.962(2) 1.989(2) 1.9990 Sad(0.80) 47.2 85.5 48 

   2.009(2)   42.4   

[Fe(tn-OEP)(4-CNPy)2] C1 1.986(2) 2.014(2) 2.0145 Sad(0.91) 42.2 84.3 48 

   2.015(2)   36.2   

[Fe(TPPBr4)(Py)2]  C2 1.976(2) 2.000(3) 2.020 Sad(0.67) 36.8 19.2 49 

   2.040(3)    33.7   

[Fe(TPP)(Pyz)2]  C1 1.987(8) 2.010(3) 1.990 Sad(0.14) 3.9 40.9 50 

   1.970(3)    37.0   
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above. Then what bonding features led to the large φ1 angle in 

[Fe(MbenTpivPP)(1-MeIm)2]? Figure 4 illustrates the 

spacing-filling diagram of [Fe(MbenTpivPP)(1-MeIm)2]; the 

diagram of [Fe(TpivPP)(1-MeIm)2] is also given for 

comparison. Both figures show the pocket porphyrin sides. It 

is seen that both porphyrins have strong steric effects on the 

orientation of axial ligands. The crowding between the axial 

imidazole and the bulky pickets allows a limited rotational 

motion of the axial ligand around the Fe―NIm bond. The axial 

ligand is forced to align in specific orientations, preventing the 

ligand plane from freely rotating. In [Fe(TpivPP)(1-MeIm)2] 

(right panel of Figure 4), the 1-MeIm is limited to near the 

Fe―Np axis and the methyl group is towards to the opening of 

the “V-shape” cavity of the pocket. This ligand alignment 

avoids the steric crowding from the bulky pickets. The other 

two structures of [Fe(TpivPP)(R-Im)2] (R-Im = 1-EtIm and 1-

VinylIm) show similar ligand orientations and all three 

structures have small φ1 angles: 8.5° (1-MeIm), 6.6° (1-EtIm), 

and 11.2° (1-VinylIm).19 Whereas, [Fe(MbenTpivPP)(1-

MeIm)2] presents a different situation (left panel of Figure 4). 

As can be seen, the 1-MeIm approximately bisects the 

Np―Fe―Np angle and gives a large φ1 angle of 36.5°. 

Although the “V-shape” cavity of the pocket exists there, the 

methyl group of 1-MeIm unexpectedly directs to the phenyl 

group on the substituted picket, which seems an unfavorable 

orientation. The two rings are almost perpendicular to each 

other with the dihedral angle being 84.3º. Such unusual 

assembly leads us to inspect the intramolecular interactions 

between the two groups.  

Figure S1 (Supporting Information) depicts the 

crystallographic distances between 1-MeIm and phenyl groups. 

The distances between the methyl carbon atom (C50) of 1-

MeIm and the phenyl π plan is 3.660 Å, slightly shorter than 

the sum (3.7 Å) of the van der Waals radii of the methyl group 

(2.0 Å) and aromatic carbon (1.7 Å).53 In addition, the 

distance between C50 and the centroid of benzene group 

(dC―X) is 3.744 Å, corresponding to the effective range for 

C―H···π interactions (3.74∼3.93 Å).54 Thus, both distances 

suggest the intramolecular interactions between the two 

groups, which induced the special ligand orientations inside 

the porphyrin pocket. The C―H···π interaction, while weaker 

than the classical H bonding, plays noteworthy structure-

stabilizing and structure-determining roles.55  

The larger φ1 angle in [Fe(MbenTpivPP)(1-MeIm)2] gives a 

more perpendicular mutual ligand orientation and larger θ 

angle (θ = 80.2°) than the traditional picket fence structures 

[Fe(TpivPP)(R-Im)2] (R-Im = 1-MeIm, 1-EtIm and 1-

VinylIm). Figure 5 shows the correlation between the mutual 

ligand orientation θ angles and the averaged Fe―NIm bond 

distances ((Fe―NIm)av) of the four picket fence porphyrinates. 

It is seen that the two parameters show a negative correlation 

that more perpendicular mutual ligand orientations correspond 

to shorter (Fe―NIm)av distances. [Fe(MbenTpivPP)(1-MeIm)2] 

shows the largest θ angle and the strongest Fe―NIm bond 

among the four complexes. Given the same filled dπ orbitals 

of the low-spin d6 iron centers which would stabilize the axial 

ligand bonds through iron dπ → imidazole pπ back-bonding, 

Figure 5 demonstrates such a correlation that the π bonding 

interaction is enhanced with the increase of mutual ligand 

orientation. 
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Figure 4. Spacing-filling diagrams (viewed perpendicular to the porphyrin plane) of [Fe(MbenTpivPP)(1-MeIm)2] (left) and [Fe(TpivPP)(1-MeIm)2] (right), showing the 

pocket porphyrin side (Carbon, dark grey; imidazole carbon, brown; Hydrogen, light grey; Nitrogen, blue; Oxygen, red; drawn with Crystalmaker). 

 
Figure 5. Correlation between mutual ligand orientation (θ angles) and the 

average Fe―NIm bond distances of [Fe(MbenTpivPP)(1-MeIm)2] and 

[Fe(TpivPP)(R-Im)2] (R-Im = 1-MeIm, 1-EtIm and 1-VinylIm) structures 

It had been assumed that for the closed subshell configuration 

of low-spin d6 Fe(II) porphyrinates, planar axial ligands would 

prefer to align themselves in mutually perpendicular 

orientations to maximize the π-bonding interactions between 

the filled dπ orbitals of Fe(II) and the π* orbitals of the ligands. 

However this expected result was not forthcoming. In contrast, 

investigations showed low-spin Fe(II) porphyrinates preferred 

to have planar axial ligands oriented parallel to each other, and 

that π-bonding between Fe(II) and the axial ligands are 

minimal,16 as observed in the Type I porphyrin system that 

noted above. Recently in the study of picket fence 

[FeTpivPP(R-Im)] complexes, we were interested to see both 

structural characteristics of near perpendicular ligand 

orientation and near planar porphyrin core which had been 

expected for the simple porphyrin models. The investigation 

suggested modest π-bonding between the imidazole and iron. 

In this work, the iron dπ → imidazole pπ back-bonding is 

rationalized through a quantitative change of axial bond 

distances upon the mutual ligands orientations. The π-bonding 

is sensitive to the mutual ligand orientation, such that more 

perpendicular ligand orientations correspond to shorter axial 

ligand distances and stronger π-bonding interactions.  

Mössbauer spectra. 

Mössbauer spectra were measured for [Fe(MbenTpivPP)(1-

MeIm)2] in the solid state from room temperature to 25 K 

(Figure 6 and Figure S5, Supporting Information). The data 

were fit to four overlapped Lorentzian lines for each 

temperature. According to the 25 K spectrum (Figure 6), the 

major component is 91% occupied. The quadrupole splitting 

(∆EQ) decreases slightly with decreasing temperature with a 

maximum value of 1.05 mm/s at room temperature and a 

minimum of 0.98 mm/s at 25 K. The isomer shift increases 

slightly from 0.35 to 0.43 mm/s (Table 3). Both the 

quadrupole splitting and the isomer shift values are those 

expected for a low-spin iron(II) complex. The minor 

component is presumed to be a bis(imidazole) ligated, low 

spin ferric complex of [Fe(MbenTpivPP)(1-MeIm)2]
+, 

according to its isomer shift and quadrupole splitting 

values.2,56  
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Figure 6. Mössbauer spectrum of [Fe(MbenTpivPP)(1-MeIm)2] at 25 K. 

 

Table 3 gives the Mössbauer data of all known, six-coordinate 

low-spin species of [Fe(II)(Porph)(L)2], also given are the 

relative ligand orientation and porphyrin core conformations. 

The upper entries shows the Mössbauer data observed for the 

current complex and the values observed for picket fence 

analogues of [Fe(TpivPP)(R-Im)2] (R-Im = 1-MeIm, 1-EtIm 

and 1-VinylIm). It is seen that the ∆EQ and δ parameters of 

these species are very consistent with each other; all 

complexes have quadrupole splitting values in the narrow 

range of 0.98∼1.07 mm/s, and the isomer shift in 0.35∼0.44 

mm/s, which suggest the similarity between them. The 15 

complexes of middle table entries are different from the 

traditional/modified picket fence complexes in the parallel 

ligand orientation. However the last four complexes with ∆EQ 

larger than 1.5 mm/s all have ruffled porphyrin cores. 

Previously we have claimed that for low-spin 

[Fe(II)(Porph)(L)2] derivatives the common geometric feature 

for a large quadrupole splitting (∆EQ ≥ 1.5 mm/s) is a ruffled 

core conformation and not the ligand orientation.19 The 

current study is certainly consistent with this conclusion.  

Table 3. Selected Mössbauer Parameters for [Fe(II)(Porph)(L)2] Derivatives 

complex ∆EQ 
a δFe 

a sample phase T, K θ b conf.c ref. 

[Fe(MbenTpivPP)(1-MeIm)2] 0.98 0.43 cryst solid 25 80.2 near-Pla tw 

 
0.99 0.42 

 
100 

   

 1.01 0.40  200 
   

 
1.05 0.35 

 
295 

   

[Fe(TpivPP)(1-MeIm)2] 0.99 0.44 cryst solid 20 77.2 near-Pla 19 

 1.00 0.43  100    

 1.02 0.42  200    

 1.05  0.35  298    

[Fe(TpivPP)(1-EtIm)2] 1.03  0.45 cryst solid 20 64.3 near-Pla 19 

 1.04  0.44  100    

 1.05  0.42  200    

 1.07  0.37  298    

[Fe(TpivPP)(1-VinylIm)2] 1.02  0.43 cryst solid 20 78.6 near-Pla 19 

 1.02  0.42  100    

 1.03  0.41  200    

 1.07  0.35  298    

[Fe(TPP)(1-MeIm)2] 1.07  0.47 cryst solid 77 0 near-Pla 18 

[Fe(TPP)(1-VinylIm)2] 1.02  0.45 cryst solid 77 0 near-Pla 18 

[Fe(TPP)(1-BzylIm)2] 1.02  0.45 cryst solid 77 0 near-Pla 18 

[Fe(TPP)(1-AcIm)2] 0.97 0.45 cryst solid 77 d d 18 

[Fe(TPP)(1-SiMe3Im)2] 1.04  0.46 cryst solid 77 d d 18 

[Fe(TPP)(Py)2] 1.15  0.40 cryst solid 77 0 near-Pla 57 

[Fe(TMP)(4-CNPy)2] 1.13  0.41 cryst solid 120 0 near-Pla 16 

[Fe(TMP)(3-ClPy)2] 1.23  0.43 cryst solid 120 0 near-Pla 16 

[Fe(TMP)(4-MePy)2] 1.12  0.42 cryst solid 120 0 near-Pla 16 
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a mm/s. b Dihedral angle between two axial ligands, in degree. c Predominant core conformation contribution; Pla, planar; Ruf, ruffling.  d Not determined, 
presumed parallel and planar. e Not determined, presumed perpendicular and ruffled. 

Summary 

A modified “picket fence” porphyrin and its iron complexes 

have been synthesized. The bis(imidazole)-ligated iron(II) 

porphyrin complex is studied by single-crystal X-ray, UV-vis 

and multi-temperature Mössbauer spectroscopy. The structure 

showed the largest relative ligand orientation among all the 

structurally characterized bis(imidazole-ligated)iron(II) 

porphyrinates with near planar porphyrin cores. The unusual 

ligand alignment inside the porphyrin pocket and the large 

dihedral angle to the nearest Fe―Np vector is contributed to 

the combination of bulky pickets and the intramolecular 

C―H···π interactions. Investigations show the iron dπ → 

imidazole pπ back-bonding is sensitive to the mutual ligand 

orientation such that more perpendicular ligand orientations 

correspond to stronger π-bonding interactions (shorter axial 

ligand distances). Mössbauer spectra were obtained for the 

low spin title complex, which are consonant with the 

traditional picket fence analogues and confirmed our previous 

conclusion that the large quadrupole splitting values (∆EQ ≥ 

1.5 mm/s) are associated with the porphyrin core 

conformation, rather than the relative axial ligand orientation. 
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The synthesis and characterization of 

[Fe(MbenTpivPP)(1-MeIm)2], a new species 

among bis(imidazole) iron(II) porphyrinates, is 

reported. Investigations suggest the strong 

correlation between mutual ligand orientations (θ) 

and axial Fe―NIm bond distances.  
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