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ABSTRACT

The chemistry of [Fe]-hydrogenase has attracted significant interest due to its ability to activate
molecular hydrogen. The intriguing properties of this enzyme have prompted synthesis of numerous
small molecule mimics aimed at activating H,. Despite considerable effort, a majority of these
compounds remain nonfunctional for hydrogenation reactions. Using a recently synthesized model as an
entry point, seven biomimetic complexes were examined via DFT computations to probe the influence
of ligand environment on the ability of a mimic to bind and split H,. One mimic, featuring a bidentate
diphosphine group incorporating an internal nitrogen base, was found to have particularly attractive
energetics, prompting study of the role played by the proton/hydride acceptor necessary to complete the
catalytic cycle. Computations revealed an experimentally accessible energetic pathway utilizing a

benzaldehyde proton/hydride acceptor along with the most promising catalyst.

INTRODUCTION

The chemistry underlying enzymes that activate molecular hydrogen have received considerable
interest,!'! as their small biomimetic model counterparts represent a potential clean hydrogen source.
Type 1III [Fe]-hydrogenases, formally named H,-forming methylenetetrahydromethopterin
dehydrogenase (Hmd), catalyze the reversible reduction of methyenyltetrahydromethanopterin (MPT*)
with H, to methylenetetrahydromethanopterin (HMPT) and H* (Figure 1). During this cycle, a hydride
ion, produced via heterolytic H, splitting, is stereospecifically transferred to the pro-R face of MPT* to
form HMPT . This process is an intermediary step in the reduction of CO, to methane by methanogens

grown under nickel-limiting conditions.™*!
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Figure 1. Reaction of  methyenyltetrahydromethanopterin ~ (MPT*) and H, to
methylenetetrahydromethanopterin (HMPT) and H* catalyzed by Hmd. The stereospecific addition of
the hydride ion occurs to the pro-R face.

Crystallographic and spectroscopic studies have determined the [Fe]-Hydrogenase active site to be
either five- (square pyramidal) or six-coordinate (octahedral): the central iron atom is coordinated to a
cysteine sulfur atom, two cis-CO ligands, a bidentate pyridine cofactor, and a solvent molecule (Figure
2).B3:51 Notwithstanding some uncertainty, the current consensus tends toward an active enzyme that is a
five-coordinate square pyramid.5¢: 31 The prospective uses for the product of [Fe]-Hydrogenase
motivated the production of numerous small molecule mimics.®"” While earlier mimics were six-
coordinate in nature, Hu and coworkers!® recently provided a five-coordinate, square-pyramidal Fe!
model complex that closely resembles the enzyme active site (Figure 2). Unfortunately, these mimics, in

general, are incapable of binding molecular hydrogen.
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Figure 2. Proposed active site of [Fe]-Hydrogenase and a prototypical model complex.

Computation has also played a role in understanding both structure and function of [Fe]- and [FeFe]-
hydrogenases and related mimetic compounds. For instance, Nakatani and co-workers used density
functional computations to predict several possible active site structures for [Fe]-hydrogenase based on
the assignment of CO stretching frequencies.®! CO and CN frequencies were once again employed by
Dey,” Reiher,'% as well as Darensbourg and Hall,'!! to elucidate additional structural details of both
mono- and dimetallic hydrogenases. Theoretically determined ’Fe Mossbauer spectroscopy has
contributed toward the same objective.!'?! Hu!'3 recently probed small molecule/ligand binding using a
biomimetic [Fe]-hydrogenase to better understand the effects played by the stereoelectronic
environment surrounding the central iron atom.

Likewise, detailed mechanistic information regarding the catalytic cycles of mono- and dimetallic
hydrogenases has been unraveled using density functional computations.- ¥ Based on an early crystal
structure that was subsequently refined to show that only a single, not two, empty coordination sites
were present in the Hmd active site,> Yang and Hallt"*a (YH) first proposed a “trigger” mechanism to
explain the cleavage of H, in the presence of MPT*. To account for the significant change in the active
site structure, YH revised their mechanism in 2009,!'*! where the MPT* substrate no longer directly
interacts with the Fe center. Instead, MPT™ effectively caps the active site, enclosing the H, molecule
and, after heterolytic cleavage, acts as a hydride acceptor. YH concluded that the role of the Fe-complex
was to capture H, and form the hydride ion, while MPT* functions as a hydride acceptor. The purpose of
this contribution is to provide a detailed analysis of the energetics surrounding the binding and
heterolytic splitting of H, as well as the subsequent removal of the hydride ion and proton by several
different [Fe]-hydrogenase biomimetic systems related to that synthesized by Hu et al.®/! We stress that
our goal is not to predict faithful structural models of [Fe]-hydrogenase, which are limited in flexibility,

but rather to determine how systematically replacing biological ligands by synthetic counterparts can
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result in models capable of activating H, in the absence of the biological environment. By proceeding in
this manner, our hope is to predict attractive synthetic targets possessing desired properties that may

ultimately lead to biomimetic compounds capable of H, activation.

COMPUTATIONAL METHODS

Molecular geometries were optimized at the M06/def2-SVP level!’ and invoked Cramer and
Truhlar’s SMDU¢  polarizable continuum model!'” for tetrahydrofuran (THF, €=7.4257) in
Gaussian09.1"®! Frequency calculations on optimized geometries provided unscaled free energy
corrections, as well as insured structures were minima (zero imaginary frequencies) or transition states
(one imaginary frequency) on the potential energy surface. To obtain refined energy estimates and
assess the important role of long-range dispersion interactions, single point energies were computed
using the B3LYP!”! density functional appended with a density-dependent dispersion correction,
B3LYP-dDsC.2" B3LYP-dDsC computations used a Slater type orbital triple-C basis set, TZ2P, in
ADF 2112221 Note that the dDsC scheme has been successfully applied to diverse chemical problems.>
In particular, the density dependence of both the dispersion coefficient and the damping function is
valuable for describing charged species®! and transition metals.>> The accuracy of the B3LYP-dDsC
computations has been confirmed through examination of MO6/TZ2P free energies (see supporting
information). All reported free energies include electronic energies obtained from computations at the
B3LYP-dDsC/TZ2P//M06/def2-SVP, B3LYP/TZ2P//M06/def2-SVP (see supporting information), or
MO6/TZ2P//M06/def2-SVP (see supporting information) level, free energy corrections at the M0O6/def2-
SVP level, and solvation corrections using Klamt’s continuum model for realistic solvents (COSMO-
RS2¢). M06/def2-SVP geometric, vibrational, and energy computations used the “Ultrafine” grid to

remove known problems with the size of the integration grid.?”! The dissection of energies into
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donor/acceptor roles between the Fe center and H, were determined using block-localized
wavefunction-energy decomposition analysis (BLW-EDA), also known as absolutely-localized
molecular orbitals-charge transfer analysis (ALMO-CTAP%) at the M06/def2-SVP level in Q-Chem."!
A relevant question is how use of an a posteriori dispersion correction affects the free energies of H,
binding and activation, as well as other steps in the catalytic cycle. To address this issue, free energies
were also determined using the standard B3LYP functional, in addition to B3LYP-dDsC. Not
surprisingly, large differences in the reaction free energies are observed between the standard and
dispersion corrected B3LYP variants, particularly for the steps of the catalytic process involving
association of two molecules/ions. Describing these weakly associated complexes requires an accurate
description of non-bonded interactions, which can be accomplished using dispersion corrected
functional. Computations using the M06 functional, which partially accounts for these weak dispersion
interactions via its design and parameterization, show similar trends to the dispersion corrected B3LYP

(B3LYP-dDsC) values, thereby validating our use of a dispersion corrected density functional.

RESULTS AND DISCUSSION

Seven [Fe]-Hydrogenase biomimetic compounds were selected for detailed analysis based on
different criteria: mimic a'®! has previously been synthesized by Hu and coworkers, while others (b-g)
were chosen to probe the influences accompanying modification of the stereoelectronic environment
surrounding the iron center (mimics b-f) as well as alteration of the internal base (mimic g), Figure 3. In
summary, mimic a possesses a bidentate pyridine ligand mimicking the enzyme cofactor, two cis-CO
ligands, and a S-Aryl moiety representing the cysteine sulfur atom. Due to its close structural similarity
to the enzyme active site, this structure is referred to as the “wild-type” (WT) mimic. In mimic b (also
referred to as 3CO), the S-Aryl ligand in mimic a has been substituted by a third CO ligand. Based on

their modified st-accepting ability, phosphine ligands were selectively substituted for various ligands of
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the WT structures to create mimics c-e. In ¢ (PMe) the WT S-Aryl moiety has been substituted with a
PMe; ligand, while for mimics d and e, the S-aryl moiety and the CO ligand trans to the pyridine
cofactor nitrogen have each been replaced with two PMe; ligands (d, 2PMe) or a bidentate ligand in
which two phosphine groups are linked by an ethyl spacer, -P(Me),CH,CH,(Me),P- (e, 2PEt). Finally,
mimic f (SPMe) retains the S-Aryl moiety of the WT mimic and substitutes a PMe; for a CO ligand
trans to the thiolate, while mimic g (2PN) represents a modified version of mimic e in which a NH
group has been incorporated into the C-C bond of the bidentate ligand, —P(Me),CH,NHCH,(Me),P-.
Aside from allowing additional conformational flexibility, this nitrogen can also act as an internal base,

facilitating the heterolytic splitting of H, in a manner similar to the sulfur atom in the WT mimic.
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Figure 3. Computed 3D structures of the [Fe]-H mimics studied (hydrogen atoms omitted). Wild-type
(a), 3CO (b), PMe (c), 2PMe (d), 2PEt (e), SPMe (f), 2PN (g). Atom color code: silver=carbon,
red=oxygen, blue=nitrogen, yellow=sulfur, orange=phosphorus, brown=iron.

H; Binding. The binding of H, to the biomimetic complexes is the first critical step toward completing
the Hmd catalyzed reaction depicted in Figure 1. Naturally, one key requirement for this reaction to
proceed is an exergonic or mildly endergonic reaction free energy that governs the association of H, to
the biomimetic Fe complex (Figure 4, 1->2). Table 1 shows the binding free energies of H, to each of
the biomimetic complexes (a-g). The results can be delineated between those compounds possessing a
thiolate ligand (a, f) and those mimics in which this ligand has been replaced by an alternative. Both
mimics a and f are characterized by very unfavorable H, binding free energies (10.2 and 8.3 kcal/mol,
respectively), that are the highest among the seven mimics tested and are in agreement with previous
computational results on the enzyme active site.”) On the other hand, those mimics lacking a thiolate
moiety each show H, binding free energies of less than 6 kcal/mol. This represents a significant
improvement toward experimental accessibility that likely arises due to the cationic nature of the
complex that permits the iron center to become more electrophilic. Mimic b, which contains three
strongly sr-accepting CO ligands has an H, binding value of 3.2 kcal/mol. While this weakly endergonic
value is already promising, modifications of the ligands surrounding the iron center likely will subtly
influence the stereoelectonics of a particular mimic potentially leading to more favorable H, binding
energies. Following this strategy, the CO ligands of mimic b were successively replaced with weaker -
accepting phosphine groups, which should facilitate charge transfer stabilization of the H/Mimic due to
the increased electron density on the iron center. This hypothesis is confirmed by examination of the
Hirshfeld charges, which show increasing electron density on the iron atom along the series: 3CO (b) <
PMe (c) < 2PMe (d) < 2PEt (e) < 2PN (g) (see SI for values). While substituting one or two CO ligand
by an equivalent number of PMe; groups slightly raises the H, binding free energy (5.1 kcal/mol, mimic

¢ and 3.6 kcal/mol, mimic d), the amount of charge transfer between the mimic and H, does increase, as
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indicated by ALMO-CTA computations (Table 2). Mimics e and g each contain a bidentate ligand

incorporating two phosphine groups linked by an ethyl group (e) or a -CH,-NH-CH,- moiety (g). These

compounds further benefit from increased charge transfer (Table 2). The binding free energies of both

these species are quite remarkable, having values of 1.4 and 1.7 kcal/mol, respectively, which is five

times lower than the WT mimic (a).

Table 1. Free energy values computed at the B3LYP-dDsC/TZ2P//M06/def2-SVP level in implicit THF
solvent (COSMO-RS) for the catalytic cycle leading to the splitting/formation of H, by the proposed
biomimics. Values in kcal/mol.

Mimic H, binding Imidazole Association H, splitting
1>2 2->2' 2->TS23 TS2,3->0

WT (a) 10.17 -- 15.68 -3.84
3CO (b) 3.16 3.31 1.90 -15.11
Pmethyl (c) 5.10 501 -0.33 -6.23
2Pmethyl (d) 3.64 6.12 3.29 -1.98
2Pethyl (e) 1.44 4.09 4.14 -0.34
SPmethyl (f) 8.31 -- 23.62 -9.21
2PN (g) 1.68 -- 3.54 -1.94

Table 2. Charge transfer analysis (ALMO-CTA) of H, binding with the seven biomimetic models.
Computations at the M06/def2-SVP level, gas phase binding electronic energies computed at the
B3LYP-dDsC/TZ2P//M06/def2-SVP level. Value in kcal/mol.

Charge Transfer

Binding Electronic

Energy
WT Mimic (a) -23.00 1.44
3CO Mimic (b) -25.67 -8.76
PMe Mimic (c¢) -26.59 -8.83
2PMe Mimic (d) -27.39 -11.38
2PEt Mimic (e) -28.83 -12.27
2SPMe Mimic (f) -27.39 0.96
2PN Mimic (g) -30.21 -11.66

Imidazole Association. For mimics lacking an internal base, it is necessary to associate an additional

ion/molecule that permits the heterolytic cleavage of H, to proceed by acting as a proton acceptor. For
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our purposes 1-methylimidazole was chosen to serve as a prototypical proton acceptor. This choice
seems appropriate, given the nearly equivalent reaction free energy of the biological system (Figure 5).
For mimics b, ¢, d, and e, it is necessary to form a complex between the mimic and the imidazole
(2->2', Figure 4) before H, splitting can occur. Accomplishing this results in a significant entropy
penalty, which causes the corresponding reaction free energies for the overall association process to be
endergonic for each of the four mimics (Table 1). The free energies of this process range from 3.3 to 6.1

kcal/mol, thereby creating a problematic step in advancing the catalytic process beyond this point.
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Figure 4. Reaction pathways for the binding and heterolytic splitting of H,. For those mimics containing
an internal base (pathway a, WT mimic depicted) the process proceeds via direct binding (1->2) and
internal splitting (2->TS2,3). For mimics lacking an internal base (pathway b, 3CO mimic depicted) an
extra step is required (2->2') which involves association of the proton accepting 1-methylimidazole
molecule.
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Figure 5. The reaction free energy HMD-catalyzed H, splitting with MPT* and 1-methylimidizole as
the proton acceptor (1) and the biological system (2).

Heterolytic H, Splitting. After H, binding and imidazole association (if necessary, vide supra) to the
biomimetic complexes, the next step in completing the Hmd catalyzed reaction is heterolytic cleavage
of H, (Figure 4, 2->TS2,3).1% 4! Ideally, this process should be associated with a low energy transition
state (T'S) barrier and a sufficiently exergonic overall reaction free energy that prevents reformation of
H,. For the splitting step, each of the mimics (a-g) are separated into two categories, those containing
and those lacking an internal base. Compounds a, f, and g each possess an internal base that can act as a
proton acceptor during H, cleavage (Figure 4a). Since compounds b, ¢, d, and e lack this internal
feature, H, is split using the mimic/imidazole complex (Figure 4b). Table 1 shows the free energies
associated with heterolytic H, cleavage for each biomimetic complex (a-g). The WT mimic (a), is
characterized by an endergonic energy of 15.7 kcal/mol for the 2,2TS2,3, splitting reaction and a
mildly exergonic TS2,3,2 3, step (3.8 kcal/mol). In contrast, for the 3CO mimic (b) the energy required
for H, splitting is relatively modest (1.9 kcal/mol, 2,>TS2,3,) and is accompanied by significant
stabilization of the product, 3 (-15.1 kcal/mol). As with H, binding, the modified stereoelectronics

accompanying replacement of CO by PMe; ligands also alters the ability of a mimic to split H,.

11
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Substituting one CO ligand of the 3CO (mimic b) to a PMe; group (mimic ¢) results in a negligible TS
barrier (2,2>TS2,3., -0.3 kcal/mol®V) and a stabilization of the products by ~6 kcal/mol (TS2,3.23.).
Mimics with two phosphine groups (d and e) slightly increase the TS barrier relative to the single
phosphine mimic (¢), yielding values of 3.3 kcal/mol and 4.1 kcal/mol, respectively. However, the
products for both d and e are relatively unstable (Tablel) and would likely quickly reform the reactant
species.

For those mimics possessing internal bases, replacing one WT CO ligands with a PMe; ligand
(mimic f) results in a dramatic increase in the required H, splitting energy (22>TS2,3;, 23.6 kcal/mol).
The highly endergonic splitting value sharply contrasts the behavior of 2PN mimic (g), which maintains
an impressively low TS barrier of only 3.5 kcal/mol (2,2TS2,3,). Importantly, a TS barrier of this
height can easily be overcome in an experimental environment. While the TS2,3,23, step is only
exergonic by 1.9 kcal/mol, the exceptionally low overall 1->3 reaction free energy clearly identifies this
mimics as the most promising of the seven tested (Figure 6). This is particularly true given that it is not
necessary to form a 3-component reaction complex (mimic + H, + imidazole, as required for mimics b-
e) to heterolytically split H,. Given that the ultimate objective of this study is identification of an
energetically feasible full catalytic cycle leading to H, production, further discussion is restricted to
mimics a and g. The latter owing to its exceptionally small H, binding and splitting free energies and the

former to serve as reference to assess the magnitude of improvements made upon the original model.

12
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Figure 6. Reaction free energy profiles [B3LYP-dDsC/TZ2P//M06/def2-SVP level in implicit THF
solvent (COSMO-RS)] for hydrogen binding (1->2), 1-methylimidazole association (2->2'), heterolytic
H, cleavage (2->TS2,3>3 or 2'>TS2,3->3) for the seven biomimics. Values in kcal/mol.

Catalytic Cycle with a Truncated MPT+ Model. The Hmd catalyzed reaction pathways determined
for the biomimetic compounds examined here are roughly based upon the proposal of Yang and Hall.'4!
Figures 7a and 7b illustrate the potential pathways for the WT (a) and 2PN mimics (g), including the
binding/splitting of H, and subsequent hydride/proton transfer from the mimic to a truncated MPT*
substrate (Figure 8a) and 1-methylimidazole (Figure 8b), respectively. The catalytic cycle begins either
through direct coordination of H, into the empty coordination site of the 5-coordinate biomimic (1),
forming a n>-H, Fe-complex (2) or by binding of the MPT* substrate (10) followed by H, insertion (7).
After binding (1-2), H, is heterolytically cleaved via one of two pathways. The first pathway
(2>TS2,3->3) discussed earlier, involves only H, and the biomimetic complex, which is succeeded by

association of the MPT* substrate (3->4). The second pathway (7->TS7,4->4) involves the assistance of

13
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the MPT* substrate in H, cleavage. For this alternative pathway to be viable the dissociation constant for
the bound MPT*/mimic complex (1->10 or 2->7) must be slow to allow sufficient time for H, activation
to occur (7>TS7,4->4). Both the first and second pathways recombine at 4, where heterolytic H,
cleavage has formed a hydride ion bonded to the Fe-center and a proton bonded to the acceptor base (S-
Aryl, mimic a). From structure 4, the hydride and proton generated from the heterolytic splitting of H,
must be transferred from the complex to the corresponding hydride/proton acceptors in one of two ways.
The first (4->TS4,5>5, Figure 7a) involves an initial hydride transfer to the accepting MPT* ion (5)
followed by proton transfer to a 1-methylimidazole (5->6) or by dissociation of the MPT* substrate
(5-9). In the later case, the proton remains bound to the base and is then abstracted from 9 by 1-
methylimidizole, closing the catalytic cycle. The second distinct pathway (4->8->TS8,6->6, Figure 7a)
involves proton (8) followed by hydride transfer (6). From 6, the catalyst/HMPT complex dissociates,

reforming 1.

14
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Figure 7. Possible reaction pathways for the heterolytic cleavage of H, by the wild-type (a) and 2PN
biomimics (b) using a truncated MPT* substrate as a hydride acceptor and 1-methylimidazole as a
proton acceptor.

15



This is the peer reviewed version of the following article: [Chem. - Eur. J. 2015, 21, 3987], which has been published in final
form at https://chemistry-europe.onlinelibrary.wiley.com/doi/full/10.1002/chem.201405619. This article may be used for
non-commercial purposes in accordance with Wiley Terms and Conditions for Use of Self-Archived Versions.

&

d) 2 e)
(W

Figure 8. 3-D representation of the hydride/proton acceptors used in this study: (a) MPT* mimic, (b) 1-
methylimidizole, (¢) methyliminium, (d) phenyliminium, (e) benzaldehyde.
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The reaction free energy profiles for the catalytic cycle of the WT and the 2PN mimics are
shown in Figures 9 and 10. For the WT mimic (Figure 9) the energetically preferred pathway involves
direct H, association to the 5-coordinate iron compound (1->2) followed by heterolytic cleavage
(2>TS2,3->3) and MPT* association (3->4). The route that includes addition of MPT* followed by H,
association and cleavage pathway (1->10->7->4) is less favorable. The hydride transfer process occurs
spontaneously from the iron center to MPT* upon deprotonation of the sulfur-aryl moiety by 1-
methylimidazole (4->6). Dissociation of HMPT then reforms 1 in an exergonic process. For the WT
mimic, intermediate 8 is not a stable point on the potential energy surface. Overall, the highest energy
point on the profile is 4, which requires 26.3 kcal/mol of energy. It is this overall endergonicity, in
addition to the unfavorable free energies of H, binding and splitting steps, that explains and rationalizes

the non-functionality of the WT mimic, as experimentally demonstrated by Hu and co-workers.[! In
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contrast, the 2PN mimic (Figure 10) presents a markedly improved energetic profile for H, binding and
splitting (1->2->3, vide supra). The association of MPT* (3->4) remains exothermic. From 4 the most
favorable pathway for reformation of the catalyst involves nitrogen deprotonation by 1-methylimidazole
(8) followed by hydride transfer from the iron to MPT* (8>TS8,6->6), which represents the highest
point on the most energetically favorable pathway. HMPT dissociation then reforms 1. While the
energetics of this cycle are still not ideal, they do represent an improvement of over 5 kcal/mol in

comparison to the WT mimic (a).

40.0
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35.0 z .CH3
N O 33.7 331
30.0
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o
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Figure 9. Reaction free energy profiles [computed at the B3LYP-dDsC/TZ2P//M06/def2-SVP level in
implicit THF solvent (COSMO-RS)] for the catalytic cycle of the WT mimic (a) using a truncated
MPT* model and 1-methylimidazole as the hydride and proton receptors, respectively. Values in
kcal/mol. Compound numbers correspond to structures presented in Figure 7a.
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Figure 10. Reaction free energy profiles [computed at the B3LYP-dDsC/TZ2P//M06/def2-SVP level in
implicit THF solvent (COSMO-RS)] for the catalytic cycle of the 2PN mimic (g) using a truncated
MPT* model and 1-methylimidazole as the hydride and proton receptors, respectively. Values in
kcal/mol. Compound numbers correspond to structures presented in Figure 7b.

Catalytic Cycle with Small Molecule/Ion Substrates. As illustrated by Figure 10, the 2PN mimic (g)
possesses a more appealing energetic profile relative to its wild-type counterpart. Conceivably, one way
to further tune the reaction pathway energetics is not by alteration of the catalyst itself, but by replacing
the large MPT* substrate with different molecules or ions that could serve as improved hydride/proton
acceptors. This option is particularly appealing due to the potential of having a single substrate that
could act as both a proton and hydride acceptor, in contrast to the two species [MPT* (hydride acceptor)
and imidazole (proton acceptor)] employed earlier. Following this approach, three replacements for the
MPT* substrate have been examined with 2PN mimic. The three substrates represent both positively

charged (methyl- and phenyliminium, Figures 8c and d) and neutral species (benzaldehyde, Figure 8e).

The corresponding reaction free energy profiles involving the most favorable energetic pathways are
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presented in Figure 11 and summarized in Table 3. Both the red and blue pathways in Figure 11
correspond to replacement of the MPT* substrate with a positively charged iminium compound.
Naturally, each of these profiles maintains the favorable initial steps involving H, binding and splitting
that are associated with only the 2PN mimic itself (black pathway, Figure 11). The binding energies of
the iminium complexes with the mimic shows that reducing steric bulk decreases the binding free
energy, as illustrated by the methyliminium compound with a value of 7.5 kcal/mol (3->4 blue pathway
in Figure 11 and Table 3) versus the bulkier phenyliminium with a value of 16 kcal/mol. Once the
acceptor substrate has formed a complex with the catalyst, removal of the hydride ion by the either
iminium acceptor is quite unfavorable (4->7TS4,5, Table 3), despite the electrophilic nature of the
iminium ion. This large energy barrier likely arises more from the prominent geometric displacement
required to adopt the TS geometry from 4 (see Cartesian Coordinates in the SI) and less from the actual
accepting ability of iminium ion. Subsequent proton removal, also by the iminium compound, first
involves a reorientation of the iminium acceptor (5>57) flowed by overcoming an energetically
negligible TS barrier (Table 3 and Figure 11). Overall, the height of the TS barriers associated with
hydride removal makes the use of the iminium compounds as proton/hydride acceptors energetically no

better than the original MPT* substrate.
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Figure 11. Reaction free energy profiles at the B3LYP-dDsC/TZ2P//M06/def2-SVP level in implicit
THF solvent (COSMO-RS) for the methyliminium (blue), phenyliminium (red), and benzaldehyde
(green) hydride/proton acceptors with the 2PN mimic. The hydrogen capture and splitting steps, which
are common for each of the substrates, are represented in black.

Table 3. Free energy values at the B3LYP-dDsC/TZ2P//M06/def2-SVP level in implicit THF solvent
(COSMO-RS) for relevant reactions during the catalytic cycle for various proton/hydride acceptor
substrates with the 2PN mimic (g). Values in kcal/mol.

Ligand methyliminium phenyliminium benzaldehyde
324 7.5 21.7 6.5
4 > TS4,5 15.4 10.6 --
TS4,5 > 5 -12.9 -22.8 --
525 -2.0 -5.4
5" > TS5,6 -1.00 35 --
TS5,6 > 6 -13.1 -1.9 -
4 > TS4.6 -- - 3.9
TS4,6 > 6 - - -159
6->1 -13.2 -14 4 -13.7

a) +0.2 kcal/mol at the M06/def2-SVP level

20



This is the peer reviewed version of the following article: [Chem. - Eur. J. 2015, 21, 3987], which has been published in final

form at https://chemistry-europe.onlinelibrary.wiley.com/doi/full/10.1002/chem.201405619. This article may be used for
non-commercial purposes in accordance with Wiley Terms and Conditions for Use of Self-Archived Versions.

A second option is to utilize a neutral molecule, rather than a cationic acceptor substrate. Indeed,
the catalyst/acceptor substrate binding free energy is only 6.4 kcal/mol for benzaldehyde (green
pathway, Figure 11). Rather than undergoing a stepwise process to remove the hydride ion and proton,
benzaldehyde accepts both entities in a concerted process (4>TS4,6, Figure 11), thereby coverting the
aldehyde to an alcohol through a mechanism similar to the coversion of ketones to alcohols by
Milstein’s iron pincer complexes.*? Incredibly, removal of the hydride ion/proton is associated with a
very small TS barrier of less than 4 kcal/mol (Figure 11 and Table 3). The newly formed alcohol
complex then easily dissociates (6>1), reforming the original catalyst in an energetically favorable
process. For the 2PN mimic using the aldehyde acceptor substrate, the entire process of H, binding,
splitting, and removal of the product ions can be accomplished with less than 14 kcal/mol of energy, as
illustrate in Figure 11 (green pathway) and Figure 12. The outstanding energetics of the 2PN mimic (g)
renders this mimic/acceptor substrate combination an energetically superior alternative to previously

synthesized systems.

One further way to tuning catalytic cycle energetics available to experimentalists is through variation
of the solvent. While the discussions above have been restricted to THF (the solvent used in the
experimental work that prompted this study), the influence that changing the solvent to either methanol
or dichloromethane was also examined for potential energetic improvements. Table 4 provides free
energies of each reaction step along the catalytic cycle for the 2PN (g) mimic with a benzaldehyde
acceptor. The use of THF or methanol as a solvent lead to value that are roughly equivalent, although
THF appears slightly preferable to methanol based on a slightly depressed 4>TS4,6 free energy.
Regardless, the differences between these two solvents appear to be energetically trivial. This contrasts
the free energies when dichloromethane is employed, which yield significantly increased barrier height

for the 2->TS2.,3 and, to a lesser degree, the 4->TS4.,6 steps. Thus, our computations indicate that using
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THF as a solvent leads to the lowest free energy pathway over the catalytic cycle of the three solvents

tested.
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Figure 12. Overview of the catalytic cycle involving the 2PN biomimic (g) with an aldehyde acceptor
substrate. Free energies computed at the B3LYP-dDsC/TZ2P//M06/def2-SVP level in implicit THF
solvent (COSMO-RS). Values in kcal/mol.

Table 4. Influence of solvent on the various reaction steps in the catalytic cycle using the 2PN mimic as
the catalyst and benzaldehyde as a proton/hydride acceptor. Free energies computed at the B3LYP-
dDsC/TZ2P//M06/def2-SVP level in implicit THF, methanol, or dichloromethane solvent (COSMO-
RS). Values in kcal/mol.

Reaction THF Methanol Dichloromethane
122 1.68 1.59 1.77
2>TS2.3 3.53 352 8.53

TS2,3 >3 -1.93 -1.85 1.56
324 6.45 6.37 4.60

4 > TS4,6 393 441 5.26

TS4,6 2 6 -1591 -15.66 -21.98
621 -6.20 -6.18 -5.37
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CONCLUSIONS

The energetics surrounding the binding and heterolytic splitting of H, by a series of seven [Fe]-
hydrogenase biomimetic compounds has been examined. Modification of the iron center
stereoelectronic environment through substitution of selected ligands alters the ability of a biomimic to
bind molecular hydrogen. In particular, replacing highly st-accepting CO ligands by weaker m-accepting
phosphine ligands yielded more favorable H, binding energies. Examination of the energetics associated
with each of the seven biomimetic compounds identified one mimic containing a bidentate phosphine
ligand with an internal nitrogen base (mimic g) as having an enhanced energetic profile. Based upon this
finding, the subsequent steps involving removal of the proton and hydride ions to reform the catalyst
were determined. While the hydride/proton acceptor combination of a truncated MPT* with 1-
methylimidazole, as well iminium compounds capable of accepting both a hydride ion and proton were
found be energetically unfavorable, a neutral benzaldehyde that accepts the hydride ion/proton in a
concerted process possesses an experimentally accessible energetic profile. Based on this analysis, the
combination of the [Fe]-hydrogenase mimic featuring a bidentate phosphine ligand with an internal
nitrogen base and an aldehyde proton/hydride acceptor represents an appealing new starting point

toward the synthesis of functional biomimetics capable of H, activation and hydrogenation.
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The energetics of seven [Fe]-Hydrogenase biomimics were examined via DFT computations to identify the key factors
governing H, binding and activating ability. One mimic, with a bidentate diphosphine group containing an internal nitrogen
base possesses particularly attractive energetics. Following H, binding and heterolytic cleavage, use of a small aldehyde
capable of accepting both the proton and hydride, yields a complete catalytic H, activation cycle requiring only 14 kcal/mol

of energy.
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