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Abstract

The metallation of tetrapyrroles is believed to proceed via a sitting-atop (SAT) complex, in 

which some of the pyrrole nitrogen atoms are still protonated and the metal ion resides above 

the ring plane. No crystal structure of such a complex has been presented, but NMR and 

EXAFS (extended X-ray absorption fine structure) data has been reported for Cu2+ in 

acetonitrile. We have used density functional calculations to obtain reasonable models for 

SAT complexes of porphyrins with Mg2+, Fe2+, and Cu2+. The results show that there are many 

possible SAT complexes with 1–5 solvent molecules, one or two metal ions, and cis or trans 

protonation of the porphyrin ring. Many of these have similar energies and their relative 

stabilities vary with the metal ion. A complex with two cis pyrrolenine nitrogens atoms and  

2–4 solvent molecules coordinated to Cu2+ fits the NMR and EXAFS data best. However, we 

cannot fully exclude the possibility that what is observed is rather a mixture of a doubly 

protonated porphyrin and the copper porphyrin.  Mg2+ has a lower affinity for porphyrin and 

stronger affinity for water, so a complex with five water molecules and only one bond to 

porphyrin seems to be most stable. For Fe2+, a cis structure with two first-sphere water 

molecules and four interactions to the porphyrin seems to be most likely.

Keywords: sitting-atop complex, haem, chlorophyll, porphyrin distortion, ligand exchange, 

density functional theory.
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Introduction

Metal complexes of tetrapyrroles are common in biological systems, with haem, 

chlorophyll, vitamin B12, and coenzyme F430 as typical examples. They provide essential 

cofactors in a huge number of proteins and enzymes. Therefore, they have attracted much 

interest from all parts of chemistry [1]. One important and interesting step in the formation of 

these cofactors is the insertion of the metal ion. This step has been extensively studied both in 

solution [2-7] and in biological systems, where the reaction is catalysed by so-called 

chelatases [8-13].

The metallation of a porphyrin molecule in solution is believed to consist of the following 

steps [2-7]: deformation of the porphyrin ring, outer-sphere association of the solvated metal 

ion and the porphyrin, exchange of a solvent molecule with the first pyrrolenine nitrogen atom

(i.e. a porphyrin nitrogen atom without any bound hydrogen), chelate-ring closure with the 

expulsion of more solvent molecules, first deprotonation of a pyrrole nitrogen atom, and 

second deprotonation of the other nitrogen atom, which will lead to the formation of the 

metalloporphyrin. 

The intermediate formed after the chelate-ring closure is often called the sitting-atop (SAT) 

complex [14]. Thus, a SAT complex is a complex of a doubly protonated porphyrin ring with a

metal ion, where the latter coordinates to both of the unprotonated pyrrole nitrogen atoms. 

The protons on two of the pyrrole nitrogen atoms prohibits the metal ion to reside in the 

centre of the porphyrin plane; instead, it will lie above the ring plane and form bonds to a 

number of solvent molecules. This complex has been much discussed. SAT complexes of 

porphyrins with Pt2+, Cu2+, and Rh+ have been reported [15-17] and kinetic evidence indicates 

that it exists for many other ions [18-21], but there is not yet any crystal structure of a SAT 

complex. However recently, SAT complexes of Cu2+ with various porphyrins in acetonitrile 

have been characterised by kinetic measurements, extended X-ray absorption fine structure 

(EXAFS) and nuclear magnetic resonance (NMR) methods [3,22,23]. The data was 

3



interpreted as a six-coordinate complex with three kinds of Cu–N interactions with bond 

lengths of 205, 198, and 232 pm. It was suggested that these distances represent pyrrolenine 

nitrogen atoms of the porphyrin and acetonitrile nitrogen atoms at equatorial and axial sites, 

respectively [3]. Yet, other investigators have argued that no SAT complex is actually seen. 

Instead, they suggest that other species are observed, e.g. a doubly protonated porphyrin 

molecule [24-26].

Even if many theoretical investigations have been published for haem, chlorophyll, vitamin

B12, coenzyme F430, and even for ferrochelatase [e.g. 27-36] no quantum chemical studies 

seem to be available for SAT complexes. In this paper, we present quantum chemical 

structures of SAT complexes of porphyrins with Cu2+, Mg2+, and Fe2+, with water or 

acetonitrile ligands. The results provide an interpretation of the experimental data and suggest

the most stable SAT structures for the three metal ions. They also give information about the 

mechanism of metallation of porphyrins.

Methods

We have studied complexes of porphine (PorH2, i.e. a porphyrin without any side chains), 

with two pyrrole rings protonated either in trans or cis. As metal ions we have used Mg2+ (the 

central ion in chlorophyll), Fe2+ (the central ion ion in haem), and Cu2+ (the metal ion used in 

the EXAFS and NMR experiments). The metal has been coordinated to 1–6 water or 

acetonitrile (AN, CH3CN) molecules, and in many cases, solvent molecules have also been 

added to the second sphere of the metal ion (on the same side of the porphyrin ring as the 

metal ion, if not otherwise stated). Thus, we do not study only SAT complexes in the strict 

sense defined in the introduction, but all types of complexes of a doubly protonated porphyrin

ring (PorH2) with a solvated metal ion. We have used this wider definition because all our 

complexes are possible interpretations of the experimental data and they are probable 

intermediates in the metallation reaction.
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Geometry optimisations were performed with the density functional BP86 method, which 

consists of Becke's 1988 gradient corrected exchange functional, combined with Perdew's 

1986 correlation functional [37,38]. These calculations employed the 6-31G* basis set for all 

atoms, except for the metals, for which we used the TZVP basis (Mg) [39], or the DZP basis 

[40], enhanced with p, d, and f-type functions with exponents of 0.134915, 0.041843, 0.1244, 

and 1.339 (Fe, two p functions) and 0.174, 0.132, and 0.39 (Cu). These calculations were sped

up (by a factor of ~5) by expansion of the Coulomb interactions in auxiliary basis sets, the 

resolution-of-identity approximation [41,42].

After the geometry optimisations, accurate energies were calculated using the three-

parameter hybrid functional B3LYP, as implemented in the Turbomole package [43]. In these 

calculations, the 6-311+G(2d,2p) basis set was used for the light atoms (including Mg) and 

the basis set for Fe and Cu were enhanced with an s function (exponents Fe: 0.01377232 or 

Cu: 0.0155065; for Cu also with a p function with exponent 0.046199) and the single f 

function was replaced by two functions with exponents 2.5 and 0.8 (Fe) or 3.55 and 0.39 

(Cu). 

Such a two-stage procedure (a medium-sized basis set for geometry optimisations and a 

large basis set for energy calculations) has frequently been used before and has been shown to

give accurate energies (energies are quite insensitive to the geometry on which they are 

calculated) [27,28,44]. It could perhaps be expected that diffuse functions are needed for 

geometry optimisations of the distorted porphyrins in this study. However, we have run 

several optimisations also with the 6-31+G* basis set (and the same basis set in the energy 

calculations), but this did not change the relative energies of the studied complexes by more 

than 1 kJ/mole.

In order to get a feeling of the effect of solvation on the relative energies of the various 

complexes, we have also calculated (single-point) solvation energies using the continuum 

conductor-like screening model (COSMO) [45], as implemented in Turbomole 5.5 [46]. These

calculations were performed with default values for all parameters (implying a water-like 
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probe molecule) and a dielectric constant () of 80 for water complexes and 36.64 for 

acetonitrile (we used the same probe radius for water and acetonitrile to make the calculations

more comparable and because the radius is poorly defined for an elongated molecule like 

acetonitrile). For the generation of the cavity, a set of atomic radii have to be defined. We used

the optimised COSMO radii in Turbomole (130, 200, 183, and 172 pm for H, C, N, and O) 

[47]. For the metals, the same radius, 200 pm, was used. This radius of the metal has minor 

influence on the results, because the metals is hidden by the other ligands in all complexes.  

The distortion (strain) energy of the porphyrin ring in the various complexes was estimated

by removing all atoms except those in the porphyrin ring (i.e. PorH2) and then calculating the 

single-point energy of it in this fixed geometry. This energy was the compared to that of PorH2 

in its optimum geometry, giving an estimate of how much the porphyrin ring is distorted in 

the various SAT complexes. 

For a several complexes zero-point energy and thermal corrections to the Gibbs free energy

(at 298 K and 1 atm pressure, using an ideal-gas approximation [48]) were calculated from a 

frequency calculation with the Gaussian98 software [49], using the same method and basis set

as the geometry optimisation. The same software, method, and basis set was also used to 

calculate NMR isotropic shifts of some complexes, with the gauge-independent atomic orbital

(GIAO) method [50]. 

All the other calculations were carried out with the Turbomole software, version 5.5 [51]. 

For Cu (doublet) and Fe (high-spin quintet state), unrestricted open-shell theory was 

employed. We made use of default convergence criteria, which imply self-consistency down 

to 10–6 Hartree (2.6 J/mole) for the energy and 10–3 a.u. for the maximum norm of the internal 

gradient. Several starting structures were tried for most complexes, but only the structure with

the lowest energy of each type is reported.

Density functional methods, and in particular the BP86 method, have been shown to give 

excellent geometries for transition metal complexes, with errors in metal–ligand bond lengths 

of 0–5 pm [52]. Errors in the energy calculated with the B3LYP method with a large basis set 
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is in general less than 25 kJ/mole [27,28,53]. Calibrations on transition metal complexes have 

shown that the geometries and energies do not change significantly if the method or the basis 

sets are improved over the present level [54]. In order to check the performance of the current 

method on some relevant complexes, we optimised the structure of CuPor, CuAn6
2+ and 

CuAn4
+ and compared it to EXAFS and X-ray data. For CuPor, the optimised Cu–N bonds 

(202 pm) are identical to those measured by EXAFS [23], but 1–4 pm longer than distances 

obtained by X-ray crystallography on various porphyrins [55-58]. For CuAn6
2+, the optimised 

Cu–N distances (4200, 238, and 239 pm) are 1 pm longer (equatorial) or 1–2 pm shorter 

(axial) than those obtained by EXAFS methods [23]. For CuAn4
+, our optimised Cu–N bonds 

(197 pm) are 2 pm shorter than distances observed in the crystal structure of CuAn4ClO4 [59]. 

Thus, our theoretical distances should be accurate to within 0–4 pm. If the complexes are 

reoptimised with constraints to the experimental bond lengths, the structures are destabilised 

(relative to the unconstrained structure) by less than 1 kJ/mole. This shows that systematic 

errors in the quantum chemical calculations do not significantly affect the energies of 

structures constrained to experimental data.

Result and Discussion

Sitting-atop complexes of Mg2+

We started by optimising the structure of Mg+2PorH2 with a varying number of water 

molecules coordinated to magnesium, but giving the ion the opportunity to coordinate to the 

porphyrin nitrogen atoms. It turned out that a number of different complexes could be 

obtained with 1–5 water molecules in the first coordination sphere of the ion, as are shown in 

Figure 1 and Table 1. 

In the complex with five water molecules (5+0 in Tables 1–2, and in Figure 1; “5+0” 

indicates that the complex has five first-sphere solvent molecules but no second-sphere 

solvent molecule), the magnesium ion forms one weak bond to a pyrrolenine nitrogen atom 
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(NPyrn; 230 pm; the bond length in MgPor, calculated by the same method is 207 pm) and five 

normal bonds to water molecules (206–214 pm; the bond length in Mg(H2O)6, calculated by 

the same method is 210 pm). Thus, this is not a true SAT complex, but rather the intermediate 

after the first ligand exchange reaction. The porphyrin is domed to improve the interaction 

between Mg2+ and NPyrn, and also the hydrogen bond between a water molecule and the other 

NPyrn. The distortion energy of the porphyrin ring, compared to the optimised (planar) vacuum 

structure is 36 kJ/mole. This is only 8 kJ/mole more than for the outer-sphere complex of 

PorH2 and a Mg2+ ion coordinated to six water molecules (6+0). 

In the corresponding complex with four water molecules (4+0), Mg2+ forms bonds to both 

the NPyrn atom (244 and 247 pm). Thus, it is a true SAT complex with the Mg2+ ion almost 

above the centre of the porphyrin ring. Therefore, the Mg–NPyr distances (i.e. to the protonated

pyrrole nitrogen atoms) also become quite short (267 pm), and the porphyrin ring becomes 

saddled, which is also the case for all the other complexes with two Mg–N bonds. The Mg–O 

distances are all somewhat elongated: 223–224 pm. The distortion energy of the porphyrin 

molecule is appreciably larger than for the complex with five water molecules, 93 kJ/mole. 

In the complex with three water molecules (3+0), the two Mg– NPyrn bonds become 

stronger and  one of the Mg– NPyr distances becomes appreciably shorter. Therefore Mg 

remains approximately octahedrally six coordinate. When another water molecule is removed 

(2+0), the complex becomes almost symmetric with two short Mg– NPyrn bond and two longer 

Mg– NPyr bonds. Finally, if only one water molecule is kept (1+0), the Mg–N distances are 

shortened even more and the Mg–O bond becomes very short, reflecting that the coordination 

number has been reduced to five. As expected, the distortion energy of the porphyrin ring is 

largest in this complex, 195 kJ/mole. 

In all these five complexes, we have kept the central protons on the porphyrin on the 

opposite (trans) nitrogen atoms. However, for some metals, it has been suggested that the SAT

complex is instead formed when the protons reside on two cis nitrogen atoms [15]. For the 

8



free PorH2 molecule, this cis complex is destabilised by 32 kJ/mole (in water solution). Such 

cis structures can also be found for most complexes. For example, the complex with four 

water molecules (4+0 cis in Tables 1 and 2) has two rather strong Mg– NPyrn bonds and four 

mostly elongated Mg–O bonds. The distances to the two NPyrn atoms are long. The porphyrin 

ring is still saddled, but much more on the NPyrn side than on the other side. This leads to a 

distortion energy that is larger than for the corresponding trans structure. 

Moreover, there is a series of complexes where Mg forms only one bond to the porphyrin, 

whereas the other NPyrn atom forms a hydrogen bond to a metal-bound water molecule. We 

call this type of complexes 1N in the Tables and Figures. With less than five water molecules, 

these complexes have a lowered coordination number of the Mg ion. 

Consequently, there are 14 different complexes with 1–6 first-sphere water molecules, 

trans or cis coordination, and one or two bonds to NPyrn (there is no 5+0 complex that is not 

1N and we could not obtain any 1+0 1N complex). All these complexes are probable 

intermediates in the metallation reaction and also possible candidates for the experimentally 

observed SAT complex. A way to judge the importance of the various complexes is to 

calculate their relative energies, as is in Table 2. Unfortunately, this comparison is far from 

trivial. Of course, only complexes with the same number of atoms can be compared. 

Therefore, only the trans, cis, and 1N complexes with the same number of water molecules 

can be directly compared. Such a comparison shows that the trans complexes are most stable 

with one and two water molecules, the cis complex with three water molecules, and the 1N 

complex with four and five water molecules.

In order to compare complexes with a different number of first-sphere water molecules, we

have to optimise complexes with water molecules also in the second coordination sphere of 

the Mg ion, hydrogen bonded to the first-sphere waters (the geometry of these structures is 

included in the supplementary material). This is complicated by the fact that the number of 

local minima with different hydrogen-bond pattern rapidly increases, so it becomes hard to 

9



find the most favourable structure. Moreover, it is hard to obtain any conclusive results with a 

restricted number of water molecules. For example, a series of complexes with the same 

number of water molecules (2–5), either all in the first sphere or with one in the second 

coordination sphere, indicate that the one with a second-sphere water molecule is always 

more stable by 19, 19, 6–50, and 24–30 kJ/mole, respectively (–1, 4, –7 to 43, and 11–20 

kJ/mole in water solution). 

Furthermore, the result of such an investigation depends on the number of water 

molecules. Thus, with a total of four water molecules, the 3+1 1N complex is most stable, 

whereas with six water molecules, the 4+2 1N complex is more stable. The reason for this is 

probably that too few water molecules are included. It is most likely that the apparent stability

of the 1N complexes with a reduced coordination number (3+n 1N and 4+n 1N) are an 

artefact. Their stability merely reflects that hydrogen bonds to the first-sphere water 

molecules are more favourable than direct binding to the Mg ion as the fifth or sixth ligand. 

The reason for this is that the first-sphere water molecules are strongly polarised by the metal 

ion and therefore will form very strong hydrogen bonds.  However, if additional water 

molecules were added, it would ultimately be more favourable for a water molecule to bind 

directly to the Mg ion, rather than to bind in the third or a higher coordination sphere (because

the binding energy of the water molecule to the Mg ion is larger than the average hydrogen-

bond strength in bulk water). This explains the lowered stability of the 3+n 1N complex when 

going from four to six molecules. 

Thus, our best results should be those with six water molecules. Judging from these and 

ignoring the 4+2 1N and 3+3 1N complexes, we see that the most stable structures are the 6+0

and 5+1 1N complexes, the latter being most stable in vacuum, the former in water solution 

(by 21 kJ/mole, including thermodynamic effects). The 4+2 cis complex is the most stable 

true SAT complex (i.e. with two bonds between Mg and the NPyrn atoms), 20–40 kJ/mole less 

stable. Yet, only extensive calculations with a large number of water molecules can give a 
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conclusive answer to what structure is most stable.

Sitting-atop complexes of Cu2+ with water

We have seen that we can obtain reasonable sitting-atop structures of porphine and Mg. 

However, they differ quite extensively from the structure suggested for the SAT complex 

based on the EXAFS data, which was been interpreted as a six-coordinate site with Cu–N 

bonds of 205, 198, and 232 pm to NPyrn and to NAN at equatorial and axial sites, respectively 

[3]; the corresponding Mg2+ complex with four water molecules had much longer Mg–NPyrn 

bonds (243–246 pm or 223 pm in the cis complex). Therefore, we have also studied SAT 

complexes of Cu2+. We started to study water complexes so that we can directly compare with 

the results obtained with Mg2+. The results are collected in in Figure 2 and in Tables 3 and 4.

The behaviour of Cu2+ is quite different from that of Mg2+. The reason for this is mainly 

that Cu2+ is much softer than Mg2+ [60]. Therefore, copper has a stronger affinity for the 

pyrrole nitrogen atoms, but a lower affinity for water. In these cluster calculations, this means 

that we never find any six-coordinate copper complexes. Instead, copper prefers to be four-

coordinate and additional water molecules end up in the second-sphere (i.e. it is more 

favourable to form hydrogen bonds to the other water molecules than to bind directly to 

copper). For example, our most stable structure of Cu(H2O)6 has only four first-sphere water 

molecules. This is partly an effect of the Jahn–Teller instability of Cu2+, leading to square-

planar structures, possibly with one or two week axial ligands [60]. Of course, it is also an 

effect of the low number of water molecules included in the calculations. If more solvent 

molecules were included in the calculations, five- or six-coordinate complexes would 

probably also be obtained. However, it clearly reflects a reduced affinity of copper to water. 

This is confirmed by recent experimental and theoretical data, which indicate that Cu 2+ 

actually is mainly five-coordinate in water solution [61].

Finally, Cu2+ also has the possibly to be reduced to Cu+, and for the SAT complexes the Cu+–
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PorH2
 radical state is close in energy to the Cu2+–PorH2 state, and they can often both be 

found for the same complex (but with different geometries). Therefore, we have included the 

spin density on the copper ion for all complexes in Table 3. A population of 0.45-0.62 e is 

indicative of Cu(II), whereas Cu(I) has a lower population (typically ~0.25 e). Some 

complexes have intermediate spin density. The Cu(I) complexes are also characterised by high

spin densities on the porphyrin carbon atoms, whereas the Cu(II) states have the remaining 

spin located mainly on the four equatorial ligands (N or O). The result of these differences is 

that many of the Mg SAT complexes were not found for Cu2+ (those with a high coordination 

number), whereas several new complexes were found for Cu2+.

Cu2+ SAT complexes were found with 1–4 first-sphere water molecules. However, those 

with three and four first-sphere water molecules were quite hard to find and easily reorganised

to other complexes. The complex with four first-sphere water molecules (4+0 1N) is 

approximately trigonal bipyramidal with one Cu–NPyrn bond (206 pm; the corresponding bond 

in CuPor is 202 pm) and four rather weak bonds to water (202–230 pm, compared to 196–200

pm for Cu(H2O)4). The spin population on Cu is 0.44 e, so it is clearly Cu(II). The porphyrin 

ring is only slightly saddled. One of the water molecules forms a hydrogen bond to the other 

NPyrn atom, so it is of the 1N type. No complex with two bonds to the porphyrin could be 

found.

The complex with three first-sphere water molecules is also of the 1N type (3+0 1N). It is 

almost square planar with one Cu–NPyrn bond and three Cu–O bonds. It has a quite low spin 

population on Cu (0.39 e), but we have also obtained another complex with an even lower Cu 

population (0.32 e) and higher populations on the methine links, and an almost tetrahedral 

structure (3+0 1N CuI). It is 4 kJ/mole more stable (6 kJ/mole less stable in water).

With two first-sphere water molecules, we obtained the first true SAT complex (2+0). It is 

quite similar to the Mg complex with two Cu–NPyrn bonds of 225 pm, two weak Cu–NPyr 

interactions at 247–261 pm, and two Cu–O bonds of 209 pm. The porphyrin is strongly 
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saddled with a distortion energy of 99 kJ/mole. It is clearly Cu(II).

However, there is also a Cu(I) complex with two first-sphere water molecules (2+0 CuI). It 

is similar to the Cu(II) complex, but with the O–Cu–O plane rotated 90 with respect to the 

porphyrin ring. Thereby, the copper ion coordination becomes tetrahedral. It has shorter Cu–

NPyrn bonds but longer Cu–NPyr and Cu–O bonds. It is 9 kJ/mole more stable than the Cu(II) 

complex in water.

An even more stable complex can be found if the cis isomer of PorH2 is used (2+0 cis). In 

this complex, Cu forms a square-planar structure with two strong Cu–NPyrn bonds of 198–199 

pm and two rather strong Cu–O bonds of 203–206 pm. The Cu–NPyr distances are ~310 pm. 

The distortion of the porphyrin ring is unsymmetric but larger than for the two trans 

complexes, 123 kJ/mole. It is clearly Cu(II) and it is 65 kJ/mole more stable than the Cu(I) 

form.

However, a similar structure can also be obtained with trans PorH2 (2+0 altcis). In this, Cu 

forms bonds to one NPyrn (195 pm), one NPyr (224 pm), and to two waters. The water with the 

longer bond also forms a hydrogen bond to the other NPyrn. Yet, this complex is 42 kJ/mole 

less stable than the other cis complex. The strain energy is intermediate between the 1N and 

2N structures, 89 kJ/mole.

We have also obtained a normal 1N complex with two first-sphere water molecules (2+0 

1N). It is trigonal three-coordinate, with a strong Cu–NPyrn bond and two strong Cu–O bonds. 

As usual, one water molecule forms a hydrogen bond to the other NPyrn atom. It is a Cu(I) 

complex and 29 kJ/mole in water less stable than the cis complex. 

Finally, we have also found two complexes with only one first-sphere water molecule, 

similar to the corresponding Mg2+ complexes, a trans complex and a 10 kJ/mole less stable cis

complex.

It has been suggested that SAT complexes can also be found with two metal ions, one on 

each side of the porphyrin ring [62]. For Mg2+, no such structure could not be found (one of 
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the ions always dissociated), but for Cu2+, it exists. The complex is essentially a dimer of the 

1N structure with three waters: Each copper ion is four-coordinate with a rather weak Cu–

NPyrn bond (207–212 pm) and three Cu–O bonds. The porphyrin strain energy is 

approximately twice as large as that of the 3+0 1N complex, 65 kJ/mole. In fact, we have 

found two such complexes, one with an almost tetrahedral coordination and one almost square

planar. The former is 23 kJ/mole less stable in water. If additional water molecules are added 

to these structures, they end up in the second coordination sphere. 

Among the complexes with two water molecules, that with one first-sphere water (1+1) is 

most stable in vacuum (12 kJ/mole more stable than the 2+0 cis complex), whereas in water 

solution, the 2+0 cis complex is 10 kJ/mole more stable. Zero-point, entropy, and thermal 

effects have little influence (less than 1 kJ/mole) on these energies. With three water 

molecules, the 2+1 cis complex is most stable, followed by the 2+1 1N (2–4 kJ/mole less 

stable) and the 1+2 complexes (16–26 kJ/mole less stable), both in vacuum and in water. The 

same applies with four water molecules, but there the 3+1 1N complex is also a candidate, 9–

12 kJ/mole less stable than the 2+2 cis complex. Finally, the complex with two copper ions is 

also a candidate of the most stable SAT complex with Cu2+, but the 2+0 cis complex plus a 

Cu(H2O)4 cluster is 102 kJ/mole more stable than the two-copper complex in water solution. 

Thus, the results indicate that the cis complex with two first-sphere water molecules is the 

most stable SAT complex with Cu2+ and water. 

Sitting-atop complexes of Cu2+ with acetonitrile

Next, we studied SAT complexes of Cu2+ with acetonitrile, with the aim of comparing with 

the experimental EXAFS and NMR data. Even if we saw that the four -coordinate cis 

complex seemed to be most stable among the water complexes with Cu2+, we cannot assume 

that this is also the case for AN, because the two solvents are quite different. In particular, AN 

has no polar hydrogen atoms, so second-sphere AN molecules can only form weak 
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interactions with CH groups. Therefore, we did also a complete investigation of possible SAT 

of Cu2+ and AN.

As can be seen in Tables 5 and 6, we find the same complexes for AN as for water (except 

for the complex with four first-sphere AN molecules, the Cu(II) complex with two first-sphere

AN molecules, and the altcis complex). The main difference is that the 1N complexes seem to

be more stable for AN than for water. Thus, the 2+0 1N complex is the most stable complex 

with two AN molecules in vacuum (5 kJ/mole more stable than the cis complex, but 14 

kJ/mole less stable in AN solution). Likewise, the 3+0 1N complex is the most stable complex

with three AN molecules in vacuum (the 2+1 cis complex is 18 kJ/mole less stable, but 7 

kJ/mole more stable in solution). With four AN molecules, the 3+1 1N complex is most stable

by both in vacuum and solution 23–33 kJ/mole. Therefore, the 1N complexes have to been 

taken into consideration also.

As mentioned above, the EXAFS results were interpreted as a six-coordinate trans 

complex with three kinds of Cu–N interactions, each with approximately two nitrogen atoms 

and bond lengths of 205, 198, and 232 pm for NPyrn and for NAN at equatorial and axial sites, 

respectively [3]. We have optimised such a structure, using constraints to the six EXAFS 

distances. The resulting structure is quite strange, as can be seen in Figure 3a (4+0): The 

porphyrin ring is sharply bent with a high strain energy (168 kJ/mole). This unusual 

deformation is caused by the close contacts between the axial AN molecules and the 

porphyrin ring. This repulsion increases the Cu–NPyr distances to 310 pm (they are 283 pm in 

the 2+0 complex). Most importantly, it is much less stable than other complexes with four AN

molecules, by up to 217 kJ/mole in vacuum and 189 kJ/mole in solution. These energies are 

so large that it is highly unlikely that this is the best interpretation of the EXAFS data. 

Therefore, we will look for a better suggestion by comparing the optimised Cu–ligand 

distances with the EXAFS data.

The complex with one AN molecule (1+0) has a too long Cu–NAN bond (210 pm) and too 
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short Cu–NPyr bonds (220 pm) compared to the experimental data. However, a complex with 

the five distances constrained to the experimental data (the Cu–NPyrn bonds to 205 pm, the 

Cu–NAN bond to 198 pm, and the Cu–NPyr bonds to 232 pm) is only 7 kJ/mole less stable than 

the optimised complex. The structure is only slightly improved if it is optimised in a 

continuum solvent with the same dielectric constant as AN (the Cu–NAN bond is still 209 pm), 

or if additional AN molecules are added around the complex, both on the same side as copper 

ion or on the opposite side (the Cu–NPyr bonds are still ~220 pm). 

Likewise, the 1N complex with two first-sphere AN molecules (2+0 1N) is far from the 

experimental data (the Cu–NPyrn bond is too short, 197 pm). The 2+0 Cu(I) and the 3+0 cis 

complexes also fit the EXAFS data poorly (too long Cu–NPyrn bond or too Cu–NAn bonds, 

respectively). 

The same applies to the complexes with two copper ions. The complex with two three-

coordinate copper ions (2(Cu 2+0) 1N) has only three strong bonds, which all are too short 

(200–203 pm to NPyrn and 192–195 to AN). The four-coordinate complex (2(Cu 3+0) 1N) has 

reasonable bond lengths to AN (198–201 pm) but a too long bond to NPyrn (214 pm). 

However, the four-coordinate 1N complex (3+0 1N) has quite reasonable Cu–N distances: 

208 pm for the single Cu–NPyrn bond and 198–200 pm for the three first-sphere AN molecules.

This fits the EXAFS data within 3 pm, but with the modification that there is only one 

interaction at 205 pm and three at 198 pm. If the structure is optimised in an acetonitrile-like 

solvent, the structure becomes even closer to the EXAFS structure, with a Cu–NPyrn bond of 

207 pm and Cu–NAN bonds of 198–199 pm. A complex with constraints to the EXAFS data 

(one bond to NPyrn and three bonds to AN) is only 0.4 kJ/mole less stable. Yet, a complex with 

two additional axial AN molecules, also constrained to the EXAFS data, is 79 kJ/mole less 

stable than the corresponding unconstrained complex. A complex with only one extra AN 

molecule is 32 kJ/mole less stable than the corresponding unconstrained complex in AN 

solution.
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Finally, the cis complex with two first-sphere AN molecules (2+0 cis) is also a possible 

candidate. It has two Cu–NPyrn bonds of 201–204, and two Cu–NAN bonds of 199–200 pm. 

When optimised in AN, the bonds contract and become more symmetric, so that the Cu–NAN 

bonds become equal to the experimental ones, whereas the Cu–NPyrn bonds become 3 pm too 

short. If the bonds are constrained to the EXAFS data (205 and 198 pm), the complex is 

destabilised by 0.4 kJ/mole. The corresponding five-coordinate complex (3+0 cis) is also 

stable, but it is slightly less similar to the EXAFS results: The two Cu–NPyrn bonds are 2 pm 

too long, the two equatorial Cu–NAN bonds are 5–6 pm too long, whereas the axial Cu–NAN 

bond is 9 pm too short. However, if it is constrained to the experimental data, it is destabilised

by only 1–2 kJ/mole in both vacuum and acetonitrile. If another axial AN molecules is added 

and constrained to 232 pm, the resulting complex is 74 kJ/mole less stable than an 

unconstrained complex in AN solution.  

Finally, we should also consider the possibility that a SAT complex is actually not 

observed. In particular, Tsai et al. have suggested that what is observed in the experiments is 

rather a mixture of copper porphyrin and a doubly protonated (doubly cationic) porphyrin 

[24]. It this is true, then what is observed in the EXAFS experiment should be the copper 

porphyrin and possibly copper ions in AN solution. These complexes would give distances of 

202 pm and 199 pm (equatorial) and 240 pm (axial), respectively, according to EXAFS data 

[23]. In out calculations, they are 202, 200, and 238–239 pm, respectively, as already 

mentioned. In Table 5, we can also see that CuAN5 has distances of 197 and 204 pm (trigonal 

bipyramidal) or 199 and 214 pm (square pyramidal; the two structures are degenerate within 1

kJ/mole in vacuum). Thus, these results are reasonably close to the observed EXAFS bond 

lengths (differences of 3, 1, and 6 pm), with the change that there should be twice as many 

scatters at 198 pm than at 232 pm. However, the SAT complexes fit the data better. 

Experimental NMR data have also been obtained for the putative SAT in AN [22]. It shows

one peak for the H–N atoms, shifted by +0.8 ppm compared to the free porphyrin, and two 
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peaks for the  pyrrole hydrogen atoms, one singlet and one doublet. The former is said to 

correspond to pyrrolenine group coordinated to Cu and it is shifted by –0.1 ppm relative to the

free porphyrin, whereas the doublet should arise from the pyrrole ring (with a NH group) and 

it is shifted by –0.2 ppm.

We have calculated the NMR spectra for the trans, cis, and 1N complexes with 2–4 (3–5 

for the 1N complex) AN molecules and compared the isotropic NMR shifts of the H–N and  

pyrrole atoms with those in PorH2. For the  pyrrole atoms on PorH2, the average of those on 

the pyrrole and pyrrolenine rings was taken (they differ by 0.2 ppm), because the protonation 

shifts rapidly on the NMR time scale (the experiment shows only one peak). The results are 

collected in Table 7. 

Interestingly, the results for the 3+0 1N and 4+0 1N models, were widely different from 

those of the other models, with a negative shift of 23–32 ppm of the HN atoms, compared to 

more reasonable shifts of –1 to +2 ppm for the other seven models. These large shifts seems 

to come from a large spin density in the porphyrin ring: these two complexes are the only 

ones with a low spin density on copper (0.1–0.3; and therefore much spin in the porphyrin 

ring), whereas those with a large spin population on copper (~0.6) give the more reasonable 

shifts. If the copper ion is replaced by a Zn20 ion in these two complexes, the shifts on the HN 

atoms become +0.7–0.9. These two complexes will not be further discussed.

Among the remaining models, two give a negative shift for the HN atoms (the trans 4+0 

complex and the 5+0 1N complex) in variance to the experimentally observed positive (0.8 

ppm) shift. All the models have the correct negative shift of the  pyrrole atoms, but in the 

trans complexes, the (absolute) shift is larger for the atoms on the pyrrolenine ring that binds 

to Cu than on the pyrrole rings, in contrast to the experimental trend. Moreover, there are 

three different types of  atoms in the 1N complexes, pyrrole, and pyrrolenine with the 

nitrogen atom coordinated either to copper or hydrogen bonded to water. In the calculations, 

the shifts of these three types differ by 0.1–0.3 ppm and should therefore be experimentally 
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discerned. 

On the other hand, the three cis models give qualitatively correct results, with a positive 

shift of the HN atoms and negative shifts of the  atoms atoms with the correct trend between 

the pyrrole and pyrrolenine atoms. However, all the shifts are  appreciably larger than those 

observed experimentally, although the difference decreases to <0.7 ppm for the 4+0 cis 

complex. This overestimation applies to all the nine complexes, as does the reduction of the 

shifts when more AN. It may be an vacuum effect, but unfortunately it is not possible to 

calculate NMR shifts in solution with the available software.

Finally, we have also included the PorH4
2+ and CuPor complexes in the investigation, 

because, Tsai and coworkers have suggested that these complexes, rather than a SAT complex,

are actually observed in the NMR experiments [24]. In our calculations, CuPor showed a 

negative shift of –0.8 ppm, whereas the doubly protonated porphyrin showed a positive shift 

of 3.4 ppm for the HN atoms and a negative shift of –1.5 ppm for the  pyrrole atoms. Thus, 

these results also show the correct trends, but overestimate the experimental results by an 

amount similar to that of the 2+0 cis complex (but slightly more than the 4+0 cis complex). 

Thus, the accuracy of the present NMR calculations (1–2 ppm) is not enough to give an 

unambiguous interpretation of the experimental NMR results [63].

In conclusion, we see that we have two strong candidates for the SAT complex observed in 

the EXAFS experiment, the cis complex and the 1N complex. The 3+0 1N complex gives 

slightly better distances, but it has only one 205-pm interaction and three 198-pm interactions,

contrary to the interpretation of two interactions of each type. The stability calculations 

indicate that the two complexes are almost equally stable. However, the cis complex fits the  

NMR results appreciably better than the 1N complex. Therefore, we believe that it is the best 

candidate for the observed SAT complex. It is likely that it in AN solution acquires additional 

axial ligand, but considering the destabilisation energies of such complexes and the fact that 

Cu2+ in water solution is dominantly five-coordinate [61], we think that there is mostly only 
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one axial ligand in the SAT complex (3+0 cis). Unfortunately, we cannot exclude the 

possibility that a SAT complex is actually not observed in the experiment, as Tsai and 

coworkers have suggested [24], although their suggested products fit both the EXAFS and 

NMR results slightly worse than does the cis SAT complex.

Sitting-atop complexes of Fe2+

Finally, we have studied also complexes of PorH2 and Fe2+, the substrates in haem 

synthesis. As could be expected, the chemical properties of Fe2+ is intermediate between Mg2+ 

and Cu2+. Thus, it prefers a coordination number of six (octahedral), but both four- 

(tetrahedral) and five-coordinate complexes are also found. Moreover, it has a quite strong 

affinity to both water molecules and the pyrrole nitrogen atoms. Therefore, we could obtain 

the same complexes as for Mg2+ and also some of the additional complexes found for Cu2+ 

(e.g. complexes with two iron ions). However, Fe2+ shows no tendency to be reduced. Instead,

all the complexes are pure high-spin Fe2+, with a spin population on Fe of 3.63–3.82 e.

The structures of all optimised Fe SAT complexes are shown in Figure 4 and the Fe–ligand

distances are collected in Table 8. The relative energies of the complexes and the porphyrin 

strain energies are shown in Table 9. As with Mg, complexes with 1–6 first-sphere water 

molecules were obtained. Moreover, we found also cis and 1N variants of most complexes. 

Compared to Mg, the Fe–NPyrn distances are 5–11 pm shorter and the Fe–O bonds are 2–11 pm

longer. However, the Cu complexes have even shorter bonds to NPyrn (by 2–6 pm) and longer 

water bonds (by 5–10 pm). A peculiarity with Fe is that in the 1N complexes, the water 

molecule hydrogen bonded to NPyrn, donates its proton to NPyrn, forming a deprotonated iron-

bound hydroxide ion and PorH3
+. 

As for the Mg complexes, it is quite hard to decide which is the most stable SAT complex 

with Fe2+ and water. Judging from a series of complexes with six water molecules, the 4+2 1N

complex is most stable, both in vacuum and in solution. However, it is essentially octahedral 
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with one open coordination site. Therefore, as was discussed above, it will probably 

reorganise to the 1N complex with five first-sphere water molecules if more waters are added.

That 5+1 1N complex is ~22 kJ/mole less stable than the 4+2 1N complex. However, the cis 

complex with two first-sphere water molecules is more stable, only 5 kJ/mole less stable than 

the 4+2 1N complex (19 kJ/mole in water). This is probably the best candidate for a SAT 

complex of Fe2+, but the trans 2+4 complex is only ~10 kJ/mole less stable.

The porphyrin strain energies are similar to those of the other metals: In general, Fe has a 

slightly larger stain energy than Mg, but lower than for Cu (for some of the complexes with 

few water ligands, the trend is different). This reflects the binding energy of the metal; it is 

lowest for the Mg complexes, intermediate for the Fe complexes, and highest for the Cu 

complexes (and higher for AN than for water), as can be seen in Table 10. In solution the 

trend remains, except that AN and water gives similar values, that with water normally being 

slightly higher.

The binding energy of the metal ion increases steadily with the number of water molecules 

(because the reference state was all the molecules separated). The binding energies of the SAT

complexes are always much lower (~300 kJ/mole) than that the binding energy of the same 

metal in the porphyrin (MPor). However, it is similar to that of the metal ion coordinated to 

six solvent molecules. For Fe2+ and Cu2+, the complexes with four or five solvent molecules 

have a binding energy (in solution) similar to that of M(H2O)6. However, for Mg2+, the metal 

binding energy of Mg(H2O)6 is 62 kJ/mole lower than that of the 5+0 1N complex. Thus, there

is an appreciable barrier against the chelatation reaction in solution that is not released until 

the porphyrin is deprotonated. This is probably the reason why the metallation of porphyrins 

with Mg2+ is several orders of magnitude slower than that of other metal ions [64] and why 

magnesium chelatase requires ATP hydrolysis, whereas ferrochelatase does not [8-13]. 

Counter-poise corrections to the basis-set superposition error is quite small, lowering the 

binding energy by 12–14 kJ/mole. 
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Conclusions

Using density functional calculations, we have studied various possible structures of SAT 

complexes between porphine and Mg2+, Fe2+, and Cu2+, both in water and acetonitrile. We 

have seen that there are many possible candidates with similar energies. Therefore, and also 

for other reasons (we study complexes with only up to six water molecules and there are a 

large number of alternative configurations of each complex, especially of those with many 

second-sphere solvent molecules), it is hard to settle which structure is most stable.

For Cu2+ in AN, we can compare the results with experimental data. We have seen that a cis

complex with two bonds to the porphyrin and two strongly bound solvent molecules fits the 

experimental data best. Moreover, it can be concluded that the experimental distances are very

reasonable. However, it cannot be fully excluded that what is observed is rather a mixture of 

copper porphyrin and a doubly protonated porphyrin molecule [24].

The cis complex with two water molecules seems also to the most stable SAT complex for 

Cu2+ with water. The same is true also for Fe2+ in water, but there another candidate is a six-

coordinate complex with five solvent molecules and only one bond to NPyrn. 

Mg2+ differs from the other metals with a stronger affinity for water and a lower affinity for

the porphyrin. Therefore, it seems to prefer the complex with only one bond to the porphyrin. 

It also has a lower binding energy in all complexes. Thus, we see that the various metals have 

different preferences and therefore also different structures of the SAT complex. 

Consequently, it is not enough to obtain experimental data for a SAT complex with one metal,

but for all metals of interest.

The deformation energy of the porphyrin ring varies between 27 and 241 kJ/mole. It is 

highest for Cu2+ and lowest for Mg2+, reflecting the strength of the various complexes, but the 

difference is not very large. Instead, the main difference in the deformation comes from the 

number of bonds between the metal and the porphyrin ring. Thus, the strain is a compromise 
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between the improvement of the metal–NPyrn interaction and the deformation of the ring 

system (some of the energy gained from the formation of the bonds between the metal and the

porphyrin is used to deform the ring, but neither the metal–ligand bonds nor the ring structure 

is ideal). This shows that the deformation is coupled to bond formation and should probably 

not be considered as a separate step in the metallation reaction. In fact, an isolated porphyrin 

in water solution is also deformed, owing to improved hydrogen bonds between NPyr and NPyrn 

and the water molecules. The optimum structures of PorH2 with two and four water molecules

are shown in Fig. 6. They have porphyrin strain energies of 70–75 kJ/mole, i.e. more than 

many of the studied metal complexes. However, it should be noted that if a water molecule is 

added to the SAT complexes on the side opposite to the metal ion, the strain energy increases 

also for these complexes, e.g. to 87 kJ/mole for the Mg 5+1 1N complex (35 kJ/mole without 

the water molecule).

Already deformed porphyrins (e.g. N-alkylated porphyrins), which are known to be 

metallated at an increased rate [65], gains their increased rates because the porphyrin has a 

lower deformation energy both in the SAT intermediates and in the transition states. For 

example, the cis [PorHCH3Fe(H2O)2]2+ complex (Figure 5) has a deformation energy that is 34

kJ/mole, lower than for the corresponding complex with PorH2 (45 kJ/mole for the trans 

complex). If the same energy difference applies in the transition state, this corresponds to a 

increase in the reaction rate of almost 6 orders of magnitude.

Finally, it is notable that there exists intermediates with any number of solvent molecules 

from six to one (at least for Mg and Fe). This indicates that the reaction mechanism is more 

complicated than normally assumed [3-7]. Thus, starting from six solvent molecules, the 

mechanism should involve all ligand-exchange steps (solvent to porphyrin) from six to one 

solvent molecules, via five, four, three and two first-sphere solvent molecules. We currently 

study the energetics of these reactions with quantum chemical methods. 

It should be noted that the present calculations have been performed on a porphyrin model 
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without any side chains. It is known experimentally that both the kinetics and the geometry of

the SAT complex is affected by the side chains of the porphyrin [3]. We have done some test 

calculations with tetraphenylporphyrin and octaethylporphyrin, which confirm the 

experimental findings that both the geometries (metal–ligand distances by up to 6 pm) and the

relative energies change (by up to 13 kJ/mole) with these models. Thus, it must be recognised 

that the details of the present results may change with the actual side chains of the porphyrin. 

However, the energies involved are not larger than the inherent uncertainty of the present 

method (~25 kJ/mole) so the general conclusion should not be affected.

In conclusion, we have seen how we can gain valuable information about the porphyrin 

metallation mechanism and the structures of the intermediate with a combination of quantum 

chemical calculations and experimental data.
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Table 1. Metal–ligand distances (pm) in the optimised SAT structures with Mg2+ and only 

first-sphere water molecules (complexes with also second-sphere can be found in Table S1 in 

the supplementary material). If not otherwise stated (cis and 1N), it is assumed that they have 

the hydrogens of PorH2 in trans positions and that the metal ion binds two NPyrn atoms.

Complex Metal–ligand distance (pm)

NPyrn NPyrn O

1+0 212.6, 212.7 226.0, 226.2 205.0

1+0 cis 208.0, 208.4 231.7, 232.2 205.9

2+0 221.9, 221.9 236.7, 237.8 211.7, 212.9

2+0 1N 206.6, 342.4 224.2, 336.3 192.1, 203.0

2+0 cis 211.4, 211.7 254.4, 254.8 206.9, 218.4

3+0 232.1, 233.0 230.8, 281.3 212.7, 215.7, 219.0

3+0 1N 210.3, 361.3 249.8, 338.4 197.4, 204.8, 208.7

3+0 cis 211.9, 217.4 329.5, 340.3 207.2, 207.5, 212.0

4+0 243.5, 246.7 266.6, 267.4 222.7, 223.4, 223.7, 223.7

4+0 1N 214.2, 409.9 339.3, 341.2 202.9, 206.4, 206.8, 214.3

4+0 cis 222.2, 222.8 361.0, 361.7 209.1, 215.2, 218.1, 222.2

5+0 1N 230.5, 429.4 360.3, 368.2 205.8, 211.3, 211.9, 213.1, 214.5

5+0 cis 1N 229.5, 437.7 361.3, 367.5 205.0, 210.5, 210.7, 214.7, 215.8

6+0 414.5, 449.2 390.1, 507.9 204.1, 210.4, 210.8, 211.1, 211.2, 213.4

MgPor 207.3*4 - -

Mg(H2O)6 - - 209.8,209.9*3,210.1*2
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Table 2. Relative energy of the various SAT complexes with Mg2+ (named in the same way as 

in Table 1). Values in brackets are relative free energies (G), including zero-point and 

thermal effects. 

Complex Relative Energy (kJ/mole) PorH2 distortion

Vacuum Water energy (kJ/mole)

1+0 0.0 0.0 195.4

1+0 cis 15.0 6.1 222.8

2+0 0.0 0.0 158.1

2+0 1N 41.6 40.3 95.3

2+0 cis 7.2 0.2 182.9

1+1 -19.3 0.9 (2.1) 182.7

3+0 0.0 0.0 120.1
3+0 1N -7.5 -8.1 (-16.4) 75.5

3+0 cis -15.4 -14.8 111.9

2+1 -18.9 -4.2 (-5.8) -

1+2 -31.4 1.7 -

4+0 0.0 0.0 92.8

4+0 1N -71.4 -82.6 (-88.9) 39.3

4+0 cis -43.9 -45.2 105.2

3+1 -49.7 -42.6 (-51.5) -

3+1 1N -87.1 -78.2 (-94.1) -

3+1 cis -49.7 -38.0 -

2+2 -77.9 -61.5 140.7

1+3 -66.2 -43.6 -

5+0 1N 0.0 0.0 35.7

5+0 1N cis 40.6 32.8 81.2

4+1 80.1 88.7 (92.7) -

4+1 1N -24.4 -20.1 (-14.6) 36.3

4+1 cis 10.2 21.5 -

6+0 0.0 0.0 27.5

5+1 1N -11.6 10.7 (21.0) 34.5

4+2 99.0 123.8 -

4+2 1N -28.5 -1.1 33.7

4+2 cis 10.4 39.8 -

3+3 28.9 58.6 -
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3+3 1N -7.5 32.3 -

3+3 cis 28.9 59.9 -

2+4 11.9 61.7 145.6

1+5 31.9 60.4 167.4
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Table 3. Metal–ligand distances (pm) and copper spin population in the optimised SAT 

structures with Cu2+ and water (named in the same way as in Table 1). 

Complex Metal–ligand distance (pm) Cu

NPyrn NPyrn O / NAn Spin

1+0 201.7, 201.7 218.5, 218.5 221.5 0.46

1+0 cis 198.7, 198.7 221.1, 222.2 222.0 0.51

2+0 225.5, 225.5 247.3, 260.7 208.5, 208.6 0.44

2+0 1N 190.4, 365.0 300.5, 310.9 198.3, 203.8 0.26

2+0 CuI 209.7, 209.8 265.1, 265.1 218.4, 218.5 0.29

2+0 cis 198.1, 199.1 308.8, 310.3 202.8, 206.0 0.51

2+0 altcis 195.4, 315.1 224.4, 299.4 196.0, 214.6 0.39

3+0 1N 205.2, 418.9 339.2, 353.6 199.9, 206.2, 214.6 0.39

3+0 1N CuI 191.1, 372.1 309.0, 313.2 200.7, 209.4, 231.5 0.32

4+0 1N 205.6, 420.0 343.5, 349.2 201.9, 203.7, 222.6, 229.7 0.44

2(Cu 3+0) 209.3, 538.3

211.6, 542.6

400.6, 409.4

397.5, 413.0

201.5, 205.9, 209.3

199.1, 204.2, 215.2,

0.41

0.42

2(Cu 3+0) CuI 208.7, 546.2

206.7, 540.4

405.2, 410.7

395.8, 412.1

203.3, 206.8, 212.9

203.6, 207.5, 212.3

0.37

0.33

CuPor 202.4*4 - - 0.50

Cu(H2O)6 - - 196.0, 196.1, 198.7, 199.4, 360, 377 0.59

Cu(H2O)4 - - 196.2, 196.9, 200.3, 200.3 0.62
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Table 4. Relative energy of the various SAT complexes with Cu2+ and water (named in the 

same way as in Table 1).

Complex Relative Energy (kJ/mole) PorH2 distortion

Vacuum Water energy (kJ/mole)

1+0 0.0 0.0 212.5

1+0 cis 18.4 9.6 241.0

2+0 73.8 74.7 98.9

2+0 CuI 57.1 65.2 98.9

2+0 1N 8.4 29.1 47.4

2+0 cis 0.0 0.0 123.3

2+0 altcis 28.0 41.9 88.7

1+1 -12.2 10.5 204.2

3+0 1N 35.0 28.8 31.0
3+0 1N CuI 30.8 34.7 44.5

2+1 1N 2.1 3.9 -

2+1 cis 0.0 0.0 118.3

2+1 altcis 40.9 41.3 83.1

1+2 16.1 25.5 -

4+0 1N 47.8 29.5 32.8

3+1 1N 11.9 9.4 31.7

2+2 CuI 52.7 63.4 -

2+2 1N 3.5 4.5 -

2+2 cis 0.0 0.0 110.2

2+2 altcis 23.2 25.3 89.3

1+3 30.8 37.3 -

4+1 1N 0.0 0.0 31.1

2(Cu 3+0) 0.0 0.0 64.6

2(Cu 3+0) CuI 12.1 -22.78 81.0
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Table 5. Metal–ligand distances (pm) in the optimised sitting-atom structures with Cu2+ and 

AN (named in the same way as in Table 1). The word “constr” means that the structure has 

been constrained and the constraints are marked in bold face in the table, whereas “solv” 

means that the structure has been optimised in a solvent with a dielectric constant of 36.64.

Complex Metal–ligand distance (pm) Cu

NPyrn NPyrn NAn Spin

1+0 204.4, 204.4 220.1, 220.2 209.9 0.46

1+0 solv 204.0, 204.0 218.8, 218.8 209.4 0.46

1+0 constr 205, 205 232, 232 198, 198 0.42

2+0 constr 205, 205 256.9, 257.0 198, 198 0.53

2+0 CuI 224.5, 224.6 283.4, 283.4 198.2, 198.2 0.20

2+0 CuI constr 205, 205 277.7, 277.8 198, 198 0.28

2+0 cis 201.4, 203.5 319.6, 328.2 198.8, 199.6 0.48

2+0 cis, solv 201.8, 201.8 311.4, 312.5 197.8, 197.9 0.50

2+0 cis, constr 205, 205 320.8, 328.6 198, 198 0.49

2+0 1N 197.4, 430.9 346.5, 346.8 190.9, 196.0 0.16

2+0 1N constr 205, 440.5 354.3, 354.8 198, 198 0.16

3+0 1N 208.3, 447.2 360.6, 365.7 198.1, 199.5, 200.2 0.20

3+0 1N, solv 206.9, 430.5 349.0, 353.6 197.5, 197.9, 199.0 0.23

3+0 1N, constr 205, 446.8 360.0, 363.2 198, 198, 198 0.21

3+0 cis 206.8, 207.2 333.3, 334.6 202.1, 202.3, 223.2 0.51

3+0 cis constr 205, 205 332.2, 334.0 198, 198, 232 0.55

3+0 trans constr 205, 205 263.5, 301.9 198, 198, 232 0.54

4+0 constr 205, 205 309.2, 310.2 198, 198, 232, 232 0.56

4+0 cis constr 205, 205 367.2, 368.2 198, 198, 232, 232 0.55

4+0 1N constr 205, 456.9 366.7, 366.7 198, 198, 232, 232 0.31

5+0 1N constr 205, 489.1 391.7, 392.8 198, 198, 198, 232, 232, 0.50

2(Cu2+0) 1N 199.5, 512.2

203.1, 536.1

381.9, 389.8

385.9, 416.9

191.5, 195.3

191.7, 195.1

0.34

0.31

2(Cu2+0) altcis constr 205, 205

205, 205

364.4, 365.1

363.7, 364.8

198, 198

198, 198

0.48 

0.48

2(Cu3+0) 1N 214.5, 532.4

214.2, 532.4

395.4, 412.3

394.4, 413.2

198.1, 199.0, 200.7

198.1, 199.1, 200.7

0.36

0.36
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2(Cu3+0) 1N constr 205, 526.3

205, 525.7

388.0, 404.8

387.9, 404.4

198, 198, 198

198, 198, 198

0.35

0.35

2(Cu4+0) altcis constr 205, 205

205, 205

391.6, 406.4

391.9, 406.2

198, 198, 232, 232

198, 198, 232, 232

0.54

0.54

2(Cu 5+0) 1N constr 205, 544.5

205, 529.9

400.3, 401.7

394.2, 395.2

198, 198, 198, 198, 198

198, 198, 198, 198, 198

0.55

0.55

CuPor 202.4*4 - - 0.50

CuAn5 trig. bipyramid - - 197.2, 197.2, 204.1, 204.1, 204.2 0.64

CuAn5 square pyramid - - 198.8, 198.8, 199.0, 199.0, 214.1 0.64

CuAn6 - - 199.8*4, 238.3, 238.8 0.66
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Table 6. Relative energy of the various SAT complexes with Cu2+ and acetonitrile (named in 

the same way as in Table 1). The word “constr” means that the structure has been constrained 

to the distances observed in EXAFS (cf. Table 5). 

Complex Relative Energy (kJ/mole) PorH2 distortion

Vacuum Acetonitrile energy (kJ/mole)

1+0 0.0 0.0 198.9

1+0 constr 7.0 9.9 -

2+0 constr 95.6 82.0 162.5

2+0 CuI 40.7 45.1 64.4

2+0 CuI constr 52.5 53.0 -

2+0 1N -5.1 13.8 27.2

2+0 1N constr -0.5 19.0 -

2+0 cis 0.0 0.0 112.0

2+0 cis constr 0.4 0.6 -

1+1 44.8 37.8 -

3+0 1N 0.0 0.0 25.1

3+0 1N constr 0.4 0.1 -

3+0 cis 18.2 -6.6 101.2

3+0 cis constr 19.9 -5.4 -

2+1 1N 28.0 35.3 -

2+1 cis 22.2 21.8 -

1+2 85.0 59.9 -

4+0 constr 217.4 188.5 168.1

4+0 cis constr 82.9 74.2 132.4

4+0 1N constr 44.6 32.3 28.7

3+1 1N 0.0 0.0 -

3+1 cis 26.9 21.9 -

2+2 cis 23.3 32.9 -

1+3 100.1 61.0 -

5+0 1N constr 77.7 42.3 53.6

3+2 1N 0.0 0.0 -

2(Cu 2+0) 1N 0.0 0.0 68.8

2(Cu 2+0) altcis constr 107.1 45.7 154.9

2(Cu 3+0) 1N 0.0 0.0 54.2

2(Cu 3+0) constr 4.0 1.8 62.7
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2(Cu 3+1) 1N 0.0 0.0 -

2(Cu 4+0) altcis constr 236.0 145.5 200.9

2(Cu 3+2) 1N 0.0 0.0 -

2(Cu 5+0) 1N constr 96.43 34.27 115.8
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Table 7. Hydrogen NMR shifts relative free porphyrin (PorH2 in the calculations and free 

tetraphenylporphyrin in the experiment [22]) for the pyrrole NH group and the  pyrrole 

hydrogen atoms with various interactions of the pyrrole nitrogen atoms (NH, N–Cu, or with 

no interaction). Values for each individual hydrogen atom is given for the calculations.

Complex Chemical shift relative to PorH2 (ppm)

H–N H ; NPyr–H H ; NPyrn–Cu H ; NPyrn

2+0 trans +1.58,+1.59 –1.22,–1.22,–1.23,–1.24 –1.06,–1.07,–1.08,–1.09 –

3+0 trans constr +0.32,+1.51 –0.95,–0.96,–1.21,–1.21 –1.06,–1.07,–1.15,–1.15 –

4+0 constr –0.72,–0.74 –0.79,–0.79,–0.79,–0.80 –0.90,–0.91,–0.91,–0.92 –

3+0 1N –31.37,–31.64 +3.67,+3.69,+3.81,+3.89 +2.87,+2.97 +3.01,+3.01

3+0 1N Zn +0.80,+0.89 –0.75,–0.82,–0.95,–0.98 –0.61,–0.69 –0.61,–0.69

4+0 1N –23.26,–23.31 +2.37,+2.37,+2.68,+2.69 +1.89,+1.90 +1.94,+1.94

4+0 1N Zn +0.68,+0.69 –0.65,–0.66,–0.90,–0.91 –0.47,–0.48 –0.44,–0.44

5+0 1N constr –0.93,–1.07 –0.21,–0.22,–0.66,–0.69 –0.13,–0.24 –0.33,–0.34

2+0 cis +1.82,+2.70 –1.10,–1.15,–1.34,–1.49 –0.91,–1.03,–1.05,–1.12 –

3+0 cis +1.19,+1.74 –0.96,–0.98,–1.29,–1.31 –0.59,–0.65,–0.94,–0.98 –

4+0cis constr +0.37,+1.98 –0.69,–0.77,–0.84,–1.03 –0.11,–0.12,–0.71,–0.71 –

CuPor – – –0.77,–0.77,–0.77,–0.77
–0.78,–0.78,–0.78,–0.78

–

PorH4
2+ +3.43.+3.43

+3.44,+3.46
–1.45,–1.45,–1.45,–1.45
–1.46,–1.46,–1.46,–1.46

– –

experiment +0.82 –0.19 –0.08 –
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Table 8. Metal–ligand distances (pm) in the optimised sitting-atom structures with Fe2+ and 

water (named in the same way as in Table 1).

Complex Metal–ligand distance (pm) Fe

NPyrn NPyrn O / NAn spin

1+0 207.5, 207.5 227.5, 228.3 207.2 3.64

1+0 cis 202.3, 203.4 235.1, 236.0 208.6 3.64

2+0 214.1, 214.2 239.6, 239.6 217.4, 217.4 3.65

2+0 cis 200.2, 204.3 295.1, 300.0 207.2, 214.2 3.69

3+0 221.1, 223.6 238.6, 256.0 223.2, 225.2, 231.8 3.68

3+0 cis 205.7, 209.0 318.4, 318.8 214.9, 218.1, 221.3 3.68

3+0 1N 206.0, 405.9 331.0, 334.1 185.2, 212.4, 213.7 3.66

4+0 237.1, 238.0 258.8, 260.0 228.8, 229.1, 229.4, 229.8 3.70

4+0 cis 214.3, 214.6 358.7, 358.8 210.6, 215.7, 229.5, 236.3 3.72

4+0 1N 214.7, 428.9 349.8, 352.9 187.7, 220.5, 220.6, 225.5 3.70

5+0 1N 225.5, 451.5 364.3, 367.3 192.9, 217.5, 220.3, 226.5, 227.9 3.74

6+0 408.9, 458.2 427.8, 429.3 204.4, 204.7, 218.6, 219.0, 219.8, 229.8 3.75

2(Fe 4+0) 1N 208.0, 545.1

209.2, 547.2

404.7, 408.0

404.5, 412.5

209.2, 213.9, 221.9, 221.9

209.8, 210.6, 215.5, 226.7

3.72

3.72

FePor 206.1*4 - - 3.69

FePor(H2O)2 207.6*4 - 232.7, 232.9 3.82

Fe(H2O)6 - - (212.2,214.7,217.6)*2 3.78
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Table 9. Relative energy of the various SAT complexes with Fe2+ (named in the same way as 

in Table 1). Values in brackets are relative free energies (G), including zero-point and 

thermal effects. 

Complex Relative Energy (kJ/mole) PorH2 distortion

Vacuum Water energy (kJ/mole)

1+0 0.0 0.0 191.4

1+0 cis 12.2 6.6 216.9

2+0 0.0 0.0 167.2

2+0 cis 3.5 -1.1 134.0

1+1 -35.4 -16.9 -

3+0 0.0 0.0 134.5
3+0 1N -42.7 -34.6 (-43.1) 59.0

3+0 cis -13.8 -17.9 112.0

2+1 -24.0 -16.0 (-28.9) -

2+1 cis -40.7 -33.2 -

1+2 -49.7 -25.0 -

4+0 0.0 0.0 91.5

4+0 1N -69.0 -56.3 45.4

4+0 cis -23.6 -23.2 111.1

3+1 -29.0 -22.0 (-48.0) -

3+1 1N -102.4 -78.8 -

2+2 -69.7 -57.8 -

2+2 cis -81.3 -61.8 -

1+3 -93.1 -70.3 -

5+0 1N 0.0 0.0 68.7

4+1 67.4 69.5 (70.6) -

4+1 1N -32.2 -24.7 (-5.2) -

6+0 81.9 46.4 31.1

5+1 1N 22.1 20.6 (9.5) -

4+2 107.1 99.8 -

4+2 1N 0.0 0.0 -

4+2 cis 69.1 66.6 -

3+3 46.4 45.5 -

3+3 cis 48.6 48.3 -
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2+4 14.2 29.5 -

2+4 cis 4.7 19.2 -

1+5 57.8 69.8 -

1+5 cis 72.4 76.4 -

2Fe 4+0 0.0 0.0 90.1
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Table 10. Metal-ion binding energies (kJ/mole) in vacuum and solution for the various 

complexes (named in the same way as in Table 1).

Complex Mg2+ complexes Fe2+ complexes Cu2+– water 

complexes

Cu2+– AN 

complexes

 = 1  = 80  = 1  = 80  = 1  = 80  = 1  = 36.64

1+0 1211.5 390.1 1435.8 610.7 1684.1 851.6 1710.9 838.5

1+0 cis 1196.4 384.0 1423.6 604.1 1665.7 842.1

2+0 1266.1 410.7 1503.3 645.9 1693.6 832.1 1764.3 831.5

2+0 1N 1224.5 370.4 1742.3 868.2 1810.1 862.8

2+0 cis 1258.9 410.6 1499.9 647.0 1750.7 897.3 1809.0 876.6

3+0 1312.3 423.6 1569.3 673.0

3+0 1N 1319.8 431.7 1583.1 690.9 1819.1 908.3 1885.3 900.4

3+0 cis 1327.7 438.4 1612.0 707.6 1856.5 880.2

4+0 1319.7 390.9 1620.2 687.6

4+0 1N 1391.1 473.5 1689.2 743.9 1888.3 959.3 1935.7b 914.8b

4+0 cis 1363.6 436.2 1643.8 710.8

5+0 1N 1451.3 487.7 1766.9 789.3 1993.1a 1009.6a 1977.7c 905.3c

6+0 1509.1 522.4 1808.2 822.6

M(H2O)4 1475.3 878.8 1731.2 862.9

M(H2O)6 1322.1 550.0 1556.4 789.6 1777.6 1016.7 1899.8 913.2

MPor 2866.9 828.8 3123.0 1058.7 3436.9 1377.9 3436.9 1377.9

a The 4+1 complex.

b The 3+1 1N complex.

c The 3+2 1N complex.
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Legends to the figures

Figure 1. Optimised structures of sitting-atop complexes of Mg2+ with various numbers of 

water ligands: (a) 5+0 1N, (b) 5+0 1N cis, (c) 4+0, (d) 4+0 1N, (e) 4+0 cis, (f) 3+0, (g) 3+0 

1N, (h) 3+0 cis, (i) 2+0, (j) 2+0 1N, (k) 2+0 cis, (l) 1+0, (m) 1+0 cis.

Figure 2. Optimised structures of sitting-atop complexes of Cu2+ with various numbers of 

water ligands: (a) 4+0, (b) 3+0 1N, (c) 3+0 CuI 1N, (d) 2+0, (e) 2+0 CuI, (f) 2+0 cis, (g) 2+0 

altcis, (h) 2+0 1N, (i) 1+0, (j) 2(Cu 3+0) 1N, (k) 2(Cu 3+0) CuI 1N. 

Figure 3. Optimised structures of sitting-atop complexes of Cu2+ with various numbers of 

acetonitrile ligands: (a) 4+0 constrained, (b) 4+0 1N, constrained, (c) 4+0 cis, constrained, (d)

3+0 cis, (e) 3+0 cis, constrained, (f) 3+0 1N, (g) 2+0 CuI, (h) 2+0 cis, (i) 2+0 1N, (j) 1+0, (k) 

2(Cu 2+0) 1N, (l) 2(Cu 3+0) 1N, (m) 2 (Cu 2+0) altcis, constrained.

Figure 4. Optimised structures of sitting-atop complexes of Fe2+ with various numbers of 

water ligands: (a) 5+0 1N, (b) 4+0, (c) 4+0 1N, (d) 4+0 cis, (e) 3+0, (f) 3+0 1N, (g) 3+0 cis, 

(h) 2+0, (i) 2+0 cis, (j) 1+0, (k) 2(Fe 4+0) 1N. 

Figure 5. Optimised structures of sitting-atop complexes of Fe2+ with PorHCH3 and two 

water ligands (cis and trans structure). 

Figure 6. Optimised structures of PorH2 hydrogen bonded to two or four water molecules, 

showing that the porphyrin may be expected to be non-planar also in water solution. 
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Figure 1. Optimised structures of sitting-atop complexes of Mg2+ with various numbers of 

water ligands: (a) 5+0 1N, (b) 5+0 1N cis, (c) 4+0, (d) 4+0 1N, (e) 4+0 cis, (f) 3+0, (g) 3+0 

1N, (h) 3+0 cis, (i) 2+0, (j) 2+0 1N, (k) 2+0 cis, (l) 1+0, (m) 1+0 cis.
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Figure 2. Optimised structures of sitting-atop complexes of Cu2+ with various numbers of 

water ligands: (a) 4+0, (b) 3+0 1N, (c) 3+0 CuI 1N, (d) 2+0, (e) 2+0 CuI, (f) 2+0 cis, (g) 2+0 

altcis, (h) 2+0 1N, (i) 1+0, (j) 2(Cu 3+0) 1N, (k) 2(Cu 3+0) CuI 1N. 
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Figure 3. Optimised structures of sitting-atop complexes of Cu2+ with various numbers of 

acetonitrile ligands: (a) 4+0 constrained, (b) 4+0 1N, constrained, (c) 4+0 cis, constrained, (d)

3+0 cis, (e) 3+0 cis, constrained, (f) 3+0 1N, (g) 2+0 CuI, (h) 2+0 cis, (i) 2+0 1N, (j) 1+0, (k) 

2(Cu 2+0) 1N, (l) 2(Cu 3+0) 1N, (m) 2 (Cu 2+0) altcis, constrained.
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Figure 4. Optimised structures of sitting-atop complexes of Fe2+ with various numbers of 

water ligands: (a) 5+0 1N, (b) 4+0, (c) 4+0 1N, (d) 4+0 cis, (e) 3+0, (f) 3+0 1N, (g) 3+0 cis, 

(h) 2+0, (i) 2+0 cis, (j) 1+0, (k) 2(Fe 4+0) 1N. 
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Figure 5. Optimised structures of sitting-atop complexes of Fe2+ with PorHCH3 and two 

water ligands (cis and trans structure). 

a b
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Figure 6. Optimised structures of PorH2 hydrogen bonded to two or four water molecules, 

showing that the porphyrin may be expected to be non-planar also in water solution. 
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b
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