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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 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 Cu?* in acetonitrile,
which has been interpreted as the observation of a SAT complex. However, this interpretation
has been challenged and other investigations have shown that there are many possible SAT
structures. We have recently developed a method to combine quantum mechanical (QM)
calculations and EXAFS fits (EXAFS/QM), which in principle is a standard EXAFS fit that
employs all multiple-scattering information in an optimum and self-consistent way and uses
the QM calculations to ensure that the obtained structures are chemically reasonable. By this
approach, we show that out of 15 putative SAT complexes, structures with the copper ion
coordinating to two cis pyrrolenine nitrogen atoms and two or three acetonitrile molecules fit
the experimental EXAFS spectrum best. However, an equally good fit can be obtained also by

a mixture of the reactant and product complexes.
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Introduction

Biological systems heavily rely on cofactors to support the function of the proteins. One of
the most common and versatile groups of cofactors are the tetrapyrroles. They are built from a
similar framework, consisting of four pyrrole rings fused to a macrocyclic system by four
methine linkages. In the centre of this macrocycle a metal ion is normally bound, giving the
coenzyme its specific properties. Well-known biological examples of tetrapyrroles are haem,
chlorophyll, vitamin B,, and coenzyme F430 [1]. These cofactors are formed by a
complicated biosynthetic pathway, consisting of ~10 steps, the first of which are common to
all tetrapyrroles. One important and interesting step in this pathway 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, SAT is a complex of a doubly protonated porphyrin ring with a metal ion,
where the latter coordinates to both of the pyrrolenine nitrogen atoms. The protons on the two
pyrrole nitrogen atoms prohibits the metal ion to go into the centre of the porphyrin plane;
instead, it will reside above the ring plane and form bonds to some solvent molecules. This
complex has been much discussed. SAT complexes of porphyrins with Pt**, Cu®*, and Rh*
have been reported [15—17] and kinetic evidence indicates that it exists for some other ions

[18-21]. On the other hand, no crystal structure of a SAT complex has been presented.



However recently, SAT complexes of Cu®" with various porphyrins in acetonitrile have been
characterised by kinetic measurements, extended X-ray absorption fine structure (EXAFS)
spectroscopy, and nuclear magnetic resonance (NMR) [3,22,23]. The authors interpreted the
data as a six-coordinate complex with three kinds of Cu—N interactions, viz. bonds to the
pyrrolenine nitrogen atoms of the porphyrin (205 pm), equatorial acetonitrile nitrogen atoms
(198 pm), and axial acetonitrile nitrogens (232 pm) [3]. These results have recently been
challenged, however, suggesting that other species have been observed, e.g. a doubly
protonated porphyrin molecule, as well as the reactant and product of the reaction (copper—
acetonitrile complexes and the copper porphyrin) [24-26].

Recently, we performed a quantum mechanical (QM) study of SAT complexes of Mg,
Fe*" and Cu** with porphine in water and acetonitrile solution [27]. It suggested that there are
a large number of possible structures for the SAT complex, with 1-5 solvent molecules, one
or two metal ion, and cis or trans protonation of the porphyrin ring. A structure with only one
bond between the porphyrin and copper and 3-5 acetonitrile molecules or a structure with two
bonds between the cis-protonated porphyrin and copper and 2—4 acetonitrile molecules fitted
the experimental EXAFS and NMR data best and were also low in energy. However, it could
not be excluded that only the reactants and products were observed. The QM structures were
later used to propose a full reaction mechanism for the metallation of porphyrin in water
solution [28].

In this paper, we will try to decide which of the theoretical structures [27] fit the
experimentally observed EXAFS for Cu* in acetonitrile [3,22,23]. To this end, we employ a
newly developed technique to combine EXAFS refinements with QM calculations [29]. In
essence, the QM calculations are allowed to supplement the EXAFS data in the same way as
molecular mechanics calculations are used to supplement the experimental data in

crystallographic and NMR refinements of protein structures [30,31].



Methods

The EXAFS/QM method

We have recently developed a technique to combine quantum mechanical (QM) geometry
optimisations with EXAFS refinement, EXAFS/QM [29]. This method is implemented in the
program ComQuMm-EXAFS. The approach is analogous to the use of molecular mechanics (or
even QM [32,33]) to supplement the experimental data in crystallographic and NMR structure
refinement [30,31]. For all three methods, there is not enough information in the experimental
data to determine the positions of all atoms in the structure (except in the most accurate
crystal and NMR structures) [34]. Therefore, computational chemistry is used to make the
bond lengths and angles chemically reasonable. Thereby, a structure is obtained that is
consistent with both the experiment and computational data.

This is accomplished by defining an energy function

Eiot = Wexars Egxars + Wom Eqm (D

Here, Equ is the standard QM energy and Egxars is an EXAFS pseudo-energy describing how
well the current model (coordinates of all atoms) fit the EXAFS data. There are several such
goodness-of-fit parameters, and we have quite arbitrarily selected 2, as defined by the
IFEFFIT software [35]. These two energies have different units (Eqy is in energy units, e.g.
kJ/mole, whereas Egxars is unit-less. Therefore, the two terms need to be weighted by wexars
and wqum, which determines the relative importance of the EXAFS and QM data (strictly
speaking, only one weight is needed, but for practical reasons, it is convenient to have two
weights [29]). Considering the typical accuracy of the two methods (+2 pm for metal-ligand
bond lengths in EXAFS and +6 pm for the QM optimised structures [34,36-38]), the weights
are selected to give metal-ligand distances that are converged towards the EXAFS preference
to within 1 pm (this is obtained by increasing wexars until the distances do not change) [29].

The energy function in Eqn. (1) is then used in a standard QM geometry optimisation, in
which the forces are calculated by differentiation of this equation. EXAFS forces are obtained
by numerical differentiation (with a step length 10~ pm [29]) for the first-shell atoms along
the metal-ligand bonds (this gives essentially the same result as a full numerical

differentiation in all three Cartesian coordinates but it takes only a third of the time [29]). The



method has been thoroughly tested and has been shown to perform well and give accurate
structures for a symmetric Ni(II)Ns structure and a less symmetric Cu(II)S,N, model complex
with known structures [29]. In fact, the EXAFS/QM structure is normally improved over a
standard EXAFS structure, because it takes into account all available multiple-scattering
information in an optimum way. This is of great significance in the present case, where
multiple-scattering paths can be expected to be very important for both the porphyrin and the
acetonitrile ligands (both contain second- and third-shell atoms in a nearly linear geometry).
For each model in the present investigation, typically 12 separate EXAFS/QM calculations
were performed, using different values of the two weight factors in Eqn. (1): wom =1,0.1, and
0.01, and wexars = 107, 10*, 1073, and 1072 (test calculations with wqy = 0 were also
performed to see how low values of x%.q can be expected). Only the result with the lowest
value of y*.q is presented (but still with a reasonable AEqy, i.e. the QM energy difference

between the EXAFS/QM structure and the structure optimised in vacuum).

Model systems

The calculations in this paper are based on the best structures obtained by our previous QM
optimisations in vacuum [27]. They are all complexes of Cu?*, acetonitrile (AN, CH;CN) and
porphine (PorHo, 1.e. a porphyrin without any side chains; the side-chains are always >600 pm
from the metal ion and should therefore not influence the EXAFS spectrum), with two pyrrole
rings protonated either in trans or cis. Only solvent molecules in the first coordination sphere
were included in the calculations.

Based on our previous results [27], we have restricted the investigation to nine best
complexes, which are shown in Figure 1 and described in Table 1: Complexes with the
pyrrole rings protonated in trans and with 2—4 AN molecules, complexes with the pyrrole
rings protonated in cis and with 2—4 AN molecules (both the cis and trans complexes have
two bonds between the porphyrin and copper), and complexes with only one bond between
copper and the porphyrin and 3—5 AN molecules (to still give a total coordination number 4—
6; in these complexes, the porphyrin ring is protonated in trans). These complexes will be

called trans-2, trans-3, trans-4, cis-2, cis-3 cis-4, IN-3, IN-4, and 1N-5 in the following



(Figure 1). The IN complexes are not SAT complexes in the strict sense defined in the
introduction, but they still provide a possible interpretation of the experimental data and they
are most likely intermediates in the metallation reaction [28].

It should be noted that all complexes with many AN ligands (trans-3, trans-4, cis-4, 1N-4,
and 1N-5) were obtained by constrained optimisations in which the five or six Cu—-N distances
were constrained to values suggested by the EXAFS results [3] (Cu—Npyr, = 205 pm,
equatorial Cu—Nan = 198 pm, and axial Cu—Nan = 232 pm; Npyr, 1s the deprotonated
pyrrolenine nitrogen atoms in the porphyrin ring; Cu®* is Jahn—Teller unstable — therefore it
will typically have four strong equatorial ligands in a square plane and one or two weaker
axial ligand orthogonal to this plane; cf. Table 1); otherwise some of the ligands would
dissociate. As discussed before [27], this preference of the copper models for a low
coordination number may be an artefact of the omission of AN molecules in the outer
coordination shells.

In addition, we have also studied possible reactant and product complexes: Cu(AN),**,
Cu(AN)s** (in both square pyramidal and trigonal bipyramidal geometry), Cu(AN)¢**, CuPor,

and CuPorAN,. These are also described in Figure 1 and Table 1. The doubly protonated
porphyrin molecule, also suggested to have been observed experimentally (by NMR) [24-26]

does not involve any Cu ion and is therefore not observed in the EXAFS experiments.



QM calculations

The QM calculations (both vacuum geometry optimisations and in the EXAFS/QM
method) 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 [39,40]. These calculations employed the 6-31G* basis set for all atoms, except for
Cu, for which we used the DZP basis set [41]. The latter basis set is slightly smaller than the
one used in the previous QM investigation [27], because frequency calculations were needed,
which are not possible with f-type functions. However, the structures reoptimised with this
basis set were essentially identical to those obtained with the larger basis set (to within 2 pm
in the Cu-N distances) and the energy changed by less than 1 kJ/mole.

BP86 calculations were sped up (by a factor of ~5) by expansion of the Coulomb
interactions in auxiliary basis sets, the resolution-of-identity approximation [4243].
Calibrations have shown that the geometry of the complexes do not change significantly if the
basis set is increased [27]. The changes in the geometry was also minimal if the optimisations
were performed in a continuum solvent with the same dielectric constant as AN [27].
Therefore, all QM calculations were performed in vacuum.

All the QM calculations were carried out with the Turbomole software, version 5.6 [44].
Unrestricted open-shell theory was employed for all calculations (Cu?* is a doublet). We made
use of default convergence criteria, which imply self-consistency down to 10-° Hartree
(0.0026 kJ/mole) for the energy and 10~ a.u. (5.0 kJ/mole/A) for the maximum norm of the

gradient.

EXAFS calculations

We used the program FEFF8.20 [45] to calculate the theoretical EXAFS scattering
amplitudes and phase shifts. All EXAFS fits were performed with IFEFFIT-1.2.5 software
[35]. If not otherwise stated, the EXAFS fits were performed in the following way: Only
copper, nitrogen, and carbon atoms were considered (i.e. no hydrogen atoms). All possible
paths with up to six scattering legs (NLEG = 6) and with a maximum effective half-path

length (RPATH) of 800 pm were generated by FEFF. Paths with ¢ and curved-wave



amplitudes less than 2.5 and 1% of that of the path with the largest amplitude were discarded
(CRITERIA). In practice, IFEFFIT cannot handle more than 256 paths [35]; therefore only
the 256 paths with the highest amplitude were included in the fits (with 1-6 % of the
maximum amplitude). In the EXAFS/QM calculations, degeneracy, if any, was removed by
duplicating the paths.

The present complicated structures, often without any symmetry, provide a challenge for
the EXAFS fits, with 4-6 atoms in the first shell, but 20 heavy atoms in the outer shells of the
porphyrin ring (at a distance of typically 300-500 pm) and 4-8 additional heavy atoms in the
AN ligands (in a linear fashion). Therefore, the SAT models (cis, trans, and 1IN structures)
have 8-15 shells of single-scattering paths and a multitude of multiple-scattering paths with
significant amplitude. Of course, the EXAFS data do not allow the fit of that many parameters
(the estimated number of independent degrees of freedom is 29). Therefore, we needed to
strongly restrict the number of fitted parameters.

In particular, the Debye—Waller factors (DWFs) of the paths provide a problem, being
different for all the individual paths. We solved this problem by employing the QM method
also to calculate the DWFs [29]. The FEFF program offers three different methods to obtain
DWFs [45], but the standard correlated Debye model does not work properly for non-
homogeneous systems. Instead, we used the equation-of-motion method, which has been
shown to work properly for a diverse set of model complexes [46]. However, this method
requires a set of force constants for all the chemical bonds (and optionally also for the angles)
in the molecule. Such force constants are quite hard to obtain by experimental methods, but
they can easily be obtained by QM calculations. Therefore, we performed a QM frequency
calculation for the vacuum optimised structure of each of the 15 complexes in Figure 1 and
extracted force constants for all bonds and angles in the complex, using the method of
Seminario [47,48]. These force constants were provided to the FEFF program, leading to a
reasonably accurate estimate of the DWFs for all the paths in the complexes [29]. The DWFs
were calculated for the experimental temperature (298 K) [3], with the the WMAX and
DOSFIT parameters set to 2 and 0.5, respectively. Sample input files for FEFF and IFEFFIT

programs are included as supplementary material for the cis-2 complex and they show the



typical size of the calculated DWFs. Our previous calibrations have shown that DWFs
estimated by this equation-of-motion method differ from the corresponding fitted factors for
first-shell interactions by 10-30% [29]. This may have quite a large influence on the
goodness-of-fit parameters (e.g. %*.q), but it has a negligible effect on the fitted distances (<1
pm).

With these calculated DWFs, only one parameter was fitted by IFEFFIT in the EXAFS/QM
approach, viz. a single E, for all paths. This makes the fit for all the various complexes
identical and therefore the results should be completely comparable. In the pure EXAFS fit,
1-3 shells of Cu-N distances (Cu—Npym,, equatorial Cu—Nay, and axial Cu—Ny distances; the
same change in bond distance was applied also to the two carbon atoms in the AN molecule,
because AN is completely linear) were also fitted in addition to Ej. All coordination numbers
were fixed during the fit. Likewise, the amplitude factor Sy* was kept at 0.9. For the mixtures,
each molecule had its own value of Sy, but their sum was still constrained to 0.9.

All EXAFS fits use the experimental data for the putative SAT complex of Cu and
tetraphenylporphyrin in acetonitrile described before [3,22,23]. The fitting range was the same

as in the original EXAFS investigation, k = 2—-14.5 A'andR'=0.845A [3,22,23].
Essentially the same results are obtained if a different fitting range is used (e.g. k = 2-11.0 A-!;

the ordering of the various complexes do not change at all and the fitted distance hardly
change, whereas the absolute values of quality criteria change quite strongly). Fitting in k

space, instead of R' space, does not change the results.

Result and Discussion
EXAFS fits based on the QM structures

We started the investigation by simply performing an EXAFS fit to each of the 15 QM
optimised structures. In these fits, only E, was optimised, because DWFs estimated from the

calculations were used throughout. All distances and coordination numbers were kept fixed. In
this way, all structures were treated on an equal footing, making the comparison more reliable.

The results of these calculations are collected in Table 2. It can be seen that the cis-2 complex

10



gives the best fit (y%.q = 2.3), followed by the trans-3, cis-4, cis-3, and 1N-4 complexes (Y red =
3.3,3.4,3.8, and 4.0 respectively). The reactant and product complexes fit the experimental
data poorly.

If we fit also 1-3 distances to the first-shell ligands (Npy, as well as equatorial and axial
Nan atoms; the latter two distances were also used for the single-scattering paths for the two
carbon atoms in the AN molecules, because AN is linear) a similar result is obtained (Table
3). Of course, * is reduced for all the complexes, but %.q (Which also takes into account the
increased degrees of freedom) is improved only for a third of the complexes. The same five
complexes (cis-2, cis-3, trans-3, cis-4, and 1N-4, in this order) are still the best one (with %?.q
=22,2.7,3.5,3.5,and 4.0), but the cis-3 complex has now advanced to the second position.
The change in the distances for the equatorial AN ligands are small (0-2 pm), even if the
distances vary from 195 to 203 pm. For the Cu—Nj,,, distance, the changes are larger 1-14 pm
and as much as 32 pm for the trans-2. For the axial AN ligands, an improvement in y?.q was

found only for the 1N-4 and 1N-5 structures, with an increase of 27 and 20 pm, respectively.
However, it should be noted that neither of the fits are full satisfactorily: As is shown in
Figure 2, several peaks remain poorly described, although all multiple-scattering paths with
up to six legs were included.

We have also tried to improve the fits further by varying additional single-scattering
distances (for all SAT models, nearly all porphyrin and AN atoms contribute with significant
single-scattering paths). Interestingly, this did not lead to any true improvement in any of the
complexes. For most complexes, y%*.s could be reduced (down to 1.8 for the cis-2 complex),
but only for changes in distances that lead to chemically unreasonable structures (with severe
disruptions in the porphyrin ring, e.g. C—N or C—C bonds that differ by >20 pm from their
ideal bond lengths). Therefore, these fits were not considered realistic and the results are not
tabulated. Instead, these results indicate a misfit between the experimental spectrum and the
studied structures. This can have two explanations: Either the correct structure is not included

in the investigation (i.e. among the structures in Figure 1) or the EXAFS spectrum is not of a

11



single structure but of a mixture of several different structures. These two possibilities will be

tested in the next two sections.

EXAFS/QM results

In order to check if other structures may fit the EXAFS results better, we performed a set
of calculations with our new EXAFS/QM program. In this approach, we run a geometry
optimisation that employs both the QM and EXAFS information. In principle, the EXAFS
data is allowed to improve the structure as much as possible, but the QM calculations ensure
that the structures are always chemically reasonable (i.e. that the bond lengths and angles are
close to ideal). The calculations also ensure that any change in a certain distance, caused by
the EXAFS data, is propagated to all other multiple-scattering paths involving that distance in
a self-consistent manner, in variance to a standard EXAFS fit. Calculations were started from
all the 15 models in Figure 1 and EXAFS forces were calculated for the metal ion and all the
first-shell atoms individually (57 atoms).

A strong improvement is observed for most of the complexes, but the best ones are still
almost the same: The cis-3 complex has the lowest value of *.q, 1.6, but that of the cis-2
complex is almost the same (1.7). The cis-4, trans-3, and 1N-4 complexes have somewhat
higher values (2.7-3.0). The reactant and product complexes are still appreciably worse than
all the SAT structures.

In general, the changes in the Cu—Npy.,, and equatorial Cu—Nan bond lengths are rather
small (0-9 pm), but for the weak axial AN ligands, they are frequently larger (up to 36 pm). In
two cases (trans-2 and CuPorAn,), larger changes in the Cu—Npy, distances are observed (—18
and +21 pm, respectively). For trans-2, it leads to normal (but unfavourable in this crowded
complex) Cu—Npym bond lengths of 205 pm, whereas for CuPorAn,, only one of the four Cu—
Npym bonds is affected, leading to an unexpectedly long bond (224 pm). In both cases, this is

accompanied by the largest observed AEqw strain energies, 16 and 20 kJ/mole (AEqu is the

energy difference of the complex optimised in vacuum and by EXAFS/QM). Of course, less

12



strained structures can be obtained with smaller values of wgxars in Eqn. (1), but this also
leads to higher values of y’.q, indicating a misfit between the EXAFS data and quantum
chemistry (i.e. chemical sense).

It is notable that all the EXAFS/QM calculations were performed without any constraints
in the Cu—N distances, in variance to the original QM optimisations for five of the complexes
(cis-4, trans-3, trans-4, 1N-4, and 1N-5), in which constraints to the originally suggested
EXAFS distances were needed to obtain the desired structures (otherwise, the axial ligands
dissociated). Interestingly, stable structures with all Cu—N distances shorter than 300 pm were
obtained for all complexes, showing that the EXAFS forces are enough to allow for such
structures, even if they cannot be found in the QM potential alone.

In a few cases, the structure reorganises completely. This is expected and represents one of
the advantages with the EXAFS/QM method — it allows the structure to change qualitatively
if the starting structure is incompatible with the EXAFS data. However, in all cases, the
resulting structure is identical to one of the other 14 studied structures. This indicates that the
selected set of starting structures is essentially complete and that it is unlikely that we have
missed any important structure.

The most notable result is the large variation in the optimised Cu—N distances. Thus, the
Cu—Npyr, distances vary from 197 to 205 pm (200-224 pm for CuPorAn,), the equatorial Cu—
Nan distances vary from 194 to 207 pm, and the axial Cu—Nay distances from 223 to 285 pm.
These are quite different from the originally suggested distances: 205, 198, and 232 pm,
respectively [3]. These where interpreted in terms of the trans-4 model, but it can be seen in
Table 4 that even this model gives quite different distances (197-204, 198-205, and 227-265
pm). This clearly shows that the interpretation of the EXAFS data strongly depend on the
working model of the structure (i.e. the structure fed into FEFF) and that there are numerous
local minima in the EXAFS parameter space. Thus, EXAFS distance can only be trusted if a

correct model is used and chemical sense is included, e.g. by computational chemistry.
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All the EXAFS/QM structures have been obtained with quite strong weights towards the
EXAFS data. A way to check that this weight is not too large, so that the structures are no
longer chemically reasonable is to calculate the QM energy of the structures compared to the
corresponding structure optimised in vacuum. These energies (AEqu) are shown in the last
row in Table 4. It can be seen that they are all rather small, 0—11 kJ/mole (besides the two
cases mentioned above). In general, for reasonable values of the weight factors, the strain
energy should be less than 5-7 kJ/mole [29], and this is the case for all complexes, except cis-
4, trans-2, trans-3, and CuPorAn,. For one complex, trans-4, AEqu is actually negative. The
reason for this is that the reference QM structure involved constraints to the originally
suggested EXAFS distances and the final EXAFS/QM structure was actually more stable than
such a constrained structure.

Thus, we can conclude that the cis-2 and cis-3 structures are the best candidates for the
putative SAT complex. Unfortunately, neither of these structures give any fully satisfactorily
fit to the experimental EXAFS data (Figure 3). Therefore, it seems that the experimental

spectrum may contain a mixture of several different structures.

EXAFS fits of mixtures
As mentioned above, an alternative explanation of the misfit between the experimental and
structural data may be that the experiments are performed on a mixture of several species. In

fact, it has been suggested that no SAT structure is actually observed but instead a mixture of
the reactant and product complexes (as well as a doubly protonated PorH, molecule) [24-26].
Therefore, we also performed a weighted fit of CuAn, (or CuAns or CuAng) and CuPorAn,
(or CuPor). The results are shown in Table 5 and it can be seen that the best fit was obtained
for 0.5 CuAn, + 0.4 CuPorAn,, which gave a y?.q of 2.5, i.e. close to that of the best SAT
model, cis-2, with a comparable method (.t = 2.2; cf. Table 3). We also tried mixtures

involving cis-2 and CuAny (or CuAns or CuAng) and CuPorAn;, (or CuPor), either alone or

14



both together, but this did not lead to any strong improvement and the fits were strongly
dominated by cis-2 (0.7 or higher).

This led us to do a more detailed comparison of the performance of the cis-2 complex and
the CuAn, + CuPorAn, mixture (also in Table 5) by fitting also some distances and DWFs. It
turned out that the cis-2 complex was not sensitive to the DWFs of the first-shell paths, but
the mixture was significantly improved. Moreover, if we also fitted a single DWF for all the
other paths, both fits were strongly improved. In fact, both systems ended up with exactly the
same value of %4, 1.65. This shows that the goodness of the fits is strongly affected by the
DWFs . The calculated DWFs for the cis-2 complex are 0.0055-0.0059 (Cu-AN), 0.0053-
0.0065 (Cu-Npym), and 0.0114 (average of the other paths), compared to the fitted values of
0.0029, 0.0039, and 0.0106. For the CuAny4 + CuPorAn, mixture, the calculated DWFs are
0.0035 (Npym), 0.0026 (axial AN), 0.0045 (equatorial AN), and 0.0086 (average of the other
paths), compared to the fitted values 0.0037, 0.0026, 0.0027, and 0.0130.

Unfortunately, this leads us to the conclusion that we can still not unambiguously decide
whether a SAT complex is observed for Cu** in acetonitrile or not. It is clear that if it is
observed it is undoubtedly of the cis type with two or three AN ligands. However, a mixture
of the substrates and the products is predicted to give a very similar EXAFS spectrum, which
fits experimentally spectrum equally well. From the comparison of the fits in Figure 4, it is
hard to decide which is the better one. Instead, it is clear that both fits are far from perfect —
both fits have the proper number of peaks, but most of them are displaced in both radial
distance and intensity. The reason for this is probably that the experimental spectrum is quite
noisy, as can be seen in the plot of k*x(k) vs. k. Moreover, the experimental sample may be a
more complicated mixture of complexes — Cu®* with its strong Jahn—Teller effect is well-
known to have very week axial ligands that may form a gradual transition between

coordinated and dissociated complexes.
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Conclusions

In this paper, we have combined EXAFS fits and computational chemistry to decide which
of the previously identified theoretical SAT structures of Cu®" in acetonitrile [27] fit the
experimentally observed EXAFS [3,22,23] best. We have shown that several of these
structures give reasonable fits to the experimental EXAFS spectrum without fitting anything
except Eo. However, the spectrum is only slightly improved by fitting also the distances to the
first-shell atoms. In particular, no improvement is obtained if second-shell atoms are also
fitted; instead, such a procedure leads to chemically unreasonable bond lengths within the
porphyrin ring, indicating a misfit between the experimental and theoretical data.

We therefore also used our recently developed EXAFS/QM method in which the EXAFS
and QM data are used in a balanced and self-consistent manner to obtain a complete structure
that is the optimum compromise between the EXAFS and QM data. Thereby, we can employ
all multiple-scattering information in the structure, while always ensuring that the structure is
chemically reasonable. The procedure allows the structure to change qualitatively if there is a
misfit between the EXAFS and QM data. By such an approach, significantly improved
structures are obtained and we get a measure (AEqu) how strained the structure is (i.e. how
much it diverge from chemical sense). All these results consistently points out the cis
complexes as the best interpretation of the experimental data. However, the fits are still not
fully satisfactorily.

Instead, we have shown that fits of an equal quality can be obtained by simply using a
mixture of the QM structures of the reactant (CuAn,) and the product (CuPorAn,). However,
the fit is still not fully satisfactorily and if further distances are fitted (within the porphyrin
ring), chemically unreasonable distances are obtained.

Therefore, we need to conclude that we still cannot with certainty discard or confirm the

experimental observation of SAT complexes of Cu®* and tetraphenylporphyrin in acetonitrile

16



solution. Clearly, none of the 15 complexes in this investigation satisfactorily fits the
experimental data. Of course, we can never exclude the possibility that we have overseen the
proper SAT structure. However, we have based the investigation on a very extensive QM
study of putative SAT structures, involving 34 converged structures and a great number of
additional tested structures [27]. From these, we have selected the 15 best structures (in terms
of energies and their fit to the experimental data) for this detailed comparison to the EXAFS
data. Moreover, we have employed a method (EXAFS/QM) that allows the structure to
change during the optimisation, and we have shown that in the few cases where the structure
actually changes, it only gives another structure already considered. This makes it quite
unlikely that we have missed any important structure. Instead, a more probable reason for the
misfit is that the experimental data represents a mixture of several chemical species, e.g. with
a varying number of axial ligands. This, in combination with the problem of estimating
reasonable values of the DWFs (especially for the multiple-scattering paths) and the rather
poor quality of the EXAFS data, may explain the poor fit of the experimental EXAFS
spectrum.

In conclusion, we find no certain evidence for that a SAT complex of any type is observed
experimentally for Cu** in acetonitrile. Instead, the present results indicate that the
experimental data is equally well interpretations as a mixture of the reactant and products, as
well as the doubly protonated porphyrin, as has been suggested before [22—24]. This is the
best conclusion that can be reached by the available EXAFS data and it is based on a method

that takes into full account all the available multiple-scattering information in the data.
Finally, we believe that the present application nicely illustrates the strength of the
EXAFS/QM method [29]. EXAFS fits traditionally only give quite restricted (but very
precise) information about the nearest neighbours of the metal of interest and it is quite hard
to take advantage of the detailed information in the spectra (angular information from
multiple-scattering paths) without the use of a full atomic model of the sample. Moreover,

many nuclear configurations may give fits of a similar quality to the EXAFS data. The
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EXAFS/QM method solves several of these problems: It gives a full atomic model of the
complexes (coordinates of all atoms). By employing such an atomic model of the complex
and explicit numerical EXAFS forces, we get a completely consistent description of the
complex that actually is better than that obtained from a standard EXAFS fit, even without
any QM information (because changes in the length of one path is automatically propagated
to all other paths involving that distance). Moreover, the atomic model allows us to fully
employ all information available in the multiple-scattering paths.

In addition, the QM data provides several advantages. First, the QM geometry
optimisations provide us with starting structures involving a full atomic detail. It should be
noted that the data in Table 2 and 3 entirely rely on starting structures from QM. Second, the
QM data ensure that the structures are always chemically sensible even when the distances are
allowed to change to improve the fit to EXAFS data. Even better, the QM calculations
provides a measure (AEqu) of how chemically sensible the structure is. Experience has shown
that AE, < 5-7 kJ/mole for reasonable structures (owing to small, but systematic, errors in the
QM method).

Third, the QM method allows us to estimate reasonable DWFs for all paths. This is
mandatory in an investigation including multiple-scattering because the number of paths
rapidly grows larger than the number of independent degrees of freedom in the experimental
data. Moreover, the DWFs of the paths often have quite varying magnitudes making it hard to
guess their values.

The only disadvantage with the EXAFS/QM method is that it does not provide structures
that are required by the experimental data, only structures that are consistent with the data, 1.e.
the best possible structure involving the including atoms and reasonably close to the starting
structure [29]. However, this is a rather small disadvantage that also applies to normal EXAFS
fits. It is solved by testing and comparing several reasonable structures, as in the present
investigation. Of course, the EXAFS/QM method is appreciably more time consuming than a
standard EXAFS fit. For the present models, the calculations took between one hour and two
days, depending on the size of the model and the number of iterations before convergence on

a standard personal computer (~2.5 GHz). Calculations with different wom and wexars weights
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can trivially be run in parallel.

In conclusion, we believe that the EXAFS/QM method may become a standard tool in the
interpretation of EXAFS spectra. In particular, it is a very powerful method in cases similar to
the present, where the goal is to decide which of a number of possible structures fit

experimental EXAFS data best.
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Table 1. Metal-ligand distances (pm) in the optimised SAT structures with Cu?* and AN,
optimised by pure QM in vacuum. N, and Npy, are the pyrrolenine and pyrrole nitrogen
atoms in the porphyrin ring (i.e. the nitrogen atoms without or with a hydrogen atom).
Distances in bold face without any decimal have been constrained to the suggested EXAFS

distances in the optimisation (otherwise these ligands dissociate) [27].

Complex  Metal-ligand distance (pm)

Neym Ny Nan
cis-2 201.4,204.2 317.2,329.3 199.4,200.3
cis-3 207.0,2074 332.1,333.6 202.8,203.2,225.2
cis-4 205, 205 367.0,368.3 198,198, 232,232

trans-2 223.4,223.3 282.2,282.2 198.9,198.9
trans-3 205,205 263.5,302.1 198,198,232
trans-4 205,205 309.5,310.0 198,198, 232,232

IN-3 208.2,4579 361.6,375.3 198.5,200.2,200.2

IN-4 205,4539 364.9,365.0 198, 198,232,232

IN-5 205,488.6 391.4,392.6 198,198,198, 232, 232

CuPor 202.6%4 - -

CuPorAn, 203.2%4 - 297.0,2974

CuAn, - — 196.2,196.2,196.2, 196.2

CuAnstbp - - 197.6,197.6,205.5, 205.5,205.5
CuAns sqpy — - 199.4,199.5,199.6, 199.6,215.2
CuAng — — 200.6, 200.6, 200.6, 200.6, 238.3, 238.8
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Table 2. Results of the EXAFS fits to the QM optimised structures without fitting any

distances (i.e. only E, was fitted).

Complex Ey x> Yied  Riactor
cis-2 12.8 63 226 0.107
cis-3 17.2 105 376 0.178
cis-4 12.9 95 339 0.161
trans-2 15.5 328 11.74  0.557
trans-3 129 92 329 0.156
trans-4 13.5 137 490 0.232
IN-3 12.6 111 397 0.188
IN-4 11.3 201 7.18 0.341
IN-5 114 133 476 0226
CuPor 16.6 632 22.64 1.073
CuPorAn, 17.6 822 2941 1.394
CuAny 8.7 533 19.08 0.905

CuAns tbp 14.4 403 1442 0.683
CuAns sqpy 13.6 377 1348 0.639
CuAng 13.5 309 11.05 0.524
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Table 3. Results of the EXAFS fits to the QM optimised structures, in which the distances to

the first-sphere ligands were fitted (in addition to Ey). Error ranges are given for the fitted

distances.
Complex Eov % Yed Reucor Cu — N distance (pm)
N1 N2 N3 N4 N5 N6

cis-2 126 57 2.19 0096 1971 1981 2031 206=1

cis-3 146 70 271 0.119 202+3 203 =3 201 x4 201=4 225

cis-4 12.1 90 348 0.153 198 +1 198 +1 203+2 203+2 232 232

trans-2 10.5 218 8.39 0.369 199+3 199+3 256+6 256+6

trans-3 123 90 347 0153 1971 1971 2041 2041 232

trans-4 13.0 135 520 0229 198 £2 198 £2 2042 204 +2 232 232

IN-3 12.1 105 4.03 0.177 1995 195+5 196 £20 201 =20

IN-4 87 131 525 0222 199+4 199+4 198+13 2596 259+6

IN-5 1981 198+1 1981 2074 252+8 252=
10.7 124 499 0.211 8

CuPor 145 624 2317 1059 201 =1 201 =1 201 =1 201 =1

CuPorAn, 2021 2021 202+1 202+1 287+4 287 =+
152 609 23.49 1.034 4

CuAny 9.1 530 19.68 0.899 1971 1971 1971 1971

CuAnstbp 13.3 386 14.89 0.655 1972 1972 2032 203+2 2032

CuAns sqpy 13.0 359 13.84 0.609 1991 1991 2001 200+1 229=+11

CuAng 2001 2001 2001 2001 2325 232+
13.8 287 11.08 0.488 5
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Table 4. Results of the EXAFS/QM calculations.

Complex Eyv % %%ed Rictor Cu — N distance (pm) AEqum

NI N2 N3 N4 N5 N6 klJ/mole
cis-2 112 47 1.7 0079 1944 200.6 201.8 203.0 1.3
cis-3 12.7 45 1.6 0.076 199.1 200.1 202.6 202.7 233.8 2.8
cis-4 13.0 75 2.7 0.127 1994 201.6 197.2 205.3 2329 234.1 11.1
trans-2 154 149 5.3 0.252 199.7 1999 205.3 205.3 15.5
trans-3 11.2 82 3.0 0.140 1958 197.2 2034 203.7 231.3 8.1
trans-4 13.8 137 49 0232 1969 2039 1984 205.3 227.3 265.1 -3.6
IN-3 122 104 3.7 0.176 200.5 200.8 201.1 201.3 1.3
IN-4 11.6 84 3.0 0.143 200.1 200.1 200.7 250.5 267.7 20
IN-5 132 107 3.8 0.182 196.1 201.7 202.5 203.2 222.8 2430 0.9
CuPor 152 615 22.0 1.043 2014 2014 2014 2014 0.5
CuPorAn, 20.8 215 7.7 0.364 199.5 206.1 224.3 205.6 284.8 284.8 20.2
CuAn, 12.2 508 18.2 0.863 199.3 199.3 199.3 199.3 2.1
CuAnstbp 132 240 8.6 0407 201.8 202.0 196.6 198.1 228.6 2.7
CuAnssqpy 139 218 7.8 0.369 2029 194.6 203.1 200.5 229.6 4.6
CuAn, 154 186 6.7 0.316 198.1 207.5 201.9 199.5 229.1 239.1 1.7
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Table 5. Results of the EXAFS fits to mixtures. If not otherwise stated, £, as well as 2—6 first-
sphere Cu-N distances were fitted. The corresponding fits for the cis-2 complex alone are also

included for comparison.

Complex S Ey % %ed Recor
1 2 3 1 2 3

CuAns CuPor 0.58 0.32 16.0 105 4.39 0.200
CuAng CuPorAn, 0.50 040 15.8 94 3.93 0.160
CuAns tbp  CuPor 045 045 13.6 145 6.07 0.247
CuAns sqpy CuPor 0.52 0.38 15.5 138 5.75 0.233
CuAny CuPor 048 042 130 71 2.86 0.121
CuAny CuPorAn, 0.50 0.40 125 60 2.52 0.102
CuAny CuPorAn, (a) 046 044 11.9 49 2.32 0.083
CuAny CuPorAn, (b) 045 045 12.3 33 1.65 0.056
cis-2 CuPor 0.76 0.14 13.0 46 191 0.077
cis-2 CuPorAn, 0.77 0.13 126 43 1.87 0.073
cis-2 CuAne 0.85 0.05 12.5 57 2.36 0.096
cis-2 CuPorAn, CuAns 0.69 0.14 0.07 13.0 42 2.11 0.071
cis-2 CuPorAn, CuAn, 0.70 0.10 0.10 123 48 2.11 0.082
cis-2 0.90 126 57 2.19 0.096
cis-2 (c) 0.90 124 57 2.37 0.096
cis-2 (d) 0.90 11.1 38 1.65 0.064

(a) In this fit, three DWFs were also fitted, viz. for the Cu—N,y path in CuAn, and for the Cu—
Npym and Cu—Nyy paths in CuPorAns,.

(b) In this fit, four DWFs were also fitted, viz. the same as in footnote (a) above and a fourth
DWEF for all the other paths in both complexes.

(c) In this fit, two DWFs were also fitted, viz. for the Cu—Npy,,, and Cu—Nyuy paths.

(d) In this fit, three DWFs were also fitted, viz. the same as in footnote (¢) above and a fourth

DWEF for all the other paths.
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Figure 1. Complexes considered in this investigation.

trans-4 cis-2

cis-3 cis-4

28



IN-5 Cu(AN)2"

Cu(AN):* trigonal bipyramidal Cu(AN)s* square pyramidal
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Cu(AN)¢** CuPor

CuPorAn;
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Figure 2. Comparison of the EXAFS raw data (blue) and the fit of cis-2 complex, involving

E, and two Cu-N distances (red), displayed as Fourier-transformed magnitude (k*-weighted,

no phase correction) vs. R', and k*y(k) vs. k.
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Figure 3. A comparison of the EXAFS raw data (blue) and the EXAFS/QM structure of the

cis-2 (a) and cis-3 (b) complexes (red), displayed as Fourier-transformed magnitude (k*-

weighted, no phase correction) vs. R', and k*(k) vs. k.
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Figure 4. Comparison between the EXAFS raw data (blue) and the fit to the cis-2 complex (a)
and the 0.45 CuAn, + 0.45 CuPorAn, mixture (b), involving E,, and Cu—N distances and
DWFs of the first-sphere paths (2 in (a) and 3 in (b)), as well as a single DWF for all the other

paths (red), displayed as Fourier-transformed magnitude (k*>-weighted, no phase correction)

vs. R, and k*(k) vs. k.
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