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Force-Field Development and Molecular Dynamics Simulations of
Ferrocene—Peptide Conjugates as a Scaffold for Hydrogenase Mimics

Xavier de Hatten,'™" Zoe Cournia,'® ! Ivan Huc,"” Jeremy C. Smith,'* ¢! and

Nils Metzler-Nolte*!?!

Abstract: The increasing importance of
hydrogenase enzymes in the new
energy research field has led us to ex-
amine the structure and dynamics of
potential hydrogenase mimics, based
on a ferrocene—peptide scaffold, using
molecular dynamics (MD) simulations.
To enable this MD study, a molecular
mechanics force field for ferrocene-
bearing peptides was developed and
implemented in the CHARMM simula-
tion package, thus extending the use-
fulness of the package into peptide—
bioorganometallic chemistry. Using the
automated frequency-matching method
(AFMM), optimized intramolecular
force-field parameters were generated

charges to quantum-chemically com-
puted electrostatic potentials. The
force field was tested against experi-
mental X-ray crystal structures of di-
peptide derivatives of ferrocene-1,1'-di-
carboxylic acid. The calculations repro-
duce accurately the molecular geome-
tries, including the characteristic C,-
symmetrical intramolecular hydrogen-
bonding pattern, that were stable over
0.1us MD simulations. The crystal
packing properties of ferrocene-1-
(p)alanine-(p)proline-1’-(p)alanine-

(p)proline were also accurately repro-
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duced. The lattice parameters of this
crystal were conserved during a 0.1 ps
MD simulation and match the experi-
mental values almost exactly. Simula-
tions of the peptides in dichloro-
methane are also in good agreement
with experimental NMR and circular
dichroism (CD) data in solution. The
developed force field was used to per-
form MD simulations on novel, as yet
unsynthesized peptide fragments that
surround the active site of [Ni-Fe] hy-
drogenase. The results of this simula-
tion lead us to propose an improved
design for synthetic peptide-based hy-
drogenase models. The presented MD
simulation results of metallocenes

through quantum chemical reference
normal modes. The partial charges for
ferrocene were derived by fitting point

Introduction

Hydrogenases, found in numerous microorganisms, are of
particular interest in the field of new energy research, be-
cause they catalyze the reversible conversion of dihydrogen
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thereby provide a convincing validation
of our proposal to use ferrocene—pep-
tides as minimal enzyme mimics.

hydrogenase

into protons and electrons and thus have potential in hydro-
gen-based energy generation.'! Although biological sys-
tems contribute very little to the current energy production,
they are capable of substantial large-scale effects. Indeed,
the biological processing of dihydrogen performed by hydro-
genases is exceptionally efficient, with rates for proton pro-
duction in the range of 6000-9000 turnovers per second and
dihydrogen oxidation of 10000 turnovers per second. Thus,
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one mole of hydrogenase can, in principle, produce enough
hydrogen to fill the airship Graf Zeppelin in ten minutes, or
the main liquid-hydrogen tank of the Space Shuttle in two
hours.?! This efficiency makes synthetic hydrogenase mimics
an attractive target as potential economical sources of hy-
drogen fuel.

The first structure of a [NiFe]-hydrogenase was solved in
19951 Its active site is composed of a hetero-bimetallic
center in which a nickel atom is coordinated to four sulfur
atoms, two of which are terminal and the other two bridged
to an iron atom. In its active form, the iron center is further
bonded to three truly inorganic ligands: one carbon monox-
ide molecule and two cyano groups (see Figure 1). While

/CO
Fe-CN

CN

Figure 1. [NiFe]-Hydrogenase enzyme of Desulfovibrio Gigas and its het-
erobimetallic active site. The red selection signifies a magnification.

being ubiquitous in synthetic inorganic chemistry, both li-
gands are rarely observed to coordinate metal centers in
metalloenzymes.

A wide range of different model systems were proposed
for the hydrogenase hetero-bimetallic active site.*'? Out of
those, only a few functional models were recently report-
ed.*17 All of these systems focus on the active site, neglect-
ing the surrounding protein. Also, they use non-proteogenic
ligands such as thiophenols, phosphines, or nitrogen ligands.
Numerous quantum mechanical computational studies have
been carried out that were mainly concerned with the mech-
anism of dihydrogen binding and activation by the metal
centers."®?! In this work, we propose ferrocene—peptide
conjugates as hydrogenase mimics and evaluate their poten-
tial as scaffolds for the coordination of bimetallic centers
and their synthetic feasibility using molecular dynamics
(MD) simulations. Ferrocene—peptide conjugates are antici-
pated to accurately reproduce the natural active site, be-
cause they can simultaneously reproduce the peptidic envi-
ronment that surrounds the bimetallic center and offer an
electron relay.
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Hydrogenases are electrochemically active proteins, pro-
ducing electrons that are subsequently used as reducing
equivalents. In peptide-derived hydrogenase mimics, these
electrons must first be transferred through the peptide to
the site at which the reduction occurs. In the wild type, the
electron pathway is directed through [4Fe—4S] clusters.*!
We propose that, in synthetic mimics, ferrocene may replace
the Fe-S clusters by using the reversible conversion of
iron(II) to iron(III) to act as an electron relay.” Small pep-
tide sequences containing cysteine residues, as in the active
site of hydrogenase, can be synthesized and bonded to ferro-
cene. The complex thus obtained might serve as a chelate
for nickel and/or iron atoms, mimicking the [Ni-Fe]-hydro-
genase active site. The interactions of metallocenes, and es-
pecially of ferrocene, with peptides are becoming of increas-
ing interest.’**) Wel*% and others" have synthesized a
variety of peptide derivatives of ferrocene in order to eluci-
date the geometries of these compounds and to investigate
possible medicinal applications.*®** In particular, a range of
compounds containing ferrocene and cysteine with different
protecting groups have been synthesized.”! Interesting geo-
metrical features have been observed in these compounds.
Ferrocene is able to induce a turnlike geometry between
two short peptides, through novel hydrogen-bonding pat-
terns.*?***! Thus, a ferrocene moiety may act both as an
electron conductor and as a supramolecular scaffold for the
hydrogenase active site.

The application of computational methods to inorganic
chemistry has developed at a slower pace than other branch-
es, due to the complexity that arises from modeling ligand
field effects in d-block elements.[*”! Nevertheless, in the pres-
ent case, a computational approach seemed attractive not
only to explore the structures, but also to investigate the dy-
namics and the stability of new complexes. Most common
MD simulation packages, such as CHARMM?22,*! are
equipped with molecular mechanics (MM) parameter sets
for organic biomolecules, but not for transition-metal com-
plexes. Only a few earlier studies have reported the use of
CHARMM for the modeling of metallocenes.***! An addi-
tional fivefold torsion angle had to be introduced by Bos-
nich and co-workers to model ferrocene.“! Practical imple-
mentation of this concept requires modification of the pro-
gram code to include this new angle. While this concept
worked successfully for geometry optimizations of linear
and bent metallocenes alone, it is not adaptable to peptide-
substituted metallocenes. It thus appeared that no general,
transferable parameter set for ferrocene existed in
CHARMM prior to this work.

In this paper, the development of a new MM force field
for ferrocene-bearing peptides in CHARMM is presented.
The force field is tested on independent experimental data
including NMR, circular dichroism, and crystal structure
data. For the first time, not only the structural, but also dy-
namical features of potential synthetic models of the hydro-
genase active site are explored with MD simulations on met-
allocenes. Preliminary experimental results for new synthetic
models are also presented. This work presents new force-
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field parameters for ferrocene that reproduce experimental
data in a highly satisfactory way, and it provides proof that
ferrocene—peptide conjugates are very promising scaffolds
for hydrogenase enzymes, which may serve as an example
for metalloenzymes in general.

Computational Methods

Molecular structures: In the present study, nine model systems were si-
mulated (1-9).

The structures of compounds 1 and 2 have been solved crystallographi-
cally and were thus chosen to test the parameter set. The initial coordi-
nates were taken from the experimental X-ray structures obtained from
the Cambridge Crystallographic Data Centre (CCDC) database.!*?!
Compound 3 was crystallized as a diastereoisomer mixture in our labora-
tory."”! As the crystal structure obtained was a weighted average between
two diastereoisomers, MD simulation of the crystalline form is not possi-
ble. Consequently, compound 3 was simulated in vacuum. Compound 4
was synthesized and fully characterized in our laboratory, but has not
been crystallized yet. Structural information on 4 was obtained from
NMR and circular dichroism (CD) spectroscopy, as described later.
Model system 5 represents the next synthesis step after compound 4, in-
volving incorporation of the nickel atom in the sulfur ligand pocket.
Model systems 5-9 were chosen so as to identify any unfavorable steric
interactions that might hinder the synthesis of these compounds. In
model systems 6 and 7, the ferrocene is bonded to two 6-mer peptides
with identical peptide sequences that surround the metal core in the nat-
ural active site of the [Ni-Fe] hydrogenase of Desulfovibrio Gigas. Sys-
tems 8 and 9 were constructed with the same double 6-mer strands as
models 6 and 7, but without including the ferrocene. Two disulfide
bridges hold both strands together in model 8 and a nickel atom has the
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same role in model 9. Model systems 4-8 were constructed starting from
the crystal structure of Fc-[(L)Ala-(L)Pro], using the graphical interface
software Insight ILF" Model 9 was constructed from the crystal structure
of hydrogenase from Desulfovibrio Gigas by isolating the active site,
again by using Insight II.

Computational details: All molecular mechanics calculations were per-
formed by using the CHARMM?22 package, version c27b2. Existing
CHARMM force-field parameters were used from reference [52] and the
new force-field parameters that were developed here, as described below.
All MM minimizations were carried out by using the steepest descent
(SD) algorithm for initial minimization; followed by the adopted basis
Newton-Raphson (ABNR) minimization'! with a convergence criterion
for the energy gradient of 10°°kcalmol' A~'. A 13 A cut-off distance
was applied to nonbonded interactions using the CHARMM shifted po-
tential.1*”)

In CHARMM, the potential energy of a molecule is represented as the
sum of contributions from the energy terms associated with bond stretch-
ing, angle bending, dihedral rotation, out-of-plane bending, van der
Waals, and electrostatic interactions. Equation (1) gives the empirical po-
tential energy function in which ky, ky, kg, k,, k,, are the bond, Urey—
Bradley, angle, dihedral, and improper dihedral force constants, respec-
tively, and b, s, 0, x, v the bond lengths, Urey-Bradley 1-3 distances, di-
hedral angles, and improper torsion angles, respectively.

VM) =D ko(b=by) + Y kuy(s—s0) + > ko(0—0,)’

bonds ub angles

+ Y k(U tcos(ng—yxa) + Y. ku(W-W,)

dihedrals impropers

Rmin 12 Rmin 6
2olCe) =00) 1 (62)
nonbonded Tij Tij Tij

Nonbonded interactions between pairs of atoms are described by the
Lennard-Jones (LJ) 6-12 term for the van der Waals component and by
a Coulomb electrostatic interaction.
The terms R:;“"and g; are the distance
between atom i and j at which the
Lennard-Jones is at potential minimum
and the depth of the potential well for

| ‘ o ‘ o the same pair of atoms, respectively. D
Fe o Fe o is the effective dielectric constant
. A H $ H which was set to 1 and ¢; is the partial
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using idealized geometric parameters
o o from the [y]HBUILD module in
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tree-Fock and the MP2 levels of
o theory provide poor results for the de-
scription of metallocenes.””! On the
other hand, DFT calculations have
been shown to give accurate results in
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the optimization of metallocene geo-
metries.*® Therefore, the structure op-
timizations and normal mode analyses
of ferrocene and of ferrocene-1-
(r)alanine-1"-(L)proline vacuum
were performed by using the DFT/
B3LYP level of theory with a double-
zeta valence basis plus double-polari-
zation (DZVP2)."! The geometry opti-

in

1 &2

T S TN S mizations were performed to a maxi-

g8 \§4 ‘83" \*‘S4 mum gradient of 0.00045a.u. and a
H,N—Ala—Cys Gly VaI*Cys—ThrTOMe HoN—Ala—Cys—Gly—Val—Cys Thr I OMe root-mean-square (rms) gradient of
8 (e] e} 0.0003 a.u. in Cartesian coordinates.
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The frequencies were calculated nu-
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merically. A frequency scaling of 0.97 was used to compensate for the
use of the harmonic approximation to the potential-energy surface.”*!

The partial atomic charges were calculated for the ferrocene structure
with the CHELPG method®” on the DZVP2-optimized structure.
CHELPG employs a least-squares fitting procedure to determine the set
of atomic partial charges that best reproduces the quantum mechanical
electrostatic potential at selected grid points. The grid was extended to
3 A from any of the atomic centers and the grid spacing was set to 0.1 A.
The grid points for which the QM electrostatic potential was evaluated
and used in the fitting procedure of the partial atomic charges all lie out-
side the van der Waals radii of the atoms and within a cutoff distance
from the atomic centers: in this study, all grid points lying within a dis-
tance of less than 2 A from any of the atomic centers were discarded.
The fitting was subjected to the constraint that the sum of the charges
should be equal to the net charge on the molecule. To ensure that the
charges on symmetrically equivalent atoms are equal, additional con-
straints on the partial atomic charges were imposed during the fitting
procedure: the iron was constrained to have a charge of +2 and each of
the cyclopentadienyl groups were constrained to have a total charge of
—-1.

Following energy minimizations, the MD simulations were performed
with the Verlet algorithm!™ with integration time steps of 0.001 ps. For
the isolated molecule calculations, MD simulations were performed on
the model systems (1-9) in the microcanonical (NVE) ensemble. Initially,
the systems were heated to room temperature (298 K) in 5 K tempera-
ture increments. Then, equilibration for 10 ps with velocity rescaling fol-
lowed, with a second phase of equilibration without velocity rescaling for
another 10 ps at the same temperature. Finally, production dynamics fol-
lowed at 298 K. The length of the calculations depends on the size of the
system. Simulations were performed over 1 ps for the single molecules in
vacuum, 0.5 ps for the single molecules in explicit solvent, and 0.1 ps for
the molecules in the crystalline state.

For calculations including the crystal environments, the MD simulations
were performed at constant pressure and temperature with periodic
boundary conditions in all directions. Starting from experimental coordi-
nates and after minimization, the system was heated to the desired tem-
perature in 5 K steps. Subsequently, the structures were equilibrated for
50 ps at this temperature by using velocity rescaling followed by a second
phase of equilibration without velocity rescaling for another 10 ps. Final-
ly, production dynamics followed for 100ns for the ferrocene-1-
(p)alanine-(p)proline-1'-(p)alanine-(p)proline crystal and 10 ns for the
ferrocene crystal. The unit-cell dimensions were allowed to vary during
both the energy minimization and the MD calculation.

For the calculations including explicit solvent molecules, a CH,Cl, box
was created. Dichloromethane has been previously parameterized in
CHARMM only for use with the united-atom force field. Here, we have
used an all-atom dichloromethane and the missing intramolecular param-
eters were calculated from an automated frequency matching method
(AFMM) calculation, which is described below. For the solvation calcula-
tion, the solute was solvated by overlaying a 25.14 A orthorhombic box
of CH,Cl, and deleting all solvent molecules which were either outside a
sphere with a 16 A radius centered on the geometric center of the solute
or overlapping a solute atom; a solvent molecule is regarded as overlap-
ping a solute atom if one of its atoms, either C or Cl is within 2.8 A of
the another. The final systems contained one solute and 140 solvent mol-
ecules in the case of compound 2 and one solute and 142 solvent mole-
cules in the case of compound 4. The stochastic boundary molecular dy-
namics (SBMD) method was used for all simulations in explicit sol-
vent.’?! For calculations including the solvent molecules, MD simulations
were performed at constant pressure and temperature. Starting from ex-
perimental coordinates for the solute and for the solvent, the system was
first minimized and then heated to 295 K (room temperature) in 5 K
steps. Subsequently, the structures were equilibrated for 50 ps at this tem-
perature using velocity rescaling followed by a second phase of equilibra-
tion without velocity rescaling for another 10 ps. Finally, production dy-
namics followed for 500 ns.

Ferrocene topology: The topology of bis-cyclopentadienyl complexes of
the type [M(Cp),]"* requires the description of the metal-ligand st-bond.

8142 —— www.chemeurj.org
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Four different approaches have been used in the literature to model fer-
rocene with molecular mechanics.

The first method uses ten harmonic restraints connecting each carbon
atom of the Cp ring to the iron center (A)." The second “rigid-body”
approach treats the Cp ligand as a rigid single pentagonal unit (B). The

third method introduces a massless “dummy” atom (X) placed at the
center of geometry of each of the Cp rings (C). The metal is connected
with a spring to the dummy atom, which is in turn connected with springs
to the five carbon atoms around it. This dummy atom approach has been
shown to give fairly accurate results for ferrocene simulations using
CHARMM.? However, unrealistic force constants are needed to main-
tain the dummy atom at the centroid during minimization and spurious
vibrational modes are generated when the force field is used to calculate
vibrational spectra.”! The last method is a nonbonded approach in which
the cyclopentadienyl aromatic moieties and an Fe?" ion are held together
by electrostatic and van der Waals interactions (D)."”

In the present work, a modified electrostatic model (D) was implement-
ed. It is known that, due to the particular partly-covalent nature of the d-
block metal-carbon bonds,® the forces that maintain ferrocene cannot
be solely described by Coulombic electrostatic interactions. Since current
force fields are unable to quantitatively describe the metal-ligand bond,
an additional constraint is required. Therefore, in the present model the
substituted Cp rings and the iron atom interact with each other with both
nonbonded terms and also distance restraints that hold together the Cp
rings and the iron atom. The CHARMM potential energy has a restraint
term that prevents large motions of individual atoms. In the present case,
all carbon atoms on the Cp rings were constrained to be equidistant from
the central iron (2.05 A) with a harmonic constraint force constant of
100 kcalmol ' A2 Our model reproduces the key features of ferrocene
in that it 1) keeps the fivefold symmetry of a metal-Cp unit, 2) allows for
rotation about the metal-Cp(centroid) bond, and 3) keeps the two Cp
rings at the optimized distance at all times during the calculations.

Nickel core topology: For the models containing nickel, harmonic re-
straints were introduced between each of the four sulfur atoms and the
nickel atom. The four sulfur atoms were constrained to be equidistant
from the nickel core (2.25 A) by using 10 kcalmol ' A2 harmonic con-
straints. It was found that for model system 9, which contains the nickel
portion of the bimetallic active site of [NiFe]-hydrogenase, no additional
restraint was needed to hold the nickel atom in the chelating pocket; the
MM Coulombic electrostatic attraction was sufficient. No effort was
made to simulate a particular ligand field for the d*-Ni ion.

Parameter refinement: The reliability of an MM calculation is dependent
on the functional form of the potential-energy function and on the nu-
merical values of the parameters incorporated in it. Therefore, the values
of the various parameters in Equation (1) had to be determined. For the
derivation of the missing intramolecular parameters we used the AFMM
method.*) AFMM optimizes the parameters by adjusting the eigenvalues
and eigenvectors of normal modes calculated with CHARMM to fit the
normal modes calculated with high-level quantum chemistry methods.
This method has been successfully used to derive parameters for a range
of biologically-important compounds.*>!

An efficient way to check simultaneously for both eigenvector orthonor-
mality and frequency matching is to project each of the CHARMM ei-
genvectors onto the reference set of QM eigenvectors, to find the fre-
quency (v/™) that corresponds to the highest overlap, and to compare
this frequency with the corresponding QM frequency (v;). In the ideal
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max

case v;=v1" and 7%=, (in which ¢; is the Kroenecker delta, 7" is
the set of the MM eigenvectors and ¥2 is the reference set of QM eigen-
vectors). AFMM is based on iteratively minimizing the sum-of-squares
(Y?) of the deviations from the ideal situation as given by Equation (2) in
which N is the number of atoms in the molecule and there are 3 N—6 in-
dependent vibrational frequencies.

Y2 — (Vi_v;llax)Z
3N—6

©)

The LJ parameters sj}“" and R;‘,.““ [see Eq.(1)] depend mostly on the
atomic properties and are relatively insensitive to changes in the molecu-
lar environment. Here, these were directly transferred from original
CHARMM values and were not modified during refinement. Iron has
been parameterized in CHARMM and has been implemented in numer-
ous heme calculations.”””™ However, in CHARMM, the ¢ value of the
LJ potential, which governs the depth of the potential well, was set to
zero so as to avoid unwanted repulsive interactions between the iron and
the heme group. This approximation, although valid within the heme
group, cannot be used in the present study, in which both the repulsive
and attractive van der Waals interactions within the ferrocene play im-
portant roles. Sets of nonbonded parameters for the iron and nickel were
supplied by Bredenberg.” Nickel can adopt various geometries,”>” but
for the current study, only the conformation that is in the hydrogenase
active site was taken into account.” Equilibrium values for bonds (b,),
angles (0,) and dihedrals (y,) that were not existing in the original
CHARMM force-field parameter set®™ ! were determined from the pro-
tein crystal structure and were not further optimized. Before refinement
of the unknown parameters, an initial set of parameters was determined,
based on similar, already-existing CHARMM parameters and on chemi-
cal intuition, carefully considering the equilibrium values and hybridiza-
tion of the atoms.

A desirable property of an MM force field is the transferability of the pa-
rameter set. Therefore, when designing a new parameter set, the addition
of new atom types to the force field should be limited to those specific
cases in which existing type cannot be used. Because of the particular ge-
ometry of the present ferrocene compounds and the characteristic distri-
bution of the partial charges of the atoms along the Cp rings, it was
found necessary to introduce a new CHARMM atom type (CA2) for the
carbon atoms in ferrocene belonging to five-membered aromatic rings
(see Figure 2a). The van der Waals parameters for the type CA2 were
taken to be the same as those for aromatic carbon atoms (type CA). The
nickel atom type (Ni) also did not exist in CHARMM and was therefore
added with a partial charge of +2 corresponding to its formal charge in
these types of complexes. For the hydrogen atoms of the Cp ring, the ex-
isting atom type HP was used with a modified partial charge (see Sup-
porting Information) as calculated from QM. The charge of the oxygen
atoms on the carbonyl group of the first amide bond connected to ferro-
cene was changed from —0.51 to —0.61 so as to maintain the total charge
at —1 for the Cp-ring residue (FEC residue, see Supporting Information).
For the nickel coordination center, the existing cysteine residue (CYS)
was used as a starting point to develop a new cysteine residue (CYN)
(see Supporting Information), which was adapted to represent a cysteine
that can accommodate a coordinating bond with nickel. This residue was
used only for the model systems containing nickel. In the CYN residue
the hydrogen atom of the thiol group was removed and thus the total
charge for this residue was set to —0.50. The rest of the negative charge
was transferred to the sulfur atom, the charge of which was set to —0.57.
It was therefore necessary to determine new parameters also for the
energy terms involving the newly created atom types.

For the automated parameter refinement, the geometry of the com-
pounds Fc-1-Ala-1'-Pro (Figure 2) and CH,Cl, were optimized as de-
scribed below. During the automated frequency matching the range over
which force constants were allowed to vary was 10-500 kcalmol ™' A2 for
bonds, 1-200 kcalmol'rad > for angles, 0.1-100 kcalmol ™! for dihedrals,
and 0.1-100 kcalmol'rad? for improper torsion angles. It was observed
that by restarting the calculation with the optimized force constants that
were obtained from the previous optimization step and by limiting the
range each time around the new optimized parameter value, the normal-
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Figure 2. a) Topology scheme of ferrocene-1-proline-1'-alanine showing
the CHARMM atom types. b) and c) Its DFT/B3LYP energy-minimized
structure of ferrocene-1-(L)proline-1'-(L)alanine viewed along the b and
the c axes, respectively.

mode matching was significantly improved. In this manner, the optimiza-
tions for all force constants were ran four times. For the first run the con-
vergence of the function Y? was set to 10000 steps. The last three optimi-
zations were allowed to run until the value of Y? remained constant for
at least 1000 steps. The root-mean-square deviation (o) from the refer-
ence case was evaluated at the end of the calculation [Eq. (3)].

Results and Discussion

Parameterization of ferrocene-1(r)proline-1'(rL)alanine: For
the synthesis of ferrocene-bearing peptides, ferrocene 1,1'-
dicarboxylic acid is often linked to the N termini of two
amino acids through a peptide bond. This special peptide
bond has the same topology for all amino acids except for
proline. Thus, to derive a complete parameter set for the
present  purposes,  ferrocene-1-(L)proline-1’-(L)alanine
(Figure 2) was chosen for the parameterization of ferrocene-
bearing peptides as this compound contains both proline
and non-proline connections to ferrocene.

Parameters for ferrocene-1-(L)proline-1’-(L)alanine were
developed by using a two-step procedure. First, the charges
on ferrocene were calculated on the QM-optimized struc-
ture as described in the “Computational Methods” section
above. The AFMM method was then used to obtain a com-
plete set of parameters. The resulting v** versus v; plot is
shown in Figure 3. The corresponding value of 6=77.2cm™!
is within the range of previous benchmark studies.[®¢”
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Figure 3. Frequency-matching plot (v"* vs. v) for ferrocene-1-alanine-1'-

J
proline. The line is the ideal case where v =, that is, of perfectly

matched frequencies and eigenvector projections. Symbols refer to opti-

mized parameters. 0=77.2 cm ™.

Atom type assignments and atomic partial charges, as
well as the parameters obtained from AFMM, are listed in
the Supporting Information section.

Parameterization of dichloromethane and creation of a sol-
vent box: Dichloromethane is one of the most widely used
solvents for ferrocene—peptide chemistry. It was therefore
useful to perform simulations in this solvent, in order to
mimic the experimental conditions. Unfortunately, no all-
atom parameters for dichloromethane exist in CHARMM,
but similar solvents such as chloroform have already been
successfully implemented in CHARMM within the united-
atom approximation.® Here, the van der Waals parameters
for chlorine were taken from the literature,’? and for
carbon and hydrogen other existing CHARMM van der
Waals parameters were used. The AFMM method was then
used to obtain a complete set of parameters. The resulting
v versus v; plot, shown in Figure 4, corresponds to a value
of 6=37.6 cm ™.

Evaluation of the parameters

Fc-(p-Ala-p-Pro-OEt), crystal simulation: Final evaluation
of the parameter set should be performed against independ-
ent data. The present force field was tested on the available
crystal structure of Fc-(p-Ala-p-Pro-OEt),, a ferrocene—pep-
tide derivative.?”” Fc-(p-Ala-p-Pro-OFEt), crystallizes in a
tetragonal, I-centered lattice with group symmetry /4, and
four molecules in the unit cell. MD calculations were per-
formed for the whole crystal using periodic boundary condi-
tions. The crystal was constrained to tetragonality (i.e., a=
B=v=90°), but the unit cell dimensions were allowed to
vary during both the energy minimization and the MD cal-
culation. The energy minimized and the experimental cell
vectors are reported in Table 1 as well as their average
values after 0.1 us MD. The crystal lattice parameters are
conserved over the simulation. After minimization, the cell
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Figure 4. Frequency-matching plot (v/* vs. v) for dichloromethane. The
line is the ideal case in which v =wv; that is, of perfectly matched fre-
quencies and eigenvector projections. Symbols refer to optimized param-

eters. 0=37.6 cm™..

Table 1. Unit cell dimensions [A] of Fe-(p-Ala-p-Pro-OEt), crystal struc-
ture.

Experimental Minimized!! Dynamics™
a 14.573(2) 14.466 14.8(1)
b 14573(2) 14.466 14.8(1)
c 14.953(2) 15.176 152(2)

[a] Minimized crystal unit cell after 10000 SD steps followed by 10000
ABNR minimization steps. [b] Mean values calculated over 0.1 ps mole-
cules dynamics at 298 K using the new CHARMM force field. Standard
deviation in parentheses.

volume was computed to be 3175.9 A®, within error and
almost identical to the experimental value of 3175.6 Al
Ferrocene-bearing dipeptides are known to adopt a chiral
organization in the solid state through hydrogen-bonds that
connect both peptide strands.’” Two kinds of intramolecular
hydrogen-bond patterns have been experimentally observed
(Figure 5): the “Herrick” conformation,”” in which two hy-
drogen bonds connect both strands and the “van Staveren”
conformation,® in which only one hydrogen bond connects
the peptide strands. When both substituents point away
from each other, no intramolecular hydrogen bonds are ob-

.
|
o o O\X/z 0]
e
O NH
/{fo

Figure 5. Representative scheme of different hydrogen-bonding patterns
connecting two peptide strands attached to a ferrocene moiety a) Her-
rick, b) van Staveren, and c) open conformation.

Chem. Eur. J. 2007, 13, 81398152
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served and this was coined as the “open” class of conforma-
tions.”*”!

The experimentally-observed hydrogen-bond pattern in
the Fc-(p-Ala-p-Pro-OEt), crystal is of the Herrick type, as
shown in Figure 5a. This pattern contains two C,-symmetri-
cal intramolecular hydrogen bonds between each alanine
CO and the NH of the alanine of the other dipeptide chain.

To examine the stability of the intramolecular hydrogen-
bond patterns, the distances between the hydrogen-bonded
heavy atoms (O--N distance) were monitored as a time
series (Figure 6). The MD hydrogen bonds are slightly

Distances / A

20+ T T T T T T T

0 10 20 30 40 50 60 70 80 90 100
Timestep / ns

Figure 6. Time series of d;(N—O) (here NO1), in which N is the nitrogen
of the first amide bond of one peptide strand and O the carbonyl oxygen
of the second amide bond of the other. For d,(N-O) (here NO2) distan-
ces N is the corresponding nitrogen of the second peptide and O the car-
bonyl oxygen of the first peptide strand.

longer (0.2 A on average) than those reported experimental-
ly. However, the hydrogen-bonding pattern remains stable
throughout the 100 ns simulation.

Another interesting feature of this crystal is that the fer-
rocene moieties are packed in a helically ordered arrange-
ment with one turn equivalent to a 14.47 A pitch height (see
Figure 7), within which the distance between the closest fer-
rocene unit is 4.46 A. The mean value of the pitch height
arising from the MD calculation is 14.244+0.15 A, within
5% of the experimentally measured value. A further feature
of the crystal is that the ferrocene adopts a herringbone
motif arrangement, in which the proline and the ethyl ester
moieties individually form columns (Figure 7). The dipep-
tide chains (-Ala-Pro-OEt) induce this molecular aggrega-
tion through stacking of the intramolecular hydrogen-bond
sites formed between the two alanines together with stack-
ing of the hydrophobic proline rings. In this way, both the
hydrophilic and the hydrophobic parts of the molecule stack
to form the columns of the herringbone motif. The herring-
bone motif was found to be preserved throughout the 100 ns
MD simulation. Both the proline and ethyl ester moieties
remain stacked during the dynamics.

As shown in Figure 7, the minimized and experimental
structures are very similar. The root-mean-square deviation

Chem. Eur. J. 2007, 13, 8139-8152
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Figure 7. a) and b) superposition of one and a half unit cell of the mini-
mized and experimental structures of Fc-(p-Ala-p-Pro-OEt),*" seen
along the b and the c axes, respectively. ¢) Crystal seen along the a axis
shows the pitch height.

(RMSD) arising from the heavy atoms for all four molecules
of the unit cell, was found to be 1.35 A. The side chains
atoms and the C termini are more flexible than the back-
bone atoms, as evidenced by the crystallographic tempera-
ture factors, which are 10 to 15 A? in the side chain com-
pared to 2 to 9 A2 for the backbone atoms. The RMSD be-
tween the calculated and experimental backbone atoms of a
single molecule in the crystal lattice was 0.32 A.

Fc-(p-Ala-D-Pro-OFEt), and  Fc-(L-Ala-1-Pro-OEt) in
vacuum and in dichloromethane: MD simulations of Fc-(D-
Ala-p-Pro-OEt), and its enantiomer Fc-(L-Ala-L-Pro-OEt),
were performed in vacuum and in explicit dichloromethane.
As these two structures are enantiomers all the results were
found to be equivalent for the two structures. Therefore, for
simplicity, only the results for the D conformation are
shown.

As shown in Figure 8, the superposition of minimized and
experimental structures is very close. The RMSD of the pep-

Figure 8. Superimposed minimized single molecule and crystal structure
of ferrocene-1,[(p)alanine-(p)proline]-1',[(p)-alanine-(p)proline],* along
the a (left image) and ¢ axis (right image) respectively. Similar results
were obtained for the L enantiomers.
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tide backbone atoms with respect to the crystal structure
was found to be 0.58+0.14 A.

The geometrical properties of the two intramolecular hy-
drogen bonds in vacuum were monitored during the MD
and the results are shown in Table 2. The MD reproduces

Table 2. Geometrical features of hydrogen-bond pattern for Fc-Ala-
Pro.!

d,(HO) d,(HO) d,(NO) d,(NO) a,(NHO) a,(NHO)
[A] [A] [A] [A] [] [°]

exptl® 2053 2.053 2.98(1) 2.98(1) 146(5) 146(5)
crystall!  22(2)  2.02) 32(2) 3.02) 158(10)  162(9)
vacuum)  2.1(2)  21(2) 3.02) 3.02) 153(11)  153(11)
solvent)  2.05(2) 2.06(2) 3.02) 3.02) 155(10)  155(11)

[a] d; and a, represent the distance and the angle of the first hydrogen
bond, respectively, and d, and a, are the distance and the angle of the
second hydrogen bond, respectively; standard deviation is given in paren-
theses. [b] Average distances and angles measured on the crystal struc-
ture.®™ [c] Average distances and angles monitored in the crystalline
state over the simulation time. [d] As a single molecule in a vacuum.
[e] As a single molecule in dichloromethane.

the C,-symmetrical intramolecular hydrogen-bonding net-
work to within 2% of the experimentally observed distan-
ces. The hydrogen-bond pattern thus remains stable over the
simulation and is not significantly affected by the absence of
the crystal environment.

In general, ferrocene—peptide derivatives are soluble in
low polarity solvents, such as dichloromethane, and structur-
al studies are frequently carried out in this solvent. In order
to reproduce as closely as possible the experimental condi-
tion, simulations were performed in explicit solvent. Mini-
mized structures of Fc-(Ala-Pro-OEt), are shown in
Figure 9. The hydrogen bonds between both strands are pre-

Figure 9. Top and side view of Fc-(Ala-Pro-OEt), in a dichloromethane
sphere (depicted as grey clouds) after minimization.

served in the explicit solvent simulations, as already ob-
served in the vacuum simulation. The mean value of the hy-
drogen-bond length (defined as the NO distances) of 3.01+
0.20 A, measured during simulation in solution, is compara-
ble to the 3.00£0.17 A measured in vacuum for the time
series (see Supporting Information). The results also match
the bond lengths observed in the experimental X-ray single-
crystal structure, which is 2.9840.10 A. However, in solu-
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tion, the maximal deviation of 1.4 A is lower than the 2.0 A
observed in vacuum, which seems to indicate that solvent
molecules have a stabilizing effect on the intramolecular hy-
drogen bonding of the molecule.

The present results are in good agreement with the exper-
imental solid-state structure observed in the crystal, and also
with liquid-phase NMR and circular dichroism experiments.
In the '"HNMR spectrum of Fc-(Ala-Pro), in CDCl; only
one kind of N—H resonance was detected at low field
(8.96 ppm; the two hydrogen bonds are equivalent because
of the plane of symmetry),® and circular dichroism experi-
ments also support the formation of a Herrick-type hydro-
gen-bond pattern. Thus, the two identical intramolecular hy-
drogen bonds between the dipeptide chains, observed during
the simulations, are also observed in solid-state and solu-
tion-phase experimental studies.

Hydrogenase mimics studied in vacuum and in solution: The
structural and dynamical features of potential synthetic
models of the hydrogenase active site are now explored with
MD, using the developed force field. Models 3-9 were inves-
tigated as potential chelating ligands for a nickel atom.

Compound 3: Structural and geometrical features of model
3 are shown in Figure 10 and Table 3. It was found experi-
mentally that two diastereomers of compound 3 co-crystal-

Figure 10. Top (left) and side (right) views of the energy minimized struc-
ture of ferrocene-1-[(p)methionine-(L)methionine]-1'-[(D)-methionine-
(L)methionine.

lized (ca. 20% (Met-L-Met-L)-Fc-(D-Met-L-Met) and 80 %
Fc-(p-Met-L-Met),).® The X-ray structure observed is thus
a weighted average between these diastereomers. As 80 %
of the conformers in the crystal were found in the ferro-
cene-1-((p)methionine-(L)methionine)-1'-((D)-methionine-
(L)methionine) enantiomeric state, this molecule was chosen
for a vacuum MD simulation. The backbone RMSD be-
tween the average structure of the isolated molecule and the
experimental structure was found to be 1.2 A.

During the heating process of the simulation, the first hy-
drogen bond was found to be relatively unstable deviating
by up to 1 A from its starting position (see Figure 11 and
Table 3). However, the other geometrical properties of the
hydrogen bonds shown in Table 3 are in good agreement
with experimental results.
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Table 3. Hydrogen bond experimental versus calculated geometrical
properties for compound 3.1
d,(HO) d,(HO) d,(NO) d,(NO) a;(NHO) a,(NHO)
[A] [A] [A] [A] [°] [°]

exptl® 2152 2017 2992 2913 1378 159.6
energy min 2.029  1.896 2.862 2889 1388 1722
MmDU 33(5) 23(4) 384 31(4) 12803) 144(13)

[a] d, and a, represent the distance and the angle of the first hydrogen
bond, respectively, and d, and a, are the distance and the angle of the
second hydrogen bond, respectively; standard deviation is given in paren-
theses. [b] Bond lengths and angles from the X-ray single-crystal struc-
ture.®™ [c] Energy-minimized bond lengths and angles measured after the
minimization in vacuum. [d] Bond lengths and angles measured from the
MD simulation in dichloromethane. d; and a; represent respectively the
distance and the angle of the first hydrogen bond and d, and a, are the
distance and the angle of the second hydrogen bond. Standard deviations
are given in parentheses.

°

Distances / A

: T - : . - : . . )
0 100 200 300 400 500 600 700 800 900 1000
Timestep/ns

Figure 11. Time series of ferrocene-1-((p)methionine-(L)methionine)-1'-
((p)methionine-(L)methionine) intramolecular hydrogen bonds over 1 us
MD simulation in vacuum.

Model systems 4, 5, 6, and 7: Structural features of com-
pounds 2—4 and model systems 5-7 that describe the ferro-
cene were examined. The distance between the Cp-ring
carbon atoms and the iron atom, dihedral angles in the cy-
clopentadienyl ring, as well as geometrical features of the

FULL PAPER

hydrogen bonds between both peptide stands (bond length,
angles, and dihedral angles of the hydrogen bonds) are
listed in Table 4. In all instances both Cp rings remained
parallel and the first amide bond attached to the ferrocene
remains coplanar with the Cp ring.

Compound 4 forms two intramolecular hydrogen bonds,
while model § forms just one, the only difference between
these two compounds being the nickel atom chelated by the
sulfur atoms in model 5. A similar difference is observed be-
tween models 6 and 7, as model 6 forms one intramolecular
hydrogen bond when model 7, with nickel incorporated, has
none. Thus, the formation of a chelating pocket for nickel
hinders the formation of a hydrogen bond between the two
strands (see Table 4), and this was observed for both the
simulation in vacuum and in explicit solvent. If model 4
adopted the open conformation, the chelation of a metal be-
tween the strands would be synthetically hindered. Com-
pound 4 was subsequently synthesized, but has not yet been
crystallized. The simulation of compound 4 shows that, both
in vacuum and in solution, two Herrick-type hydrogen
bonds form (Figure 12, right). The structure of compound 4

Figure 12. Left: Representative scheme of “Herrick” hydrogen-bond pat-
tern of Fc-(L-Cys(SH)-L-Cys(SH)),. Right: Model 4 after energy minimi-
zation.

was investigated in solution by NMR and CD spectroscopy
(Figure 13). The highly symmetrical spectrum and a down-
field-shifted signal for one amide proton (d=8.22 ppm) is
typical for the Herrick-type hydrogen bond. Furthermore,

Table 4. Summary of geometrical data calculated for the different model systems over 1 ps molecular dynamics simulation in vacuum and 0.5 ps in solu-
tion.!

CoFe  d(HO)[A]  dMO)[A]  «(NHO)[]  a&(NHO)[]  a(OCN)[]  #(CCoCqClq) [F]  UCe,CeON) []

2 2.06 (3) 2.1(2) 21(2) 153(11) 153(11) 119(3) 0(3) 3(5)
200 2.08 (1) 2.05 (2) 2.06 (2) 155(10) 155(11) 119(3) 0(2) 2(15)
20 2.06 2.05 2.05 1455 1455 119 0 5

3 2.07 (2) 220 (5) X 114(11) X4 118(3) 0(2) 7(5)
30 2.06 2.02 X 1382 X4 122 0 1

4 2.07 (2) 2.10 (3) 2.10 (3) 149(12) 149(12) 119(3) 0(2) 13)
4 2.07 (1) 2.06 (3) 2.05 (2) 151(11) 151(11) 119(3) 0(2) &7)
5 2.08 (2) 2.20 (20) X 150(11) X4 119(4) 0(2) 6(6)
6 2.05 (2) 2.40 (30) X 134(14) X4 122(3) 0(2) 7(6)
7 2.10 (2) X4l X4 X X4l 119(3) 13) 7(5)

[a] Cc, are cyclopentadienyl carbon atoms, C, N, H, and O belong to he first amide bond connected to the ferrocene. d represents the bond lengths, a the
angles, and ¢ the dihedral angles; standard deviations are given in parentheses. [b] Calculated from the simulation in explicit dichloromethane. [c] Based
on the experimental X-Ray data.[® [d] No hydrogen bond observed.
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Figure 13. Top: 'HNMR spectrum (400 MHz) of synthesized Fc-(L-
Cys(SH)-L-Cys(SH)), (model 4); chloroform residual peak at 7.25 ppm.
Bottom: Experimental CD spectrum of Fc-(L-Cys(SH)-L-Cys(SH)), mea-
sured in CH,Cl,.

the CD spectrum shown in Figure 13 (bottom) exhibits a
positive Cotton effect around 485 nm, characteristic of a
Herrick-type hydrogen-bond pattern between the peptide
strands and a P-helical geometry of the ferrocene.” There-
fore, both the experimental data and the simulations are
consistent with a Herrick conformation of compound 4 in
solution.

The distances between the sulfur atoms were calculated
from the simulations of 4 and 6 in vacuum and 4 in explicit
CH,(l, in order to examine the influence of the length of
the peptide strands on the shape and the flexibility of the
sulfur chelating shell. The results are shown in Table 5. The
distances between the sulfur atoms are in the same range
for both models. This is rather unexpected because the dif-
ferent length of the peptide strands in models 4 and 6 (2-
mer versus 6-mer) suggested different thermal motions and
therefore different atomic distance between the sulfur
atoms.

The distances between any two sulfur atoms in the experi-
mental crystal structure of the active site of [NiFe]-hydroge-
nase are 4.5-6 A ® whereas the range observed during our
MD simulations is 3.5-15 A. That indicates that, for com-
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Table 5. Average sulfur-sulfur distances for 4 and 6 in vacuum and for 4
in solution.!

gl-g2 §l-g3 gl-g* §2-g? S2-g* R
[A] [A] [A] [A] [A] [A]
4 6.7(9)  7.009) 80(9)  82(10)  12.1(9) 6.1(11)

4t 5.9(1) 7.3(7) 8.1(8) 8.0(8) 11.8(9) 6.2(1)
6 12.7(6) 8.0(5) 12.7(9) 7.9(6) 6.1(10) 6.7(7)
[a] The numbering of sulfur atom refers to the numbering presented in

Figure 12; standard deviations are given in parentheses. [b] Measured
during simulation in explicit dichloromethane.

pound 4, thermal energy alone is high enough to bring two
sulfur atoms as close as 4 A during the MD and therefore
close enough to bind to a nickel atom. The coordination of
nickel seems thus feasible from a geometrical point of view.
The next step was to include a nickel atom in the ligand
pocket of 4 and 6, so as to obtain models 5 and 7. The
nickel atom was included by using a harmonic bond energy
term between the sulfur atoms and nickel. Simulation in
vacuum was performed on molecules 4-7 following the pro-
tocol described in the “Computational Methods” section.
The resulting minimized structures are shown in Figure 14.

Figure 14. Structures of model 5 (left) and model 7 (right) after 1 us MD
in vacuum.

Mean values for the Ni—S atomic distances and S-Ni-S
angles are reported over 1 us MD in Table 6.

For model systems 5 and 7, there was no apparent distor-
tion of the peptides during the simulation. Steric hindrance

Table 6. Comparison between models 5, 7, and 9 and experimental
values of Ni—S distances and S-Ni-S angles."!
SI-Ni S$>-Ni S$*-Ni S*-Ni SLNi-S?  S'-Ni-S* S!-Ni-s*
[A] [A] [A] [A] [°] [°] [°]

exptl® 251 237 249 248 933 1818 746
5 231(5) 225(4) 2.30(5) 227(6) 96(4)  160(5)  94(4)
7 233(6) 229(5) 228(5) 228(5) 90(3)  173(3) 89(3)
9 2.33(7) 232(7) 2.34(7) 2.37(0.8) 96(4) 95(4)  95(8)

[a] See structure diagrams for sulfur numbering; standard deviations are
given in parentheses. [b] Experimental values measured on the Hydroge-
nase active site were obtained from the Protein Data Bank (PDB en-
try 1IFRV).

due to coordination of the nickel in the sulfur ligand pocket
is therefore not a problem. Nickel-sulfur complexes con-
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Figure 15. Model 9 (left) energy-minimized structure versus (left) X-ray
the active site obtained from the PDB, ref: 1FRV).

nected to an aliphatic carbon chain are comparatively rare
in the literature; less than 30 crystal structures have been
published as revealed by a CSD database search. In the
present simulation the S—Ni bonds are in the range of
2.25 A to 3.0 A (see Table 6), similar to those in the crystal
structures of [NiFe]-hydrogenase,"” which are in the range
of 2.37 A to 2.51 A. These results are also in good geometri-
cal agreement with DFT/B3LYP optimizations performed
on various nickel complexes.*”

Simulation of mimics of the hydrogenase active center
(model systems 8 and 9): Model systems 8 and 9 are models
of the enzyme active site, and do not contain ferrocene.
They were simulated using the standard CHARMM?22 force
field,*! except for the nickel atom, which was modeled as
described in the “Computational Methods” section. The se-
quence that surrounds the metal core in the natural enzyme
active site is: -NH-Ala-Cys'-Gly-Val-Cys>-Thr-CO- and
-NH-Pro-Cys’-Ile-Ala-Cys*-Gly-CO- (see Figure 15). An
MD simulation of these two systems in vacuum was per-
formed for 500 ns.

In model 8, Cys' is connected to Cys* and Cys® to Cys® via
two disulfide bridges. In model 9, a nickel atom is incorpo-
rated between the sulfur atoms and bridges the cysteine resi-
dues on opposite peptide chains (Figure 15). In the latter
case, it was found that no additional harmonic restraint was
needed for holding the nickel atom in the sulfur ligand
pocket; electrostatic and nonbonded interactions were suffi-
cient to hold the structure together over the length of the
MD run.

The distances between the termini of the two strands over
the 500 ns dynamics run at room temperature were moni-
tored for systems 8 and 9 (Table 7). In both cases, the mean
distance between both N termini (about 9-12 A) is larger
than the mean distance between the C termini (5-10 A).
Since the distance between the two cyclopentadienyl rings
in ferrocene is about 3.3 A, this may indicate that ferrocene
could be attached more easily to the C termini than the N
termini. The N,,—C,, distances are also in the range of 3—
5A. Therefore, binding of ferrocene to both N termini of
the peptides seems the least favorable option. A parallel ori-
entation of the peptide strands, but with ferrocene connect-

Chem. Eur. J. 2007, 13, 81398152
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ing the C termini, seems steri-
cally more promising. Alterna-
tively, an antiparallel orienta-
tion of the peptides with the C
terminus of one strand and the
N terminus of the other strand
attached to the ferrocene may
also be possible. Using 1’-ami-
noferrocene-1-carboxylic  acid
as the ferrocene template, such
antiparallel oriented peptides
were already synthesized in our
group and their structures in-

experimental structure (structure of

Table 7. Average distances measured between the C and the N termini of
model systems 8 and 9, and of the Desulfovibrio Gigas hydrogenase experi-
mental crystal structure.

CoCl Ny Cio N G NN, N—C, N —C,
[A] [A] [A] [A] [A] [A]
8 5.3(2) 5.3(7) 6.6(3) 9.6(8) 8.1(11) 5.1(7)
9 10.0(0.58) 10.4(1.48) 6.5(2.61) 12.19(1.80) 6.25(1.31) 14.2(1.45)
exptl® 15.24 8.75 9.99 15.82 15.49 11.26
[a] CL, belongs to the threonine on the first strand; C2_belongs to the glycine

1

of the second sequence. N, is attached to the alanine of the first strand and
N2

. to the proline of the second one; standard deviations are given in paren-
theses [b] Values measured for the experimental crystal structure of [NiFe]-
hydrogenase of Desulfovibrio Gigas (PDB entry 1FRV).

vestigated.”®® In the next section we describe the synthesis
of a new ferrocene building block that could be used for the
incorporation of ferrocene at the C termini of the peptides
in a parallel orientation.

Synthetic results: Based on the simulation results, connect-
ing ferrocene to C termini instead of the N termini of paral-
lel peptide strands seemed preferable. The synthesis and ap-
plication of 1,1’-diaminoferrocene in peptide synthesis has
recently been reported .*) One of the steps for the synthesis
of 1,1’-diaminoferrocene is the formation of 1,1’-diazidofer-
rocene, which is temperature sensitive and potentially explo-
sive. For this reason alone, 1,1’-diaminoferrocene does not
seem to be a prudent choice for hydrogenase mimics. In ad-
dition, our calculations suggest that a higher degree of flexi-
bility may be required. Starting from ferrocene-1,1'-dicar-
boxylic acid 10, we decided to extend both Cp rings with an
ethylenediamine spacer to arrive at compound 12 as the key
starting material (Scheme 1). Three different synthetic ap-
proaches were tested by using Boc-protected ethylenedi-
amine, Fmoc-protected or unprotected ethylenediamine.
The protecting groups were removed as depicted in
Scheme 1.

The Fmoc cleavage of compound 11a occurs cleanly in so-
lution.” However, workup requires chromatography on
silica with careful control of the conditions. Cleavage of the
Boc-protecting group of compound 11b takes place in TFA
with a large excess of phenol as an anti-oxidant. For the
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v, T
H
é OH NTNN,

10 11a: R = Fmoc
11b: R = Boc

HzN/\/HW@
ii) or iii) |

o Fe o]
é NTNNH,

12

R

Scheme 1. Synthesis of ferrocene ethylendiamine derivatives 12. i) HOBt, DCC, DIEA, CH,Cl,, 1 h, 20°C NH,-(CH,),-NH-R, 4 h, 20°C; ii) Piperidine/

CH,Cl,, 30 min, 20°C (for 11a) or iii) TFA/Phenol 1 h, 20°C (for 11b).

third synthetic path using unprotected ethylenediamine,
prior activation of ferrocene carboxylic acid and its isolation
from the activation reagent is required, followed by addition
of ethylenediamine. However, the reaction mixture has to
be diluted to avoid polymerization. Even so, about 20 % of
the ferrocene—ethylenediamine macrocycle and/or polymers
were formed which are difficult to removed from the de-
sired product. Taking all aspects into account, there is a
preference for the use of the Fmoc strategy, which is de-
scribed in the Experimental Section. The ferrocene ethyl-
enediamine 12 is now available as starting material for fur-
ther coupling reactions with peptide derivatives.

Conclusion

An all-atom CHARMM?22 molecular mechanics force field
has been developed and tested here for ferrocene-bearing
peptides. Fitting the molecular mechanics potential to that
derived by quantum chemical calculations produced a good
matching of the normal modes of vibration for ferrocene-1-
proline-1'-alanine. This molecule was used to derive the pa-
rameters for ferrocene and for the bonding between ferro-
cene and the first amide bond of the peptide sequence.
Given the increasing importance of ferrocene peptide conju-
gates,™ =l we believe that this force field will be of wide
use.

The new parameters were subsequently applied to MD
simulations of known compounds and the results obtained
are in good overall agreement with the available experimen-
tal data in solution as well as in the solid state. Energy mini-
mization and MD simulations of the Fc-(p-Ala-p-Pro), crys-
tal structure led to unit cell dimensions and volume being
reproduced within less than 2% of the experimental values.
Characteristic structural features of the solid state, such as
the intramolecular hydrogen-bond pattern and the helical
ferrocene arrangement are also accurately reproduced.
Moreover, results obtained from the simulation in dichloro-
methane agree with NMR and CD spectroscopic investiga-
tions in solution.

The structure and dynamics of possible hydrogenase
mimics were also examined here, both in vacuum and in ex-
plicit dichloromethane solvent. MD simulations of the
model systems exhibited the formation of intramolecular hy-
drogen bonds between the two peptide strands of com-
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pounds 2-6 that are consistent with the available experimen-
tal data. One surprising aspect is that small Cys—Cys dipep-
tides such as 4 will furnish a sulfur chelating shell very simi-
lar to that of longer peptides (6), which are based on the
original hydrogenase sequences with a Cys-Aaa-Aaa-Cys
motif. This is a highly encouraging result as the synthesis of
dipeptides is a lot easier than that of any longer peptides
and may still provide sufficiently accurate models.

Finally, two non-ferrocene hydrogenase mimics (model
systems 8 and 9) were studied. The mean distance between
the C termini of the peptides during the MD was smaller
than that of the N termini. This suggests that ferrocene at-
tachment should be on the C termini of the peptides rather
than on the N termini, as was the synthetic strategy hitherto
followed. A novel synthetic strategy using a diamino—ferro-
cene derivative instead of ferrocene dicarboxylic acid is thus
proposed and the synthesis of the required ferrocene tem-
plate is described.

The present work represents a first step in the develop-
ment of hydrogenase mimics of potential use in alternative
energy production. The conformational complexity of the
ferrocene peptide mimics requires the use of molecular sim-
ulation to prescreen plausible compounds for geometric suit-
ability in chelating essential metals, prior to attempted syn-
thesis. The present work demonstrates the development of a
molecular mechanics force field for this purpose. Modeling
and simulation were used to suggest new synthetic strat-
egies. Future work will extend the integrated modeling/syn-
thesis approach to design, synthesize and test further com-
pounds incorporating key hydrogenase catalytic characteris-
tics. To this end, ferrocene-derived cystein-containing pep-
tides based on the design principles described herein are
currently synthesized and their ability to form biomimetic
metal complexes is being investigated in our laboratories.

Experimental Section

CH,Cl, and N,N'-diisopropylethylamine (DIEA) were distilled over
CaH, prior to use under inert atmosphere. MeOH, piperidine, CDCl,,
CD;OD, distilled water, (all of them ACS grade) were used as purchased.
All reactions were carried out under inert atmosphere of nitrogen or
argon in dried glassware. (9H-Fluoren-9-yl)methyl-2-aminoethylcarba-
mate (EDA) and O-benzotriazol-1-yl-N,N,N',N'-tetramethyluronium tet-
rafluoroborate (TBTU) were obtained from Novabiochem and used
without further purification. Ferrocene dicarboxylic acid was purchased

Chem. Eur. J. 2007, 13, 81398152
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from Acros. Columns for column chromatography were packed with
0.063-0.200 mm silica gel 60 (VWR). Plastic coated with silica gel F,s,
were used for TLC. NMR spectra were determined on a Brucker AM 360
spectrometer, 'H operating at 360.95MHz and “C operating at
90.56 MHz. Peak positions in both the 'H and the *C NMR spectra are
reported in ppm relative to TMS, the internal standard. Spectra of pep-
tides only are referenced to the residual MeOH signal (3.31 ppm 'H,
49.0 ppm "C), or to the residual CHCI, signal (7.26 ppm 'H, 77 ppm *C).
Coupling constants, J, are reported in Hz. Individual peaks are marked
as: singlet (s), doublet (d), triplet (t) or multiplet (m), or noted as pseudo
signal (p). Elemental analysis were performed on a Foss Heraeus Vario
EL Elementar Analysator in C,H,N mode. Mass spectra were measured
on a Mat 8200 instrument, EI (70eV) and FAB (glycerol or NBA
matrix).

Ferrocene-1-EDA-Fmoc-1'-EDA-Fmoc (11a): A stirred suspension of
ferrocene dicarboxylic acid (2.6 mmol; 719 mg) in freshly distilled and
degassed CH,Cl, (50 mL) was placed under argon. Stoichiometric
amounts of TBTU (5.2 mmol; ca. 1.67¢g) and DIEA (2.5 mmol; ca.
1.0 mL) were added to this suspension. The resulting slurry was stirred at
ambient temperature for 15 min (until entire dissolution). The reaction
mixture was filtered to remove unreacted materials, and the residue was
washed with freshly distilled and degassed CH,Cl,. The filtrate was then
again placed under argon and cooled to 0°C. In parallel, another flask
was charged with EDA (2.0 equiv, 5.2 mmol, ca. 1.12g) and DIEA
(2.5 equiv, ca. 1.0 mL) in CH,Cl, (20 mL). After 5 min at room tempera-
ture, this mixture was transferred to the other flask through a stainless
steel canula by using standard Schlenk techniques. The reaction mixture
was heated to room temperature and was subsequently stirred for 4 h at
ambient temperature. The reaction mixture was then diluted with CH,Cl,
(100 mL) and washed subsequently with distilled water (50 mL), saturat-
ed NaHCOj; solution (50 mL), water (50 mL), 0.1 HCI (50 mL), and dis-
tilled water (50 mL). The organic layer was then dried over MgSO,, fil-
tered, and dried under reduced pressure to yield an orange solid (yield:
1.98 g, 95%); elemental analysis calcd (%) for C,H3FeN,Oy (802.69): C
68.83, H 5.27, N 6.98; found: C 68.68, H 5.44, N 6.73; MS(FAB): m/z:
803.3 [M+H]*; 'HNMR (CDCL, 293K, ¢=10"?m): 6=7.73 (pd, J,pp=
7.53 Hz, 4H; CHg,,), 7.57 (pd J,,,=7.66 Hz, 4H; CHg,,), 7.37 (pt,
Jup=7.35Hz, 4H; CHp,,), 7.24 (pt, J,,,=7.23 Hz, 4H; CHp,,), 7.07
(brs, 1H; NH,40), 6.06 (brs, 1H; NH,4.), 4.52 (brs, 4H; CHc,). 4.35-
4.45 (m, 8H; CHcy+ CHypyoc), 4.18 (t, J=4.2 Hz, 2H; CHpy,.), 3.48 ppm
(m, 8H, CH,gpa)-

Ferrocene-1-EDA-NH,-1"-EDA-NH, (12): Compound 11a (0.7 mmol, ca.
570 mg) was dissolved in CH,Cl, (15 mL) and placed under argon. Piperi-
dine (15 mL) was then added and the reaction mixture was stirred at am-
bient temperature until the reaction had reached completion (ca.
20 min). Solvents were then removed and residue was triturated with
cold methanol and filtered to remove a white precipitate. The volume of
the methanol was then reduced and the product was precipitated by the
addition of cold CH,Cl,. After filtration, a brownish solid was obtained
which decomposed rapidly in presence of air. The residue was then sub-
jected to chromatography on silica gel (EtOAc/n-hexane 3:1) to yield an
orange solid (yield: 185 mg, 74 % ); MS(EI): m/z calcd for C,H;FeN,Oy:
358.11; found: 358.2 [M]*; '"H NMR (CD;OD, 293 K, c=10"2m): 6=4.79
(pt, Jopp=1.71 Hz, 4H; CHg,), 447 (pt, J,,p=1.74 Hz, 4H; CHg,), 3.54 (t,
J=58Hz, 4H; CH,gp,), 3.08 ppm (dt, 2/=5.88 Hz, 'J=0.5Hz, 4H;
CH, gpa)-
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