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ABSTRACT: Ferrocene derivatives have a wide range of
applications, including as ligands in asymmetric catalysis, due to
their chemical stability, rigid backbone, steric bulk, and ability to
encode stereochemical information via planar chirality. Unfortu-
nately, few of the available molecular mechanics force fields
incorporate parameters for the accurate study of this important
building block. Here, we present a MM3* force field for ferrocenyl
ligands, which was generated using the quantum-guided molecular
mechanics (Q2MM) method. Detailed validation by comparison
to DFT calculations and crystal structures demonstrates the
accuracy of the parameters and uncovers the physical origin of
deviations through excess energy analysis. Combining the ferrocene force field with a force field for Pd−allyl complexes and
comparing the crystal structures shows the compatibility with previously developed MM3* force fields. Finally, the ferrocene force
field was combined with a previously published transition-state force field to predict the stereochemical outcomes of the aminations
of Pd−allyl complexes with different amines and different chiral ferrocenyl ligands, with an R2 of ∼0.91 over 10 examples.

■ INTRODUCTION
Ferrocene and its many derivatives are many-faceted molecules
with applications in supramolecular, medicinal, bioinorganic,
and materials chemistry due to their unique combination of
ease of synthesis, stability, redox activity, and structure, making
them some of the most important organometallic molecules.1,2

Ferrocene’s rigid backbone, steric bulk, and potential for planar
chirality3 also make it an attractive scaffold for ligands in
enantioselective catalysis. As a result, ferrocene ligands have
been used in many reactions involving hydrogenation, addition
to alkenes, allylic substitution, and cross-coupling reactions.3,4

In recent years, the field of computational chemistry has
moved from the rationalization of experimental results to the
prediction of new reactions5 and, in some cases, the correction
of reports of experimental observations in the literature.6,7 For
example, computational approaches have been highly success-
ful in the prediction of stereochemical outcomes of transition-
metal-catalyzed reactions.8−10 The application of these power-
ful computational methods to ferrocene-containing systems is
hindered by the lack of accurate parameters for the ferrocene
moiety in most literature force fields (FFs). Although
electronic structure methods such as density functional theory
(DFT) can be used to get accurate structures of the
intermediates and transition structures (TS), these methods
are too slow for performing large ligand and substrate screens
or sampling the conformational space11,12 of the species
involved.

One possible approach to accelerate computational studies
to a point that they are useful for guiding experimental studies
is the use of surrogate methods such as ground-state or
transition-state force fields (GSFF and TSFF, respectively) that
are fitted toward electronic structure calculations at an
appropriate level of theory. We have developed the
quantum-guided molecular mechanics (Q2MM) method to
automate the fitting of FF parameters to simplified model
systems optimized by DFT.8,9 We were able to demonstrate
that the resulting FFs combine the accuracy of electronic
structure methods with the speed of molecular mechanics. It
should be noted that because the FFs are fitted to small model
systems rather that the full systems and do not use any
information from experiments in the fitting process, the
stereoselectivity calculations that use them are true predictions.
Here, we present the application of the Q2MM method to fit a
GSFF for ferrocenyl compounds using the functional form of
the widely used MM3* FF.13−15 We also demonstrate the
application of the resulting GSFF to the prediction of the
structure and relative energy of a range of ferrocene derivatives.
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Finally, we study the combination of this method with other
previously published GSFFs and TSFFs for applications
including stereoselectivity predictions. The physical origin of
the deviations between experimental and computational results
is also discussed.

■ RESULTS AND DISCUSSION
Topology of the GSFF. The unique bonding features of

ferrocenes require a careful consideration of the topology of
the FF parameters for the sandwich complex. Approaches
previously used to represent ferrocene in FFs include rigid
body,16 nonbonded,17 σ-bonding,18 and dummy-bonding19−22

topologies, as shown in Figure 1. The rigid body approach

involves holding the bonds and angles at fixed values.16 This
method does not require parametrization but does not
accurately capture the interactions between the metal and
the cyclopentadienyl rings (Cp).23 The nonbonded approach
involves holding the molecule together through nonbonded
electrostatic and van der Waals interactions.24 This method
requires only the parametrization of the charges but can lead to
both high-energy contributions from these charges and
accidental dissociation in the conformational exploration,
again affecting the accuracy and transferability of the results.
The σ-bonding approach involves placing a σ-bond between
the Fe and the carbons of the Cp rings.18,25 This approach is
widely applicable to many different metallocene complexes, but
this method is difficult to parametrize due to the generation of
many three-membered rings26 and does not allow low-barrier
rotation of the rings, which has been observed for many
ferrocenes.22 The dummy-bonding approach tends to be more
accurate when compared to other methods. It involves placing
a dummy atom at the center of the Cp rings and connecting
the dummy atom to each of the carbons in the Cp ring with a
zero-order bond while the Fe atom is connected to the dummy
atom with a σ-bond.20,27 This method is physically more
realistic, as it keeps the Cp rings close to 180° from each other
and allows the unhindered rotation of the Cp rings, but can be
difficult to parametrize due to the required additional
parameters for the dummy atom.28 However, the Q2MM
method is well-suited to the generation of such parameters. We
therefore decided to use the dummy atom approach to develop
a GSFF for the ferrocene scaffold that could be used for a
diverse ligand library.
Using the Q2MM method,29 parameters are automatically fit

to reproduce the geometry and Hessian elements of a DFT-
optimized reference data set for a given reaction.8,9 The goal is
to develop GSFF parameters that describe ferrocene and can
be paired with standard FF parameters to provide a highly
accurate treatment of ferrocene-based ligands. The accuracy of
the FF in comparison to DFT and experimental data is
analyzed in detail. Finally, we will show how this GSFF can be

combined with an existing GSFF for palladium-catalyzed allylic
substitutions.

Training Set for Ferrocenes. To develop a FF using the
Q2MM method, a training set is needed to fit the added FF
parameters. These structures are used to capture the steric and
electronic interactions in the system. The geometries and
eigenvalues of the Hessian Matrix of these structures are used
to fit the FF parameters by minimizing a penalty function
described previously.8,9

A training set of seven structures consisting of common
classes of bisphosphine ferrocene ligands, other substituted
ferrocene derivatives, and an unsubstituted ferrocene (Figure
2) were calculated at the B3LYP-D3/LanL2DZ/6-31G** level

of theory. These structures were chosen to capture the
geometries and energies of the Cp rings around the iron center.
The full ligand structures were added to the training set to
ensure that bonds and angles connecting the ferrocene moiety
to the rest of the ligands were accurately depicted by the FF.
The bonds, angles, and torsions directly involved with the Cp
ring were parametrized in the FF.
Some of the MM parameters needed to be defined with

higher accuracy to capture the rotations of the Cp rings. To
obtain the needed training data, four different scans were
added to the training set (Figure 3). These scans consisted of

the dihedral rotation of the Cp rings, the angle bending of the
Cp ring at the Fe center, the angle bending of the Cp rings at
the dummy center, and the bond stretching between the
dummy atom and Fe.

Parameterization of the Ferrocene Moiety. To develop
predictive methods for the ferrocene-based chiral ligands, FF
parameters for the ferrocene moiety within a ligand needed to
be developed. Standard FFs do not contain such parameters,
yet they should be compatible with available FFs. Only the
interactions containing the atoms that comprise ferrocene and
the atoms bonded to ferrocene (shown in green in Figure 4)
are parametrized, while all other interactions are described by

Figure 1. Different MM methods for modeling the ferrocene scaffold. Figure 2. DFT-optimized training set used to fit the parameters for
the ferrocene scaffold.

Figure 3. Additional DFT scans of the ferrocene moiety.
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the underlying force field, which in the case discussed here is
the MM3* FF.13−15,26

Four substructure sections in the MM3* format were
developed to describe ferrocene. The first section to be fitted
was the ferrocene core comprised of the iron, dummy atoms,
and atoms in the Cp ring. The initial parameters for the
equilibrium bond lengths and angle values were set by taking
the averages of the values in the training set structures. Bond
and angle force constants were set to an estimated value
between 0.5 and 1.0 based on the strength or weakness of the
bonds and angles. The bond dipoles and torsions were initially
set to zero at the beginning of the parametrization. Many of the
angles that contained the dummy atom were set to the ideal
values, and the force constant was set to zero. These
parameters were not optimized in the FF.
According to the general Q2MM procedure,9 bond dipoles

were the first parameters to be optimized in the FF. The next
set of parameters to be optimized was the bond and angle force
constants. To parametrize the ideal bond lengths and angle
values, they need to be tethered and parametrized with the
bond and angle force constants to ensure that they did not
deviate too much from the average values. Once the
equilibrium values were fitted, the force constants were
reoptimized. The results of the scans shown in Figure 3 were
then incorporated into the optimization to fit the bonds and
angles around the dummy atom and iron. The torsions were
the last set of parameters optimized. A skipped torsion was
added to define the rotation of the Cp rings. This parameter
was added for the Ccp−D−D−Ccp interaction to capture the
energies of the staggered and eclipsed conformations of the Cp
rings. A V5 torsional term, which is typically defined to
describe the rotation of five-membered rings, was added to
describe this rotation, and the scans described above were used
to fit this parameter.
The next three substructure sections of the FF were used to

fit the different types of ligands. The ligand sections differ in
the type of atom connected to the Cp ring of the ferrocene
moiety. The connecting atoms included an sp3-hybridized
carbon atom, an sp2-hybridized carbon atom, and a
phosphorus atom. These sections were optimized in the
same manner as described above.
Once the FF was fully optimized, it was tested to see how

well it is able to reproduce the reference structures. The bond
lengths, angles, torsions, and Hessian eigenvalues were
calculated by the MM FF and compared to data for the
DFT reference structures. In all these plots, the slope and R2

value were close to one (see Figure S1 in the Supporting
Information). Significantly, there are no systematic major
deviations in the DFT and MM structures. These results match
those obtained for our previous FFs, where the interval

validation graphs had slopes of close to one for the bond
lengths, bond angles, torsions, and Hessian eigenvalues.

External Validation. With the FF able to reproduce the
training set structures well, a validation set of six chiral ligands
(Figure 5) was used to test how well the FF reproduced

structures different from the training set. The chiral carbon
centers of these six structures were also inverted, which led to
the generation of a diastereomer due to planar chirality. To test
the performance of the FF, the energies of the diastereomeric
structures were calculated and compared to the energies
calculated by DFT methods. A Monte Carlo search in
Macromodel was performed to find the lowest-energy
conformer of each of the structures. The five lowest-energy
conformations were then reoptimized at the B3LYP-D3/
LanL2DZ/6-31G** level of theory. A vibrational analysis was
then performed to confirm the structures as minima on the
potential energy surface.
To compare the energy difference of the diastereomers of

the six structures to the energy difference calculated with the
FF, the lowest-energy conformation of the DFT-optimized
structures was subjected to a MM optimization. This allowed
the heavy atoms to slightly relax and avoided large energy
contributions from small bond deviations while remaining
structurally close to the DFT-calculated structure. The energy
difference was then calculated for the diastereomers of the six
ligands and compared between the DFT and MM methods
(Table 1)

The relative energies of the diastereomers for L1−L4
calculated by DFT and MM were similar, with a mean
unsigned error (MUE) of 1.3 kJ/mol. When comparing the
structures calculated with the two methods, there is little
deviation around the ferrocene core. There was a significant
energy difference between the DFT- and MM-optimized
diastereomers of L5 and L6, with MUEs of 6.6 and 14.9 kJ/

Figure 4. An example of a ferrocenyl ligand, where atoms fit in the FF
are shown in green.

Figure 5. Validation set structures used to compare the relative
energies of DFT- and MM-optimized structures.

Table 1. Relative Energies of Ligand Diastereomers
Calculated with QM and MM Validation Set Methods

ligand ΔEMM,opt (kJ/mol) ΔEQM,opt (kJ/mol)

L1 6.5 6.8
L2 7.3 9.2
L3 −3.3 −4.5
L4 5.7 4.0
L5 6.8 0.8
L6 1.9 −13.1
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mol, respectively. Analyzing the largest errors between DFT
and MM can give insights into the limits of the MM3 FF as
well as any systematic errors that are present in the literature
FF.6,7 The two ligands with the largest deviations, L5 and L6,
contain cyclohexyl substituents on the phosphorus atom.
There was a significant deviation in the Ccp−Csp3−P angle in
(S)-L5 between the DFT- and MM-optimized structures,
which had values of 114.2° and 121.8°, respectively (Figure 6).

In the MM-optimized structure, that angle is larger than the
reference angle (108.7°), which causes a significant change in
the calculated energy. In contrast, (R)-5 exhibits little deviation
between the MM- and QM-optimized structures. We
hypothesize that in the ligand with the (S)-configuration, the
distortion of the angle is caused by a problem in the
nonbonded substructure section in which the steric repulsion
between the cyclohexyl group and the Cp moiety is
overestimated, a known error in the nonbonded substructure
section of the MM3 FF.30 This suggests that the origin of the
deviation in the calculated geometries is the underlying MM3
GSFF parameters and not the Q2MM-fitted parameters
describing the ferrocene moiety.
Validation with Crystal Structures. Another method of

validating the structures produced by the FF is to compare
them to the crystal structures, which allows for an assessment
of how well the force field can reproduce structures obtained
experimentally. To allow for a validation relevant to catalysis,
the ferrocene FF was combined with a previously developed
FF that describes a Pd−allyl complex.31,32 A search of the
Cambridge Structural Database (CSD) provided 19 crystal
structures containing both Pd−allyl and ferrocene substruc-
tures, which were used as a validation set to compare structures
calculated by the FF to experimental data. It should be noted
that the computed structures do not account for crystal
packing forces or crystals containing different conformations.
The 19 crystal structures were minimized by both DFT and

MM methods and compared to a frozen or constrained
structure of the same method. The excess energy, which is
defined as the energy difference between an experimentally
observed structure and a computationally optimized struc-
ture,33 was calculated. Since all crystal structures contain small
distortions due to, for example, crystal packing forces, the force
field will give a positive excess energy. If the computational
optimized structure and the crystal structure are close in
energy, the excess energy is low. If the excess energy is high,
there is a deviation between the crystal structure and the
computationally optimized structure. The excess energy
approach has been used for validation purposes in previous
studies of fitted MM3* parameters for Rh−polypyridyl
complexes33 and Pd−allyl complexes.31

The energy differences for the 19 crystal structures were
calculated between the constrained or frozen structures and the
fully optimized structures (Table 2). The excess energies were

calculated when the structures were constrained for both QM
and MM, i.e., only the hydrogen atoms were allowed to
optimize. In these cases, the QM structures had lower excess
energies than the MM structures but were consistent in the
relative energy ordering. For the MM values, the calculations
were also modified to allow the heavy atoms to optimize with a
constraint of a 500 kJ/mol force constant while still allowing
the hydrogen atoms to optimize. The excess energies were
greatly reduced and closer in energy to the excess energies
calculated with QM.
A small number of structures exhibited high excess energies

in both the QM and MM calculations, which is often indicative
of errors in the crystal structure; this is in line with the
observation that the structures with the highest R factors also
tend to have the highest excess energies, as shown in Table 2.
Two common types of errors are seen in these crystal
structures. The first error is caused by two conformations of
the allyl group overlapping in the same crystal, causing errors
in the bond lengths and angles of the allyl moiety. The two
structures with the largest errors were in the crystal structures
were BAGLEB and HOHSED, which contained errors in the
allyl substructure. This includes an allylic bond length of 1.19
Å in the BAGLEB crystal structure and an allylic angle of
144.5° in the HOHSED structure (Figure 7 left), both of
which deviate significantly from the expected values for allylic
systems. Another common error observed in these crystal
structures is large alternations in the bond lengths of aromatic
groups due to libration. The atomic positions in crystal
structures are averages over several cocrystallizing rotameric
structures. When the averaged positions lie on a curve, the
apparent distances between such averaged positions will be
different from the actual bond lengths, generally shorter. As

Figure 6. Lowest-energy conformers of (R)-L5 (left) and (S)-L5
(right) optimized by MM (blue) and DFT (red) methods.

Table 2. Excess Energies of Crystal Structures Calculated
with QM and MM Methodsa

CSD code R factor

excess
energy
(QM)

excess energy
(MM, frozen

atoms)

excess energy
(MM, constrained

atoms)

ZOMYOP 2.60% 97.8 147.4 53.9
BAGLEB 5.41% 265.2 332.4 84.1
ECOYUR 4.48% 53 65.2 44.9
EREZOQ 5.61% 59.2 99.7 56.4
HOHRUS 4.66% 136.5 166.1 61.7
HOHSAZ 4.64% 39.2 69.7 29.6
HOHSED 6.47% 428.4 492.7 170.9
HOHSIH 5.47% 56.9 72.5 32.8
NIBVUP 5.23% 120 186.2 83.1
OGOPOP 4.00% 142.6 152.7 51.5
OJIJUN 2.69% 57.6 128.4 54.6
PUZTEJ 4.30% 146 162.6 55.9
PUZTIN 4.90% 165.1 137.4 39.0
UBOVUC 3.20% 74.5 105.3 54.9
UBOWAJ 3.10% 96.5 113.9 45.9
UDACAE 2.71% 25.7 68.7 46.2
UDIFIW 3.57% 46.4 87.9 46.2
YEPZAV 3.66% 103.5 141.0 48.5
YEPZEZ 5.90% 193.6 195.9 60.4

aAll energies are in kilojoules per mole (kJ/mol).
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examples, the bond lengths in the two Cp rings of the
ferrocene group in PUZTIN ranged from 1.36 to 1.48 Å
(Figure 7 right), whereas the bond lengths in both DFT and
MM3* structures are much more equal. This suggests that the
large excess energy values observed for the outliers in Table 2
are due to errors in the crystal structure and not errors in the
MM3* parameters derived to describe the ferrocene scaffold.
Stereoselectivity Predictions. As a first test of the

applicability of the ferrocene FF for stereoselectivity
predictions for asymmetric reactions catalyzed by ferrocenyl
ligands, it was combined with the Pd−allyl GSFF, which was
shown previously to provide qualitative predictions of the
stereochemical outcome of these reactions.34 A set of five Pd−
allyl ground-state structures catalyzed by ligands containing the
ferrocene moiety was constructed (Figure 8).35 These ligands
are similar to the ligands with which the FF was trained in that
they contain a similar P−N ligand backbone but differ in that
they contain a pyridine ring, which was not present in the
training set for these ferrocenyl ligands. Therefore, these
studies are a case study for the robustness of the parameters. A
Monte Carlo multiple-minimum search was performed and
minimized on the combined Pd−allyl and ferrocene GSFF. A
benzyl amine nucleophile was then added to the lowest-energy
conformer to form the diastereomeric transition states that
lead to the (R)- and (S)- enantiomers. These structures were
then optimized to a TS using the same DFT method described
above.
The energy difference between the (R)- and (S)-

enantiomers was calculated and compared to the experimental
selectivity (Figure 9). The overall MUE for the five structures
was 5.6 kJ/mol. There is a significant error for L11 which
contains two benzyl groups on the oxazoline. This causes a
significant steric interaction with the phenyl group on the allyl
moiety. Because a GSFF was used instead of a TSFF, the
selectivity predictions are not expected to be quantitatively

accurate; however, they do allow the full conformational search
of the transition state needed to make accurate stereoselectivity
predictions11 and provide insights into the steric and electronic
interactions of the transition state.
As a more quantitative application of the ground-state

ferrocene FF to stereoselectivity predictions, it was paired with
a TSFF for the attack of nitrogen nucleophiles on a Pd−allyl
complex for which we had previously reported successful
predictions of enantioselectivity for other classes of chiral
ligands.7 A mixed Monte Carlo multiple-minimum/low-mode
search was performed for 40 000 steps for benzyl amine and
NH3 nucleophiles. The selectivities were calculated and
compared to the experimental values, with an MUE of 5.6
kJ/mol for the benzyl amine nucleophiles and an MUE of 3.7
kJ/mol for the NH3 nucleophile (Figure 10). While the MUE
values between the two methods used to predict the selectivity
are similar, the slope and R2 values of the respective selectivity

Figure 7. Crystal structures with large excess energies.

Figure 8. Validation set used for the stereoselectivity predictions of the Pd-catalyzed allylic amination reaction catalyzed by ligands containing the
ferrocene moiety.

Figure 9. Comparison of the energy differences of the TS structures
that lead to (R) and (S)-enantiomers between the DFT-optimized
structures and the experimental results.
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comparisons are different. When DFT methods were used to
optimize the ground-state structures to transition-state
structures to calculate the selectivity, the slope was 1.08 and
R2 = 0.57. (Figure 9). While the slope was close to one, the low
R2 value shows a modest correlation. When the TSFF was used
to calculate the selectivity, the slopes were 1.72 and 1.51 and
R2 = 0.92 and 0.91 for the benzyl amine and the NH3
nucleophiles, respectively (Figure 10). Although the slope is
too high, i.e., selectivities will be overestimated, the data have a
correlation coefficient similar to those of previous TSFFs.7−9

This suggests that the FF systematically overpredicts the
selectivity but correctly rank-orders them to identify the most
promising ligand for a given substrate.
The transition structure calculated for ligand 4.10 and the

benzylamine nucleophile (Figure 11) had the largest deviation

between the calculated and experimental selectivities and was
analyzed further . The reported experimental selectivity is
60.3% ee,35 while the calculated selectivity is 98.7% ee. When
the lowest-energy conformers of the transition structures
leading to the major (S)-enantiomer and the minor (R)-
enantiomer were analyzed, the significant difference was in the
aromatic interactions with the ferrocene. In the transition
structure leading to the (S)-product, there were three aromatic
groups surrounding the ferrocene moiety, while in the TS
leading to the (R)-product there were two aromatic systems
(Figure 11). This would suggest that the nonbonded energy
for the transition state leading to the (S)-product should be

higher in energy. However, a comparison of the contributions
to the MM energy between the two lowest energy conformers
shows that the van der Waals energy is 7 kJ/mol lower in the
TS leading to the (S)-product. This is most likely due to the
underlying error in the MM3 GSFF used to describe the
nonbonded interactions in aromatic systems. Despite this
outlier, calculations using the ferrocene FF combined with the
TSFF for the Pd−allyl reaction will allow the rapid
identification of promising ligand−substrate combinations.

■ CONCLUSIONS
Force field parameters were developed to describe the
ferrocenyl moiety that could be paired with other FF
parameters. This FF was able to accurately reproduce the
crystal structures of 19 Pd−allyl complexes. While there were
some deviations from the crystal structure and the MM-
optimized structures, most were due to errors in the crystal
structures. Stereoselectivity predictions were made by combin-
ing the ferrocene FF with both a Pd−allyl GSFF for the
reactive intermediate and a Pd−allyl TSFF. The MUE for both
methods was 5.6 kJ/mol. This shows the FF systematically but
consistently overestimates the selectivity but is still useful for
the rapid selection of ligands for use in enantioselective
reactions.

■ COMPUTATIONAL METHODS
All DFT calculations were performed in the gas phase using Gaussian
09.36 The B3LYP functional with the empirical dispersion
correction37 was used with a Lanl2DZ basis set to describe iron
and palladium atoms, and 6-31G** was used to describe all other
atoms. The CHELPG38 scheme was used to calculate partial charges.
Frequency analysis confirmed ground-state or transition-state
structures. Dummy atoms were placed at the centers of the Cp
rings after the QM optimizations were completed.

The ferrocene parameters were fit and optimized using the
automated fitting procedure of the Q2MM method. The MM3*
FF13−15 was used as the functional form to fit to and for default
parameters that were not fit by the Q2MM method. All molecular
mechanics (MM) calculations were completed using Macro Model.39

Energy excess calculations31,33 were performed by having both
frozen and constrained heavy atoms to allow hydrogen positions to
optimize. These calculations were performed using both DFT and
MM methods. The reported MM excess energies were calculated by
comparing a single point calculation of the constrained and frozen
structures. The constrained approach implemented a 500 kJ/mol
force constant on heavy atoms.

■ ASSOCIATED CONTENT
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