CpFe(CO)2 Radical Generated from Dinuclear [CpFe(CO):]2 and Mononuclear (Cp)(CO)2Fe(H):
Density Functional Theory is Accurate for One, but Not Both

Kevin P. Quirion,? Roushan Prakash Singh,® Neal P. Mankad,® and Daniel H. Ess*?

# Department of Chemistry and Biochemistry, Brigham Young University, Provo, UT 84604, USA
® Department of Chemistry, University of Illinois, Chicago, IL 60607, USA

Abstract

Density functional theory (DFT) methods remain the most practical approach to calculating
properties and reaction mechanisms of transition metal complexes. While the accuracy of DFT methods
has been evaluated for some properties of mononuclear organometallic complexes there has been a
general lack of evaluation for dinuclear organometallic complexes, in particular bonding changes related
to reaction mechanisms. This work evaluated DFT and coupled cluster methods for the accuracy of
calculating CpFe(CO)z radical (Fpe) generated from dinuclear [CpFe(CO):2]2 (Fp2) and mononuclear
[(Cp)(CO)2Fe(H)] (Fp-H). This transition metal radical fragment was evaluated because dinuclear
complexes built with it have recently shown a variety of unique reactions but has proven challenging to
accurately calculate with DFT methods. Here we show that DFT methods provide a surprising wide range
of fragmentation energies for Fp2 and lower and mid rung DFT methods as well as DLPNO-CCSD(T)
perform well for this dissociation energy. The highest rung double-hybrid methods also have a large range
in Fp2 dissociation energies, and the energy greatly depends on the amount of MP2 correlation energy
included. For generating Fpe from Fp-H the lower and mid rung methods that worked well for Fp2
showed significant error. Double-hybrid methods unfortunately are only accurate for the Fe-H bond if
they are very inaccurate for the Fp2 dissociation energy. While DLPNO-CCSD(T) is not perfect, and not
close to chemically accurate for the Fe-H bond, it does provide reasonable accuracy for both Fp2 and Fp-
H dissociation energies.

Introduction

Due to the balance of speed and computational cost, density functional theory (DFT) remains the
most practical approach to calculating properties and reaction mechanisms of transition metal complexes.
For mononuclear transition metal systems there has been some evaluation of the accuracy of DFT
methods, and emergence of high and low performing density functionals generally fit within the so-called
Jacob’s ladder hierarchy.!? In contrast to mononuclear systems,*¢ there has not been extensive accuracy
assessment of DFT methods for dinuclear complexes featuring two metal centers and properties related to
bonding changes in reaction mechanisms. Evaluation of the accuracy of dinuclear complexes is important
because they often have different physical properties, reactivity, and selectivity compared to mononuclear
complexes.”” Moreover, while our groups have used DFT methods to model a variety of dinuclear
catalyzed reactions ranging from cyclization reactions to cross-coupling reactions'®'> we generally had to
resort to surveying a variety of density functionals and make a less than fully evaluated choice of
functionals to interpret structures and energies.

A specific recent example where it was complicated to select a DFT method and have confidence
in its accuracy was for reactions of dinuclear Fe-Al complexes with small molecules (e.g. CO2), which
occur through a reaction mechanism involving Fe and Al radicals generated through bond homolysis.
Therefore, we wanted to evaluate the accuracy of DFT methods for treating dinuclear complex es where
there is fragmentation to mononuclear radicals. This prompted the evaluation of DFT methods for the
accuracy of calculating the CpFe(CO):2 radical (Fpe) generated from dinuclear [CpFe(CO)2]2 (Fp2)'* and
mononuclear [(Cp)(CO)2Fe(H)] (Fp-H),'* and both of these fragmentation reactions have experimentally
measured energies. Here we show that DFT methods provide a surprising wide range of fragmentation
energies for Fp2 and lower and mid rung DFT methods as well as DLPNO-CCSD(T) perform well for this
fragmentation energy. The highest rung double-hybrid methods also have a large range in Fp2
fragmentation energies, and the energy greatly depends on the amount of MP2 correlation energy



included. Fp-H bond homolysis also leads to Fpe. Surprisingly, the lower rung methods that worked well
for the Fp2 fragmentation energy showed significant error for the Fe-H bond energy. Double-hybrid
methods unfortunately are only accurate for the Fe-H bond if they are very inaccurate for the Fp2
fragmentation energy. While DLPNO-CCSD(T) does not provide chemical accuracy (i.e. within 1
kcal/mol), it does provide reasonable accuracy for both dinuclear and mononuclear fragmentation
energies. Overall, this work indicates that for care should be taken when selecting a DFT method
appropriate for metal radicals that toggle between dinuclear and mononuclear structures since accuracy
may not readily translate from one structure to another.

Computational Methods

DFT calculations with an ultrafine integration grid were conducted using Gaussian 16'° with the
PBEO hybrid functional labeled as PBE1PBE.'® '” Geometries were optimized with the def2-TZVP'® basis
set and dispersion was incorporated into PBEO calculations using Grimme’s D3 dispersion'® correction
along with the Becke-Johnson? (BJ) damping function. For Fp2, the influence of solvent was evaluated
by optimizing geometries in the presence of explicit benzene solvent, and for Fp-H in the presence of
explicit acetonitrile solvent. Both structures also had geometries optimized using the SMD?! continuum
solvation model in their respective solvents. Vibrational frequency analysis verified all stationary points
as minima and was used to calculate the thermochemical corrections at 298 K. Additional DFT single
point calculations (e.g. M06-L??) were also carried out in Gaussian or ORCA on the PBE0 gas-phase
geometries. PBEO thermochemical corrections were then added to the additional single point energies.
Several double-hybrid density functional theory (DH-DFT) methods were examined (see SI), and here we
focus on the PBEODH?? functional. The PBEO thermochemical corrections were applied to the DH-DFT
electronic energies. Coupled cluster single point energies were calculated using PBEO gas-phase
geometries using the ORCA 6.0 software** with both CCSD(T)?* and DLPNO-CCSD(T)* and with the
def2-TZVP basis set in the gas phase. DLPNO calculations were run with TightPNO to enforce stricter
cutoffs for PNOs. PBEO thermochemical corrections were applied to these coupled cluster energies. The
Nudged elastic band (NEB) calculation was conducted using the ORCA 6.0 software with the M06-L
functional and the def2-SVP basis set. Subsequent single point energy calculations were conducted at
each point located along the minimum energy pathway with broken symmetry spin unrestricted M06-
L/def2-TZVP and the DEFGRID?3 integration grid. Intrinsic bond orbitals (IBOs) were generated via
IboView v20211019-RevA using the DFJX-RKS SCF method with the PBE functional, an orbital basis
set of def2-TZVP, and a fit basis of univ-JFIT.?" 28

Results and Discussion

As has been known for multiple decades, DFT methods offer a balance between accuracy and
computational cost.”’ Because of this balance, DFT methods remain the most practical method for
evaluating reaction mechanisms featuring transition metal complexes, especially when evaluating reaction
mechanisms where hundreds or more structures must be evaluated. There are now dozens of density
functionals to choose from when modeling transition metal systems and carefully choosing which to use
is highly important when dealing with electronically complex systems such as transition metal
complexes.’**! As outlined in the introduction, we have recently struggled to identify DFT methods that
can accurately calculate the energies of mononuclear transition metal radical fragments that are generated
from dinuclear starting complexes (e.g. Fe-Al complexes).? This prompted us to examine the accuracy
of DFT methods towards the enthalpy of Fp2 fragmentation that gives Fpe.*3-** Fp: is advantageous to
analyze because it has a low spin singlet ground state without any significant multireference character. We
also analyzed the related Fe-H bond because it also gives the Fpe,'* 3’-38 but starting from a mononuclear
complex.

The solid state x-ray structures for Fp2 have been reported for both the cis and trans
configurations.**** In solution, based on '*C nuclear magnetic resonance experiments, the Fp2 dimer is
known to be fluxional with rapid interconversion between cis, trans, and open configurations (Figure 1),*
and the cis is the major configuration. Here we represent only the open configuration with a Fe-Fe bond



because extended Huckel calculations by Hoffmann and our own moleulcar orbital calculations show that
there is minimal direct Fe-Fe bonding in the fully optimized cis and trans geometries. See later discussion
for what occurs as cis and trans Fp2 undergoes fragmentation.

Because we previously used the PBEO functional to evaluate Fe-Al dinuclear complexes we
wanted to first assess this functional for the Fp2 geometry and fragmentation energy to Fpe. For the
geometry comparison we optimized the Fp2 structures in the gas phase and compared them to the x-ray
structures. With the PBEO functional the key Fe-to-Fe distances (cis/trans: 2.51 A, and open: 2.66 A) and
non-bridging Fe-C(O) distances (cis/trans: 1.75 A, and open: 1.74 A) are very close to the x-ray structure
distances (Figure 1). The SI provides a detailed comparison showing that in general hybrid and meta
hybrid DFT methods provide reasonable geometries. However, optimization of the Fp2 geometry with the
double-hybrid PBEODH functional resulted in a Fe-to-Fe distance of 2.47 A, which is 0.06 A shorter than
the x-ray structure. In general, the bond distances of small molecules in the gas phase and in implicit
solvation will not vary significantly from that of their known crystal structures,* and this large of
deviation is potentially significant.
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Figure 1. Top: Hlustration of cis, trans, and open Fp2 configurations. Bottom: X-ray structures of cis

and trans configurations with key distances shown (A).

With accurate replication of experimental geometries for Fp2, we assumed that PBEO would
provide accurate relative energies for the configurations of Fp2 and fragmentation to Fpe. Somewhat
consistent with experiment, the PBEO functional gave a very small energy difference between cis and
trans configurations (Figure 2a). The enthalpy difference is 0.3 kcal/mol but gives the trans to be lower in
energy than the cis. The open configuration with PBEO is 3.1 kcal/mol higher in enthalpy than the trans
geometry. All DFT methods gave the frans configuration to be lower in energy than the cis configuration.
In contrast, DLPNO-CCSD(T) gave the cis configuration to be 0.8 kcal/mol lower in energy than the
trans configuration and 1.7 kcal/mol lower than the open configuration.

Cutler et al. experimentally measured the Fp2 fragmentation energy (we have avoided calling it a
bond dissociation energy because of the lack of direct Fe-Fe bond in cis and trans ground state
configurations), which we interpret as enthalpy, to be 26.9 kcal/mol + 2.7 kcal/mol.'* This value was
obtained by analysis of the reaction kinetics of disproportionation of the mono acetylated species, which
formed Fp2 and the diacetylated dimer in benzene solution from 60-100 °C, and was shown to follow first
order kinetics. Because this is a kinetic value and likely an upper limit of the fragmentation enthalpy, we
carried out a nudged elastic band (NEB) calculation with respect to the Fe-Fe distance to determine if
there is any potential energy barrier. The NEB pathway shown in Figure 3 provides energy versus Fe-Fe
distance from 2.66 A to 5.45 A and shows that after 3.5 A the electronic configuration has an open-shell
singlet configuration. More importantly, the energy surface is very flat with a maximum energy of 27.1
kcal/mol compared to the open Fp2 isomer (Figure 3). This means that any enthalpy barrier is within error



range of the experimental kinetic fragmentation and therefore, we have taken this kinetic value to be
equivalent to the thermodynamic value.
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Figure 2. a) PBE0-D3BJ/def2-TZVP optimized geometries and their relative configuration enthalpies in
the gas phase. b) Heat map showing the fragmentation enthalpy values for each fluxional Fp2 isomer
including the Boltzmann weighted deviations, and the Fp-H species. All enthalpies reported are in
kcal/mol. *Indicates that the single point energy calculation was performed with ORCA.
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Figure 3. Nudged elastic band (NEB) calculations shown with open- (blue) and closed-shell (orange)
electronic energies. The NEB calculation was performed at the M06-L(DEFGRID3)/def2-TZVP//M06-
L/def2-SVP level of theory in the gas phase. All are energies reported are in kcal/mol.



We started our evaluation of DFT methods with PBEO (which includes the D3BJ dispersion
correction; labeled as PBEO-D3BJ in Figure 2) by calculating Fp2 and the corresponding Fpe radical
geometry (doublet spin state) and this gave an enthalpy change of 22.5 kcal/mol starting with the trans
configuration and 22.2 kcal/mol starting with the cis configuration. This PBE0-D3BJ fragmentation
energy is only too low by ~4 kcal/mol and this difference could be due to solvent effects not explicitly
included in the calculation (see later discussion). Comparison of PBE0-D3BJ to PBEO shows that without
dispersion the error goes from reasonable to unacceptable at over 12 kcal/mol. A similar situation is found
with B3LYP, which has an error of over 22 kcal/mol but inclusion of D3BJ dispersion provides and error
of just over 5 kcal/mol. It should be noted that inclusion of dispersion with a functional does not always
lead to accurate results. For example, BP86-D3BJ has an error of >16 kcal/mol. Figure 2 and the SI
provides a detailed list of other density functionals used to evaluate the fragmentation energy of Fp2. The
most accurate method with consideration of the experimental error, which is a middle rung method, was
MO06-L,* which gave an energy of 27.2 kcal/mol for the trans configuration and 25.7 kcal/mol for the cis
configuration. The table in Figure 2b also gives Boltzmann weighted fragmentation energy, and for M06-
L this value is 27.0 kcal/mol.

In addition to checking the accuracy of lower rung methods we also wanted to extensively
evaluate the highest DFT rung, which is generally considered to be double-hybrid methods. Surprisingly,
checking the double-hybrid DFT methods showed highly inconsistent results with Fp2 fragmentation
energies varying from 26.9-53.9 kcal/mol. For example, while PBEO-DH gave a Boltzmann weighted
fragmentation enthalpy of 27.4 kcal/mol the B2PLYP method, which is often used in computational
studies of transition metal systems, gave a weighted bond enthalpy of 49.1 kcal/mol, which is a more than
20 kcal/mol error from experiment. We also evaluated the DLPNO-CCSD(T) method. The DLPNO-
CCSD(T) fragmentation enthalpy starting from the #rans configuration is 27.2 kcal/mol and the from the
cis configuration is 28.0 kcal/mol, which are both close to the experimental value.

With M06-L and PBEO-D3BJ providing highly reasonable values for the Fp2 fragmentation
energy we wanted to evaluate the bonding changes that occur during the fragmentation process leading to
Fpe. As previously noted, Hoffmann and coworkers reported an extensive extended Huckel orbital
bonding analysis of the trans Fp2 configuration that indicated no direct Fe-Fe covalent bond.* More
recently, Mankad and coworkers reported experimental electron density analysis of cis and trans
configurations along with QTAIM analysis of the electron densities and also found no evidence for a
significant direct covalent Fe-Fe bonding.*! We examined the ground state trans Fp2 dimer using intrinsic
bond orbitals (IBOs), which are shown in Figure 4.2” This IBO analysis showed two -symmetry orbitals
responsible for the 3-centered, 2-electron bonds around each Fe-(CO)-Fe moiety, two pseudo m-symmetry
3-centered, 2-electron bonds around each CO-Fe-CO moiety, and the unique 4-centered, 2-electron bond
around the Fe-(CO)2-Fe core. Overall, the IBOs are highly consistent with the Huckel-type orbitals
previously presented by Hoffmann and coworkers.

Despite orbital bonding analysis suggesting no direct Fe-Fe covalent bond in frans Fp2, Labinger
has argued*’ that representing Fp2 with a direct Fe-Fe covalent bond in the ground state hints that the
fragmentation of Fp2 will generate Fpe. This prompted us to evaluate the configurations and orbital
bonding that occurs as Fp2 fragments to Fpe. Figure 5a and 5b plot the enthalpy change of trans Fp2
fragmentation as a function freezing the Fe-Fe and Fe-CO distances, which results in two slightly
different fragmentation pathways. At each structure along this pathway, we evaluated the configuration.
After only 0.2 A Fe-Fe distance increase the structure changed to the open configuration, which is
consistent with the relative energies of the trans and open configurations. We also used IBOs to track the
pseudo m-symmetry orbital responsible for the unique 4-centered, 2-electron bond around the Fe-(CO)2-Fe
core that is responsible for the closed-shell electronic structure of trans Fpz (Figure 5¢).2® Consistent with
the change from trans to open configurations with only slight increase in the Fe-Fe distance, the pseudo
n-symmetry orbital changes to a 6-symmetry orbital indicative of a covalent Fe-Fe bond. This suggests
that while there is no covalent Fe-Fe bond in the ground state, very early along the reaction pathway for
fragmentation the Fe-Fe bond is established and then broken which provides the Fp radicals. Consistent



with this viewpoint, we located the cis-to-frans isomerization transition-state structure, and it has an
enthalpy barrier of 10.5 kcal/mol, which is less than half that of the fragmentation energy.
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Figure 4. Intrinsic bonding orbitals (IBOs) of #rans Fp2 involving Fe electrons (14 electrons) and bridging
carbonyl electrons (4 electrons).
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Figure 5. a) Fe-Fe distance reaction coordinate for Fp2 fragmentation. After 0.2 A of Fe-Fe distance
displacement the trans configuration converts to the open configuration. b) Fe-CO distance reaction
coordinate for Fp2 fragmentation. ¢) Structures of the trans-Fp2 with IBOs shown along the Fe-Fe
distance reaction coordinate.

With the accuracy for Fp2 fragmentation evaluated we wanted to then determine which DFT
methods also provide accurate evaluation of generating Fpe from a different starting complex, specifically
a mononuclear Fe complex. The most related mononuclear bond energy that has been experimentally
measured is the Fe-H bond in Fp-H. This bond enthalpy was experimentally determined to be 68.0
kcal/mol by Lichtenberger and Norton who used pKa values and oxidation potentials for Fp-H with
multiple different bases in order to derive this energy value (taken to be enthalpy).'* The Fp-H bond
energy results in He and Fpe, which is the same radical resulting from the Fp2 fragmentation. Therefore,
we began by examining the best performing DFT methods for Fp2, which were PBE0-D3BJ and M06-L.
These methods gave bond enthalpy values of 57.3 and 57.7 kcal/mol, respectively (Figure 2b). Both
methods have a deviation from the experimental value by more than 10 kcal/mol. Perhaps surprisingly,
despite the accuracy found for the Fp2 system, evaluation of other lower rung and mid rung DFT methods
showed a general pattern that methods that are accurate for the Fp2 fragmentation energy struggle with the
Fe-H bond and methods that are accurate for the Fe-H bond struggle with the Fp2 energy. This suggests
that there are likely different forms of inaccuracy and error cancellation in DFT methods applied to these
two different types of bonding situations, despite them both having a common Fpe metalloradicaloid.
However, it should be noted that this is not simply due to the unique delocalized bonding found in cis and
trans Fp2 because the energy of the open configuration that has a Fe-Fe bond gives highly similar results.

Similar to the lower and mid rung DFT methods, but exacerbated, the highest rung double-hybrid
methods again shows that the accurate method for Fp2 fails for the Fe-H bond and vice versus. For
example, PBE-DH method deviates by over 8 kcal/mol for the Fe-H bond despite being close to the
experimental accuracy for Fp2. The B2PLYP method that was disastrously incorrect for Fp2 shows a
deviation of only 2.4 kcal/mol for the Fe-H bond. It is possible for these MP2-based methods that high
spin intruder states may be responsible for the large swings in accuracy. In general, Hartree-Fock and
MP2 methods struggle with bond dissociation energies due to spin contamination and symmetry problems
arising in-part from mean-field Hartree-Fock orbitals, which appear even in the absence of transition
metals, though there are methods such are orbital optimization and spin-component scaling that can
alleviate these issues.*® Indeed, in the calculation of 44 small molecule X-NO: bond energies, Liu et al.



found that MP2 was yielding huge positive deviations in energy,*’ which is the same type of deviation we
observed with MP2 for Fpe radical with Fp2. However, this organometallic case is likely more complex to
properly capture the correct amount of dynamic correlation.**° In the case of DH-DFT multiple studies
have previously cast doubt on the use of these methods for radicals and organometallic species.’*>* In
particular, Shee and coworkers showed DH-DFT and OO-MP2 methods underperform in several cases for
strong-field metal-CO ligand bond dissociations energies, and there were deviations from experimental
values between 5-35 kcal/mol.”*> These errors were attributed overestimation of the MP2 component of
the calculations.

We did the same dinuclear to mononuclear comparison with DLPNO-CCSD(T)//PBE0O-D3BJ.
While we were expecting DLPNO-CCSD(T) to give a chemically accurate bond energy (typically
considered to be + 1 kcal/mol) it did not. For Fp-H DLPNO-CCSD(T) provided a bond energy of 62.8
kcal/mol, which is 5.2 kcal/mol lower than experiment. This again means that highly accurate methods,
even wavefunction based methods, for Fp2 do not necessarily translate to high accuracy of a mononuclear
bond energy. However, the deviation in mononuclear BDE accuracy for DLPNO-CCSD(T) compared to
the lower rung DFT methods, such as M06-L, is much smaller at about 50%. Therefore, when possible, it
would be important to compare DFT values to DLPNO-CCSD(T) values.

An often-neglected aspect of evaluating the accuracy of organometallic fragmentation/bond
energies is the impact of solvent. For organic bond energies neglecting solvent energies can be reasonable
since there is a small interaction energy between organic radicals and solvent. However, with transition
metal systems there is the possibility that solvent can strongly interact with the metal center through
unoccupied or partially occupied coordination sites, and we recently showed this can be a large effect in
heterodinuclear bonds.>® Therefore, we modeled the Fp2 fragmentation energy by starting with Fp2 and
two explicit solvents and the conversion to (benzene)(Cp)(CO):2Fpe. Figure 6 provides a comparison of
gas phase, continuum solvent, and explicit solvent values for the bond dissociation enthalpy. Important
for confirming the fragmentation energies previously described, the addition of explicit solvent had a very
minor effect on energies. For example, for trans-Fp2 explicit solvent changed the fragmentation enthalpy
by less than 1 kcal/mol and this is consistent with a relatively weak interaction and long distance between
benzene and Fpe. The inclusion of continuum/implicit solvent results in a small increase in the
fragmentation enthalpy. The enthalpy increases by 1-3 kcal/mol depending on the Fp2 configuration, and
this suggests that continuum models may stabilize the Fp2 complexes.

Solv. cis trans open Fp-H"
Explicit 22.8 234 185 60.2
Implicit 25.1 24.8 20.1 48.1
None 222 225 194 573

Figure 6. PBE0-D3BJ/def2-TZVP optimized geometries of explicitly solvated structures and table with
bond dissociation enthalpies in the gas phase, explicit solvent, and continuum solvent (kcal/mol). Explicit



solvation geometries were optimized without continuum solvation. Implicit geometries were optimized
with SMD continuum solvation for parameters with benzene.

*For Fp-H the implicit geometries were optimized with SMD solvation for parameters with MeCN and
explicit solvation used MeCN molecules.

Conclusions

Dinuclear complexes with metal-metal bonds have emerged as unique catalysts and DFT methods
remain the only practical way to evaluate reaction mechanisms. Therefore, in this work we evaluated the
accuracy of DFT and coupled cluster methods for the Fe-Fe bond enthalpy of Fp2 and the Fe-H bond in
Fp-H. The Fe-H bond was evaluated because in many catalytic cycles dinuclear species evolve into
mononuclear species, and this provides a comparison of dinuclear to mononuclear accuracy. DFT
methods provided a surprising wide range of bond energies for Fp2 and lower and mid rung DFT methods
and coupled cluster methods performed well for this dinuclear bond energy. The best performing
functional was M06-L. Interestingly, PBEO and B3LYP functionals without dispersion show significant
errors. However, dispersion does not guarantee accuracy, which was shown with the BP86 functional. The
highest rung double-hybrid methods also had a large range in bond energies and the bond energy greatly
depended on the amount of MP2 correlation energy included. For example, while PBEO-DH showed an
accurate bond energy B2PLYP had an error of greater than 20 kcal/mol. For the Fe-H bond in Fp-H the
lower and mid rung methods that worked well for the Fe-Fe bond showed significant error for the Fe-H
bond. Double-hybrid methods unfortunately are only accurate for the Fe-H bond if they are very
inaccurate for the Fe-Fe bond. Perhaps as expected, coupled cluster theory is not perfect, but it did
provide reasonable accuracy for both dinuclear and mononuclear bond energies. Overall, this work
indicates that for dinuclear catalysis that often toggles between dinuclear and mononuclear structures care
must be taken to determine which DFT method is most accurate, and this selection should be based on
properties of both dinuclear and mononuclear structures.
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