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ABSTRACT: Binding of nitric oxide (NO) to metal-
loporphyrins and heme groups is important in biochemistry
while challenging to describe accurately by density functional
theory (DFT) calculations. Here, the structural and
thermochemical aspect of NO binding to Co(II) and Mn(II)
porphyrins is investigated by DFT and DFT-D (dispersion-
corrected) calculations, supported by reliable coupled-cluster
methodology (CCSD(T)), and critically correlated with the
experimental data. It is argued that whereas the bonding of
NO to Co(II) porphyrin is a simple radical recombination, the
bonding of NO to Mn(Il) porphyrin is accompanied by a
crossing of spin states. For this reason, the spin-state
conversion energy contributes to the Mn—NO bond energy,
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and the paradigmatic correlation between bond length and bond energy is violated for the considered nitrosyl complexes: the
Mn—NO bond is (structurally) shorter by ~0.2 A, albeit (energetically) weaker by a few kcal/mol, compared with the Co—NO
bond. Moreover, none of the many tested DFT methods can reproduce the Co—NO and Mn—NO bond energies
simultaneously, except for calculations with B3LYP*-D3, TPSSh-D3, and M06-D3 methods supplemented with the proposed
spin-state energy correction (to compensate for an error on the calculated spin-state conversion energy). The results of this study
are important to appreciate the role of spin-state changes in ligand binding properties of heme-related models. They also
highlight the need for accurate calculations for correct interpretation of experimental data, including the qualitative structure—

energy relationship.

B INTRODUCTION

Binding of oxygen (O,) and nitric oxide (NO) to metal-
loporphyrins and heme groups is of considerable biological
importance: heme cofactors are well-known oxygen carriers
(myoglobin, hemoglobin)' and signaling receptors of NO
(soluble guanylate cyclase);* formation on an Fe—O, bond is
also the first step of oxygen activation by P450 enzymes.” It is
clear that for a detailed understanding of these enzymatic
functions it is necessary to consider not only the metal cofactor
but also the surrounding protein environment, taking into
account secondary interactions with the distal groups and
conformational changes caused by the ligand binding.>*
However, an affinity of the ligand toward the receptor is
largely determined by its binding energy to the transition metal
site, notwithstanding that it can be tuned by the protein
environment.” Therefore, to describe the underlying metal—
ligand bonding and electronic structure aspects relevant to
ligand activation, a number of recent experimental®™® and
computational®™** studies have been focused on the binding of
O, and NO ligands (and CO as inhibitor) to isolated
metalloporphyrin complexes. Such studies are preferably carried
out in gas phase, in order to separate the intrinsic features of
metal—ligand interaction from the effects of environment, such
as solvent, counterions, or protein matrix.®
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Although the process of ligand binding may seem simple and
well understood from a computational perspective, it is not the
case for the binding of noninnocent NO and O, ligands to
open-shell transition metal sites. In fact, it is already a
significant challenge to describe the complicated electronic
structures of the resulting oxy- and nitrosyl-complexes, and to
depict the metal—ligand bonding mechanism in strict chemical
terms.”"*™'¢ Another challenge for computational methods is
to reproduce the metal—ligand bond dissociation energy with
chemical accuracy.'"'>"” In this regard, the recent studies of
NO binding to Fe(II) and Fe(III) porphyrins revealed
significant errors of common density functional theory
(DFT) methods, some of which (hybrid functionals) tend to
underestimate while others (pure functionals) tend to over-
estimate the Fe—NO bond energies.'”'>'® This does not
preclude the usefulness of DFT methods in computational
bioinorganic chemistry, but it is vital to understand the origin of
these large discrepancies because they may result in an
incorrect description of ligand affinities toward the metal-
loprotein sites in studies of reaction mechanisms, and errors of
this kind are unlikely to be compensated for by an elaborate
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treatment of the protein environment. The mentioned errors of
DFT methods in metal-NO bond energies have been
attributed to deficient treatment of nondynamical correlation
effects'> and dispersion (van der Waals) interactions'’ by
approximate exchange-correlation functionals. Hence, the
ability to correctly describe the metal—nitrosyl bond energy is
not only important for the biological context but also may be
regarded as a challenging accuracy test for DFT methods if they
are meant to be used for related bioinorganic problems.

This Article is focused on the particularly interesting case of
NO binding to Co(II) and Mn(II) porphyrins. The resulting
nitrosyl complexes are analogues of iron heme groups with
adsorbed O, and CO ligands, respectively, to which to they are
isoelectronic, and they have been studied by various
experimental methods. The enthalpy of homolytic Co—NO
bond dissociation (AHc,_no = 23.4 kcal/mol) has been
obtained for Co(TPP)(NO) (TPP = tetraphenylporphyrin)
from titration calorimetry and suitable thermodynamic cycles."
Rather surprisingly, no precise experimental value is available
for the analogous Mn—NO bond energy, although the MnNO
porphyrin complexes can be isolated,””*' and the crystal
structure of Mn(TPP)(NO) has been determined.”* Nonethe-
less, Kubiak et al.,>" have demonstrated by IR spectroscopy that
the following nitrosyl transfer reaction occurs spontaneously by
mixing the reactants:

Mn(TPP)(NO) + Co(TPP)

— Mn(TPP) + Co(TPP)(NO) (1)
Moreover, attempts to perform the reverse reaction were
unsuccessful, suggesting that reaction 1 is driven by
thermodynamics, ie., its Gibbs free energy must be negative
(AG,g < 0) to account for the experimental behavior. In other
words, the experimental data indicate that NO binds more
favorably (in energetic sense) to Co(Il) than to the Mn(II)
porphyrin site.

Paradoxically, in the recent DFT study by Jaworska and
Lodowski, the reverse order of binding energies has been
found, i.e,, the Mn—NO bond energy was reported to be larger
than the Co—NO one by as much as 5—13 kcal/mo],
depending on the method applied.*> This unexpected result,
although contrary to the outcome of the nitrosyl transfer
experiment from ref 21, was rationalized by the fact that the
NO ligand is more tightly bound (in the structural sense) to the
Mn than to the Co site.”® Indeed, based on the crystal
structures of Mn(TPP)(NO)** and Co(TPP)(NO)** com-
plexes, the Mn—N(O) distance is only ~1.6 A, whereas the
corresponding Co—N(O) distance is ~1.8 A, and this
considerable difference in bond distance is also well reproduced
by the calculations.”® However, the author of this contribution
believes that such structural arguments should be put aside
when judging thermochemical stabilities of these nitrosyl
complexes. It will be shown here that the ground spin state
changes upon the bonding of NO to the Mn site, which has
important consequences for an interplay between the bond
energy and the equilibrium bond distance. The analogous effect
of multiple spin states on NO binding have been first described
in the example of {FeNO}® complexes by Praneeth et al., who
explained the surprisingly low binding constant of NO by the
crossing of spin states along the reaction coordinate.” It will be
shown in this Article that a similar effect takes place here too.
Moreover, it will be discussed that, due to the change of spin
state during the formation of the Mn—NO bond, there is a
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problem with accuracy of DFT methods for the description of
the bond energy, whose thermochemical consequences should
not be overlooked.

To demonstrate the above, the structural and energetic
aspects of NO binding to Co(II) and Mn(II) porphyrins will be
studied here with a number of DFT and DFT-D (dispersion-
corrected) methods, and critically compared with the available
experimental data. Thermochemical corrections will be
rigorously applied to the calculated Gibbs free energies, and
the computational protocol will be validated by estimating the
effects of solvation on the NO binding energies (however, it
will be shown that these effects are small and relatively
unimportant for the interpretation of the experimental data). In
order to approach chemical accuracy, estimates of the relevant
Co—NO and Mn—NO bond energies will also be obtained
from reliable coupled-cluster calculations at the CCSD(T)
level. (The CCSD(T) method, though computationally
expensive, is regarded as a high standard of accuracy for a
variety of chemical groblems, including transition metal/
bioinorganic systems.'****”) The discussion will be focused
on the change of spin state accompanying the formation of the
Mn—NO bond and on an analysis of its thermochemical
consequences. This will allow us to confirm that and explain
why the Co—NO and Mn—NO bonds in the studied nitrosyl—
metalloporphyrin complexes violate the paradigmatic relation-
ship between bond distance and bond energy (which is
expressed in the title question: is tighter binding always
stronger?).

B COMPUTATIONAL DETAILS

Molecular Models. Most of DFT calculations were performed for
models with an unsubstituted porphin ring (P), which is a well
established approximation for the computational treatment of
metalloporphyrin complexes.'®”**® However, a few comparative
calculations were also carried out for models with the full
tetraphenylporphyrin ring (TPP). Structures of P and TPP rings
with coordinated metal (M = Co, Mn) are shown schematically in
panel a of Figure 1; panel b shows the arrangement of the NO ligand
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Figure 1. Structure of the metalloporphyrin unit with a porphin (P) or
tetraphenylporphin (TPP) ring (a); orientation of the NO ligand
above the ring plane (b); and structure of the ML, unit of simplified
mimics (c).

above the macrocycle plane in the respective M—NO complexes.
Optimized structures of nitrosyl complexes MP(NO) and their mimics
ML,(NO) can be found in Figure S1, Supporting Information.

The calculations to estimate the effect of ring approximation (P vs
TPP) were performed only with selected DFT methods and the
smaller basis set than the final set of calculations (for details and
results, see Table S9, Supporting Information). It was found that the
bond energies calculated for both types of models differ by at most 1
kcal/mol, and the difference of Co—NO and Mn—NO bond energies
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(the leading contribution to AGmig,) calculated for both types of
models agree to within 0.5—1.0 kcal/mol. The results thus confirm, in
agreement with the literature,*>*® that the use of an unsubstituted P
ring is a very good approximation, whose effect on the calculated
binding energies is much less pronounced than the dependence
thereof on the choice of functional (see Results and Discussion).

CCSD(T) calculations of NO binding energies, due to their large
computational cost, were carried out for simplified models (mimics),
shown in Figure lc, where two bidentate L ligands (L = N,C;Hj3),
arranged in one plane, serve to mimic the metal coordination by
porphyrin. Similar mimics have been used in g)revious studies of heme-
related models by different authors.">***° In order to maintain
similarity with the P ring, structures of the mimics were optimized with
added necessary constraints (symmetry or frozen dihedral angle) to
keep coplanar the two L ligands.30 Note that NO binding energies
calculated for the mimics are clearly different from those for the
corresponding porphyrin complexes, but an extrapolation procedure
can be applied to obtain CCSD(T) estimates for the latter complexes
(see below).

DFT and DFT-D Calculations. DFT and DFT-D (dispersion-
corrected®') calculations were carried out with the Gaussian®* and
Turbomole®® packages, employing a number of pure functionals,
BP86,>* OLYP** MO6L,>** and B97-D;**¢ and hybrid functionals,
PBEO,”” B3LYP,*® B3LYP*,*° TPSSh,*’ and M06.®° Note that B97-D
has already been constructed with dispersion correction included.*'
For other DFT methods, the dispersion corrections were added using
the most recent DFT-D3 approach of Grimme et al, >t except for
OLYP where the correction is not available. Since the DFT-D3
correction has not been explicitly parametrized for B3LYP¥, the
standard B3LYP parameters were used.

Unless indicated otherwise, molecular structures were optimized for
each method with the def2-TZVP basis set, followed by single-point
energy calculations with a larger basis set def2-Q(T), composed of
def2-QZVPP for Co, Mn, N, and O; and def2-TZVPP for C and H.
The computed bond energies were corrected for basis set super-
position error (BSSE). Unscaled BP86/def2-TZVP harmonic
frequencies were used to provide zero-point energy (ZPE) corrections
to the bond energies and thermodynamical correction to the AGg,
values. The latter corrections were computed at T =298 K, p = 1 atm
using standard approximations (ideal-gas for translations, rigid
rotations, and harmonic oscillations) as implemented in Turbomole.
A correction for scalar relativistic effects was also included. Like in ref
30, it was obtained as the difference of second-order Douglas-Kroll
(DK)* and nonrelativistic binding energies, calculated with the
B3LYP* functional and cc-pVTZ-DK and cc-pVIZ basis sets,
respectively. The applied corrections (BSSE, vibrational, relativistic)
can be found in Tables S3—S5, Sugporting Information. Note that, in
agreement with the literature,"'® these corrections are much less
sensitive to the applied DFT method than the electronic energy
differences.

DEFT calculations for all species with nonsinglet ground state were
spin-unrestricted. The ground state of CoP(NO) and MnP(NO)
complexes is singlet, but it was attempted to obtain a broken-
symmetry (BS) solution** by performing spin-unrestricted calculations
with an appropriate initial guess (i.e., after switching occupied/virtual
3d =+ 7ffio orbitals in the f set or providing BS orbitals converged with
another functional). The BS solution was obtained only for hybrid
functionals and their DFT-D3 counterparts: all of them in the case of
CoP(NO) but only B3LYP(-D3) and PBEO(-D3) in the case of
MnP(NO). For other methods, in particular all nonhybrid functionals
(BP86, MO6L, their -D3 counterparts, OLYP, and B97-D), it was
possible to obtain a spin-restricted (SR) solution only, whose stability
has been confirmed by positive eigenvalues of the electronic Hessian.”
Analogous BS solutions were identified also for small mimics of the
nitrosyl complexes. For all DFT methods leading to the BS description
of the ground state, the BS solution was lower in energy than the SR
solution, and thus, the BS solution was used in all further calculations
presented in this work unless indicated otherwise (e.g, Supporting
Information contains some SR results for comparison). In order to
provide accurate NO binding energies, the BS DFT energies were
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corrected for spin contamination using the approximate spin-
projection method:**3

EHS - EBS
(s = (8)as @)

In eq 2, the subscript HS refers to the auxiliary, high-spin state
obtained by uncoupling the weakly coupled electron pairs found in the
BS solution, whose energy and (S*) value were computed separately in
the geometry of the BS state. Since the BS solution for Co—NO/Mn—
NO complexes contains one/two pair(s) of weakly coupled electrons,
the appropriate HS state is triplet/quintet, respectively. Energetic
effects of spin correction, effect of switching from SR to spin-projected
BS description, and other details are reported in Tables S6—S7,
Supporting Information. The electronic structure of BS solutions is
discussed below (see Figure 2 and accompanying text).

Potential energy curves in Figure 4 were obtained with Gaussian by
performing a series of unrestricted B3LYP*/def2-SV(P) optimizations
in which the M—NO distance was constrained to different values. The
minimum energy crossing point (MECP)* between the singlet and
triplet energy surfaces of MnP(NO) was also calculated at the DFT-
D/def2-TZVP level using B3LYP-D3 and TPSSh-D3 methods using
the method earlier employed by Harvey for a similar purpose.*® The
MECP calculations were performed with homemade program
MECPy* based on the energies and gradients computed online by
Turbomole. Note that the energy curves and MECP structures were
computed without relativistic, BSSE, and spin-contamination correc-
tions since they serve here only for qualitative purposes, not for
quantitative comparison with experimental data.

Estimates of Solvation Effects. Calculations to estimate implicit
solvation effects on the M—NO bond energies were carried out at the
DFT/def2-TZVP level using COSMO (conductor-like screening
model),*® as implemented in Turbomole, with the dielectric constant
of 25.592, corresponding to the benzonitrile solvent (in which
AHg,_no was determined in ref 19). Despite the considerable polarity
of this solvent, the effect on the M—NO bond energies turned out not
to exceed 0.5 kcal/mol (see Table S10, Supporting Information).

In addition, explicit solvation was investigated for dichloromethane
(CH,ClL,) and the tetrahydrofuran (THF) solvents mentioned in ref
21. This was done in view of previous suggestions that coordination of
solvent molecules to the metal centers may perturb an interpretation
of the nitrosyl migration experiment (reaction 1), although no
calculations to illustrate this (hypothetical) effect have been
presented.”® The optimized structures of adducts with the solvent
molecule can be found in Figure S3, whereas the estimates of the
solvent binding energies in Table S11, both in Supporting Information.
For obtaining reasonable supramolecular structures, particularly with
CH,CL, it is important that DFT-D3 methods were used. The
calculated solvent binding energies are sizable, on the order of 10—20
kcal/mol, suggesting that CH,Cl,-adducts will be in equilibrium with
unsolvated complexes, whereas more stable THF-adducts may be even
predominant in solution.*’

From the difference of solvent binding energies to free MP and the
corresponding MP(NO) complex (M = Co, Mn), the effect of
solvation on the M—NO bond energy can be estimated (cf Table S11,
Supporting Information). It is remarkable that despite considerable
solvent binding energies (see above), the effect of solvation on the M—
NO bond energy turns out to be astonishingly small: only 0.6—2.3
keal/mol. As might be expected, formation of the adduct with CCl,H,
or THF molecule trans to NO, reduces the M—NO bond energy in all
cases. However, the relative effect for two metals (Co versus Mn) is
different for each of the considered solvents. For CCL,H,, the solvation
effect is larger for Mn—NO than for the Co—NO bond energy, albeit
the difference is very small (only 0.3—0.6 kcal/mol, depending on
functional). For THF, the effect is larger for Co—NO than for the
Mn—NO bond energy, and the difference is somewhat larger (0.4—1.4
keal/mol, depending on functional).

In sum, the differential effects of solvation turned out to be very
small, typically not exceeding 1 kcal/mol. This is in line with a
nonionic character of the discussed processes of ligand binding and

A2
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Table 1. Selected Structural Parameters and Stretching Frequencies from DFT Calculations with Various Functionals and

Experimental Data”

M-N(0)”

CoP(NO) BP86 1.810
OLYP 1.811

B3LYP 1.960
B3LYP* 1.871

TPSSh 1.848

Exptl 1.844°
1.83

1.855¢
MnP(NO) BP86 1.611
OLYP 1.601

B3LYP 1.612
B3LYP* 1.605

TPSSh 1.602

Exptl 1.641"

[FeP(NO)]~ BP86 1.776
[FeP(NO)]* BP86 1.615

free NO BP86

N-O* ZMNO€ Uno? Vpino®
1.174 123.0 1689 567
1.169 1235 1721 558
1151 1232 1849 430
1.158 1226 1783 487
1.161 122.5 1772 508
1.164° 122.7° 16779
Lo 1352 16895
1.1588 120.68 1684 s17%
1.180 180 1780 724
1177 180 1807 725
1.164 180 1836 522
1.167 180 1828 742
1.168 180 1835 749
1.160" 177.8" 1735™

1750/

1739
1203 1254 1543 567
1154 180 1902 690
1.158 1884

“Note that B3LYP (M = Co and Mn) as well as B3LYP* and TPSSh (M = Co) provide the BS description of the singlet ground state; other
included DFT methods provide the SR description of the ground state. bValues in A. “Value in degrees. #Values in cm™; note that stretching Co—
NO and bending Co—N—O modes are mixed in the case of CoP(NO); the higher-frequency combination is taken here as vc,_yo, like in ref9.
*Co(OEP)(NO), ref24a. *Co(TPP)(NO), ref24b (note that this value may be less reliable due to structural disorder). #Co(TP(p-OMe)P)(NO),
ref24c, d. th(TPP)(NO), ref22. ‘IR in KBr pellet. /TR of Mn(TPP)(NO)/Co(TPP)(NO) in solution, ref21. kRR of Co(TMP)(NO) in CH,Cl,,
ref9. IR of amorphous Mn(TPP)(NO) from refSS, the band attributed to the singlet ground state.

justifies the neglect of solvation in the mainstream of calculations
reported here. Even for the case of THF, which binds rather strongly
to both metal sites, the effect on AG,, does not exceed 1.5 keal/mol.
More importantly, this effect has the wrong sign to account for the
major discrepancy of most of the DFT calculations with the
experiment (see Results and Discussion); namely, it would make
AGyy, even more positive than that in unsolvated calculations,
whereas the experimental data suggest that AG,, < 0.

Coupled-Cluster Calculations. Coupled-cluster calculations at
the CCSD(T) level were carried out with Molpro50 on top of the
DFT-optimized structures (BP86/def2-TZVP). The reference func-
tion was RHF (singlet) or ROHF (other spin states); in the latter case,
the RCCSD(T) formulation®" was employed. Since CCSD(T)
calculations for full porphin models, MP(NO), are at present
computationally too expensive, the calculations were instead
performed for their simplified mimics, ML,(NO) (M = Co, Mn; see
Molecular Models). On the basis of the latter calculations, the
estimates of CCSD(T) energies for porphyrin complexes were
obtained with the aid of the extrapolation procedure introduced in
ref 30. It is based on the observation that DFT results obtained from
different functionals for an L,-mimic and the corresponding P-model
typically remain in a very good linear correlation (R > 0.99).*° Good
linear correlation is observed here too, in regard to the M—NO bond
energies (M = Co, Mn) computed for both models with 12 different
DFT/DFT-D methods (see Figure SS, Supporting Information). On
the basis of the fitted trend lines and the results of CCSD(T)
calculations for the mimics, it is possible to obtain CCSD(T) estimates
of M—NO bond energies for the corresponding porphyrin complexes
(details can be found in Figure SS and Table S12, Supporting
Information). ZPE and thermal corrections to AG,,, were added to
the resulting estimates, based on the DFT:BP86/def2-TZVP
frequencies.

In order to provide CCSD(T) results close to the complete basis set
(CBS) limit, a similar computational protocol was applied as in ref 30
(to which the reader is pointed for more details and justification). The
relative energy at the CCSD(T) level is composed of three
contributions, calculated independently:

nrfc rce
AEccepir) = AEécsg + Aé’écs%) + AET)

where (1) AEE), is nonrelativistic, frozen-core energy at the CCSD
level computed at the CCSD-F12b level;* (2) AefE) is a correction
to the former term for relativity and metal outer-core (3s3p)
correlation; and (3) AE(p is the contribution of connected triples
(T) to the correlation energy. Note that explicitly correlated (F12)
calculations™ were performed for the AESH) term, whereas CBS
extrapolation was used for the AefS) and AE(y) terms. Detailed
procedures can be found in Supporting Information (page S13). The
relativistic effects were included up to the second-order DK level.*!

B RESULTS AND DISCUSSION

Geometry, Vibrational Frequencies, and Electronic
Structure. Before going to the main point of this article, that is
to a discussion of NO binding energies, it is necessary to start
from a brief analysis of geometry and electronic structure of the
studied complexes. For more elaborate discussions of vibra-
tional frequencies of CoP(NO) and structural parameters of
both complexes, the reader is referred to the literature.”*

Table 1 reports the key structural parameters (M—NO
distance, N—O distance, and MNO angle) and wave numbers
of selected stretching vibrations (vy_q and vy_yo) relevant to
the description of metal-NO bonding. Only results from
selected DFT methods are included, but more can be found in
Table S1, Supporting Information. The calculations are, overall,
in good agreement with the available experimental data,
correctly reproducing in particular (a) the binding mode of
NO ligand: linear in MnNO versus bent in the CONO complex;
(b) a much shorter Mn—N(O) bond distance (~1.6 A)
compared with the Co—N(O) one (~1.8 A).

The difference of ~0.2 A in the M—N(O) bond distance
(shorter bond for Mn) is significant and becomes even more
considerable when taking into account the fact that the covalent
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radius of Mn is larger by 0.1 A than that of Co.>* Moreover, the
calculated vy, no frequency is much larger than the
corresponding V¢, yo one. This is in accord with the shorter
Mn—N(O) distance and supports the notion of tighter NO
binding to the Mn than to the Co site. The vy_q stretching
frequencies are best reproduced by the pure functional BP86.
Higher vy_o frequency is observed for Mn than for the Co
complex, according to both the experimental data and
calculations with nearly all tested functionals (B3LYP being
an exception).

A purely structural analysis would point to traditional
formulation of the studied complexes as Co™—NO~ (explain-
ing the bent CoNO motif) and Mn'-NO* (explaining the
linear MnNO motif). However, measurable properties of the
NO ligand, such as the vyy_¢ frequency and the N—O distance,
in these complexes do not follow their formal NO™/NO*
assignment. This is best seen by comparison with computa-
tional DFT:BP86 data of two iron complexes, [FeP(NO)]™ and
[FeP(NO)]*, for which the NO™/NO" character is appreci-
able>*® and evidenced by (a) a significant red-/blue-shift of
Un—o and (b) elongation/shortening of the N—O distance, as
compared with free NO (cf Table 1). However, for CoP(NO)
and MnP(NO) complexes the analogous trends are much less
clear. As might be expected, N"3° > 15, but unexpectedly,
both vy_g frequencies are lower and both N—O distances are
longer than those for free NO. More curiously, the N—O
distance in MnP(NO), formally assigned as the NO* complex,
is slightly longer than the analogous distance in CoP(NO),
formally assigned as the NO™ complex. This holds true at least
according to DFT:BP86 calculations, whereas the crystal
structure data are less conclusive (the mentioned difference
in bond distance is small and thus easily affected by crystal
packing effects), although they also indicate that the (Co)N—O
distance is about the same as the (Mn)N—O one, if not slightly
shorter. The mentioned effects should be attributed to the
considerable covalency of the studied metal—nitrosyl bonds,*”
making formal oxidation states not reflecting real properties of
the bound NO ligand. The covalency is emphasized by using
Feltham—Enemark notation:*® here {CoNO}® and {MnNO}°.

A detailed description of the electronic structure of these
nitrosyl complexes (in particular oxidation state assignment) is
beyond the scope of this study. However, one must recall that
some of DFT calculations with hybrid functionals point to a BS
description of the singlet ground state, whereas for other
methods only the SR solution can be obtained. As mentioned
in Computational Details, the BS solution for CoP(NO) is
obtained for all hybrid functionals, whereas for MnP(NO) it is
obtained only for B3LYP and PBEQ. Detailed characteristics of
BS solutions ({S?) values, natural orbital occupation numbers,
and measures of their energetic stability compared with the SR
solutions) are provided in Tables S6—S7, Supporting
Information.

The natural orbitals and spin density from a typical BS
calculations for CoP(NO) are shown in Figure 2. The BS
solution describes one pair of weakly coupled electrons in two
active orbitals: the bonding and antibonding combination of Co
d, and NO z¥ (cf. Figure 2a). A fractional occupation of the
antibonding and equal depopulation of the bonding orbital (n,
+n, = 2), reflect a certain biradical character in the ground state
of CoP(NO) due to nondynamical correlation in the Co—NO
bond. This also results in a polarized spin density, with an
excess of a-spin density on Co and an excess of f-spin density
on NO, reminiscent of antiferromagnetically coupled Co" and
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n,=0.18

Figure 2. (a) Pair of natural orbitals with fractional occupation
numbers (annotated) and (b) spin density with Mulliken spin
populations of Co and NO, from BS B3LYP*/def2-TZVP calculations
for CoP(NO). Isosurfaces +0.04 (a) and 0.00S (b) a.u. Note that n, +
n, = 2, and the (S* )yq value is 0.345 ~ myn,, as expected of the BS
DFT solution with one pair of active orbitals (cf. ref 59).

NO radicals (cf. Figure 2b). However, the fractional spin
populations evidence that Co"—NO° is merely one of the
resonance structures contributing to quantum chemical
description of the Co—NO bond (the other important ones
are Co™"—NO~ and presumably Co'-NO"*). More advanced
analysis of bonding in these complexes, based on multi-
configurational wave function,"> is underway in our group
and will be published in due course. The electronic structure of
the Co—NO complex is thus partly analogous to oxy-heme
porphyrin species, containing the isoelectronic Fe—O, core,
whose biradical character reflects a contribution of antiferro-
magnetically coupled Fe and O, radicals (ie., the Weiss
resonance structure).'* However, the fractionally occupied
natural orbitals are markedly different in these two cases,
indicating a z-type radical coupling in the case of the Fe—O,
bond (cf. ref 14) versus a o-type coupling in the case of the
Co—NO bond (cf. Figure 2). For MnP(NO), due to the linear
geometry of the MnNO motif, there are two pairs of weakly
coupled electrons in two pairs of symmetry-equivalent active
orbitals of d,, + 7 and d,, + 7 character (see Figure S4,
Supporting Information).

In agreement with the literature, the existence of
the BS solution as well as the amount of biradical character in it
(related to spin contamination) are strongly dependent on the
exchange—correlation functional, mainly on the exact exchange
admixture. This is presumably related to the way different DFT
methods deal with nondynamical (left—right) electron
correlation in metal—nitrosyl bonding.12’63 Pure functionals
attempt to describe these correlation effects implicitly with the
aid of the exchange-correlation functional; it is known that self-
interaction error (SIE) in DFT can roughly simulate left—right
correlation effects.®*** In turn, the admixture of exact exchange
in hybrid functionals partially removes the SIE, while
introducing a known tendency of HF (exact exchange) to
breaking spin symmetry in order to account for nondynamical
correlation. Moreover, even for pure functionals, which give SR
solution near the equilibrium geometry, the BS solution appears
when the M—NO bond is slightly elongated (e.g., for BP86 if
the Co—NO distance is longer than ~2.2 A). The present
author is thus far from treating the BS and SR solutions as two
distinct electronic states. Both solutions should be rather
viewed as approximations to the same singlet ground state with
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a certain degree of nondynamical correlation, which is
described in different ways by different DFT methods.

The existence of the BS solution for CoP(NO) was also
mentioned in ref 9, but it was concluded that the experimental
structure and frequencies are better matched by nonhybrid
functionals, leading to the SR solution only. This is also in
agreement with the present findings (cf. Table 1). Pure
functionals, in particular BP86, provide the best match with the
experimental Co—N(O) distance and vy_q frequency, whereas
hybrid functionals (leading to BS description) tend to
overestimate the two parameters. The latter problem is most
evident for B3LYP (20% of exact exchange), whereas for
B3LYP* and TPSSh functionals (15% and 10%, respectively),
the computed Co—N(O) distance is again very close to the
experimental value (for TPSSh, in fact, even closer than for
BP86), although vy_g is still overestimated by ~100 cm™ L8
The failure of BS B3LYP calculations to reproduce the
geometry and vibrational frequencies may be attributed to
large spin contamination ((S*)zs = 0.61, compared with 0.30—
0.35 obtained from B3LYP* and TPSSh), suggesting that
B3LYP overestimates biradical character in the ground state of
CoP(NO). The below discussion of NO binding energies will
also confirm that B3LYP* and TPSSh are better suited to
describe the Co—NO bond energy than standard B3LYP.

NO Binding Energies. DFT versus Experimental Binding
Energies. Figure 3 reports the calculated NO binding energies

60

50

40

30

20

AE or AG (kcal/mol)

B3LYP{(-D3)

TPSSh{-D3)

Figure 3. NO binding energies to CoP and MnP, and Gibbs energy of
NO migration from MnP(NO) to CoP for a number of DFT methods,
including dispersion correction (-D3) wherever possible; in such cases,
the effect of dispersion is visually shown as the striped part of an M—
NO bond energy bar, whereas only the dispersion-corrected value is
numerically annotated. The experimental estimate of the Co—NO
bond energy is shown as the solid horizontal line, whereas the nitrosyl
migration experiment (reaction 1) indicates that AGy < 0. The
complete set of numeric results behind this plot can be found in Table
S2, Supporting Information. Note that all hybrid DFT calculations for
CoP(NO) as well as B3LYP(-D3) and PBEO(-D3) ones for
MnP(NO) are BS, whereas other methods give only the SR solution.

to both metalloporphyrins (AE,_yo and AEy,_no) and Gibbs
energy of NO migration (AGmigr) according to eq 1. Before
comparing theory with experiment, some comments must be
made on both kinds of data. The computed AEy_yq values are
bond dissociation energies at T = 0 K, computed with respect
to ground spin states of the reactants: doublet for NO and
CoP,66 sextet for MnP,67 and singlet for both nitrosyl
comple){es.zz’24b’68 These AEy_no values include ZPE
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corrections but do not include thermal and pressure effects
contained in the experimental bond enthalpy, AH,_yo = 23.4
kcal/mol (refl9). However, the difference between AE.,_no
(at T =0 K) and AHg, o (at T = 298 K, p = 1 atm)
computed for CoP(NO) using standard statistical thermody-
namic approach is only 0.4 kcal/mol (see Table S5, Supporting
Information). It means that the AE,_yo of 23 kcal/mol can be
safely assumed as the experimental Co—NO binding energy,
with a possible uncertainty of 1-2 kcal/mol, accounting also
for the difference between the full TPP ring and its P model,
and for the solvation effects omitted in the calculations. (As
discussed in Computational Details, both effects are relatively
small, on the order of 1 kcal/mol or smaller, and unimportant
for the conclusions and interpretations presented in this work.)
Concerning the Mn—NO bond energy, the precise exper-
imental value is not available, but the nitrosyl migration
experiment”' indicates that AGyg <0 (see Introduction). Note
that since thermal and entropic effects are included in AG,, it
is clearly not equal to the straight difference of the two bond
energies.

A number of DFT methods have been comparatively applied
to provide the results in Figure 3. Among them, there are
hybrid functionals with different percentages of the exact
exchange (10% in TPSSh, 15% in B3LYP*, 20% in B3LYP,
25% in PBEOQ, and 27% in M06) because the amount of exact
exchange is known to be the primary parameter affecting the
performance of DFT methods for transition metal sys-
tems.>”*** A typical trend®® can be observed that pure
functionals, i.e., not containing the exact exchange admixture,
usually give larger binding energies than hybrid functionals,
whereas for the latter functionals the binding energy tends to
decrease with increasing admixture of the exact exchange.
However, there are some exceptions. For instance, pure
functionals OLYP and MOG6L give results comparable to those
of hybrid functionals B3LYP* and TPSSh. Also MO06
(containing as much as 27% admixture of the exact exchange)
gives the Co—NO bond energy comparable to that of B3LYP*
and TPSSh (containing only 15% and 10%). The above trends
in DFT calculations, as well as considerable dependence of the
results on the choice of functional, are qualitatively similar as
were observed in related studies for Fe—porphyrin com-
PleXeS.llllz,ls

Wherever possible, the present results include the Grimme’s
dispersion correction (-D3)3"® Significance of dispersion (van
der Waals) interactions for the ligand binding energies to heme
has been recently highlighted by Siegbahn et al.'” Indeed, for
most functionals employed here, the dispersion correction
contributes as much as 3—5 kcal/mol to the metal-NO bond
energies (the contribution of dispersion is shown in Figure 3 as
a striped part of the respective bar). However, since the effect is
very comparable for the two metals, the AG,q, values are
nearly unaffected. The D3 correction is much smaller, at most
~1 kcal/mol, for the Minnesota functionals (M06, MO6L),
whose parametrization includes noncovalent interactions to
some extent.’® Note also that B97-D already includes the
dispersion correction in its definition, whereas no dispersion
correction is available for OLYP, not allowing us to estimate the
effect of dispersion correction for these two functionals.

The present calculations contain a number of improvements
with respect to the previous study in ref 23. Here, not only are
more DFT methods are tested (wherever possible including
dispersion), but also ZPE corrections are appropriately
included in the calculated bond energies, thermodynamic
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corrections are included in the AG,,, values, and relativistic
effects are accounted for. Although these corrections are
comparable for both metals, they do not cancel out completely
in AG,, (see Supporting Information). We further note that
the present Co—NO bond energies calculated with B3LYP and
TPSSh functionals are much larger than those reported
previously” (ie, 155 vs 3.9 and 21.0 vs 16.8 kcal/mol,
respectively; ZPE-uncorrected values). This is because the
present hybrid DFT results for CoP(NO) are from spin-
projected BS calculations (see Computational Details). As can
be found from the detailed comparison in Supporting
Information (Tables S6—S7), switching from the SR to the
BS solution has a significant stabilizing effect on the nitrosyl
complex, particularly when spin contamination is corrected for
(B3LYP, 11 kcal/mol; TPSSh, S kcal/mol), leading to the
increase of the NO binding energy. Note that the large
stabilizing effect of the spin-projection was also reported
previously for isoelectronic Fe—O, complexes with heme
groups.l ’

Notwithstanding all of the above improvements, a majority
of the tested DFT and DFT-D3 methods still fail to predict the
correct order of the two bond energies; hence, most of them
point (incorrectly) to AGp > 0. It is striking that the
erroneously positive AG,;, is observed for all DFT methods
which give the Co—NO bond energy nearly correct, ie., for
OLYP, MO6L, MO6L-D3, B3LYP*-D3, and TPSSh-D3. Only
MO06 and M06-D3 methods point to the correct Co—NO bond
energy and simultaneously give AG,,,, < 0. However, these two
methods yield the Mn—NO bond energy close to zero (without
dispersion even negative), which does not agree with the
stability of the pertinent complex under standard conditions.
Also PBEO and B3LYP functionals give AG,, < 0, but they
significantly underestimate the Co—NO bond energy (even
with dispersion included).”® Finally, the B97-D functional gives
AG g ~ 0 (still positive though), but it overestimates the Co—
NO bond energy by ~10 kcal/mol.

Given all of the above, it looks like it is impossible to find a
single DFT/DFT-D method which gives the correct Co—NO
and Mn—NO bond energies simultaneously! This is surprising
(although not entirely unusual in DFT calculations of metal—
ligand bond energies; see, e.g., refl8) because a considerable
error cancellation is expected when comparing energies of two
similar bonds. Having recognized this problem, the solvation
and possible limitations of the present porphin model (as
compared with full tetraphenylporphyrin) were considered, but
none of the mentioned effects turned out to be large and
systematic enough to convincingly explain the above
discrepancies of DFT calculations with the experimental data
(see Computational Details).

Role of Spin States. The clue to understanding the above
discrepancy is the difference in spin multiplicities of the ground
state for both metalloporphyrins: doublet (low-spin) for Co(II)
versus sextet (high-spin) for Mn(II).°*%” The difference of spin
state has profound consequences on the mechanism of NO
binding, as can be illustrated by the calculated energy curves in
Figure 4. For CoP(NO), the singlet ground state of the nitrosyl
complex can be smoothly connected with the ground state of
the dissociation products (*CoP + *NO), as shown in Figure
4a. Hence, NO binding to Co(II) porphyrin is a standard
radical recombination, occurring on the ground state energy
surface. Things are completely different for MnP(NO), where
spin-crossing is required to connect the (low-spin) ground state
of the nitrosyl complex with the (high-spin) ground state of the
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Figure 4. Energy curves for the dissociation of the metal-NO bond in
(a) CoP(NO) and (b) MnP(NO) complexes at the unrestricted
B3LYP*/def2-SV(P) level with indicated spin states of the fragments
in different dissociation limits. The dashed line for MnP(NO) is the (S
= 2) curve shifted down by 12 kcal/mol with respect to the (S = 0)
curve to correct the error of the B3LYP* functional on the relative
energy of the dissociation limits of both curves, based on the relative
energy of »*MnP spin states; this is a graphical representation of the
SSE correction (see text), in this case decreasing the bond energy.

dissociation products (MnP + *NO); see Figure 4b. In fact, to
bind NO to the high-spin ground state of MnP, the spin state
needs to change twice: first by crossin% from the quintet to the
triplet and second to the singlet state.”"

It is well known from the literature that crossing of
energy surfaces along a reaction path may strongly affect the
kinetics. Herein, the experimental data suggest that NO
recombination with Mn(TPP) is ~100 times slower than that
with Co(TPP).*"”* Already in 1989, Hoshino and Kogure
hypothesized that this slowness may be caused by the change of
Mn spin state.”* Later on, Kubiak et al. reported the complex
(biexponential) kinetic behavior of NO recombination with
Mn(TPP).>' Recently, Kurtikyan et al. suggested that the
complex kinetic behavior observed by Kubiak et al. may be due
to the existence of a relatively stable triplet isomer of
Mn(TPP)(NO), which they discovered in amorphous solid
phase.®> The equilibrium geometry of this triplet state has a
bent MnNO motif and corresponds to the deep minimum on
the (S = 1) curve in Figure 4b. (Note that the triplet isomer is
slightly overstabilized by the B3LYP* functional which was
used for energy curves in Figure 4; according to the
experimental data, Mn(TPP)(NO) is the singlet ground
state,”” the triplet lying ~1 kcal/mol above.>®)

Although the triplet isomer is already associated and its
formation should be fast, i.e., there is no barrier on crossing
from the (S 2) to (S 1) curve in Figure 4b, the
experimental kinetic data of NO recombination more probably
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Table 2. Adiabatic Relative Energies of Spin States MnP and *MnP with Respect to “MnP Ground State”

CCSD(T) PBEO B3LYP
“MnP 10.3 72 2.4
“MnP 45.7 49.7 38.5
error on energy of reaction st —4.0 7.2

B3LYP* TPSSh MOo6 MO6L OLYP
-1.0 -1.6 14.7 112 4.2
33.9 33.9 63.8 53.8 45.1
11.8 11.8 —18.1 -8.1 0.6

“Electronic energies, kcal/mol. The electronic states for 24MnP are 2Eg, 4A2g, and 6Alg, respectively. bWwith respect to the CCSD(T) data, treated as
reference; this number (times —1) gives the SSE correction to the Mn—NO bond energy (see text).

reflect the rate of formation of the singlet ground state.”> As
seen in Figure 4b, when going from the triplet (intermediate)
to singlet isomer (final product), there is an energy barrier to
surpass. This barrier may be more accurately calculated to be
2.6 kcal/mol based on the minimum energy crossing point
(MECP) optimization using the TPSSh-D3 method because
this method gives the relative energy of the crossing spin states
in agreement with the experimental thermal equilibrium
behavior.>® (The optimized structures and relative energies of
both spin states and their MECP can be found in Figure S2,
Supporting Information.) The present barrier seems to be
roughly consistent with ~100 times slower recombination for
Mn than for Co complexes. It is also comparable to the barrier
reported by Harvey for carbon monoxide recombination in the
myoglobin model (2.5 kcal/ mol),"** where there is also a
change of spin state during the ligand binding to Fe(II),
although no stable intermediate is formed.

Nonetheless, more important to highlight in this contribu-
tion is that the change of spin state for the Mn complex has also
thermochemical consequences. This is because the Mn—NO bond
energy, unlike the Co—NO one, contains the cost of spin
promotion from the high-spin to the low-spin state. In other
words, when calculating the Mn—NO bond energy, one takes
the energy of the complex from the low-spin energy surface,
whereas the energy of the dissociation limit is from the high-
spin surface. This makes the Mn—NO bond energy influenced
by known inaccuracies of common DFT methods in
reproducing the metal spin-state energetics.”®

To appreciate the latter fact, it is advantageous to consider
the Mn—NO bond dissociation

MnP(NO)] — ®MnP + >NO (3)
in two virtual steps:

'[MnP(NO)] — *MnP + *NO (4)

*MnP — *MnP (5)

The first step (eq 4) is “adiabatic” dissociation occurring on a
single (low-spin) energy surface; the second step (eq S) is spin-
state conversion of MnP, i.e., switching from the excited (low-
spin) to the ground state (high-spin) energy surface in the
dissociation limit. According to Hess’s law, the energies of
reactions 4 and 5 sum up to the energy of reaction 3, but it may
be difficult to get both contributions simultaneously correct
from a single DFT calculation. Indeed, the previous experience
indicates that a much larger admixture of exact exchange may
be necessary to correctly describe the spin-state conversion
energy of a metalloporphyrin complex®®’” than to describe an
energy of a highly covalent M—NO bond.">"®”® This sensitivity
of DFT results to the exact exchange admixture is empirically
well known®””**® and attributed to a tricky description of
nondynamical correlation in approximate DFT methods®>®
(see also above). Because reaction 4 is analogous, in terms of
the reactants’ spin states and covalent character of the M—NO

5641

bond, to the dissociation of CoP(NO), it is reasonable to look
for suitable DFT methods to describe the energy of reaction 4
among those which are successful in describing the Co—NO
bond energy. However, not all of these DFT methods are
appropriate for describing the spin-state conversion reaction S.

How severe this problem is can be assessed by looking at
relative energies of the MnP spin states computed at the DFT
level in comparison with accurate wave function calculations at
the CCSD(T) level (Table 2). It follows that the DFT
description of reaction S energy is far from being perfect, in
particular for some functionals which (after correcting for
dispersion) give good results for the Co—NO bond energy. For
instance, the B3LYP* and TPSSh functionals overstabilize the
low-spin state (*MnP) with respect to the high-spin state
(*MnP) by more than 10 kcal/mol, while M06 errs in the
opposite direction by nearly 20 kcal/mol. Thus, even if these
functionals (corrected for dispersion) may be able to reproduce
the energy of reaction 4, there still remains a problem with
reaction S. In other words, the Mn—NO bond energy may be
either overestimated or underestimated due to the error on the
spin-state energetics of MnP. Having recognized this problem,
one may consider a scheme in which the energy of reaction 4 is
taken from DFT/DFT-D calculations, whereas the energy of
reaction S is taken from a higher level method, such as
CCSD(T). This is, clearly, equivalent to correcting the
dissociation energy (reaction 3) obtained from standard
DFT/DFT-D calculation for an error of a given functional on
the relative spin-state energetics of **MnP, taken from Table 2.
This simple scheme will be called here the spin-state energy
(SSE) correction to DET/DFT-D calculations.

The above assumption that the energy of low-spin
dissociation (reaction 4) can be correctly reproduced by
some DFT(-D3) methods (even if the real dissociation energy
is incorrect due to the problem with the spin-state conversion
energy) can be put equivalently in different words: both low-
spin species, 'MnP(NO) and *MnP, are comparably over-
stabilized/understabilized (depending on functional) with
respect to the corresponding high-spin species, ‘MnP+>NO
and “MnP; hence, a big part of the DFT error in the energy of
reaction 3 can be approximated by the error in the energy of
reaction 5. Whether this assumption is satisfied (and for which
functionals), will be verified a posteriori by comparison with the
CCSD(T) estimate of the Mn—NO bond energy (see below).

Applying the SSE correction may be also represented
graphically in Figure 4b as vertical shifting of the low-spin
and high-spin curves with respect to each other, in order to
correct an energy separation between their dissociation limits
(one containing *MnP and the other MnP). In the example
shown in Figure 4b, the energy curves were computed using the
B3LYP* functional, which overstabilizes the MnP spin state
with respect to MnP by ~12 kcal/mol (cf. Table 2).
Therefore, the high-spin curve needs to be shifted with respect
to the low-spin curve down in energy by ~12 kcal/mol to
correct the relative spin state energetics of **MnP in the
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dissociation limits. This is, clearly, equivalent to reducing the
normally calculated Mn—NO bond energy by the same amount
of energy (i.e., the SSE correction for B3LYP*).

Table 3 contains the DFT results after including the
proposed SSE correction to the Mn—NO bond energy. The

Table 3. Binding Energies of NO to CoP and MnP, and
Gibbs Energy of NO Migration after Including Spin-State
Energy (SSE) Correction for Mn“

AE¢, no AEym-no AGmigr
B3LYP*-D3 + SSE 21.6 17.4 —6.1
TPSSh-D3 + SSE 234 232 2.1
M06-D3 + SSE 21.7 189 —42
OLYP + SSE 23.4 30.6 53
MO6L-D3 + SSE 23.5 357 103
CCSD(T) estimates” 25.1 20.7 —-63
CASPT2 23.1°
experiment 23 <0

“In kcal/mol. The SSE corrections are from Table 2. Note that
B3LYP*, TPSSh, and MO06 functionals point to the BS solution for
CoP(NO); the respective results are corrected for spin contamination.
bEstimates based on the small mimics (see Computational Details and
Supporting Information). “From ref 81.

table is restricted to those DFT methods which give the Co—
NO bond energy close to the experimental value. Note that
without the SSE correction none of them gives the correct
Mn—NO bond energy because either strong underbinding
(MO06) or overbinding (other methods) is observed (cf. Figure
3). However, after including the SSE correction a considerable
improvement is observed for hybrid methods: B3LYP*-D3,
TPSSh-D3, and M06-D3. Now all of them point to AG,,, < 0,
in qualitative agreement with the NO migration experiment.
The success of these SSE-corrected results in reproducing the
correct sign of AGy, and their reasonably good agreement
with the high-level CCSD(T) estimate (also included in Table
3; see below for more details) confirm that the B3LYP*-D3,
TPSSh-D3, and M06-D3 methods give the correct energy of
low-spin dissociation of MnP(NO) (reaction 4), which was the
basic assumption behind the SSE correction. It is thus believed
that these three hybrid functionals, once supplemented with the
Grimme’s dispersion correction and with the SSE correction,
provide the best description of NO binding energy to the
considered metalloporphyrins. (Note that structural and
vibrational parameters of both nitrosyl complexes are also
nicely reproduced by B3LYP* and TPSSh functionals, and not
so well by M06.) The analogous improvement in NO binding
energies is not observed for pure DFT methods, OLYP and
MO6L-D3; in the latter case, the SSE correction actually
deteriorates the results. It is also noteworthy that for OLYP the
SSE correction is close to zero, but this method still overbinds
the Mn—NO complex as compared with the Co—NO one.
Therefore, it must be concluded that OLYP and MO6L-D3
overestimate the Mn—NO bond energy for different reasons
other than being due to an error on the Mn(II) spin-state
energetics. The SSE correction is not helpful for these pure
functionals because they overestimate the low-spin dissociation
energy of MnP(NO) (the energy of reaction 4 and the well
depth of the S = 0 state in Figure 4b), despite being accurate for
analogous low-spin dissociation of CoP(NO). This failure may
be due to an unsatisfactory description of nondynamical
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correlation in the Mn—NO bond, compared with that in the
Co—NO bond.

Although OLYP calculations reproduce the Co—NO bond
energy quite well, it must be noticed that they do not contain
the dispersion correction (because it is not available for OLYP).
One can assume that the missing effect of dispersion will be on
the order of 3—5 kcal/mol (ie., similar to those found for
BP86, PBEO, B3LYP, or TPSSh functionals, which, likewise
OLYP, have not been explicitly parametrized to account the
dispersion). Taking this into account, the success of OLYP for
the Co—NO bond energy is not unequivocal. It should be
rather viewed as the compensation of two errors: an
unsatisfactory treatment of dispersive interactions and a
known tendency of pure functionals to overbind.®> This error
compensation works, apparently, much worse for the Mn—NO
than for the Co—NO bond energy, explaining why OLYP
cannot reproduce the former energy, although it gives a good
result for the latter one. Goodrich et al. also criticized the
performance of OLYP in their study of trans effect in heme
compounds,'® although previous experience favored OLYP for
the description of ligand binding to heme."'

Comparison with Accurate Coupled-Cluster Calculations.
For additional confirmation, estimates of the NO binding
energies were obtained from reliable coupled-cluster calcu-
lations at the CCSD(T) level. As explained in Computational
Details, the CCSD(T) calculations were carried out for
simplified mimics ML,(NO) based on which the results for
MP(NO) were estimated with aid of the extrapolation
procedure.*® Only these final estimates are included in Table
3, whereas the interested reader is pointed to Supporting
Information for the details (Table S12 and Figure SS).

Looking at Table 3, one notices immediately that the
CCSD(T) estimate of the Co—NO bond energy in CoP(NO)
is within 2 kcal/mol in agreement with the experimental data.
This should be considered a very satisfactory agreement, given
the approximate character of the extrapolation procedure used
to obtain this number. The analogous estimate of the Mn—NO
bond energy is smaller by 4 kcal/mol, which leads to the
negative estimate of AG,,,, in accord with the experiment.”'
The CCSD(T) estimates also agree up to a few kcal/mol with
the SSE-corrected B3LYP*-D3, TPSSh-D3, and MO06-D3
results (see above). Either these SSE-corrected DFT results
or the CCSD(T) estimates confirm that the Mn—NO bond is
weaker (i.e, has smaller a dissociation energy) than the Co—
NO bond.

Concerning the accuracy of the present CCSD(T)
calculations, it is noteworthy that the total basis set super-
position error (BSSE) on the M—NO bond energies amounts
to only ~2 kcal/mol for both mimics (cf. Table S12,
Supporting Information). This is to be compared with previous
ab initio calculations of ligand binding energies (at CASPT2
level), where the BSSE corrections were as large as 7—9 kcal/
mol (ref 11) or even ~22 kcal/mol (ref 81). The current, much
smaller BSSE values represent a remarkable improvement,
suggesting that basis set error is not an issue in the present
calculations. Furthermore, some diagnostics of multireference
character (intended to examine whether a single-reference
treatment is appropriategz) are summarized in Table S13,
Supporting Information. The most widely used T, and D,
diagnostics are based on amplitudes of single excitations and
thus provide a measure of orbital relaxation in response to the
electronic correlation. All T diagnostics are below the recently
suggested threshold of 0.05,% except for CoL,(NO) (0.06).
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The D, diagnostics is equal to the suggested threshold of 0.15**
in the case of CoL, and exceeds it in the case of MnL,(NO)
(0.17) and CoL,(NO) (0.43). The large value in the latter case
is due to the relaxation of orbitals describing the Co—NO ¢
bond (Table S14—S15 and Figure S6, Supporting Information),
which is not unexpected in view of the biradical character
evidenced by the above BS DFT calculations. In spite of that,
the resulting estimate of the Co—NO bond energy is close to
the experimental value and to the previous multireference
(CASPT2) calculations.®" This suggests that the moderate
multireference character of these nitrosyl complexes is correctly
accounted for in the present CCSD(T) treatment. There are
also many cases in the literature where CCSD(T) provides
reliable results despite significant T;/D; diagnostics. ¢ How-
ever, it would be worthy to revisit these challenging systems in
the future by performing even more advanced ab initio
calculations (also because the present CCSD(T) data for
MP(NO) complexes are mere estimates).

Structure—Energy Relationship. Last but not least,
nitrosyl complexes of Co(II) and Mn(II) porphyrins are
interesting because they contradict the paradigm of correlation
between structure and thermochemistry. This paradigm says
that when comparing two similar bonds, the shorter bond (the
one with a shorter bond distance) will be also the stronger
bond (the one with a larger dissociation energy). This paradigm
may be extremely successful in many areas, such as for the
analysis of intermolecular interactions based on purely
structural data, when the term “interaction” (referring to
bond energy) and “short contact” (referring to bond distance)
are quite often used interchangeably. The same paradigm also
works very well in typical organic chemistry problems,
explaining the structure—energy relationship between single,
double, and triple bonds linking the same kind of atoms. Here,
however, when discussing metal-NO bonding, we need to
clearly distinguish the concept of bond distance (“tightness”)
from the concept of bond energy (“strength”).

Indeed, in the sense of M—N(O) distance, the NO ligand is
more tightly bound to the Mn (~1.6 A) than to the Co (~1.8
A) center in the respective porphyrin complexes, and the same
holds true about the vy_yo stretching frequencies (cf. Table 1).
However, the Mn—NO bond is weaker (in the energetic sense)
than the Co—NO one. The latter fact is clearly revealed from
the experimental data (AGmigr < 0)*! and confirmed by high-
level calculations reported herein (cf. Table 3). One should
note a similarity between the present case and the case of
Fe(II)—porphyrin NO complexes described by Praneeth et al,,
where the nitrosyl is tightly bound (from the structure and IR
spectroscopy), although the bond is weak (from thermody-
namics).”> The explanation of the present tightness/strength
dichotomy is also similar to that given by Praneeth et al.: the
effect is due to the crossing of spin-states along the Mn—NO
dissociation path (cf. Figure 4b).

First of all, the lower bond energy in the case of the Mn
complex should not be entirely surprising since binding energy
is dependent not only on the properties of the complex but also
on the dissociation products. The equilibrium parameters of
MnP(NO) reflect the great well depth of the low-spin energy
curve, corresponding to the *MnP + *NO dissociation limit.
Provided that the complex could be dissociated “adiabatically,”
ie, to 2MnP + 2NO along this low-spin energy surface, the
Mn—NO bond would be much stronger than the Co—NO one,
in full accord with a shorter M—N(O) bond distance and a
higher vy_yo vibrational frequency (cf. Figure 4b). However,
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the real dissociation limit is MnP + 2NO, which is much below
the *MnP + ?NO one. This makes the actual Mn—NO bond
energy, computed with respect to the correct dissociation limit
(“MnP + 2NO), much lower than that expected based on the
MnP(NO) equilibrium parameters.

Note, however, that there is an additional caveat for the
present case: most of the standard DFT calculations point to
AEy,_no > AEc,_no- This is an incorrect result, although (at
first sight) it seems to correlate with the shorter Mn—NO
distance.”> However, as was shown above, most of the DFT
methods, while capable of describing the structures correctly,
have large errors on the calculated binding energies, and only
after including the necessary correction for the Mn(II) spin-
state energetics, a few DFT methods turned out to be capable
of providing the correct Co—NO and Mn—NO bond energies
simultaneously. Not appreciating this effect may thus easily lead
to a wrong conclusion from the routine DFT approach: that the
Mn—NO bond is thermodynamically stronger in accord with
the fact that it is shorter.

B CONCLUSIONS

The structural and energetic aspects of NO binding to Co(II)
and Mn(II) sites in porphyrins was studied by high-level
theoretical calculations (DFT, DFT-D, and coupled-cluster
CCSD(T)) and critically discussed in relation to the available
experimental results (structures, vibrational frequencies, and
thermochemical and kinetic data). The crossing of spin states
concerted with the formation of the Mn—NO bond was
highlighted and shown here to have not only kinetic but also
thermochemical consequences. The latter ones arise from the
fact that the spin-state conversion energy contributes to the
Mn—NO bond energy (but not to the Co—NO bond energy).
Recognizing this role of spin states in the ligand binding
properties turned out to be crucial to the correct interpretation
of the experimental and computational results for the studied
metalloporphyrin complexes.

The experience gathered in this work indicated that
describing the spin-state conversion energy on equal footing
with the covalent bonding effect remains a considerable
challenge for DFT and DFT-D methods. Most of them,
including functionals widely used in the field of bioinorganic
chemistry, incorrectly predict that the Mn—NO bond has a
larger dissociation energy than the Co—NO bond, and thus,
they fail to reproduce the relative thermodynamic stabilities of
the studied nitrosyl complexes, as determined by IR spectros-
copy. Only after including the proposed (spin-state energy)
correction to the Mn—NO bond energy, just a few DFT
methods (B3LYP*-D3, TPPSh-D3, and M06-D3) out of many
explored in this work, were able to yield the Mn—NO and Co—
NO bond energies in agreement with the experimental data and
the reliable estimates from wave function theory (CCSD(T)).
The risk of incorrect interpretation of the experimental data by
relying on inaccurate computational results was pointed out. It
is worth noting in passing that, given the lack of a precise
experimental value of the Mn—NO bond energy and a big
methodological challenge in computing it accurately, it would
be very interesting to compare the presently calculated data
with reliable gas-phase binding energies (like those obtained
recently’ by ion cyclotron resonance for Fe—porphyrin
complexes with CO and O,; such gas-phase data are currently
unavailable for the analogous Mn(II) and Co(II) complexes
with NO).
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This work also confirmed that the Mn—NO and Co—NO
bond energies, if determined correctly, ie., in accord with the
experimental data, do not correlate with the structures of the
studied complexes in the expected way: the shorter (1.6 A)
Mn—NO bond is thermodynamically less stable than the longer
(1.8 A) Co—NO bond! It was shown that this paradox can be
explained by recalling the change of Mn spin state
accompanying the coordination of the NO, and the resulting
energy contribution (due to spin-state conversion energy) to
the Mn—NO bond dissociation energy. Thus, in regard to the
title question, whether a tighter binding always stronger, the
answer is clearly negative. When multiple spin states are
involved in a ligand binding process (which is not unusual in
bioinorganic chemistry), the paradigmatic relationship between
structural chemistry (bond length) and thermochemistry (bond
energy) may not be obeyed because a part of the bond energy
is due to the spin-state conversion energy, and the latter
portion of energy is hardly reflected in the structural
parameters.
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