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CONSPECTUS: The well-known dinuclear [FeFe] and [NiFe]
hydrogenase enzymes are redox-based proton reduction and H2
oxidation catalysts. In comparison, the structural and functional
aspects of the mononuclear nonredox hydrogenase, known as [Fe]-
hydrogenase or Hmd, have been less explored because of the
relatively recent crystallographic elucidation of the enzyme active
site. Additionally, the synthetic challenges posed by the highly
substituted and asymmetric coordination environment of the iron
guanylylpyridinol (FeGP) cofactor have hampered functional
biomimetic modeling studies to a large extent. The active site
contains an octahedral low-spin Fe(II) center with the following
coordination motifs: a bidentate acyl−pyridone moiety (C,N) and
cysteinyl-S in a facial arrangement; two cis carbonyl ligands; and a H2O/H2 binding site. In [Fe]-hydrogenase, heterolytic H2
activation putatively by the pendant pyridone/pyridonate-O base serving as a proton acceptor. Following H2 cleavage, an
intermediate Fe−H species is thought to stereoselectively transfer a hydride to the substrate methenyl-H4MPT+, thus forming
methylene-H4MPT. In the past decade, chemists, inspired by the elegant organometallic chemistry inherent to the FeGP cofactor,
have synthesized a number of faithful structural models. However, functional systems are still relatively limited and often rely on
abiological ligands or metal centers that obfuscate a direct correlation to nature’s design.
Our group has developed a bioinspired suite of synthetic analogues of Hmd to better understand the effects of structure on the
stability and functionality of the Hmd active site, with a special emphasis on using a scaffold-based ligand design. This systematic
approach has contributed to a deeper understanding of the unique ligand array of [Fe]-hydrogenase in nature and has ultimately
resulted in the first functional synthetic models without the aid of abiological ligands. This Account reviews the reactivity of the
functional anthracene-scaffolded synthetic models developed by our group in the context of current mechanistic understanding
drawn from both protein crystallography and computational studies. Furthermore, we introduce a novel thermodynamic framework
to place the reactivity of our model systems in context and provide an outlook on the future study of [Fe]-hydrogenase synthetic
models through both a structural and functional lens.

■ INTRODUCTION

The dinuclear and mononuclear hydrogenase enzymes catalyze
key processes in the energy metabolism of microorganisms
through the utilization and generation of dihydrogen (H2).

1 In
nature, the primary roles of the dinuclear [FeFe] and [NiFe]
hydrogenases are proton reduction and oxidation of H2,
respectively. These enzymes, in concert with nearby FeS
clusters, couple the generation of electrons from H2 with the
reduction of external electron carriers (or vice versa) in various
metabolic processes. In contrast, the mononuclear [Fe]-
hydrogenase (Hmd) catalyzes the nonredox reversible con-
version of methenyl-H4MPT+ to methylene-H4MPT via a
stereoselective hydride transfer reaction.2−4

Notably, although the three known classes of hydrogenase
enzymes are phylogenetically distinct,5 convergent evolution
has resulted in a shared set of structural characteristics in the

form of Fe(II) ligated by carbonyl and thiolato-S ligands. This
unique, conserved structural motif is evidently apt for
heterolytic H2 cleavage and has motivated synthetic chemists
to design functional catalysts derived from earth-abundant
first-row transition metals. Over the last two decades, a number
of synthetic models of [FeFe] and [NiFe] hydrogenase have
exhibited functional reactivity with H2performing H/D
exchange, heterolytic cleavage of H2, and proton reduction
while comparatively fewer complexes have been shown to
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catalyze the oxidation of H2.
1,6 In fact, structural model

complexes of mononuclear [Fe]-hydrogenase have traditionally
been catalytically inactive, resulting in little progress in their
application to advance mechanistic understanding of enzymatic
reactivity with H2. In [Fe]-hydrogenase, heterolytic H2
activation is believed to be facilitated by a pendent
pyridone/pyridonate-O base that acts as a proton acceptor
during catalysis. Following H2 cleavage, the still-debated
intermediate Fe−H species transfers a hydride to the substrate,
as depicted in Figure 1.7

Several groups have synthesized complexes that reliably
mimic structural motifs in [Fe]-hydrogenase, incorporating
essential structural aspects such as the organometallic acyl Fe−
C bond, a thiolato-S donor, two carbonyl ligands, and even the
phosphato substitution of the pyridine moiety (Figure 2).8−13

Additionally, substitution of various functional groups (e.g.,
−OH,14,15 −OMe,10 or −NH2

16) at the ortho position of the
pyridine has been achieved. However, these models were not
reported to react with H2. In the case of the −OH- and
−OMe-substituted complexes, the pKa values for the conjugate
acids (i.e., BH+) are far too low to reasonably suspect that
these pendant groups can serve as bases in the H2 splitting
reaction. Indeed, computational studies have predicted that the
pKa of the Fe(η

2-H2) species (Figure 1, step ii) of the enzyme
is roughly 9.17 In related work, Hu and co-workers reported a
diphosphine ligand resembling the azadithiolate ligand of
[FeFe] hydrogenase to achieve H2 activation and aldehyde
hydrogenation.18 Additionally, incorporation of a model
compound into the Hmd apo-enzyme enabled 1% activity of
the native active site.19 For this reason, the literature has
traditionally asserted the importance of the protein architec-
ture and its conformational changes in the presence of the

substrate (methenyl-H4MPT+) as crucial to obtain H2-based
reactivity with synthetic models of [Fe]-hydrogenase.
In our research, we have leveraged a “scaffold” format to

develop a bioinspired set of synthetic analogues of Hmd in
order to better understand the effects of structure on the
stability and functionality of the Hmd active site.20 We have
employed three general ligand systems in order to achieve this
goal: the scaffold-based fac-C,N,S,21−23 mer-C,N,S,24−26 and
mer-N,N,S27,28 donor sets. This systematic approach has

Figure 1. Proposed reactivity cycle of Hmd during catalysis in the closed conformation. The inset shows the truncated molecular structures of the
FeGP cofactor in complex with the methenyl-H4MPT+ substrate resolved at 1.06 Å.7

Figure 2. Representative examples of nonscaffolded synthetic model
complexes by the Hu (yellow), Song (pale yellow), and Pickett (blue)
groups. The acyl (yellow background) or carbamoyl (blue back-
ground) functional group of each model complex is outlined in green.
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contributed to understanding the role of the identity and
geometry of the unique ligand array of [Fe]-hydrogenase in
nature and ultimately resulted in the first functional synthetic
models without the aid of abiological ligands. This Account
will review the reactivity of the functional anthracene-
scaffolded synthetic models in the context of current
mechanistic understanding drawn from protein crystallography
and computational studies on [Fe]-hydrogenase to provide an
outlook on the future study and applications of [Fe]-
hydrogenase synthetic models.

■ MECHANISTIC GUIDANCE FROM
COMPUTATIONAL STUDIES

As no reactive intermediates have been experimentally
observed during catalysis, the understanding of the Hmd
mechanism has been advanced via computational studies.
Applying nascent crystal structures, Hall utilized truncated
active site models and density functional theory (DFT)
methods to investigate the mechanism of Hmd.29,30 In these
studies, the presence of the substrate methenyl-H4MPT+ was
essential to lowering the barrier involved in heterolytic H2
cleavage. Hall elucidated two viable pathways to H2 activation:
mediated by either the cysteinyl thiolato-S or the pyridone-O
as a proton acceptor. Following H2 binding and polarization,
the substrate methenyl-H4MPT+ was demonstrated to
ultimately “trigger” cleavage of the H2 bond. In this work,
the rate-limiting step was identified as hydride transfer to the
substrate following protonation of the pyridone-O (Figure 1,
step v). This assignment is consistent with experimental results
in which the Vmax and Km of Hmd under H2 and D2 indicated
no kinetic isotope effect (KIE) associated with heterolysis.31

Reiher32 and later Shima7 performed QM/MM calculations
on Hmd to investigate the effects of the protein environment
on catalysis. Reiher found that H2 heterolysis across the
pyridone-O (Figure 1, step iii) is favored over that across the
thiolato-S by 14.3 kcal mol−1. Still, heterolysis mediated by
thiolato-S remained exothermic by 4.4 kcal mol−1, indicating
that the bound thiolate is a possible proton acceptor, which is
consistent with the observable activity (1%) maintained in the
H14A Hmd mutant.3 Furthermore, in the favored pathway, a
stable minimum corresponding to an Fe−H species (Figure 1,
step iv) could not be calculated, suggesting a concerted
heterolysis mechanism and direct hydride transfer from H2 to
methenyl-H4MPT+; the ternary complex is composed of the
iron guanylylpyridinol (FeGP) cofactor, H2, and methenyl-
H4MPT+. This observation is consistent with current
experimental results that have not shown an electronic change
in the Fe center corresponding to a hydride species.33,34 Most
recently, Shima utilized QM/MM calculations to support the
role of the pyridone-O in heterolysis and, in contrast, did find
that a stable Fe−H species was possible and stabilized by
interactions with the substrate. Additionally, these calculations
supported H2 heterolysis (Figure 1, step iii) as the rate-limiting
step in catalysis, in contrast to the hydride transfer step as
proposed by Hall.

■ DESIGN PRINCIPLES OF AN ANTHRACENE
SCAFFOLD FOR Hmd MODEL COMPOUNDS

The prevalence of facial coordination motifs in bioinorganic
coordination chemistry has inspired the design of useful
synthetic ligands such as tris(2-pyridylmethyl)amine (TPA),
1,4,7-triazacyclononane (TACN), and tris(pyrazolyl)borate

(Tp) in modeling histidine-rich environments such as cysteine
dioxygenase (CDO)35 and carbonic anhydrase (CA).36

However, the active site of [Fe]-hydrogenase presents a
unique challenge to the synthesis of model compounds
because of (i) the highly asymmetric first coordination sphere
and (ii) the highly functionalized secondary coordination
sphere (especially the pyridone moiety). Our motivating
approach to modeling [Fe]-hydrogenase was to develop a
ligand featuring a tridentate chelate that enforced facial
coordination of the organic C, N, and S donors. We turned
to molecular scaffolding, inspired by its utility in both
enforcing ordered structural arrangements and imparting
stability in past bioinorganic model systems. For example, a
trisubstituted benzene scaffold was utilized by Holm for Fe4S3
complexes37 and Agapie for Mn-OEC model compounds,38

exemplifying a scaffold-based approach to threefold-symmetric
metal binding motifs. More recently, the Suess group leveraged
this platform to generate site-differentiated Fe−S clusters and
the first [Fe4S4]−alkyl cluster.39 Additionally, Lippard utilized
a substituted triptycene scaffold in modeling the carboxylate-
bridged diiron sites of bacterial multicomponent monoox-
ygenase.40

Our approach also “builds upon” the symmetric dibenzofur-
an (DBF) and anthracene scaffolds utilized by the groups of
Lu41,42 and Gelman,43,44 respectively. Briefly, we have
employed a substituted 1,8-anthracene moiety as the scaffold
foundation, as utilized in the trans-spanning, para-linked
phosphine ligand developed by Gelman. However, we have
opted to attach the metal-binding donor “arms” at the meta
position with respect to the anthracene scaffold, as exemplified
in the DBF-scaffolded complexes of Lu. Critically, this
construction allows for substitution on both ortho sites
(Scheme 1, green) of the N and S donor atoms, thus enabling

incorporation of the biomimetic methylene acyl Fe−C bond
and pyridone moieties of the Hmd active site. A more
comprehensive review of each system and a comparison of a
wide variety of scaffold bite angles, donor atom distances, and
scaffold−aryl torsion angles was previously reported.45

Utilizing this asymmetrically substituted 1,8-anthracene as a
scaffold, we have developed a modular synthetic approach that
facilitates access to a variety of highly substituted ligand donor
arms.

■ A BIOMIMETIC REACTIVITY SYSTEM FOR Hmd
CATALYSIS

In nature, Hmd catalyzes the heterolytic cleavage of H2 via
metal−ligand cooperation between the Fe center and the

Scheme 1. Chemical Representation of Our Tethered
Anthracene Scaffold Approach to Obtain the Asymmetric
fac-C,N,S Coordination Motif of [Fe]-hydrogenase;
Important Ortho Sites for Substitution Are Highlighted in
Green
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pendent pyridone-O atom of the FeGP cofactor; subsequently
(or concomitantly in the ternary complex), the hydride is
transferred from the Fe center to the substrate methenyl-
H4MPT+. The incorporation of 2-pyridone moieties in stable
Fe-containing synthetic models of Hmd has proven to be an
exceedingly difficult synthetic challenge. Thus, we sought to
apply a bioinspired approach that would enable the study of
model compounds with H2(or D2) and methenyl-H4MPT+

model substrates to study the endogenous hydride transfer
reaction.
The model substrates 1,3-bis(2,6-difluorophenyl)-2-(4-

tolyl)imidazolium (TolIm+) tetrakis(3,5-bis(trifluoromethyl)-
phenyl)borate and 1,3-bis(2,6-difluorophenyl)-2-methylimida-
zolium (MeIm+) tetrakis(3,5-bis(trifluoromethyl)phenyl)borate
were utilized as analogues of the methenyl-H4MPT+ substrate.
Meyer and co-workers initially developed TolIm+ as a model
substrate for hydride transfer to methenyl-H4MPT+ from a
ruthenium cyclopentadienyl carbonyl compound.46 As high-
lighted in Figure 3, TolIm+ and MeIm+ approximate the core
imidazolium structure present in methenyl-H4MPT+. The
electron-withdrawing N-difluoroaryl substituents improve the
hydride-accepting ability and provide an additional NMR
spectroscopic handle. Substitution of C-2 additionally affords a
handle to modulate the hydricity of the substrate, provided
that substrate pyramidalization at C-2 is still accessible and the
substituent is not prohibitively bulky. Utilizing the DFT
methods of Glusac and co-workers,47 we calculated the
hydricities (calculated in acetonitrile) of TolImH and MeImH
to be 56.7 and 52.8 kcal/mol, respectively. The analogous
value for the biological hydride donor methylene-H4MPT is
50.01 kcal/mol.48 These values provide a framework to
understand the relative hydride donor strengths of organic
model substrates and synthesized metal complexes, despite the
caveat that such hydride transfer reactions involving first-row
transition metals are often incompatible with strongly
coordinating solvents like acetonitrile.
Thus far, we have utilized the exogenous base tetraethy-

lammonium 2,6-di-tert-butyl-4-methoxyphenolate, (Et4N)-
[MeOtBu2ArO], as a substitute for the intrinsic basic
pyridonate-O site of Hmd. Indeed, the anionic phenolate-O
of [MeOtBu2ArO]

− closely approximates the pKa of the

proposed active pyridonate-O invoked in Hmd catalysis. For
comparison, [MeOtBu2ArO]− is moderately more basic
(conjugate acid pKa(H2O) ≈ 13)49,50 than the pyridonate-O
of the enzyme active site (conjugate acid pKa(H2O) ≈ 11.7).51

The two o-tBu groups nominally prevent coordination of the
metal center by the base, while the para substituent provides a
means for modulating the strength of the base (and thus an
indirect means to study the acidity of the Fe−H2 adduct).

■ FUNCTIONAL MODEL COMPLEXES OF
[FE]-HYDROGENASE

Modeling the Reverse Reaction (C−H Hydride
Abstraction): Scaffold fac-C,N,S Thioether

Recently, our group reported the synthesis and reactivity of
parent complex 1-Br (Figure 4), the first example of a C,N,S-
derived model system to react with H2.

21 Model 1-Br was
synthesized from a procedure using Fe(CO)4Br2 in DCM at
−30 °C.11 Nucleophilic attack of a carbonyl in the metal salt
by the amine moiety of the ligand results in the carbamoyl Fe−
C bond, which serves as a structural approximation of the

Figure 3. Comparison of components involved in the native reactivity of Hmd (gray) and functional biomimetic synthetic systems (yellow).
Structural similarities of methenyl-H4MPT+ and RIm+ are highlighted in green, and calculated thermodynamic hydricities47,48 are presented.
Structural similarities of the 2-pyridone moiety and exogenous phenolate base are highlighted in blue, and approximate pKa values are provided.

Figure 4. Summary of synthetic complexes discussed in this Account.
Complexes containing the carbamoyl functional group are depicted
with a blue background, and complexes containing the acyl functional
group are depicted with a yellow background. The identity of the
variable sixth ligand at the position trans to the organometallic Fe−C
bond is specified in the nomenclature.
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native methylene(acyl) ligation.11 Complex 1-Br exhibits
ν(CO) frequencies at 2031 and 1981 cm−1 and a feature at
1661 cm−1 corresponding to the carbamoyl CO bond, as
summarized in Table 1.

The starting complex was activated by halide abstraction
utilizing Tl(BArF4), resulting in the weakly bound THF solvato
species 1+ with an open reactive site. Hydride abstraction from
the model substrate TolImH by 1+ was indicated by 1H NMR
analysis by complete loss of the methine resonance at 6.12
ppm and generation of TolIm+ (Figure 5A). However, upon

abstraction no Fe−H species was observable by NMR
spectroscopy. Nonetheless, the catalytic nature of this reaction
was further confirmed by repeating the experiment with 5
equiv of TolImH and 5 equiv of MeOtBu2ArOH. Analysis of the
headspace gas showed the production of H2 with consistent
multiple turnovers, demonstrating the enzymatic “reverse
reaction” (H+ + [C−H] → H2 + [C+]).
The biomimetic forward reaction was investigated through

the reactivity of the complex with D2. Incubation of the
activated complex with D2 resulted in the appearance of a new
signal in the 2H NMR spectrum at 7.78 ppm, corresponding to
the −NH resonance observed in the 1H NMR spectrum at
7.70 ppm. Furthermore, the broad singlet at 7.70 ppm in the
1H NMR (THF-d8) spectrum was abolished upon addition of
D2 gas. Inspection of the infrared spectrum showed no
discernible difference between 1NH and 1ND, confirming the
structural integrity of the metal complex following the
conversion. H/D scrambling activity by 1+ was observed

upon treatment with D2 and the proton source
MeOtBu2ArOH, as signified by new 1H NMR resonances
corresponding to H2 and HD as a singlet at 4.50 ppm and a
triplet at 4.47 ppm (J(HD) = 43 Hz), respectively (Figure 5B).
The converse isotopic study (i.e., H2, MeOtBu2ArOD)
similarly resulted in the observance of newly generated D2
gas in the 2H NMR spectrum, confirming the H/D scrambling
activity of complex 1+ in the presence of a substrate (H+).
Encouraged by the H2 activation demonstrated by 1+, the

analogous enzymatic “forward” reaction, or hydride transfer to
an organic substrate (TolIm+), was attempted but proved to be
unsuccessful. The H/D scrambling activity of 1+ presumably
proceeds through an intermediate Fe−H or Fe−D (as depicted
in Scheme 2), which was unobserved in the previous reactions.

In attempts to prevent H/D crossover and observe the putative
intermediates, the aforementioned reactions were performed
under deuterium-rich conditions (i.e., D2, MeOtBu2ArOD),
resulting in a stable Fe−D resonance observed at −17.96 ppm
in the 2H NMR spectrum (Figure 5C). This process was
demonstrably dependent on the pressure of D2 present in the
reaction mixture, with the conversion to the Fe−D product
diminished from 20% at 7 atm D2 to 2% at 1 atm D2. The
persistent Fe−D species observed contrasts with the fact that
no such related intermediate has been observed in the enzyme
to date.
Modeling the Forward Reaction (H2 → Hydride Transfer):
Scaffold fac-C,N,S Thiolate

Next, we developed a more faithful model of Hmd by
incorporation of a thiolato-S donor in place of the thioether
moiety utilized in complex 1-Br.22 A bulky 2,6-dimethylphenyl
group was appended at the ortho position of the thiolato-S
donor to prevent the formation of higher-nuclearity metal
complexes that often result from bridging thiolates. The
thiolate-containing complex 2-PhCN (Figure 4) exhibits
ν(CO) frequencies at 2016, 1956, and 1632 cm−1, which are
significantly lower in energy than those of the thioether-
containing species and consistent with those of the Hmd
enzyme in water (2011 and 1941 cm−1) and other model
systems.
Complex 2-PhCN was isolated as the PhCN solvato-bound

species and structurally characterized by X-ray crystallography
(Figure 6A), confirming the viability of the anthracene scaffold
in generating a tridentate fac-C,N,S chelate in a mononuclear
thiolate format. The average Fe−C bond distance of the
organometallic carbamoyl unit in 2-PhCN (1.9555 Å) is longer
than that observed in Hmd (1.880 Å) but consistent with

Table 1. Summary of Infrared ν(CO) Features of Model
Compounds Discussed Herein

complex ν(CO) (cm−1) ν(CO) (cm−1)

1-Br 2031, 1981 1661
2-PhCN 2016, 1956 1632
3-Br 2039, 1978 1629
4-MeCN 2021, 1998, 1962, 1943 −
5-Br 2034, 1974 1619
Hmda 2011, 1944 −
FeGPb 2029, 1957 1697

aValues for Hmd enzyme reported in H2O at pH 6.0.52 bValues for
acetic acid-extracted FeGP cofactor (dried sample).53

Figure 5. (A) 1H NMR spectrum in THF-d8 demonstrating hydride
abstraction from TolImH by 1+, as outlined in Scheme 2. (B) 1H NMR
spectrum demonstrating H/D scrambling activity in the presence of
MeOtBu2ArOD. (C)

2H NMR spectrum demonstrating generation of
the Fe−D species.

Scheme 2. Summary of (i) Hydride Abstraction from the
Model Substrate TolImH Coupled with (ii) Hydride Transfer
to a Proton Source to Generate H2 Demonstrated through
Intermediate 1-H
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those in other Hmd model complexes. The coordination of the
Fe center by the tridentate anthracene-derived chelate results
in significant changes in the angles observed in the complex.
Complex 2-PhCN exhibits a 2° larger C−Fe−S angle (80.14°)
in comparison with that observed in Hmd (77.35°), while the
N−Fe−S bite angle (93.84°) is nearly 10° wider than that
observed in Hmd (84.20°). Furthermore, coordination of the
Fe center results in a 9.98 ± 3.07° torsion across the plane of
the anthracene scaffold of the ligand, suggesting that an
expanded or more flexible scaffold may better accommodate
the binding of the Fe center in future model compounds.
The reactivity of complex 2-PhCN with D2 was studied to

provide insight into the functional role of the cysteine
thiolatethe only protein-derived ligand donor. Treatment
of complex 2-PhCN with 7 atm D2 in CH2Cl2 did not result in
any new resonances in the 2H NMR spectrum. This result
seems to preclude the role of the cysteinyl sulfur as the favored
base in H2 cleavage and underscores its likely role as a
structural anchor in the enzyme during catalysis. Additionally,
this result contrasts with the related reaction of D2 and
thioether-bound 1+ where NH → ND exchange was observed.
The viability of 2-PhCN to activate dihydrogen was then

studied in the presence of an exogenous base,
[MeOtBu2ArO]

−. Under 7 atm D2, a new resonance in the
2H NMR spectrum was observed at 4.89 ppm, corresponding
to MeOtBu2ArOD. However, a resonance corresponding to the
expected Fe−D product was not observed, suggesting a
reactive or unstable metal hydride species. The same
experiment was repeated in the presence of the model
substrates TolIm+ and MeIm+. Interestingly, hydride transfer to
TolIm+ was not observed despite its greater hydride-accepting
ability. However, a new resonance at 5.39 ppm corresponding
to the hydride transfer reaction product MeImD was observed
in concert with proportional growth of the MeOtBu2ArOD

resonance when MeIm+ was used as the substrate. We presently
explain this paradoxical result as a steric incompatibility of the
anthracene scaffold and bulky o-dimethylphenyl unit of 2-
PhCN with the TolIm+ substrate, as an argument based on the
hydricities of the substrates predicts the opposite result (vide
supra, Figure 3).
The aforementioned hydride abstraction reaction from

model substrate performed by 1+ was also investigated with
2-PhCN. However, hydride abstraction by 2-PhCN did not
proceed. This result further exemplified the reaction bias in our
model compounds and suggests that a secondary-coordination-
sphere interaction may be important in gating bidirectional
Hmd reactivity (vide infra, in Extant Challenges in [Fe]-
Hydrogenase Synthetic Modeling). Furthermore, an Fe−D
resonance was never observed by NMR spectroscopy in
reactions containing 2-PhCN and D2, consistent with both
experimental and computational studies performed on the
enzyme.

Limitations of the (Acyl)methylene Linkage: Scaffold
fac-C,N,S and Iron Carbonyl Extrusion

A comparison of past structural models has revealed that little
structural difference exists between complexes containing an
amide (−NH; carbamoyl) linkage and those containing a
methylene (−CH2; acyl) linkage. However, a carbamoyl-
containing model complex that was synthesized by the Pickett
group binds acetonitrile in the position trans to the Fe−C
unit,11 while a close structural analogue bearing an acyl Fe−C
unit prepared by Hu and co-workers does not bind a sixth
ligand,10 suggesting a significant electronic difference between
the two closely related organometallic donors. Inspired by this
observation, we sought to synthesize an acyl-containing model
compound analogous to 1-Br to observe a possible functional
difference between these two common features prevalent in
Hmd model compounds.

Figure 6. (A) Molecular structure of 2-PhCN demonstrating the anthracene-scaffolded fac-C,N,S three-membered chelate. Atom colors: carbon
(gray), nitrogen (blue), oxygen (red), sulfur (yellow), iron (orange). (B) Summary of (i) H2 activation and (ii) hydride transfer to the model
substrate MelIm+ demonstrated by the parent complex 2-PhCN.

Figure 7. (A) Deprotonation of the methylene protons of 3 to form 4. (B) Molecular structure of 4. Atom colors: carbon (gray), nitrogen (blue),
oxygen (red), sulfur (yellow), iron (orange).
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We prepared the acyl-containing compound 3-Br (Figure 4)
and first attempted experiments parallel to those performed
with 1-Br.23 However, the reaction of 3-Br activated with
Tl(BArF4) to form halide-abstracted 3+ was notably not
competent for reactions similar to those performed by 1+

(i.e., H2 activation and hydride abstraction). The acyl-
containing 3+ does not abstract a hydride from the substrate
TolImH. We reason that this is due to an increased trans
influence demonstrated by the acyl moiety in comparison with
the carbamoyl moiety, emanating from π effects of the N lone-
pair electrons of the carbamoyl group and as hinted by the
MeCN-binding properties of the Pickett complex versus the
Hu complex. We thus expected that the parent complex 3-Br
may exhibit the same reaction bias as observed for 2-PhCN
and attempted H2 activation facilitated by exogenous base and
hydride transfer experiments to organic substrates.
However, we surprisingly found that the introduction of one

equiv of the exogenous base [MeOtBu2ArO]
− resulted in

deprotonation of a methylene proton of the acyl group in 3-Br
(Figure 7A), as initially evidenced by a noticeable color change
from orange to red and a red shift in the IR frequencies of the
ν(CO) features to 2021, 1998, 1962 and 1943 cm−1 (Table
1). Deprotonation was unambiguously confirmed by the
molecular structure of 4-MeCN (Figure 7B), revealing the
generation of a C2-symmetric dimer containing new and
unexpected Fe−Cmethine bonds and thioether-S ligand displace-
ment. The deprotonation event was readily reversible by
addition of 2,6-lutidine·HBr to regenerate the starting
compound 3-Br. We initially suggested such reactivity of the
methylene acyl moiety on the basis of 1H NMR and IR
spectroscopy26 but only recently acquired unambiguous
structural confirmation. We hypothesize that the acidic
methylene protons are strongly related to the demonstrated
instability of earlier model complexes containing acyl and
thiolate ligands, which may result in methylene deprotonation
and liberation of a protonated thiol ligand at temperatures
above −40 °C.
We envisioned that 4-MeCN might react with H2, as the

deprotonation of a methylene proton recalls the basic site
resulting from dearomatization of methylene-linked PNP
pincer ligand systems54 (conventional organometallic cata-
lysts) that facilitate H2 activation and generates a pendent base
on the ligand framework, analogous to the [Fe]-hydrogenase
active site. Upon incubation with 7 atm D2 gas, 4-MeCN was
shown to activate D2, as evidenced by new resonances in the
2H NMR spectrum at 2.59 and −14.90 ppm, corresponding to
deuteration of the free ligand and formation of
[DFe3(CO)11]

−. These new resonances also indicated (i)
extrusion of the Fe metal center to liberate free ligand and (ii)
reduction of the Fe metal center from Fe(II) to Fe(0). A series
of control experiments were performed to elucidate a possible
mechanism for these processes; these suggested that reduction
of the Fe center results from generation of an unstable Fe−H
species upon H2 activation by 4-MeCN. The resulting
reductive elimination and Fe(CO)x extrusion consequently
indicate deinsertion of the methylene−acyl moiety and further
liberation of the now-protonated ligand.

Importance of the Facial Scaffold Approach: Pincer
mer-C,N,S is Nonfunctional

Our group has also applied more conventional nonscaffolded,
tridentate mer-C,N,S chelating ligands in the development of
[Fe]-hydrogenase synthetic model compounds. We synthe-

sized 5-Br (Figure 4), the meridionally chelated carbamoyl
thioether complex that is analogous to the fac-C,N,S
compound 1-Br.25 Interestingly, mer-C,N,S ligated 5-Br does
not demonstrate any reactivity under H2/D2 atmospheres. The
halide-abstracted compound 5+ also does not result in NH/
ND exchange, indicative of H2/D2 activation, across the
carbamoyl moiety as was observed for 1+. Furthermore, 5+

does not abstract a hydride from the model substrate TolImH.
The contrast in the reactivities of mer- and fac-C,N,S ligation
underscores the importance of the facial C,N,S triad in the
facilitating H2 activation in the mononuclear [Fe]-hydro-
genase.
Herein we convey new DFT calculations in order to

understand the contrasting reactivities of fac-1+ and mer-5+

with H2. Both fac-1+ and mer-5+ feature a dz2-like metal-
centered LUMO along the axis of the unoccupied coordination
sitethe putative site of H2 coordinationas depicted in
Figure 8A,B. Importantly, the open coordination site is trans to

either the strongly σ-donating organometallic Fe−C bond in
functional 1+ or the π-accepting Fe-C≡O unit in nonfunctional
5+. This is critical for the classical Kubas-type M−H2
interaction, wherein electron density from the H−H σ bond
is donated to an unoccupied metal orbitalideally the dz2
orbital as in these cases.55−57

However, the HOMOs of fac-1+ (Figure 8C) and mer-5+

(Figure 8D) differ substantially. The HOMO of fac-1+ is
clearly a metal-centered nonbonding dxz or dyz orbital, ideally
positioned at 45° with respect to the metal-centered LUMO
and thus properly aligned for π donation into the σ* orbital of
H2 in a classical Kubas-type interaction (Figure 8E). This
results in a weakened H2 bond and enables the experimentally
observed NH/ND exchange processes upon incubation with
H2 gas. In contrast, the HOMO of mer-5+ is composed of the
organometallic Fe−C σ bond and is coaligned (nonideally)
with the mer-5+ LUMO. As a result, there is no favorable
orbital alignment between the Fe dxz|dyz and H2 σ* orbitals to

Figure 8. DFT (PW91/6-31G*)-calculated Kohn−Sham molecular
orbital depictions of the LUMOs of (A) fac-1+ and (B) mer-5+ and
HOMOs of (C) fac-1+ and (D) mer-5+. Proposed Kubas-type
interactions of (E) fac-1+ with H2 and (F) mer-5+ with H2.
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participate in a Kubas-type interaction (Figure 8F), which is
required to activate H2 and enable NH/ND exchange.
Complex 5-Br was additionally used to investigate the

viability of an Fe−H species in [Fe]-hydrogenase. Upon
treatment of 5-Br with the hydride donor NaHBEt3 at −70 °C,
an Fe−H resonance was observed at −5.08 ppm in the 1H
NMR spectrum.24 However, the Fe−H species 5-H decom-
posed at temperatures above −40 °C, resulting in extrusion of
methylthiol and structural rearrangement to form a μ2-methyl
thiolate-bridged dimer. This observation suggests the feasibility
of a transient Fe−H species supported by the primary
coordination sphere of [Fe]-hydrogenase containing the
organometallic Fe−C bond motif. Notably, the proposed
hydride species 5-H positions the hydride trans to a carbonyl
ligand instead of the organometallic Fe−C bond, which should
significantly influence the reactivity of the Fe−H moiety.

■ EXTANT CHALLENGES IN [FE]-HYDROGENASE
SYNTHETIC MODELING

Several significant synthetic challenges and unanswered
questions still remain to fully leverage the utility of synthetic
modelingand scaffolded ligands in particularin under-
standing the chemistry performed by [Fe]-hydrogenase. To
date, no direct evidence of intermediates relevant to [Fe]-
hydrogenase catalysis have been observed in the biological
system, and although mechanistic understanding has benefited
from mutagenesis studies, it still largely relies on computation.
Our group has now demonstrated the viability of C,N,S-
supported Fe−H species relevant to proposed intermediates in
[Fe]-hydrogenase catalysis. Still, such species are derived from
thioether-ligated iron centers and thus result in the generation
of formally neutral Fe−H speciesin contrast to the likely
formally anionic species encountered in nature. At present, we
have been unable to detect the putative anionic Fe−H species
in our thiolate-containing system 2-PhCN, despite the fact that
hydride transfer was observed. It may be the case that the
strongly trans-influencing σ interaction of the organometallic
Fe−C bond of the acyl moiety makes such an intermediate
especially difficult to observe in comparison with the analogous
trans-influencing but π-acidic CO ligand present in [FeFe]-
hydrogenase. Thus, it may be necessary to incorporate further
stabilizing moieties in the proximity of the Fe−H species, such
as Lewis acidic centers or H-bond donors, to observe and
characterize such an intermediate, as has been suggested by
computation and structural biology. Isolation of such proposed
synthetic intermediates would provide important spectroscopic
standards for the hydride-bound state of [Fe]-hydrogenase to
inform our understanding of the biologically unprecedented
Fe−C acyl motif in controlling metal hydride reactivity.
Contrastingly, perhaps the conformationally gated catalysis,
highly preorganized enzyme−substrate complex, and unique
organometallic Fe−C bond truly preclude a relevant Fe−H
intermediate that is characteristic of other hydrogenases.
Relatedly, our studies utilizing both thiolato-S and thioether-

S donors and their role in mediating hydride transfer or
hydride abstraction, respectively, piqued our interest in the
influence of the metal complex charge in mediating reactivity.
In nature, the His14 residue is proposed to deprotonate the
resting protonated 2-pyridinol moiety of the FeGP cofactor to
enable heterolysis, acting as an important proton relay that
additionally governs the charge and electron density at the Fe
metal center. Furthermore, [Fe]-hydrogenase exhibits a
functional preference/bias for H2 generation at pH 6.5 (partial

His protonation) and H2 activation and hydride transfer at pH
7.5,2 likely associated with His protonation/deprotonation and
its importance in modulating the thermodynamic landscape of
enzyme activity. Thus, we are interested in how incorporation
of the 2-pyridinol moiety or other proton/charge-responsive
moieties in our model systems will possibly enable bidirec-
tional reactivity (Figure 9) characteristic of enzymatic systems.

Indeed, the construction of protein-like microenvironments
incorporating amino acid side chains in the extended ligand
framework or the incorporation of synthetic complexes in
protein hosts have improved the kinetics, thermodynamics,
and chemical robustness of electrocatalytic synthetic hydro-
genases;58−65 however, this concept and the extension to the
nonredox [Fe]-hydrogenase are still unexplored at present.
Our studies with acyl-containing model complexes highlight

the difficulties of working with methylene-linked systems.
While our scaffold approach effectively stabilized the core
{Fe(CO)2}

2+ motif of the acyl-containing parent complex 3-
Br, undesirable reactivity (i.e., methylene deprotonation) with
exogenous base was still observed. We and others have now
demonstrated the propensity of this moiety to initiate ligand
loss triggered by CO deinsertion and subsequent protonation
in synthetic systems. It remains to be seen whether scaffolded
ligands containing thiolato-S ligands (in contrast to the weakly
coordinating thioether-S donor) can be leveraged to enforce a
more constrained geometry and disfavor this process.
Furthermore, the incorporation of the biomimetic pyridone
moiety may also preclude the undesired protonation/
deligation reactions observed by modulation of the pKa of
both the methylene unit and putative Fe−H species. More
predictable control over the reactivity of the acyl moiety in
solution is certainly necessary before more progress can be
made in understanding this unique ligation in nature. However,
at present our work has demonstrated that biomimetic
functional reactivity can be obtained with carbamoyl-
containing model complexes and suggests that this ligation
motif may provide a more accessible way forward.

Figure 9. DFT-calculated substrate hydricities (in MeCN) and the
corresponding scaffold model complexes that perform C−H hydride
abstraction (from the substrate) or hydride transfer (to the substrate);
this serves to bracket the hydricities of the corresponding Fe−H
species from each ligand set. We hypothesize that the incorporation of
the proton-active pyridone unit will provide intermediate hydricity
and provide “gating” to bidirectional reactivity.
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■ CONCLUSION
In this Account, we have described our recent contributions to
synthetic modeling of [Fe]-hydrogenase and the biomimetic
reactivity with H2 and model substrates. Our work utilizes
rational design to probe the structural features that enable a
holistic understanding of the role of active site components in
the generation of functional model compounds. We have
largely applied tridentate C,N,S chelating ligands derived from
meridional pincer-type ligands and, with more functional
success, facially coordinating anthracene-scaffolded ligands.
Our model compounds highlight the critical structural
organization of the heteroatom fac-C,N,S donors for H2
interaction, supporting the critical role of the iron center in
H2 activation. Furthermore, we have demonstrated that both
the mer- and fac-C,N,S coordination motifs that include
organometallic Fe−C ligation can support Fe−H species
derived from either hydride donor sources or gas incubation,
respectively. Our research has demonstrated the functional
differences between the carbamoyl and acyl structural motifs
commonly employed in synthetic modeling of [Fe]-hydro-
genase through differing hydride abstraction reactivities from
model substrates and the role of a thiolate ligand in
encouraging biomimetic hydride transfer reactivity. These
advancements in the development of functional model
compounds enabled by our scaffold approach serve as
important benchmarks toward our research program’s larger
goal of applying synthetic modeling to observe and understand
reactive intermediates of [Fe]-hydrogenase.
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