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ABSTRACT

Enzymes have evolved to perform specific functions with high efficiency and
selectivity. It is estimated that approximately a quarter to a third of all proteins contain an
essential metallic cofactor that enables catalysis of reactions that would difficult to
perform otherwise. Certain classes of enzymes have evolved to incorporate multiple
metals within their active sites to control their reactivity such as iron-iron hydrogenase,
nickel-iron hydrogenase, and carbon monoxide dehydrogenase. The multiple metal
centers can help position substrates, fine tune the potential for electrochemical
transformations, or allow for more complicated chemical transformations than would be
possible with a single metal. Density functional theory can expand upon experimental
models of these enzymes by calculating potential intermediates and investigating possible
mechanisms where experimental methods are insufficient or too impractical.

Computational investigations of a series of nickel-iron hydrogenases give insight
into the increased oxygen tolerance of the selenium variant of the [NiFe]-Hydrogenase.
Selenium forms a weaker terminal bond to oxygen disfavoring the formation of doubly
oxygenated species and instead preferentially forming a singly oxygenated complex. This
singly oxygenated complex is then capable of repairing the oxygen damage through a
more accessible reduction process.

In another study, a dimanganese complex’s assembly in solution was shown to
proceed through a series of intramolecular rearrangements promoting loss of carbon

monoxide ligands. The exchange of labeled **CO was found to go through an associative



interchange mechanism where an incoming CO breaks the bond between the manganese
center and either a sulfur or amidic oxygen ligand followed by scrambling through a
trigonal prismatic transition state.

Finally, the magnetic properties an iron-nitrosyl/nickel-dithiolene with
four isolated radicals were interpreted by calculations to possess strong antiferromagnetic
coupling of the central two radicals and weak ferromagnetic coupling between the two
outer ones leading to a narrow gap between the ground state singlet and a low-lying triplet
excited state. The electronic structure of this system was further described by using a linear
Hs model and full configuration interaction calculations to model the additional excited

states.
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CHAPTER |
INTRODUCTION

1.1 An Introduction to Theoretical Efforts on Biomimetics

As the world moves towards widespread use of renewable energy sources a
significant challenges is the capture and storage of excess energy generated during low
demand hours for later use.> A solution being explored by chemists is conversion of the
excess energy in chemical bonds to be released in a later chemical reaction. A logical
candidate is molecular hydrogen as it can be generated by water electrolysis and produces
water as the sole product during combustion, thus creating an ideally simple and carbon-
neutral cycle.? The greatest chemical challenges to the implementation of hydrogen as an
energy storage vector are the large overpotentials required for industrial sized electrolysis
setups and poor selectivity of other hydrogen generation methods. For inspiration into
solving these problems, researchers have turned to the highly efficient and selective
biological machines that have been optimized by millions of years of evolution- the
hydrogenase enzymes. The [NiFe] subclass of hydrogenases ([NiFe]-H2ases) reversibly
catalyzes the oxidation of H> and some are known to possess a moderate ability to operate
even at low O concentrations. This oxygen tolerance is not found in the other major
hydrogenase subclass, the iron-iron hydrogenases ([FeFe] hydrogenases), and is a reason
the [NiFe] subclass has seen increased research interest in recent years.

Since the structure of [NiFe]-Hzase was first characterized by x-ray
crystallography in 1995 researchers have sought to investigate the active site through the

use of organometallic model compounds and density functional theory (DFT) calculations



in a synergistic feedback process.®! Early results confirmed the Ni(I)Fe(I1) bimetallic
core structure, the presence of unusual inorganic carbon monoxide (CO) and cyanide (CN)
ligands on the iron center, and several paramagnetic (off-cycle) intermediates arising from
either Ni(1) or Ni(lll) states.'? Another key feature of the enzyme that has been confirmed
by DFT is the role of one of the terminal cysteine residues as an internal base that assists
in the heterolytic cleavage of the hydrogen molecule.® With the structure and key features
of the active site now widely agreed upon, recent theoretical investigations have focused
on the finer mechanistic details of the [NiFe]-Hydrogenase enzyme with a large focus
being the binding or release of H> as well as the possible role of hydrides in the
intermediate mechanistic steps.

A major hurdle in the production of efficient catalysts for the oxidation or
production of molecular hydrogen (Hz) is selectivity against other small gaseous
molecules such as CO*. In 2017, Ogo et al. designed a [NiFe]-Hz.ase model compound
that was able to selectively catalyze both processes based on pH, with H oxidation
occurring at low pH and CO oxidation at high pH.*® The complex features an IrCICp”
moiety in place of the Fe(CO).CN found in the enzyme while the nickel center is in a
square planar N.S; coordination environment serving as a metallodithiolate donor to the
Ir. A DFT analysis was then used to investigate the mechanism of the two catalytic
processes.'® In a key step of the mechanism, one of the hydrides is abstracted by an acetate
leaving the other in a bridging mode between the two metal centers in a geometry
reminiscent of that found in the Ni-R and Ni-C states of the enzyme. This hydride bridging

species is also found as an intermediate in the oxidation of CO to carbon dioxide (CO)

2



by the complex. The calculated mechanism is summarized in Figure 1. This catalytic
inflection point allows the complex to shift its function based on its environment in a
manner not unlike the possible way common predecessors of both [NiFe]-hydrogenase
and carbon monoxide dehydrogenase (CODH) enzymes may have adapted to their

environments based on their available energy sources.
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Figure 1 Mechanistic cycles for H, and CO oxidation by the Ogo Nilr complex. Reprinted with
permission from “Selective Oxidation of H, and CO by Nilr Catalyst in Aqueous Solution: A DFT
Mechanistic Study” Inorg. Chem. 2020, 59 (2), 1014-1028. Copyright 2020 American Chemical
Society.



Other various mimics have been developed that can replicate the hydrogen
oxidation or proton reduction catalysis of the enzymes but that fail to center the activity
on the nickel atom. Ullou et al. and Isegawa et al. utilized phosphine and phosphite ligands
to stabilize the metal atoms to develop model compounds that recreate the H> oxidation
function of the enzyme, Figure 2.1%1719 The H, oxidation mechanisms of both complexes
proceed through a bridging hydride as purported for the enzyme but with the hydride

primarily bound to the Fe center and not the nickel.
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Isegawa et al. investigated a [NiFe]-H.ase model complex that was able to
activate O at the Fe center.?>2! The complex features a Ni'"" bound in a square planar
environment by two nitrogen donors and two sulfur donors that also bridge to an Fe' with
a pentamethylcyclopentadiene (Cp*) ring and bound acetonitrile solvent molecule. The
mechanism is summarized in Figure 3. Molecular oxygen (O2) molecule binds after

removal of the solvent and oxidized the Fe' to a Fe'V while itself being reduced to a peroxo
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Figure 3 Mechanism of O, activation by model complex. Reprinted with permission from
“DFT Study on Fe(IV)-Peroxo Formation and H Atom Transfer Triggered O, Activation by
NiFe Complex” Organometallics 2018, 37 (10), 1534-1545. Copyright 2018 American
Chemical Society.

ligand by way of a superoxide intermediate. The peroxide is removed by a pair of
sequential hydrogen atom transfer steps by a sacrificial borane to regenerate the Fe'

center. This study shows a possible route for O> oxidation by a [NiFe]-Hzase model



complex but the reactivity is centered at the Fe which not the case with the natural enzymes
where the oxidative damage occurs at the Ni'".

The previous mechanistic study shows how DFT can work to supplement
experimental data and observations by providing more detailed information about a
system. Establishing a reasonable set of expectations for the experiment is important for
guiding the DFT calculations. These can come from well understood chemical principles
like the 18e™ rule for organometallic complexes or the known preferred geometries for
metal centers in a ligand field or from what is known about the enzyme the model
compound is inspired from. These expectations guide what intermediates or transition
states are reasonable to investigate for the catalytic cycle. The major drawback of current
DFT methods on these types of systems is an inability to properly account for the many
subtle factors that contribute to enzyme function including secondary sphere effects,
participation from explicit solvent molecules, or gas channels that direct small molecules
to specific reactive sites. These types of effects may be why the DFT calculated
mechanism supports Oz reacting at the iron center instead of the nickel as it does in the
enzyme. Understanding the electronic and structural factors that enable the replication of

the reactivity of Oz within the [NiFe]-Hzase active site is one of our goals.



CHAPTER II
ELECTRONIC STRUCTURE AND PROPERTIES OF SULFUR AND SELENEIUM
VARIENTS OF A O, DAMAGED [NIFE]-HYDROGENASE MODEL"

2.1 Introduction

Hydrogenases are metalloenzymes that catalyze reversible Hz production from
protons and electrons. Likely originating in pre-biotic ages and under a reducing
atmosphere, the active sites contain iron, nickel and sulfur, along with simple diatomic
ligands, CO and CN, in optimal arrangements that produce superb biocatalysts found
throughout nature.?? These structures offer guidance for design of molecular catalysts
comprised of earth abundant metals for application in electrolyzers and fuel cells.?®?* The
deleterious effect of O> comprises a major challenge in technological development of
molecular catalysts for H* reduction based on abundant transition metals, needed for
sustainable electron conversion to H2.252% Oxygen as a poison is also well known to the
organisms dependent on Hydrogenase enzymes for Hz production for its use as an energy
vector in many biological pathways.?” While the protein superstructures largely protect
the biological redox centers from O as an oxidant that competes with protons, there is
ample evidence, including protein crystal structures, of the detrimental effects of O

invasion into the active site. The initial understanding of the [NiFeS]-H.ase was plagued

“Part of the data in this chapter is reprinted and adapted with permission from “Oxygen uptake in complexes
related to [NiFeS]- and [NiFeSe]-hydrogenase active sites” by Yang, X.; Elrod, L.; Reibenspies, J.; Hall,
M.; Darensbourg, M., 2018. Chemical Science, 10, 1368-1373, Copyright The Royal Society of Chemistry
2018 and “Controlling O2 Reactivity in Synthetic Analogues of [NiFeS]- and [NiFeSe]-Hydrogenase Active
Sites by Yang, X.; Elrod, L.; Le, T.; Vega, V.; Naumann, H.; Rezenom, Y.; Reibenspies, J.; Hall, M.;
Darensbourg, M., 2019. Journal of the American Chemical Society, 141, 15338-15347, Copyright American
Chemical Society.
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with Ni-based electron paramagnetic resonance (EPR) signals from various enzyme states
damaged by partial oxidation or oxygenation that resulted in different levels of
deactivation of the biocatalyst; vague terms such as “ready” and “unready” states, with
recovery from oxygen damage on the order of seconds vs. hours, respectively, were
adopted in attempts to express reductive (added H, or H* + €’ reactivation
requirements.?”28

At least three natural strategies have emerged to protect [NiFe]-Hqases’ active sites
from oxygen exposure: (i) a narrow hydrophobic gas channel that hinders diffusion of the
bulkier O into the protein-enclosed active site;?%2° (ii) the presence of an unusual [4Fe-
3S] iron-sulfur cluster subunit located at the proximal cluster of the O-tolerant membrane-
bound [NiFe]- Hzase such as that of Membrane-bound respiratory [NiFe]-hydrogenase
(MBH) from the hyperthermophilic bacterium Aquifex aeolicus and Ralstonia eutropha,
which provides “an electron-rich environment for O detoxification”;?23¥3 and (iii) the
change of a terminal cysteine into selenocysteine in the Oa-resistant [NiFe]-H.ase
subclass, the [NiFeSe]-Hzases.? This [NiFeSe]-H-ase subclass is identical to the [NiFeS]-
Hoase except a terminal cysteine is replaced by selenocysteine. As the incorporation of
selenocysteine requires an intricate dedicated biosynthetic machinery, as well as a high
energetic cost, this form is found in few microorganisms; an example is Methanococcus

Voltae.36%"



Known to be superior to the all-sulfur analogue, the [NiFeSe]-Hzase subfamily
shows higher activity in HER; reduced inhibition by the product Hy; and, when damaged
by adventitious Oz, a more rapid recovery.® The last feature is likely the greatest
contributor to its reputation for O tolerance. The overall protein as well as the active sites
of [NiFeS]- and [NiFeSe]-H.ase are structurally analogous. In the same position as a
terminal cysteine sulfur in the former that acts as a proton shuttle to the hydride-loaded
NiFe unit, the selenocysteine appears to be poised for the same function in [NiFeSe]-
Hoase.** Although SeR™ is a poorer Brgnsted-Lowry base than SR™, and expected to be
less prone to proton binding, its larger size renders it a better proton shuttle or directing
agent, as it both attracts and releases protons.?®3” Nevertheless, its incorporation into

synthetic molecular catalysts for proton reduction has been thus far limited.4%:42-44
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Figure 4 Reduced (middle) active sites of [NiFe]-H.ases and selected oxidized active sites of
[NiFeS]- (left) and [NiFeSe]-Hzases (right). Reprinted with permission from (Yang, 2018).



Upon exposure of a [NiFeS]-Hzase to O, the active site deactivates to the so-
called “Ni-A” (unready) and “Ni-B” (ready) states.’? The more O,-tolerant [NiFeS]-
Hoases prefer to form “Ni-B” displayed as a bridging hydroxo ligand between Ni(III) and
Fe(l), Figure 4.*° When electron and protons from the normal reductive processes are
pumped into this ready state, the oxygen is quickly removed (t < 1 min) as water (H20)
and catalytic activity is recovered.?®649 However, the “Ni-A” state, with a possible
hydroxo bridge between Ni(l11) and Fe (11) as well as a bridging sulfenate, requires longer
times (t > 1 h) to be reactivated, Figure 4.%° Several structures of these oxygenates have
been determined by crystallography, and signals of their presence have long been known
from EPR studies which identified Ni(I11) as the redox level in these off-cycle species.>!?
Studies by Lenz and Zebger, et al., show that the conversion of Ni-A to Ni-B in soluble
NAD"-reducing [NiFe]-Hzase could proceed via oxygenation of the bridging sulfur in Ni-
B, whose active site is a structure similar to another unready state found by Fontecilla-
Camps.>3%* It should be pointed out that some 15 to 20 structures with varying degrees of
oxygenation at metal or chalcogen in [NiFeS]- and [NiFeSe]-H2ases active sites are found
in the protein data bank (PDB) to date. We selected a subset of these to describe in Figure
4. Undoubtedly, there will be more in the future 22455152

In contrast to the [NiFeS]-Hzase, oxygen-damage of [NiFeSe]-Hzase results in
various O-uptake levels, none of which feature paramagnetic Ni(ll1). However, selenium
and/or sulfur are found oxygenated or oxidized as dichalcogenides in the structures.>®
Such oxygenation products of [NiFeSe]-Hzase, as well as of [NiFeS]-Hqase active sites,

can be interpreted as a protective maneuver avoiding further metal oxidation and
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degradation of the Ni-Fe core structures in each.**** Reductive repair processes return the
enzymes’ function in both cases.®’

Recent reports from Pereira, et al., have provided key experiments that constrain
the differences in activity of [NiFeSe]- and [NiFeS]-H.ases to selenium itself rather than
any structure changes in the protein.® Thus the simplest explanations for the greater
hydrogenase activity and easier reactivation of oxygen-degraded [NiFeSe]-H.ase as
contrasted to the all-sulfur analogue lie in the greater polarizability of selenium, and the
weaker Se-O bonds as contrasted to S-O.3" As such soft descriptions are difficult to
quantify we have pursued relevant structure/function analyses in well-characterized
heterobimetallic synthetic analogues containing S and Se.

As these oxygenated chalcogenides play vital roles in the reversibility of oxygen

damage, small molecule analogues are needed to explore aerobic damage and repair, both

for insight into the biomechanistic properties of the enzyme as well as the design of robust

Examples of nickel sulf-oxygenates within rigid N,S; ligand fields:
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Figure 5 Selected S-oxygenated thiolates in monomeric nickel complexes, and examples from
crystallography of oxygen-damaged [NiFe]-Hqase active sites. Reprinted with permission from
(Yang, 2019).
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synthetic catalysts. Ogo, et al. isolated a high valent iron(IV) peroxo complex on reacting
solvent-coordinated complexes [Ni'LFe'(RCN)(1°>-CsMes)]* with 0,.2%21%° However, no
oxygenated sulfur species were reported from their system. The first S-oxygenated [NiFe]
complex was reported by Driess’s lab as a model for sulfenate intermediates in O.-tolerant
hydrogenase; it was synthesized from FeBr, and the pre-formed sulfenato nickel complex
rather than direct oxygenation.®®* Examples of S-oxygenated thiolates are plentiful in
monomeric complexes containing nickel bound within a rigid tetradentate N2S> ligand
field; several examples are displayed in Figure 5.50:62-66

The synthesis of nickel-iron bimetallic complexes containing both sulfur and
selenium, thus providing faithful synthetic analogues of the active sites of [NiFeS]- and
[NiFeSe]-Hqases, represents a considerable challenge.8%24° My labmate/coworker,
Xuemei Yang (now Dr. Yang) expanded a strategy found to be successful in the
preparation of synthetic analogues of the nickel superoxide dismutase,®® and to address
other questions in the bioinorganic chemistry of nickel: this strategy is the splitting of
dimeric [NiN2S]2?* by exogeneous thiolates.>>68°

Dr. Yang’s synthesized models served as inspiration for theoretical calculations
into the electronic structure and the bonding interactions of the complexes. Density
functional theory has established itself as the backbone of theoretical chemistry
investigations due to its combination of generally high accuracy and low computational
cost.’%7t The accuracy and cost of DFT functionals generally increase with progress up on
the ‘Jacob’s Ladder’ hierarchy first established by John Perdew, Figure 6.”2 This places

Hartree-Fock (HF) with its lack of correlation energy at the bottom and true chemical
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accuracy at the top with DFT functionals in between grouped by what components they
contain. When determining what functional to use for a problem, researchers traditionally
must balance the accuracy typically gained by more complex functionals with the
increased resources required to use them. Some of the recently developed functionals that
fall into the upper rungs of the ladder tend to be highly parameterized and designed with
a particular application in mind. This potentially limits their use in broader applications
and requires careful benchmarking by researchers wanting to use these functionals
expecting them to give more accurate results.

We examine here a part of the periodic table that has been excluded in the

benchmarking data sets to date, heavier main group elements, leading to questions about

Jacob’s Ladder of DFT

“‘Heaven”
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Cost — e
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) der Waals interactions( B97X,B2PLYP)
Hybrid GGA « 4% Rung: Adds some amount of HF
exact exchange (B3LYP, TPSSh, MN15)
Meta-GGA « 3" Rung: Adds kinetic energy term
(TPSS, M06-L, MN12-L)
Generalized gradient - 2" Rung: Adds a gradient of the density
approximation (GGA) component Ap(r) (BLYP, BP86)
Local Density + 15t Rung: Considers electron density
Approximation (LDA) . as a homogenous electron gas
S
2 ey ),
|' I-lfqrtt;eé-Focg;

Figure 6 Jacob’s Ladder of DFT detailing the hierarchy of DFT functionals.
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what functional would handle systems containing these elements the best. Our aim is to
use sets of benchmarking reactions with small molecules containing oxygen, sulfur, and
selenium to focus on how each functional describes the properties of the chalcogen bonds
in order to determine the functional that will best describe the full Ni(u-Epn)(1-S’n2)Fe

models.

2.2 Synthesis and characterization of [NiFeS]- and [NiFeSe]-Hzases models

Nickel dithiolate complexes such as NiN2S, are well known to react as
metalloligands by formation of Ni-(u2-SR)2-M’ bridges.”® Adopting a [NiNzS]?*
bimetallic nickel dimer as a platform for dimer cleavage reactions, my coworker, Dr.

Yang, prepared and isolated monomeric Ni(N2S)(EPh) (E = S and Se, complexes A and B

1+
|
2014 cm™ _.Fe_
C' | °N
(o] N = —|+
2+ /~—s | \CH3 [—S/,
Sm— NaEPh t” rrrrr CH, NN Ni—Ege
i /N J N|_“‘ N{ )
12 . e N E LN F
- Ni N E=SorSe o
AU/ \
| N ) .
L A E=S 1E=S 1939 cm
B E=Se 2 E=Se 1934 cm™!

Figure 7 Synthetic scheme for NiEqnFe* complexes 1 and 2. The v(CO) IR values of the products
recorded in CHCl,. Reprinted with permission from (Yang, 2018).
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respectively in Figure 7).88737 These cis-dichalcogenides are subsequently used as
metalloligands to an iron receiver unit, (n°-CsHs)Fe''(CO)*, in analogy to well-known
NiN2S; derivatives.'® The lower value of v(CO) (1934 cm™) in the NiSepnFe*, complex 2,
(1939 cm™) as contrasted to NiSpnFe*, complex 1, is attributed to the better electron donor
properties of Se over S,* resulting in better n-backbonding from Fe'' to the CO reporter
ligand, Figure 7.

Molecular structures determined by X-ray diffraction (XRD) are unexceptional but
provide a valuable starting point and reference for the DFT calculations, Figure 8. Further

modifications to these complexes were made by exploiting the fact that dimeric [NiN2S]2%*

& + f +
SRS Mo A

:\‘? P& "7 > < . V;\A , M%
% > \ “\/‘u "”‘Y""'W Md [ 1 ¢
N\ I T & oo

A ¥ B 1 2

Ni---Fe/A - - 3.170 3.253
Ni-E /A 2.184(3) 2.309(6) 2.199(1) 2.311(1)
Fe-En/A - - 2.300(2) 2.406(1)
£Fe-Ep-Nif° - - 89.57(5) 87.17(4)
£S-Fe-Ep/l° - - 79.40(5) 79.62(5)
£S-Ni-Ep/° 88.4(3) 94.19(3) 84.71(5) 84.47(6)
ZEp-Ni-N 100.3(3) 93.94(8) 101.1(1) 101.4(2)
Ea-Cen 1.754(6) 1.918(3) 1.789(5) 1.931(6)
Hinge angle/® - - 141.15 142.69

Figure 8 Molecular structures of A, B and 1 (NiSenFe), 2 (NiSepnFe), determined by single-crystal
XRD, with the BF4 ions and hydrogen atoms omitted for clarity. E in A and 1 is sulfur; E in B and
2 is selenium. Reprinted with permission from (Yang, 2018).

complexes are readily cleaved by various nucleophiles, including aryl chalcogenides,

Epnd’, E = S and Se.b”®  Unlike the stable S-oxygenates described in Figure 5, the
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resulting monomeric Ni(Eprnx)(S’n2) complexes are air-sensitive resulting in degradation.
Nevertheless, when combined with (n°-CsHs)Fe''(CO)(CHsCN)2*, displacing the CHsCN
labile ligands, the resultant Ni-Fe complexes provide examples of stable products of O>

uptake, Figure 9. The X substituents on the aryl ring do not substantially modify the
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Figure 9 Synthesis of NiFe complexes containing para-substituted arylthiolates and various
reactions. L in the CpFe(CO)L,* synthon, 12 o’clock arrow position, is CH3CN as labile ligand.
Reprinted with permission from (Yang; 2019).

structures for any of the complexes that have been isolated and studied by XRD, Figure
10. While these models are imperfect structural analogues of the oxidized enzymes, these
NiFe small molecules offer a paradigm for contrasting S and Se in relevant Oz-addition
and repair processes. Moreover, the arylchalcogenides are susceptible to modifications by
para-substituents on the arene,* giving clues regarding electronic effects operative on

oxygen uptake and product distribution. A summary of the reactions explored by my
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coworker Dr. Yang is found in Figure 9.%"® The two species highlighted in green boxes,
their selenium containing analogs, and the aryl substituted variants constitute the primary

focus of the computational work on this project.

"
+ ST
'y oS
~ \ 2 r
X & ¢ 1 . . M’r;ré'
':/l - v ' Sy L ¥ 1
- v/" ¢ v {') v-I‘ j’ r I
| | Ni---Fe 3148 A Ni---Fe 3.155A
Y o ) Fe-S,2.303(2) A Fé-Sn230802)8
2S-Ni-S 33'339)‘3 £S-Ni-S 95.1(2)° 2Fe-S,,-Ni 88.60(8)° £Fe-S,~Ni 88.97(8)
e ® S e Ly
= / L \ ;
« ¥ ‘? ¢ e YH ‘,'*\T%’_ %
'\/u “ X“/ b v '0 ‘1 _.‘/_ A U\\“ '
{\ \ s d /
\ L 4
S-Ni-S 100.3(8)° £8-Ni-S 95.1(1)°
£S-Ni-S 100.3(3) ) P o © Ni---Fe 3.395A
Ni---Fe 3.170 A Fe-Sy 2.169(1)A
Fe-Sx 2.300(2)A S=0 1464(3)A
£Fe-Su-Ni 89.57(5)° S-0 1.536(3)A

Figure 10 Molecular XRD structures determined for monomeric Ni and for the Ni(J-Senx) (-
S’n2)Fe complexes. Reprinted with permission from (Yang, 2019).

Correlations of the Hammett o, parameter with v(CO) IR values and Ni'"!
reduction potentials derived from cyclic voltammetry, for the series of NiFe complexes
are presented as plots in Figure 11.”” Both theoretical (DFT-derived) and experimental
values of the v(CO) in Ni(u-Spnx)(U-S’Nn2)Fe  and Ecatoce potentials for Ni'/Ni' in
monomeric Ni(Spnx)(U-S’n2) complexes correlate well with the Hammett parameters of
the X substituents on the “Spnx ligands. Specifically, more electron-donating substituents
result in lower v(CO) values, illustrating electronic communication over 5 bonds and the
influence on n-backbonding from Fe'' to the CO. The Ni(u-Sepnx)(U-S’n2)Fe series shows
v(CO) responses to X similar to the sulfur analogues, however moderated in value.

Interestingly, the phenyl derivative with the most electron-donating substituent, Ni(ju-
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Sehnme2) (-S’n2)Fe, gives the same v(CO) value (1934 cm™) as found in Ni(j-Sepnn) (|-

S’n2)Fe. There is not such a match in the Ni'"! reduction potential.
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Figure 11 ) Cyclic voltammograms in Ec region for Ni'/Ni' and monomeric Ni complexes; b)
The v(CO) IR spectra of Ni(1-Epnx)(U-S’n2)Fe; ¢) Correlations of Hammett ¢ parameters with
experimental and calculated v(CO) values and E. values of Ni'/Ni'. Reprinted with permission
from (Yang, 2019).

2.3 Reactivity
The results of the reactions of complexes 1 and 2 with oxygen are summarized in
Figure 12. Both 1+O and 2+O were detected by Fourier transform infrared (FTIR

hereafter abbreviated as IR) spectroscopy but only 2+O was able to be structurally
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characterized by XRD, Figure 13. The reactivity difference (i.e., the reaction time) is
consistent with the fact that S? is oxidized with more difficulty than Se?.3” Based on DFT

calculations (vide infra), complex 1+0O is of a similar structure as 2+O. Both oxygenated
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Figure 12 Reactions of 1 and 2 with 1 atmosphere O; conversions determined by v(CO)
analysis. Reprinted with permission from (Yang; 2018).

complexes show sharp signals in the nuclear magnetic resonance (NMR) spectra and are
EPR-silent, indicating that the oxidation states of Ni and Fe are low spin +2 species. As
seen in the overlays in Figure 13, the DFT optimized structures of 2 and 2+O have
excellent agreement with the XRD structure. Complex 2+0 is, to our knowledge, the first

model of an oxidized [NiFeSe]-Hase synthetic analogue.
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2 Exp. 2 Calc. 2+0O Exp.  2+0 Calc.
Ni- - -Fe/A 3.253 3.23 Ni-Fe/A 3.568 3.615
Ni-Se/A 2.3110(11) 2.3383 Ni-Se/A 3.168 3.209
Fe-Se/A  2.4059(12) 2.4388 Ni-S/A 2.1528(8) 2.1754

Ni-Se-Fe/°  87.17(4)  85.15 Ni-O/A 1.870(2) 1.869

Hinge/° 14260 13677  Fe-SIA  22484(9)  2.2795
Fe-Se/A  23326(6)  2.3355

O-Ni-S/° 92.93(7) 93.05
Se-Fe-SI°  86.15(3) 86.22

Figure 13 Overlay of experimental and computational structures of 2 and 2+O along with
selected geometric parameters. Hydrogens deleted for clarity. Reprinted with permission from
(Yang; 2018).

As a comparison to the NiEpnFe complexes 1 and 2, constrained NiN.S
derivatives, [NiN2Sz-Fe(n®-CsHs)(CO)]*[BF4]” and [NiN2Sz-Fe(n°-CsMes)CO)]*[BF4]
(N2S: = bismercaptoethanediazacycloheptane) were tested for reactivity with oxygen.’8"®
After stirring their solutions in an Oz atmosphere for several days, they remain intact with
no indication of reaction. We surmise that the CO which is bound to Fe prevents O>
activation at the Fe center and both sulfur and nickel are deactivated towards O reactivity
in the rigid chelating N2S> ligands. However, in complexes 1 and 2, the mobility at EPh
(E = S or Se) provides a potential site for O attack on the Ni or Fe. The strength of the
metal-chalcogen bonds in the tetradentate analog of 2 and the importance of the aryl

chalcogenate in relation to oxygen reactivity is further explored below, Figure 16.
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As arbiters between O, and the [NiFe] or [NiFeSe]-Hzase active sites,
chalcogenides prevent complete degradation of the organometallic active sites of

hydrogenases, and perform this role reversibly.?5>* To explore the possibility of reversal

+ , + S 1t
5., %j @ 1 E‘»_I
Fe

[ —Ss N.. I
NN N N'_EMFQF@ i Ra C"er E
I é} PRy O'PRy ZNC s ° PR, Q)

Figure 14 Reaction of complex 2+0 (E = Se) or 1+0 (E = S) with O-abstracting agents, PR3
(R = Me or o-tolyl). Reprinted with permission from (Yang, 2018).

of oxygenated selenate/sulfenate, O-abstracting agent PMes was employed for O-atom
removal, Figure 14. The results showed that both 1+O and 2+0O could be converted back
into their respective reduced forms, 1 and 2. The conversion for 2+O proceeded cleanly
with 1 equivalent of PMesz but only partial conversion was achieved for 1+O. The
reduction of 1+20 does not occur even with excess PMes. These results are corroborated
by electrochemical reduction using Cp2Co as an electron source and HBF4 as a proton

source, Figure 15. These results support the hypothesis that nature invests in the

+
/ S %—’ —’-I-
Q' NI-o.. /, 2 CoCp, 2 HBF, r‘*-N—SS .
/ N\ beM.2h | DAKEEEN T Thon S \ 1= 5¢%Fe +H,0
{éy -78°C ~78°C to RT Vd \ oc
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Figure 15 Oxygen removal reaction using Cp.Co as reductant and HBF,. Reprinted with
permission from (Yang, 2019).

energetically expensive replacement of cysteine with selenocysteine in the [NiFe]-H.ase
active site in order to provide a more facile path towards repair after damage due to oxygen

exposure.
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2.4 Computational results

The structure of 2+O was investigated to determine contributing factors to the
thermodynamically favored oxygenation product. A less rigid model of 2+O was made by
breaking the carbon-carbon bond linking the sulfur donor to the neighboring nitrogen
donor, changing the resulting methylene fragments into methyl groups. For computational
economy the phenyl group on Se-Ph was replaced by with a methyl group. This bidentate
N2SmeSeme model, with unconnected SMe, is designated as 3 and is designed to create
similar bonding around the sulfur and selenium atoms. Another model, labeled as 4,
connected the Sepn to the N2S backbone creating a more rigid structure more analogous to
previously reported ligands.”

Four oxygenated isomers, 2+Qa-d, as well as four corresponding isomers for both
the bidentate and tetradentate forms, 3+QOa-d and 4+Oa-d, Were calculated in which the
location of the oxygen atom was varied according to the scheme described in Figure 16.
The isomer 2+Oa, which corresponds to the experimental structure, is indeed the lowest
energy isomer of 2+0O; the next lowest isomer, 2+, is 8.6 kcals higher in energy. This
contrasts with the N2SmeSeme model in which the lowest energy isomer, 34, has the oxygen
atom inserted between the nickel and the sulfur atoms rather than the nickel and selenium.
The corresponding isomer 2+QOyd is the highest energy isomer for the tridentate model and
the oxygen atom appears in a position bridging the nickel sulfur bond rather than full
insertion. This is likely due to the geometric restraints imposed by the tridentate N2S

ligand that disfavor the addition of the oxygen atom into its rigid binding arrangement.
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This constraint is not found in the more open bidentate model with separated Swme donors.
There it is found that formation of a sulfur-oxygen bond is thermodynamically favored,

by 3.2 kcal/mol, as compared to the formation of a selenium-oxygen bond. In the more

_/_ N\ 4 c /N "-;Ni'—-
0] C
o) 4_; N c
N 0 41 0o
2+0 3+0 440
a b C d
240 0 8.6 10 15.5
3+0 32 10 14.2 0
4+0 n/a 0.5 0 8.3

AG? (kcal/mol)

Figure 16 Relative energies of oxygenated isomers of N,SSern model, 1+0, the bidentate,
separated donors in the N2SmeSeme model, 1, and the tetradentate donors in the N.SSe model in
kcal/mol. Reprinted with permission from (Yang, 2018).

constrained tetradentate model, the lowest energy isomer is 4c with 4p only being 0.5
kcal/mol higher in energy. The 44 isomer, corresponding to the lowest energy isomer for
2+0 was not found computationally. All attempts at geometrical optimization resulted in
the oxygen atom inserting into the selenium-carbon bond to form a Ni-Se-O-(CH2)2-N six-
membered ring preserving the nickel-selenium bond. The last isomer, 44, is 8.3 kcal/mol
higher in energy than the lowest energy isomer. This structure features the oxygen in a
position above the nickel-sulfur bond due to the rigidity of the N2S, background.

The computational methods yielded the structures and energies of the Ni(u-
Sphx)(U-S’n2)Fe complexes as well as their singly and doubly oxygenated forms. These

calculations aimed to examine how the properties of the model complexes depended on
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the chalcogen identity, sulfur vs. selenium, and with para substituents, X, that modified
the electron-donating properties of the E-PhX. Our computational method accurately
reproduces the trends seen in the experimental data for structures (where available), the
trends in v(CO) IR values (absolute values are underestimated), and the positions of Ni'"'

reduction potentials, Figure 10.

X
A B C
A B C
E=S, X=NMe2 | 1895 (1934) 1921 1924 (1960)
E=S, X=0Me | 1898 (1937) 1923 1928
E=S,X=H | 1900 (1939) 1924 (1964) 1931
E=S,X=Cl | 1901(1941) 1926 1933
E=S, X=CF3 | 1904 (1943) 1927 1934
E=Se, X=NMe2| 1890 (1929) 1914 (1950) 1930
E=Se, X=H | 1895 (1934) 1919 (1954) 1936
E=Se, X=CF3 | 1897 (1936) 1920 (1959) 1937

Figure 17 DFT calculated v(CO) values for NiEpnxFeO, complexes with n=0, 1, or 2.
Experimental values where available are in parenthesis.

As mentioned above, the Ni(u-Epnx)(u-S’n2)Fe complexes with E = Se, X = H and
with E = S, X = NMe display the same v(CO) values in experiment (1934 cm™) and from
theory (1895 cm™). These equivalent values indicate that, as relayed by iron to the carbon
monoxide ligand, the "Sepnn and the “Sphnve2 are equally strong electron donors. Similarly,
the calculated v(CO) stretch for the singly oxygenated Ni(u-O-p-Sepn)(1-S’n2)Fe (1919
cm't) is comparable to that of Ni(u-O-Sphnmez) (1-S’n2)Fe (1921 cm™). In contrast with the

doubly oxygenated complexes the v(CO) value calculated for the two-oxy species, the
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Ni(p-0-(0=)Sepnn)(1-S’n2)Fe complex (1936 cm™) is now most similar to the sulfur
analogue with the electron withdrawing X = CFs3, i.e., Ni(u-(u-O-S(=O)pncrs)(u-S’n2) Fe.
Figure 17 contains the calculated v(CO) values for all complexes studied as well as the
experimental values where available.

The O-uptake distinctions in the Ni—Fe complexes inspired further DFT
computations that addressed thermodynamic driving forces for O reactions and the two
types of products. As summarized in Figure 18, the free energies, AG® , for the sulfur and
selenium single oxygenation reactions are found to be similar at -14.3 and -15.6 kcal/mol,
respectively. The double oxygenation reactions however show a greater difference; the
AG® in the selenium case is -25.2 kcal/mol whereas the sulfur case is favored by -35.5

kcal/mol. The selenium 2-oxy species is more stable than the 1-oxy but the energy gap
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Figure 18 DFT calculated free energy values, AG® , for comparison of oxygen-uptake
reactions of Ni(J-Epnn)(U-S’n2)Fe complexes, E = S and Se, in kcal/mol. Reprinted with
permission from (Yang, 2019).
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between the levels (9.6 kcal/mol) is approximately half as large as the energy gap for the
sulfur analogues (21.1 kcal/mol). While the reaction energies indicate in both cases the 2-

oxy species should be the thermodynamic product, only the sulfur displays the sulfinate.
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Figure 19 DFT calculated intermediates and transition states for a proposed reaction of Ni(u-
Epnt) (U-S’n2)Fe with O,. Spin state of structures are in parenthesis. Asterisk denotes a non-
optimized structure. Double daggers denote transition states. All free energies are in kcal/mol.
Due to the mixture of products upon exposure to oxygen, mechanistic details for
oxygenation of the model complexes proved difficult to obtain experimentally, while DFT
calculations have provided some insights into possible intermediates, Figure 19. Initially,
the Oz molecule inserts into the nickel-sulfur bond of 1 maintaining the square planar

geometry around the nickel. This results in an oxidized Ni'' and a bound superoxide, 5.

This assignment aligns with the small energy difference between the ground state triplet
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and open shell singlet state that is only 0.8 kcal/mol higher in energy. The small difference
arises because the nickel and superoxide are bound at a 111° angle creating near
orthogonality between the Ni dxy, singly occupied molecular orbital (SOMO) and the
superoxide ©° SOMO.

There are two plausible paths forward from the superoxide structure depending on
what binding mode the complex goes through. The first is to an end-on binding mode
where one atom oxygen atom binds the nickel and the other binds the sulfur forming a
peroxide bridge, 6. According to the calculations, going to this binding mode would lead
to a spin crossover giving a singlet ground state. This intermediate must then transition
into the other binding mode which features the oxygens bound in a side on fashion, 7. This
mode effectively breaks the oxygen-oxygen bond and has each oxygen form a bond to
both the sulfur and the nickel. This intermediate can also result directly from the
superoxide intermediate and maintain the triplet spin state. A single point calculation finds
the singlet state to be 9.7 kcal/mol higher than the triplet. The single point calculation was
required instead of a geometry optimization because the transition state for between this
intermediate and the final product, 1+20, was low enough to create a barrier-less process
on the potential energy surface. The triplet form of this intermediate would need to go
through a spin crossover event which is likely as the calculated transition state for the
triplet is 10.8 kcal/mol higher than the singlet. The difficult nature of pinpointing these
spin crossover points has prevented a full mechanistic pathway from being developed. The
selenium mechanism has not yet been fully explored but our hypothesis is that because the
oxygenated form is less favorable as a final product as compared to the sulfur variant there
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will be a divergent path that begins either from the superoxide complex, the peroxide
bridged species, or the double u-O bridged species.

In the absence of a definitive mechanism for the O» uptake reaction we suggest
possible working hypotheses: (#1) the selenium 2-oxy product is less kinetically
accessible than the 1-oxy product; or (#2) the 2-oxy product is formed but the weak
terminal Se=0 allows the complex to undergo comproportionation with the mixed

chalcogenide precursor to form two equivalents of 1-oxy products. This type of reactivity

91.1%d,, 99.8% p,

- 921%d,, 99.9% p,

S y
} z
X
Figure 20 NBO analysis of the sulfur and selenium 2-oxy species highlighting the donor-
acceptor orbitals involved in the E=O bond, shown at an isovalue of 0.11. Orbital composition is
almost identical for sulfur vs selenium indicating the difference S=0 and Se=0 pi bond strengths

is due to the more contracted nature of the s and p orbitals and the more diffuse nature of the d
orbitals for selenium. Reprinted with permission from (YYang, 2019).
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has no direct analog in enzymes due to the enclosed nature of the active site but the
possibility was explored further computationally vide infra.

Reasonable support for hypothesis #2 is that the difference in the AG® for the 2-
oxy complexes correlates with the strength of the = bond to the terminal oxygen for sulfur
vs. selenium. The Natural Bond Orbital (NBO)® analysis (second order perturbation),
Figure 20, reveals the total stabilization energy coming from interactions of the lone pairs
on the terminal oxygen with the chalcogen to be 24.4 kcal/mol for the sulfur and 13.0
kcal/mol for the selenium variant. These interactions involve the following orbitals. The
electron donating lone pairs on the oxygen atom are found in three natural atomic orbitals
(NAOs) with two having almost exclusively p orbital character (>99.8%) and the other
being an sp hybrid (>75% s character) in both the sulfur and selenium 2-oxy complexes.
The three most significant (>80% of the total stabilization energy) electron accepting
orbitals for the sulfur and selenium complexes are two NAOs with primarily d character
(>89%) and one pd hybrid orbital (68:31 and 54:42 ratios of p:d character for the sulfur
and selenium complexes, respectfully). While the natural atomic orbitals that make up the
S=0O and Se=O = interaction appear nearly identical, the greater electronegativity
difference for Se and the greater orbital size mismatch for Se results in the weaker t bond
with the terminal oxygen as compared to sulfur. We believe it is the weakness of this Se=0
7 that prevents the stable formation of 2+20.

To further explore the nature and differences of the S=0O and Se=0 bonds required
a more rigorous approach to the functional benchmarking. This is because while

TPSSTPSS worked well to replicate the geometry of the various Ni(u-Epn)(U-S’n2)Fe
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complexes, one cannot assume it will accurately describe the bonding interactions.
Previous work by Liu et al. has shown the sensitivity of sulfur, oxygen, and first row
transition metal bonding interactions to DFT functional choice in an [FeFe]-Hzase
model .8 They saw a range of over 70 kcals/mol in isomer preference when comparing a
bridging oxide between the two iron centers or a terminal S=O on the diazo bridge. This
large range was attributed to the difference in exact exchange in the over 20 functionals
tested.

The determination of the best functional for chalcogen oxygenation reactions was
based on overall functional performance across three main test reactions with the small
model compounds. These were a) oxygenation of the reduced compounds by O (Figure
21), b) comproportionation reaction between the reduced compound and doubly
oxygenated form to produce two equivalents of the singly oxygenated form (Figure 23),
and c) the isomerization reaction that takes the terminal oxygen and inserts it into the
sulfur/selenium-hydrogen/carbon bond (Figure 24). The values obtained from the
CCSD(T) benchmarking calculations were treated as the “true” values and the results from

the DFT functionals were based on how closely they
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Functionals performance vs. CCSD(T)q; for oxyenation by O,
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Figure 21 Comparison of DFT functionals performance on the energy of the oxygenation
reactions of the chalcogen small model compounds as compared to the CCSD(T) benchmark. The
top four performing functionals are highlighted in the table. Total error is defined as the unsigned
sum of all errors for each functional across all test reactions within the set.

replicated those values. For the reaction of the small models with O, Figure 21, the
MN12-L semi-empirical meta-GGA type functional far outperformed the others with a
total error across the eight test reactions of only 5.2 kcals/mol. The next closest was the
MN15 global hybrid meta-GGA type functional with a total error of 23.4 kcals/mol. These
oxygenation reactions were an important benchmark as they most closely resemble the
experimental reaction of interest with the [NiFe]-H>ase models. The most interesting
outlier in this group is the B2PLYP double hybrid functional which has the highest error
for each individual reaction and therefore the highest total error at 128.8 kcals/mol. A
possible explanation is the large underestimation error the B2PLYP functional has in the

bond dissociation energy for O, Figure 22.
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Figure 22 Comparison of DFT functionals performance on the energy of dissociating an O
molecule into two oxygen atoms as compared to the CCSD(T) benchmark.

Comproportionation was used as a test reaction due to the propensity of sulfur-
based oxygenates to undergo this process and the possibility that the singly oxygenated
forms of the [NiFe]-H2ase model complexes might be the result of a comproportionation
reaction in solution, Figure 23.82 The results of the benchmarking were a close grouping
of well performing functionals: MN12-L, MN15, B2PLYP, and ®B97X with 4.7, 2.8, 2.6,
and 2.1 kcals/mol of total error respectively across the four comproportionation
benchmarking reactions. The comproportionation benchmarking data shows an overall
smaller range of errors as well as much less error overall than the oxygenation data,
possibly due to the reaction remaining in the same spin state and the improved cancellation

of errors that occurs when making and breaking bonds of a similar type. The majority of
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the functionals tested overestimate the energy of the comproportionation reaction. The

data also appears to show a correlation between the total error and the complexity of the

functional used. This also supports the hypothesis that the decrease in overall error is due

to an improvement in the cancelation of errors in modern functionals.

Functionals performance vs. CCSD(T)q; for Comproportonation
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Figure 23 Comparison of DFT functionals performance on the energy of comproportionation as
compared to the CCSD(T) benchmark. The top four performing functionals are highlighted in

the table.
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The third and final benchmarking set was isomerization of the terminal chalcogen-
oxygen bond into an internal one, Figure 24. This was done to ensure proper
determination of the lowest energy isomer of the previously reported, Yang et al., [NiFe]-
Hoase singly-oxygenated model complexes as various positions of oxygen have been
reported in the X-ray crystal structures of both oxygen-damaged [NiFeS]-Hzases and
[NiFeSe]-H-ases as well as the model compounds of these enzymes,3224551-5356.60,62-64,83
The results of the isomerization benchmarking show that MN12L is the best performing
functional with a total error of 11.1 kcals/mol. A majority of the functionals underestimate
the energies of the isomerization reaction but the M06-L functional overestimates 6 of the

8 data points and has the most positive error at each data point compared to the other

functionals.
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Figure 24 Comparison of DFT functionals performance on the energy of isomerization of the
terminal chalcogen-oxygen bond to an internal one as compared to the CCSD(T) benchmark.
The top five performing functionals are highlighted in the table.
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With the three benchmarking sets completed, the overall performance of each
functional was determined by ranking its performance within each set and aggregating the
results, Figure 25. The MN12-L is the best overall functional for the chalcogen reactions
being tested based on it being the only functional to perform in the top four in each
benchmarking set. It was the best functional for both oxygenation and isomerization and
was in a close fourth for comproportionation. The next best overall performing functionals
in order were M06-L, ®B97X, and MN15. These functionals, especially MN12L and

MN15, represent some of the most heavily parameterized ones tested in this study.

Total error comparison of DFT functionals to CCSD(T),,

0, Addition Comproportionation Isomerization
CCSD(T) 0 0 0
BLYP 77.6 28.5 31.3
BP86 22.1
MO06-L 10.9
MN12-L
TPSS 54.1
wB97X 69.0
B3LYP 78.6 14.7 30.4
TPSSh 62.0 12,5 20.1
B2PLYP 128.8 2.6 38.6
MN15 23.4 2.8 31.7

Figure 25 Comparison of DFT functionals performance as compared to the CCSD(T)
benchmark for all three benchmarking reaction sets. The top four performing functionals for
each reaction are highlighted in the table. Values are in kcals/mol.
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With a champion functional in hand, the full [NiFe]-H.ase model complexes were
calculated to both confirm the previously reported isomer results as well as determine the

value for the single and double oxygenation reactions and possible comproportionation,

A B C
O Addition O, Addition Comproportionation
E A+0) (A+0,) (A+C — 2B)
Se -20.1 -31.7 8.6
S -20.3 -50.4 -9.8

Figure 26 DFT results for energies of single and double oxygenation and comproportionation
reactions for full [NiFe]-Hzase model complexes using MN12L functional. Values are given in
kcals/mol.

Figure 26. The results for single oxygenation of the complexes are very similar for both
sulfur and selenium with free energies of the reactions of -20.3 and -20.1 kcals/mol,
respectively. There is a sizable energy difference however when adding the second oxygen
with the sulfur and selenium reactions having free energies of -50.4 and -31.7,
respectively. The reason for this difference has been attributed by Yang et. al. to the
difference in the strength of the terminal oxygen bond for sulfur and selenium as
determined by NBO analysis. The comproportionation results show that the reaction
would be favored for sulfur by -9.8 kcals/mol and disfavored for selenium by 8.6
kcals/mol. These results along with the previously reported O%/0* mass spectrometry

data indicate the singly oxygenated selenium complex found by XRD is most likely due
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to the removal of the terminal oxygen by another species in solution. The identity of the

species is still unknown but is under further investigation.

2.4.1 Computational Methodology

The crystal structures of 2 and 2+O were used as geometric starting points for DFT
calculations (TPSSTPSS functional with the 6-311++G(d,p) basis set on all nonmetal
atoms and the 6-311+G basis set for Ni and Fe atoms) and then optimized using the
Gaussian 09 program using the SMD implicit solvation model with acetonitrile as the
solvent.®* The calculated structures for 2 and 2+O showed excellent agreement with the
corresponding experimental structures, Figure 7. Similar structures were found for 2+20
as well as the sulfur analogues, 1, 1+0O, and 1+20.

For the modified phenyl-chalcogenate structures, DFT calculations were
performed using the TPSSTPSS functional with the 6-311++G(d,p) basis set on the
nonmetal atoms and the 6-311+G basis set on nickel and iron in the Gaussian 16 suite.®®
The molecular structures from XRD presented above were used as geometric starting
points with all other structures made by the appropriate atomic substitutions in the
AMPAC Graphical User Interface (AGUI).8¢ All structures were optimized in solvent by
using the SMD solvation model with acetonitrile as the solvent. Vibrational frequencies
were calculated in solvent and all species were confirmed to be minimum energy
structures by the absence of any imaginary frequencies. Standard statistical mechanical
and solvation corrections were applied to the electronic energy of the optimized structures

to give free energy values.
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The small model calculations to determine the best functional to describe the E=O
bonding were performed using the Gaussian16 suite.?> All small model compounds
geometries were first optimized using the TPSSTPSS functional with Def2TZVPP basis
set and tight convergence criteria. The TPSSTPSS functional was chosen as it had
previously performed well in replicating the geometries of the Ni(u-Epn)(U-S’n2)Fe
complexes, Figure 13. All species were confirmed as minimum energy structures by the
absence of imaginary frequencies. The optimized geometries were then used in single-
point CCSD(T) calculations using a CC-PVQZ basis set. Standard statistical mechanical
corrections were applied to obtain gas phase free energy values. The small models were
then calculated using each of the 10 selected DFT functionals with the same optimized
geometry as the CCSD(T) calculations using the CC-VPVTZ basis set and the same
corrections were applied to find the gas phase free energies. The functionals used were
B2PLYP, B3LYP, BLYP, BP86, M06-L, MN12L, MN15, TPSSTPSS, TPSSh, and
®B97x. These functionals were chosen as they cover several different types of functional,
Figure 6, and were deemed to perform well overall in an extensive functional review by
Mardirossian & Head-Gordon.®” The full model compounds 1, 1+0, 1+20, 2, 2+0, and
2+20, were calculated using the previously reported X-ray crystal structures as geometric
starting points.®” The structures were then optimized in solvent using the SMD implicit
solvation model with acetonitrile as the solvent and the best performing functional
MN12L. The models used a split basis set with a 6-311++G(d,p) basis set being used for
the nonmetals and a 6-311+G basis set used for the metals. The same check for imaginary

frequencies as well as the corrections to free energy were performed. The DFT functionals
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performance was based on the total error compared to the CCSD(T) benchmarks. This
error was calculated by summing the absolute value of the error for each compound in a
given reaction type. The best performing functional therefore would have the lowest

overall error when compared to the others.

2.5 Conclusion

In summary, we have observed oxygenation and O-atom removal from two
biomimetic complexes with features of the [NiFe]/[NiFeSe]-H.ase active sites. The
complexes synthesized by Dr. Yang highlight the usefulness of the [NiN2S]2?* synthetic
platform for generating NiFe biomimetic complexes. The asymmetric oxygenation pattern
of the sulfur and selenium containing variants afforded an opportunity for computational
investigation into the underlying chemical properties of sulfur and selenium. The
substitution of these two elements has a profound effect on these complexes and gives
insight into their importance in the [NiFe]-Hzase active site.

Clearly the NiEpnFe* biomimetic differs from the active site of [NiFeSe]-H.ase as
the selenium in the former is in a bridging position, rather than the terminal position as
nature has adopted. Nevertheless, the relative reactivities are consistent with what is found
in nature. As compared to complex 1, the selenium-bridged complex 2 required a shorter
time to generate oxygenated selenium, 2+O. The partial conversion of oxygenated
chalcogenides (Se or S oxidation states of 0) back to reduced S/Se (oxidation state -2) in
our studies provides a foundation for the mechanism of reactivation of S/Se-oxygenated

[NiFeE]-Hoases. Oxygen-uptake by S/Se in [NiFeS]- and [NiFeSe]-H.ases results in
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modification of the active site, but less severe than would result in irreparable degradation
from metal oxidation.?® During the oxygenation and O-atom removal from the chalcogen
atom, we note that the mobility in the Ni-E bond plays a vital role.

The variety of chalcogen oxygenates thus far found in nature, Figure 4, speaks to
the ability of the chalcogens to maintain a close attachment to the NiFe site. Detailed
O2/H:ase active site reaction mechanism remain obscure but are of great interest.%88° Our
studies of model complexes point to the possibility of opening the Ni-E bond in the Ni-
(1uEpn)-Fe unit. Such bond cleavage exposes a reactive lone pair on E that attracts the
electrophilic O2 molecule concomitant with providing an open site on Ni?* for assisted
activation, leading to the proposed superoxide intermediate and the subsequent product.
A related strategy for protection of the active site from oxidative damage is seen in the
membrane-bound respiratory [NiFe]-hydrogenase wherein the proximal [4Fe-3S] cluster
donates two electrons and one proton for reduction of adventitious 02.2° This work
highlights the usefulness of the [NiN2S]?* synthetic platform for generating NiFe
biomimetic complexes.3*

The nominal models of [NiFeS]- and [NiFeSe]-H2ase active sites described above
with bridging chalcogenides function as a probe of O reactivity that yield isolable NiFe
complexes where thiolate and selenolate are converted into sulf- and seleno-oxygenates.
The presence of a carbon monoxide reporter ligand on Fe offered opportunity to explore
“electronic alchemy” through remote effects of substituents on the Epnx ligand that
effectively (electronically) transformed S into Se. This is seen by the almost identical

v(CO) shifts for the Spanmve2 and Sepnn complexes both experimentally as well as
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computationally. Preliminary Mossbauer studies by my coworker Kyle Burns find simple
quadrupole doublets and nearly identical isomer shifts for the parent Ni-Fe-S and Ni-Fe-
Se reduced complexes. Thus, the increased electron density from the Se that influences
the v(CO) IR values via Fe'" has no effect on the iron nuclei. This observation has not yet
been explained by theoretical investigations.

The stability of these NiFe complexes, even under siege by O, is impressive.
Crystallography finds only minimal changes in the coordination sphere of the bimetallic
complex; the NiFe core is maintained with marginal differences in the Ni--Fe distances
even though the -Epnx bridging ligand has been expanded into an Ni-O-S-Fe or Ni-O-Se-
Fe unit.

We surmise that the rigidity of the tridentate N2S “pincer” type ligand guides
production of E-oxygenates at the more mobile, mono-dentate, bridging Epnx ligand site.
Consistent with this conclusion are results from the Ogo group using NiN2S2 (with N2S;
as a fixed tetradentate binding site for Ni'") as metalloligand to Cp*Fe", bearing an open
site on iron.?*88& Under O, such Ni-Fe complexes yield isolable Fe'V(peroxo) species,
with O, side-on bound to Fe in [NiN2S,-Fe(O2)Cp*]" rather than any of the S-oxygenates
displayed in Figure 5. This is also supported by the results shown in Figure 16. The
N2SEpn ligand field falls in a “Goldilocks” zone of rigidity and accessibility as compared
to the analogous N2S> and N2Ern)2 ligand environments. The N2SEpn helps direct the O
towards the accessible binding site on the nickel center where the nearby Epn can act as a

sacrificial reductant and protect the two metal centers from oxidation and deactivation.
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The oxidation states of Ni and Fe in the product oxygenates of our study remain at
Ni'" and Fe' for both the selenium and the sulfur derivatives. However, we note that low
temperature (0°C) monitors of the O reactions with the Ni-Fe containing the p-Sphnme2

bridging ligand found a buildup of a transient EPR-active species as the reaction

proceeded; a signal at gavg ~ 2.09 is assigned to Ni'" while one at g = 4.19 is likely Fe'".

"signal had

At reaction’s end, oxygenated sulfurs were produced and the (presumed) Ni
disappeared. Some byproduct containing iron(l1) is found in the oxidized residue from
these reactions. These observations are reminiscent of the early EPR studies of [NiFe]-
Hoase redox poised in different levels, which gave rise to signals for Ni-A and Ni-B.2>°1:52

The preference of O-atom bridged S and Ni, that we observed here, is seen in the
sulfinato complex of O-damaged [NiFeS]-Hzase, (Figure 5). The Ni-O-Se-Fe as a
bridging unit is also observed here, but it is opposite to the Ni-Se-O-Fe arrangement found
in one of the forms of O-damaged [NiFeSe]-H-ase.>>® In fact, protein crystallography has
uncovered a variety of chalcogen-oxgenates and myriad binding modes in the structures
of oxygen-damaged [NiFe]-Hzase enzyme active sites; such a display is likely a benefit of
reaction within a restrictive enzyme active site cavity that partially accounts for the
longevity of these species. One specific binding mode that should be investigated more
closely is the one involving a selenocysteine bound the the nickel center through two
oxygen atoms as seen in Figure 4. This configuration appears to contradict the results we
have seen computationally in which a doubly oxygenated selenoate is unstable. It is

possible that either the nickel center or some secondary sphere residues with hydrogen

bond donors provide enough stabilization for this binding motif to exist in nature where it
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does not in the model complexes. The mechanism and various configurations of
oxygenation in the protein active site is best explored through a hybrid quantum
mechanics/molecular mechanics (QM/MM) approach that allows for accurate electronic
structure calculations while considering the secondary sphere effects of the amino acid
residues surrounding the active site. Breglia et al. has begun utilizing this approach in their
work on the oxidation of the Ni-C state to the “unready” Ni-A and Ni-B states and
subsequent reactivation.®®®! In contrast, in oxygenated solutions containing our small
molecule active-site analogues, serious oxygen exposure and damage is likely to lead to
intractable metal oxides.

While there are discernible variations in oxygen uptake and product distributions
that show correlations with electronic differences in the para-substituent series, the
possible causes are many and expected to be intricately interrelated. For example,
enhancement of electron-rich character at E in Epnx from the para-substituent effect,
increases the likelihood for O2 binding both to E, S or Se, as well as to the metals which
they bridge. Assuming that the affinity for the Epnx ligand by Fe'' continues to be greater
than to the Ni'", then the O,-uptake activity should be limited to the two sites, Ni'' and -
Epnhx.

We have seen in these studies, consistent with the enzyme studies or results, that
selenium exhibits more rapid reactions for O, uptake. The observed oxygenated Se
product is a single oxy species (we cannot discount a di-oxy species as intermediate), and
O-atom removal is facile for selenium. Excellent commentaries regarding “Why nature

chose-"%"%2 heavier elements in the chalcogen or pnictogen family for numerous biological
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processes clearly point to their intricate interactions with oxygen. In hydrogenase enzyme
chemistry, the many benefits of selenium incorporation include not only enhancement of
catalytic activity through proton shuttling and hydrogen expulsion rates, but also of
protection of the active sites from the poisonous O,. Such benefits apparently outweigh
the added cost to the organism of the biosynthesis. As of now, there are few synthetic
hydrogen evolution reaction (HER) or oxygen reduction reaction (ORR) molecular
catalysts that target selenium substitution and explore possible paybacks for the minimal
synthetic expenditure.?® One example is the HER catalyst developed by Pan et al. which
features a nickel center ligated by a 1,2-benzenediselenoate.®® This substitution from the
analogous dithiolate to the analogous diselenoate improves the turnover frequency (TOF)
from 600 s to 7838 s respectively. The catalyst also demonstrates no product inhibition
by H. and operates at roughly 90% efficiency under atmospheric levels of O, compared
to idealized anaerobic conditions. Moving forward, the integration of the insights from
experimental optimization of catalyst production with the insights from computational
investigations of the fundamental properties that make the [NiFeSe]-H.ases such efficient

and robust catalysts will lead to the development of better fuel cells and electrolyzers.
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CHAPTER 111
ASSEMBLY AND CARBON MONOXIDE EXCHANGE PROPERTIES OF A
THIOLATE BRIDGED DIMANGANESE COMPLEX

3.1 Introduction

Metalloproteins exemplify how transition metal cations achieve favored
coordination numbers, geometries and donor types from a variety of ligand types in order
to assemble complex structures with highly tuned functions. In addition to the highly
prevalent cysteine-S and histidine-N amino acid donor sites, the Cys-X-Cys tripeptide
motif is well known to use deprotonated amido nitrogen bases to bind Ni, Fe, and Co in a
stable N2S; ligand field.** The active site of nitrile hydratase features an iron or cobalt
ligated in a Cys-Ser-Cys environment with the terminal thiolates having been
oxygenated.®® A Ni analog found in acetyl-CoA synthase binds one nickel within the Cys-
Gly-Cys pocket and uses the two thiolate sulfurs to bind an exogeneous Ni critical for
enzymatic activity.%®% Attempts to model these natural processed have inspired synthetic
bioinorganic research towards small molecule analogs of these enzyme active sites. The
Cys-X-Cys small molecule mimic, a tetraanionic N2S; ligand known as ‘ema’ (N,N’-
ethylenebis(mercaptoacetamide), has served as a crucial tool in efforts to replicate the
efficient and selective reactivity of the natural enzymes and the robustness while achieving
the desired robustness and output of commercial catalysts.%*1%

Our group has developed simplified models of the biological Cys-Gly-Cys Ni-
binding sites by using the dianionic bis-mercaptoethane-diazacyclooctane, -heptane, and

-hexane ligands and their open chain analogues to produce neutral MN2S, complexes.”3101
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The cis-dithiolates of these MN.S; have lone pairs oriented in a way that allows for
accessible binding of additional metals to generate diverse clusters and views the MN>S;
metalloligand as a versatile analog of bipyridine or diphosphines.”®%? With these
metalloligands, previous group members have prepared bimetallic complexes
MN2S2Mn(CO)sBr (M = {FeNO, {CoNO} and Ni'") similar to the (bipy)Mn(CO)sX
known for electrocatalytically reducing COz, but creating the opportunity for inclusion of
pendant metal.1®*1% My coworker Trung Le targeted electron-rich versions of these
MN.S; complexes made from the ema* ligand of [V=0]?*, Ni%*, and Fe*', complexes 2,
3, and 4, in Figure 27. He expected to generate heterobimetallic complexes similar to
those that have been previously reported but with a more labile bromide due to the
increased electron density of the manganese.''*!? This labile bromide was expected to
lead to increased activity in the reduction of CO.. His results instead showed two
manganese atoms trapped in an unexpected orientation of the H.ema?” ligand, 5 in Figure
27. This result created an opportunity for examination of 5’s structure and synthesis
through DFT methods and has more general implications for the selective synthesis of

other homobimetallic complexes.

3.2 Synthesis and Characterization of (Mnema)2
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The vanadyl and nickel MN2S, complexes, 2 and 3 in Figure 27, were previously
reported by Jenkins et al. and Kruger et al., respectively, and compound 4 was recently

reported by Le et al.%314 Reactions of each of these species with Mn(CO)sBr (1)
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Figure 27 Synthesis of 5 under diverse conditions: A) [M(ema)]?> (Metal templating); B) as
attempted from (ema)*; C) from (H.ema)* in absence of metal; D) from (H.ema)? in the
presence of 1 equiv. Zn(OAC): as in situ templating metal. Reprinted with permission from
(Le, 2019).

(Figure 27-A) led to the same isolable dimanganese product , 5, as confirmed by identical
vco IR spectral changes and m/z in the mass spectrum. Two versions of the isolated
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H>ema-bridged dimanganese XRD structure is shown in Figure 28. The metal inside the
N2S. pocket of each of the metallodithiolates synthons was displaced by two hydrogen
atoms originating from adventitious water in the solvent that formed protonated amido

nitrogens. This made complex 5 unusual as an S-bridged binuclear species with a

--------
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3672(5) 117__,;06
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3'56:62(6) A

: ) J\ J
Figure 28 Thermal ellipsoid plots at 50% probability of two isolated crystalline forms of 5
showing intermolecular hydrogen bonding; H atoms omitted except for amide H. a) Complex 5
exhibiting H-bonds with the bridging S of adjacent molecules. b) Complex 5-EtsNBr showing H-
bonds with Br. Reprinted with permission from (Le, 2019).

carboxamide oxygen donor in comparison to the expected S-bridged heterobimetallic
clusters that have previously been seen.”

The unexpected structure of 5 seemed to defy the conventional understanding of
the tetradentate ‘ema’ ligand and led to the exploration of alternate synthetic routes for the
formation of 5. Figure 27, routes B, C and D, implicate a templating effect with driving
forces arising from the more favorable carboxamide oxygen metal binding compared to

the deprotonated amido nitrogens. Route D shows the effects of adding kinetically labile
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Zn?* to promote the folding of H.ema? through metal templating. This approach resulted
in almost quantitative conversion to 5 as compared to the previous approximately 50%

yield without the added Zn?*.

3.3 13CO exchange Experiments

To study the chemical heterogeneity of the CO ligands around each Mn' center,
13C0O/*?CO exchange reactions were conducted in multiple solvents and the results of FT-
IR and C-13 NMR spectroscopies are summarized in Figure 29. The enrichment of the
13CO NMR signal in methanol (MeOH) was appreciably faster than in either
tetrahydrofuran (THF) or dimethylsulfoxide (DMSO). Three new v(CO) bands appeared

simultaneously that had an observed Av(CO) = 43 to 48 cm™
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Figure 29 a) FT-IR spectra of 5 under 3CO (> 1 atm) in MeOH b) Stacked *C — NMR spectra
(taken in DMSO-ds) of 5 isolated from partial **CO enrichment in different solvents, as indicated,
in comparison with the natural abundant *C — NMR spectrum with 8co (ppm): 215.4, 216.7 and
225.4. Reprinted with permission from (Le, 2019).

(Figure 29a) consistent with the difference in reduced mass. The 3C-NMR spectrum of
the exchange in MeOH agrees with this observation (Figure 29b) where the intensities of
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all three resonances assigned to CO ligands increase at the same rate, maintaining their
1:1:1 relative ratio. The exchange in THF (or DMSQ) was slower and showed one signal
at 215.4 ppm growing in faster than the other two. This suggests selectivity in the CO
exchange process in these solvents that is not seen in MeOH. This difference was explored
by DFT calcualtions to determine the link between solvent identity and selectivity as well

as the mechanism of CO exchange.

3.4 Computational Investigations

The formation of 5 is striking not only because of its composition, but also because
it deviates so drastically from previously reported compounds. This includes 2, 3, and 4
from Figure 27 that from stable bimetallic compounds with their bridging thiolates in a
butterfly geometry instead of the diamond seen in 5.1*1112 The other striking feature of
this synthesis is the impact of using Zn?" as a templating agent which improves the
synthetic yield from approximately 50% to quantitative.

Initially the mechanism was explored starting from Hzema? and Mn(CO)sBr, route
C from Figure 27, as this provided a more straightforward path than route A which
necessitates mass and charge balancing of the equation with several unknown products.
The only side products in Route C are CO molecules and a bromide ion. To avoid errors
associated with solvation of free bromide the Mn(CO)sBr reagent was replaced with
Mn(CO)s". We propose that the assembly of 5 from 2 equivalents of Mn(CO)s" and Hzema
proceeds through a route analogous to the one depicted in Figure 30. The first step is the

substitution of one CO for one of the thiolates of the H.ema ligand to form 6. This creates
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the possibility for two plausible paths involving the other thiolate of the Hoema ligand.

Either an intramolecular ligand substitution occurs where the thiolate replaces a second

CO on the bound manganese center, 7, or an intermolecular ligand substitution in which
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Figure 30 DFT computed mechanism for the assembly of 5 starting from Mn(CO)¢* and Hzema.

the thiolate replaces the CO on a second equivalent of [Mn(CO)s]* 8. The intermolecular
product 8 is more stable than the intramolecular product by 12.9 kcals/mol.

This difference explains the why adding Zn?* to the reaction mixture has such a
profound impact on the yield of 5. Without the Zn?*, in order for the reaction to proceed
to 5, the more kinetically accessible intramolecular reaction to form 7 must first occur.
Then the subsequent reaction with another equivalent of [Mn(CO)s]* must form 9 before
the more thermodynamically favorable 8 can be realized. The Zn?* likely forms a complex
with Hzema in solution that prepositions the thiolates in close proximity to each other

leading to a faster formation of 7 and preventing the possibility of the side product 8.
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Attempts to discern the active zinc complex or find intermediates involved in this
templating effect have been met with limited success.

After formation of 9, the reaction proceeds through intramolecular ligand
exchange reactions of the labile CO’s for the thiolate and amide donors of the Hoema
ligand. Starting from the asymmetric Mn(CO)4(Mn(CO)s complex, 9, the reaction can
proceed to form either the asymmetric Mn(CO)3(Mn(CO)s complex, 10, or the symmetric
Mn(CO)4(Mn(CO)4 complex, 11. These two species are only 0.8 kcals/mol apart in energy
and both lead to the penultimate intermediate Mn(CO)3(Mn(CO)s complex, 12, which
loses a final CO to produce 5. These reactions from 9 to 5 are fairly flat along the potential
energy surface for the reaction but appear to be uphill according the DFT calculations.

The reaction steps should be more favorable from the entropic driving force of CO ligand
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Figure 31 DFT calculated free energy change of hydrogen binding a methanol molecule to 5.

loss which will bubble out of solution as the reaction proceeds and shift the reaction

equilibrium towards product formation according to Le Chatelier’s principle.

The asymmetric CO exchange behavior seen in the 3CO labeling experiments,
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Figure 29, was also explored through computational chemistry. The biggest difference
between methanol and the other two solvents, THF and DMSQO, is the ability of methanol
to act as a hydrogen bond donor. Figure 31 shows that the process of binding a methanol
molecule to the amide oxygen donor is an endergonic process by 8.4 kcals/mol. This
process is uphill because the energy released from the formation of the hydrogen bond is
not enough to overcome the energy lost by the destabilization of the O-Mn bond and its
elongation from 2.082 A to 2.098 A.

As the two manganese centers in 5 are in stable 18 e” coordination environments,

a dissociative pathway for CO exchange was hypothesized to be the most plausible.

AG° = +38.8 kcals/mol
AH° = +50.4 kcals/mol

AG° = +30.9 kcals/mol
AH° = +41.9 kcals/mol

NH
XRD Bond Distances o)\, o

-CO 0C,,, | S, -
Mn-COy) 1.8231(1) —_— M‘n SARe AG° = +28.0 kcals/mol
Mn—-CO(, 1.8199(5) AH° = +39.2 kcals/mol
Mn—-CO, 1.7867(5)

Figure 32 Free energy and enthalpy changes for the dissociation of the CO’s from 5 along with
the Mn-C bond distances for each CO from the XRD structure.

Figure 32 shows the difference in free energy and enthalpy for the dissociation of each

chemically unique CO. The weakest bound CO is the one trans to the sulfur that forms a
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five membered ring with the Mn and amide oxygen; i.e., the shorter of the two Mn-S

bonds. Since the reaction involves little rearrangement and the breaking of a single bond,
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Figure 33 Insertion of CO into the longer Mn-S bond. Free energy values are in kcals/mol.
the enthalpy change of the reaction, 39.2 kcals/mol, should be close to the activation
energy of the reaction. As the CO exchange occurs at room temperature, this value for the
activation energy is too large for the CO-dissociative mechanism to be plausible.

An interchange mechanism requires a free CO to bind to the manganese center
while either one of the thiolates or the amidic oxygen is simultaneously displaced.

Insertion into the longer Mn-S bond is an uphill reaction in MeOH by 14.8 kcals, Figure
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Figure 34 Rotation through a trigonal prismatic transition state for the proposed
Mn(CO).Mn(CO)s intermediate for CO scrambling.

33. The transition state for such an insertion ranges from 26.4 kcals/mol for MeOH to 28.5
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kcals/mol for THF, all of which are accessible barriers at room temperature. A rotational
rearrangement of the CO ligands is required to generate the multisite scrambling seen in
Figure 29. A rotation of three of the CO’s through a trigonal prismatic transition state has
a barrier of an additional 19.6 kcals/mol, Figure 34. The overall barrier then for this

scrambling would be 46 kcals/mol in MeOH, again putting it outside the realm of
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Figure 35 DFT calculated free energy for the replacement of the amidic oxygen donor with a CO.

plausibility to occur at an appreciable rate at room temperature.

Another possibility for an interchange process is for the incoming CO ligand to
replace the amidic oxygen donor, Figure 35. This reaction is thermodynamically downhill
for each of the three calculated solvents with MeOH being the most favorable at -4.3

kcals/mol. The free energy change for this reaction correlates with the relative polarity of
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Figure 36 DFT calculated transition state involving the simultaneous rotation of all four CO’s on
the manganese center.

the solvents which takes into account the dielectric constant of the solvent as well as its
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dipole moment and ability to hydrogen bond among other empirical parameters.'® The
more favorable binding in MeOH could facilitate the formation of the isotopomers. as the
barrier for the reverse reaction would be highest for MeOH compared to the other solvents
and therefore slower. A potential isomerization process was considered in which the four
CO ligands rotate simultaneously, Figure 36. This transition state has a high barrier of
42.4 kcals/mol. The steric encumbrance of the manganese from the amide oxygen on one
side and the hydrogens on the nearby methylene linker to the thiolate on the other side
along with the necessity of moving all four CO’s together leads to this inaccessible
transition state. It is possible that a trigonal prismatic transition state similar to the one
calculated in Figure 34 exists but attempts to calculate it have so far proved unsuccessful.
The intermediate from Figure 36 should possess a transition state similar to the one seen
in Figure 34, This would be a feasible pathway to explain the experimental results from

the 1*CO/*?CO scrambling studies, Figure 29.

3.4.1 Computational Methodology

The molecular structure of 5 from XRD presented above was used as the geometric
starting point with all other structures made by the appropriate atomic substitutions in the
AMPAC Graphical User Interface (AGUI).88 DFT calculations (TPSSTPSS functional
with the 6-311++G(d,p) basis set on all nonmetal atoms and the 6-311+G basis set for the
Mn atoms) and then optimized using the Gaussian 16 program using the SMD implicit
solvation model with methanol as the solvent.®® Vibrational frequencies were calculated

in solvent and all species were confirmed to be minimum energy structures by the absence

56



of any imaginary frequencies. Transition states were confirmed by the presence of a
singular imaginary frequency. Standard statistical mechanical and solvation corrections

were applied to the electronic energy of the optimized structures to give free energy values.

3.5 Conclusions

While the mimics of biological N2S; binding sites, including those with the ema
ligand are well known, this example of H.ema?- as a binucleating ligand via a square M2Sy,
face to face, core has not been reported to date. The various synthetic routes to complex 5
illustrate the types of ligand exchange processes that occur in the formation of
metalloproteins and enzymes. An example is the bioassembly of the active H-cluster in
[FeFe]-H2ase which involves the generation and attachment of CO and CN ligands to the
iron centers by a trio of key mutase enzymes HydE, HydF, and HydG.*® The folding and
protonation of ema to form 5 evokes similarities the system studied by to Dunbar, et al.,
where the preference of metals binding to small peptides through either a deprotonated
amido nitrogen or the tautomeric carboxyl oxygen was determined.!’

Complex 5 is a highly stable thermodynamic sink but also possess the ability to
perform ligand exchange reactions at ambient conditions. Computational studies have
helped elucidate a possible pathway in the assembly of complex 5 as well as a potential
side product that forms without the addition of Zn?* as a chelating agent. Future studies
should aim to derive the full mechanism with transition states for the CO removal as well
as explore the selective formation of 5 instead of the expected heterobimetallic complex

similar to previous studies.”>'% More calculations are required to fully determine the
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mechanism by which CO binds and exchanges in 5. While a dissociative mechanism has
currently been ruled out in favor of an interchange mechanism, the process by which the
CO ligands exchange within the molecule is still uncertain. Additional experimental
studies conducting the **CO exchange in various solvents could help clarify the role of the
solvent in determining the *CO/*CO exchange behavior. Specifically, the inclusion of an
additional protic solvent could establish whether hydrogen bonding plays a significant role

in producing the results seen in MeOH.
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CHAPTER IV
UNUSUAL SPIN PROPERTIES OF AN IRON NITROSYL-NICKEL DITHIOLENE
DIMER

4.1 Introduction

The ability to store and retrieve electrons to and from a stable molecule is the
foundation of efforts to develop better redox catalysts, single molecule magnets, or
materials for magnetic storage that can utilize the multiple electronic states generated by
the spin coupling of multiple electrons.!!8123 The presence of multiple unpaired electrons
within a metal complex for these purposes is a feat usually accomplished synthetically
with an f-block element or a combination of high spin first row transition metals with
redox active ligands such as bipyridine or nitrosyl.'?%124126 The expansion of redox active
ligands to metalloligands allows for the investigation of more complex electronic
structures and reactivities. It also inspires synthetic efforts for the development of
complexes designed to replicate the active sites of bimetallic enzymes such as the [FeFe]-
and [NiFe]-hydrogenases and the Mo/Cu dependent CO-dehydrogenase among others.
These enzymes accomplish the storage of electrons through the use of iron-sulfur
clusters.12"128 [FesS4] clusters in particular are known to possess multiple redox states and

the reduced [FesS4]* form can possess different ground state configurations varying from
S= 1/2 toS= 7/2.129'130 Metalloligands offer the opportunity to replicate the redox and

spin properties of these iron-sulfur clusters while providing easier routes to synthetic

modification.
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The dithiolene unit has been used extensively in organometallic chemistry to

synthesize metal bis(dithiolene) complexes with intriguing redox, chemical, and optical
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Figure 37 Reduced dimeric intermediate caluclauted by DFT and proposed to
be involved in the addition of ethylene to nickel bis(dithiolene) complexes.

CF;

properties derived from the non-innocence of the dithiolene ligand.?3-13 |t has been
shown that nickel (bis)dithiolene complexes react with ethylene to form a cis-interligand
adduct in which the ethylene forms a new connection between two of the dithiolene
sulfurs. 413 This process is reversible and shows potential for practical use in olefin
purification. A calculated mechanism detailed how the symmetry forbidden reaction can
occur through a reduced bimetallic intermediate featuring a diamond Ni2S> core, Figure
37.1% Related palladium-dithiolene complexes do not form a dimer but instead a
hexametric cubic structure with the dithiolene ligands again serving to bridge the multiple

metal cetners.’
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In the course of synthetic efforts to produce organometallic complexes with

multiple stable redox levels, a heterobimetallic complex has been synthesized and its

Figure 38 XRD structures of [Fe(NO)-NiS] (center) along with its reduced (left) and oxidized
(right) forms.

physical properties characterized by my coworker Manuel Quiroz. The Fe-Ni features
nickel dithiolene bound to a Fe-NO unit contained within a NSz ligand field. This
complex was isolated and characterized in three different redox states by XRD, Figure
38. Several intricacies have been noted within the series for which computational studies
were required for understanding; they include the following:

1) Calculation of vibrational modes for assignment of multiple bands in the
solution IR spectrum, which displayed a solvent-dependent dimer-monomer
equilibrium;

2) Deconvolution and assignment of the magnetic properties of the oxidized
product which is dimeric, [Fe(NO)-NiS]2?*, in the solid state and in less polar
solvents;

3) Address of the fundamental factors and their magnitude that drive the

formation of the dimer and the Ni»S; core.
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Such computational studies and results are presented below in sections 4.2 — 4.4,

4.2 Spectroscopic properties and equilibrium of [Fe(NO)-NiS] and [Fe(NO)-NiS]2?*
The solution IR spectrum of [Fe(NO)-NiS]2?* shows two v(NO) bands at 1738 cm’
Land 1777 cm™* upon dissolving pure crystals in organic solvent, Figure 39. This contrasts
to the single band that was observed at 1734 cm™ in the solid state. This led to the
hypothesis that the dimer, [Fe(NO)-NiS]2%*, dissociates into two monomers, [Fe(NO)-

NiS]*, in solution. The DFT calculated v(NO) stretches for the monomer and dimer were

1777 cm-" 1738 cm!
o PhL" _\ 2+
s, I? Conc. 2 s ~
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Figure 39 Normalized IR spectra after solvation of [Fe(NO)-NiS],** in THF showing
equilibrium shift to [Fe(NO)-NiS]* at lower concentrations.

found to be 1782 cm™ and 1718 cm™ in solution respectively. This corroborates the
experimental assignment of the higher wavenumber band at 1777 cm™ to the [Fe(NO)-

NiS]"* monomer due to the disappearance of the 1738 cm™ band at lower concentrations.
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There is only one band for the [Fe(NO)-NiS]»?* dimer because the symmetric stretch is
dipole forbidden so only the asymmetric stretch is detectable by IR spectroscopy.

An expanded list of IR values in various solvents is presented in Table 1. The
V(NO) values were calculated with two different methods for the monomer. The first,
labeled as ‘Single Point” in Table 1, took the gas phase optimized structure of the cationic
monomer and then used that geometry for additional single point frequency calculations

in additional solvents. The other method, labeled as ‘Optimized’ in Table 1, optimized the

Table 1 Calculated IR signals for the v(NO) signal of [Fe(NO)-NiS]* and [Fe(NO)-NiS],** in
various solvents. Experimental values are given where available.

y(NO) Band (cm*
Monomer Dimer®
Solvent
Experimental | Single Point? Optimized® Experimental | Single Point Polarity Donor Number
MeOH N/A 1744 1770 N/A 1675 0.762 19.0
MeCN 1786 1772 1787 1738 1701 0.460 14.1
DMSO N/A 1775 1787 N/A 1703 0.444 29.8
DCM 1782 1777 1788 1747 1706 0.309 1.0
THF 1777 1782 1788 1738 1718 0.207 20.0
Et20 1774 1786 1790 1743 1736 0.117 19.2

2 “Single Point’ values are from frequencies calculations performed on the same gas phase
optimized geometry but in different solvents.

b ‘Optimized’ values are from frequency calculations performed at the optimized geometry
for that solvent.

¢ Solid state IR for [Fe(NO)-NiS].?* has single band at 1734 cm™™.

monomer geometry in each solvent and then calculated the IR bands. The DFT values
agree well in both cases with unsigned mean errors of 9 cm™ and 8.5 cm™ for the single
point and optimized values respectively. For the dimer, the IR values were determined
using a modified single point method. The IR values for the dimer have an unsigned mean
error of 26 cm™, larger than either method for the monomers. The v(NO) values increase
in wavenumber in less polar solvents for both the monomer and dimer in the single-point

calculations but experimentally the monomer shows the opposite trend and the dimer
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appears to have no trend at all.1*> We are currently investigating possible causes for this
discrepancy. Because the monomer band does not trend with the donor number of each
solvent, we conclude that the dimer is not directly cleaved by solvent molecules directly
inserting into the Ni-S bonds but rather the dimer dissociates due to strong dipole-dipole
interactions with the solvent.™®® It is expected that the experimental equilibrium values
will trend with the solvent polarities and corroborate this hypothesis.

The calculations predict that at room temperature in solution the dimer complex
will be a triplet ground state and the monomer will be a BS singlet. The cleavage of the
triplet dimer to two equivalents of BS singlet monomer in solution was found
computationally to be thermodynamically favorable with a free energy change, AG®, of -
12.6 kcals/mol. The calculated enthalpy and entropy changes are AH° = 1.6 kcals/mol and
AS° = 47.9 cal/moleK respectively. The signs for the enthalpy and entropy align with
expectations for the dissociation of the dimer in to two monomers as energy is required to
is break both Ni-S bonds in the diamond core and experiments indicate the equilibrium
shifts to produce more dimer at lower temperatures. The calculated enthalpy change is in
good agreement with 6.5 kcals/mol AH® that was determined experimentally by measuring
the difference in IR absorbance of the two species as a function of the temperature.
Attempts to decipher the bonding interactions in the Ni2S; core proved unsuccessful due
to the extensive delocalization of electron density across the nickel atoms and dithiolene
ligands. Further calculations using Atoms in Molecules (AIM) or NBO could prove

insightful in where the nature of the bonds holding the dimer together.
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4.3 Magnetic properties of [Fe(NO)-NiS]2**
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Figure 40 Variable temperature susceptibility measurements for [Fe(NO)-NiS].** between
2 and 300 K with a 0.1 T field. Figure was obtained by Dr. Mohamed Saber using freshly
prepared crystalline samples in an applied magnetic field of 1000 Oe on a Quantum Design
SQUID, Model MPMS with a 7 T magnet.

The [Fe(NO)-NiS].?* dimer also possessed intriguing magnetic properties which
were measured by Dr. Mohamed Saber using direct current molar magnetic susceptibility
on a SQUID, Figure 40. The ymT value goes to 0 at low temperatures indicating a S=0
singlet ground state for the molecule. As the temperature increases to a maximum value
of 0.76 emu K mol™? at room temperature consistent with a system of two weakly-
interacting radicals. This raises the question of where these two radicals are located within
the dimer as the system could have a total of four unpaired electrons with two on each of

the FeNO units and two on each dithiolene. This question of electronic structure created
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an opportunity for elucidation by DFT calculations to determine the difference in energy
of the spin states and the location of the unpaired electrons.

A four-radical system like [Fe(NO)-NiS]?* will have a total of six discrete spin
states: two singlets, three triplets, and a quintet. Of the six possible states, only four single
determinant solutions for the dimer were found computationally using single point

calculations on the XRD geometry, a low-energy broken-symmetry (BS) singlet, a triplet,

BS Singlet Quintet
AE=+12.6 AE = +17 1
S=0.70 S=2.01
BS Singlet Triplet
AE=0.0 AE = +0.45
S=0.65 S=1.02

N ’
N | o—
N—

Figure 41 DFT calculated spin ladder of [Fe(NO)-NiS],%*. Values are referenced to the projected
energy of the low-energy BS singlet to account for the spin contamination in the calculation.

a high-energy BS singlet, and the quintet state, Figure 41. The DFT calculations
converged to essentially correct spin states for the quintet and triplet, but the BS singlet
states are highly contaminated single determinant results (S = 0.65 and 0.70) and not exact

singlet states (S = 0). However, because of the strong coupling of the nickel-dithiolene
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units, the minimally contaminated low-energy BS triplet can be used to correct the low-
energy BS singlet’s energy, via the projection formula developed by Yamaguchi that
determines the correct energy of the singlet state by removing from the BS singlet the spin
contamination from the triplet.*

The two low-energy determinants (BS singlet and triplet) feature a core with the
two dithiolene radicals antiferromagnetically coupled. The BS triplet is only 0.45
kcals/mol higher in energy than the projected energy of the low-energy BS sing let
indicating weak coupling between the two outer {Fe(NO)}’ units. The coupling constant,
J, was calculated to be -77 cm™ which is good agreement to the experimental value of
51+3 cm™. The two higher energy determinants are an BS determinant (which is Ms = 0,
but is contaminated by higher-energy triplets and the quintet) at +12.3 kcals/mol above
the ground state and a quintet state at +16.9 kcals/mol. The large energy difference
between the low-energy determinants. where the dithiolene core is singlet coupled, and
the high energy ones, where it is triplet coupled, indicate the strength of the
antiferromagnetic coupling between the nickel-dithiolene units that hold the dimer

together.

4.4 A linear Ha model for the spin states of [Fe(NO)-NiS]22*

It was hypothesized that a simple model of the [Fe(NO)-NiS],%* complex could
elucidate where the missing states fit within the spin ladder of [Fe(NO)-NiS].%*. The
simplest depiction of an actual molecular four-spin system is four hydrogen atoms, so a

linear Hs molecule should serve as a good model for [Fe(NO)-NiS]?*. The Hs model
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contains two distances: Ry, the distance between the outer hydrogen atoms and their
nearest inner neighbor, and R, the distance between the two inner hydrogen atoms.

To benchmark the R1 distance, full configuration interaction (ClI) calculations were
performed on H> at various H-H distances until a distance was found where the singlet-
triplet gap for Hz was equal to the gap for the cation monomer, [Fe(NO)-NiS]*. The value
of the singlet-triplet gap for [Fe(NO)-NiS]* when optimized in dichloromethane (DCM)
as calculated to be 1.662 kcals/mol. An H-H distance of 2.65 A for the H-H bond in H;
gives a singlet-triplet gap of 1.683 kcals/mol in excellent agreement with the projected
value for the singlet-triplet gap in the monomer cation. The singlet-triplet gap for [Fe(NO)-
NiS]* at its solid-state geometry in the [Fe(NO)-NiS]2** XRD structure was found to be
4.166. An H-H distance of 2.39 A gives a singlet-triplet gap of 4.173 again in excellent
agreement with the projected value. The R distance was benchmarked by setting the R:
distances to either 2.65 A or 2.39 A and scanning the R distance until the energy between
the ground state singlet (GSS) to the quintet state matched the DFT calculated value from
[Fe(NO)-NiS].2* of 17.10 kcals/mol, the energy difference between the projected energy
of its BS singlet and its quintet. An R distance of 1.985 A with an R distance of 2.65 A
and an Ry distance of 2.035 A with an R distance of 2.39 A both gave a GSS-quintet gap

of 17.06 kcals/mol, in excellent agreement with the large molecule.
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A comparison of the final spin ladders for [Fe(NO)-NiS]2** and the linear Ha
molecule is shown in Figure 6. The H4s model based on the optimized monomer geometry
has a similar low energy triplet at +0.10 kcals/mol compared to [Fe(NO)-NiS],?* at +0.45

kcals/mol. The high-energy singlet in Ha is +2.0 kcals/mol higher in energy than the

S
N(_j W
O A —
(o]
— +14.6
Singlet
Triplet — +12 8
Quintet
—_ R1 R2 R1

A B

Figure 42 DFT calculated spin ladders for [Fe(NO)-NiS].?* and linear Hs. Column A for Hy is
based on a H, benchmark to the singlet-triplet gap of the optimized monomer in solution. Column
B for Hs is based on the singlet-triplet gap for the monomer using its geometry in the dimer XRD
structure. All energy values are in kcals/mol.

related high-energy BS Ms=0 determinant in [Fe(NO)-NiS],?*. The two additional triplet
states for Ha lie between the high energy singlet and quintet at +15.3 and +16.2 kcals/mol.
When the Ha model is based on the geometry of the monomer in the [Fe(NO)-NiS].**
XRD structure, the high energy states are less tightly grouped and the low-energy triplet
shifts towards higher energy but all of the states retain their order.

To gain a better understanding of how the two distance R; and R affect the spin

ladder shown in Figure 42, calculations were performed where the R1 and R distances
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Figure 43 Energy difference between spin states in Hy related to distance between atoms when
R1=R2=2.5 A

were varied to see how the electronic coupling changes between the radicals and orders of
the excited spin states relative to the GSS. Figure 43 shows the case for R1= R, where at
long distances differences go towards 0 as the H4 molecule begins to separate into four
separate hydrogen atoms which have no coupling between them and no barrier to changing
spin. As R1 and R shorten the other states rise in energy where the triplet arising from
radicals on the two distance Hs remains somewhat lower in energy that the other four
states.

The behavior changes when one bond distance, Ry, is held constant at 2.5 A and
the other, Ry, is varied, Figure 44. At long distances the model is equivalent to two
separate H> molecules with a low energy GSS (both H2 molecules in their singlet states),

a pair of higher energy triplet states around 2.8 kcals/mol (one H> molecule in its singlet
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Figure 44 Energy difference between spin states in Hy related to distance between atoms when
R1=2.5 A and R, varies from 1.5-3.5 A,

state and the other H2 molecule in its triplet state), and a singlet, a triplet, and a quintet
grouped together at 5.7 kcals/mol (both H2 molecules in their triplet states). As the R2
distance decreases and the two H> molecule are brought together, the two lowest energy
triplets split with one going to toward the energy of the GS and the other going towards
higher energies and undergoing a state crossing with the high-energy singlet at about R>
=2.2 A. The low-energy singlet/triplet separation represents the coupling between the two
outer hydrogens which experience minimal coupling as they are separated by a distance
from each other of 6.5 A and from their nearest neighbor by 2.5 A. The other states are all
moving to significantly higher energy because the two inner electrons involved in these

states and are triplet coupled.
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Figure 45 Energy difference between spin states in Hy related to distance between atoms when
R1=2.5 A and R, varies from 1.5-3.5 A.

When the opposite situation is plotted and R is varied while Rz is held constant
the data represents two hydrogen atoms approaching an H> molecule from a long bond
distance of 2.5 A, Figure 45. At long values of R the first triplet excited state is nearly
degenerate with the GSS due to the long distance, 9.5 A, between the outer two hydrogen
atoms. The other high-energy spin states are grouped together around 2.9 kcals/mol, which
is the energy needed to change coupling of the inner Hs from singlet to triplet, as the
distance to the outer electrons is too great for any appreciable coupling. As R1 decreases
all of the spin states increase in energy with the two lower energy triplets grouped together

and the high-energy triplet, high-energy singlet, and quintet states grouped together.
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4.5 Computational Methodology

The crystal structures of [Fe(NO)-NiS] and [Fe(NO)-NiS]2?* were used as the
starting point geometries for all calculations. For the IR comparisons in various solvents
the [Fe(NO)-NiS]" structure was optimized in the gas phase as an open shell singlet using
Gaussian 16 with the TPSSTPSS functional with a 6-311++G(d,p) basis set on the
nonmetal atoms and a 6-311+G basis set on nickel and iron.®® The IR values were then
obtained in each solvent by performing single point frequency calculations on the
optimized gas phase geometry using the SMD solvation model. For comparison, the
monomer values were also calculated by optimizing the geometry in each solvent and then
performing the frequency calculations in that solvent. The dimer structure could not be
optimized in the gas phase so instead it was optimized as a triplet and BS singlet in
dichloromethane with methyl groups replacing the phenyls to make the calculations easier.
This optimized geometry was then used in single point frequency calculations in the
chosen solvents using the same functional and basis sets as the monomer. The triplet was
found to be the ground state for the dimer in the solution calculations.

The thermodynamic values for the dimer to monomer dissociation were obtained
using values from the DCM optimized dimer triplet and DCM optimized monomer BS
singlet with methyl groups in place of the phenyls for both. The free energy and enthalpy
values for the monomer were both corrected using the spin projection method and the
entropy was found using AG=AH-TAS.

For the spin ladder of [Fe(NO)-NiS].%*, single point calculations were performed

directly from the [Fe(NO)-NiS],?* XRD structure with the same functional and basis sets
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as previous calculations. All ClI calculations on Hz and linear Hs were performed in ORCA
version 4.2.1 using a STO-6G basis set.1*%!4! The distance between the outer two hydrogen
atoms in Ha, R1, was benchmarked by finding the distance at which Hz possessed the same
singlet-triplet gap as [Fe(NO)-NiS]*. This benchmarking was done to the singlet triplet
gap in solvent optimized [Fe(NO)-NiS]" as well the singlet-triplet gap for the geometry of
[Fe(NO)-NiS]" when taken from the XRD structure of [Fe(NO)-NiS],?*. Full ClI
calculations were then performed on Hs where R> was varied using the previously
determined R1 values until the energy difference for the quintet state and the GSS matched

the DFT calculated value.

4.6 Conclusions

The [Fe(NO)-NiS]2?* dimer features intriguing magnetic and solution-phase
properties. Computational and experimental methods have determined that in solution the
dimer and its monomer cation are in an equilibrium that favors the monomeric form in
solution. The dimer is held together by a pair of weak Ni-S bonds between the nickel-
dithiolene units from each monomer that stabilizes through strong antiferromagnetic
coupling the radicals from each dithiolene backbone. From the weak coupling between
the distant {Fe(NO)}’ units, the [Fe(NO)-NiS]-?* dimer has a singlet ground state and low-
lying triplet state that become nearly equally occupied at room temperature. The four
radical sites contained in the complex make it and related systems an intriguing candidates
for further studies on their magnetic properties as a single molecule magnets (SMM) as

most SMM’s use the rarer and more expensive lanthanide elements.'#? The weak coupling
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between the two {Fe(NO)}’ units may be tunable by oxidation either one or both to
{Fe(NO)}® units as trivalent first row metals have been shown to produce stronger
couplings than their divalent analogs.*

The radical properties of the [Fe(NO)-NiS]»?* dimer and related systems may also
have some wuse in developing better materials for quantum computing or
superconductors.’* Recent efforts have indicated that two dithiolene ligands have
potential to function as an organic electron spin qubit when bound on either side of a
diamagnetic metal center such as a square planar d® nickel atom.'*® The spacing of the
four radicals creates differences in coupling and a spin ladder that may have properties
similar to some Cu'" materials that have been investigated as materials for
superconductors. One example are the spin-ladder cuprates with their radicals arranged in
an approximate square that share properties of both 1D antiferromagnets and 2D square-
lattices and can become superconductors after hole doping.2#® A different configuration is
found in copper oxalates which were recently shown to exist as an infinite spin chain
instead of a series of non-interacting dimers.!4” Experimental determination whether the

[Fe(NO)-NiS].2* dimer has any long range magnetic communication can determine if the

complex has any potential uses as a magnetic material.
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CHAPTER V
CONCLUSIONS
5.1 Future Directions
There are still some loose ends in the work previously presented. Below are some

thoughts on possible routes another researcher could take moving forward.

5.1.1 [NiFeS]- and [NiFeSe]-Hzase Models and Their Oxygen Reactivity

The largest missing piece remains the mechanism for Oz reacting with the reduced
species. The sulfur mechanism presented in Figure 19 is missing transition states in the
first half of the mechanism. One hurdle in locating these transition states is the necessity
of a spin crossover event that can be difficult to find through DFT though a reasonable
estimate should be possible. The mechanism for the selenium containing species is also
necessary to determine where the two mechanisms divulge. One current hypothesis is that
somewhere along the mechanistic path an intermediate for the selenium containing
complex is significantly higher in energy than its sulfur containing analog. This would
disfavor reactions progress towards the doubly-oxygenated product and instead favor
production of the singly-oxygenated product. Another hypothesis is that the doubly-
oxygenated form of the selenium complex is formed and then undergoes
comproportionation to form two equivalents of the singly-oxygenated species. DFT
calculations to find the transition state for this oxygen transfer process could determine if

it is a feasible process.
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The small molecule benchmarking showed that MN12-L is the best choice, at least
among the diverse group of functionals tested, for computational studies into the bonding
interactions between oxygen and the heavier chalcogens sulfur and selenium. This should
allow for more detailed investigations on the [NiFe]-Hzase models synthesized and
provide inspiration for improved complexes in terms of both catalytic production and
oxygen tolerance. MN12-L could also prove useful in performing high level QM/MM
calculations on the [NiFe]-Hzase active site to understand the reactivity of O> within the
enzyme. Of particular interest is the mechanism by which Oz appears to selectivity oxidize
the terminal thiolate or selenoate in [NiFeSe]-Hzases instead of the bridging thiolates or

the nickel center.

5.1.2 Carbon Monoxide Exchange in MnzH.ema

The 3CO exchange behavior is still not fully understood for the MnzHzema
complex. It is currently believed that a transition state similar to the one seen in Figure 34
should exist for the intermediate found in Figure 35. Additional work is needed to locate

this transition state to complete the mechanism for CO addition, scrambling, and removal.

5.1.3 [Fe(NO)-NiS].**Magnetic Properties

The presence of the low-lying triplet excited state for [Fe(NO)-NiS]2?* could be
modified to create a controllable singlet/triplet spin change. The Hs model calculations
seen in Figures 44-46 show how modifying the length of the ligands between the metal

centers could be used to precisely control the energy of the spin crossover event. The

77



distance between the nickel-dithiolene units could be controlled by substituting the phenyl
group on the dithiolene for groups with different levels of steric bulk. Electronic effects
on the coupling between the two dithiolene units could be investigated by substitution at
different positions on the phenyl ring with electron donating or withdrawing groups.
Different versions of the complex could also be synthesized in which the Fe-NO is
replaced with Co-NO or the nickel is replaced with a heavier Group 10 element such as

palladium or platinum.

5.2 Outlook

As the world’s energy production shifts towards more renewable sources to
combat climate change, biologically inspired catalysts will be at the center of innovative
research efforts. These catalysts will seek to tackle the problem from two different
directions. The first is trying to directly combat current greenhouse gas levels by
converting these molecules into more useful products. Some of the most intense focus is
on developing catalysts designed to reduce CO> or partially oxidize methane (CH4) into
products such as CO, carbonate, formate, methanol. Some success has been found in using
catalysts based on carbon monoxide dehydrogenase, methane monooxygenase, and
carbonic anhydrase to name a few.148-1%0

The other method for enzyme inspired catalyst development is focused on
designing catalysts that replicate the H> generation ability of hydrogenase enzymes. Future
designs should seek to combine the H, production capability of the [FeFe]-H»ases with

the oxygen tolerance shown by the [NiFeSe]-Hqases to create catalysts that can operate
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under milder conditions. Until recently the only forms of [FeFe]-Hzase known to possess
an oxygenated form were found in sulfate-reducing bacteria such as Desulfovibrio
desulfuricans (DdHydAB) and Desulfovibrio vulgaris (DvHydAB). These forms lose
roughly 50% of their activity after exposure to aerobic environments but prevent full
decomposition by HS binding to the H-cluster and inducing a charge rearrangement.*>!
An [FeFe]-Hzase capable of full activity recovery, Clostridium beijerinckii, has recently
been isolated and DFT investigations provided evidence that its oxygen tolerance was due
to protection of the distal iron center by a hydroxide or deprotonated cysteine ligand bound
to the open site on the “rotated” iron.’®>® The possibility of more oxygen tolerant
hydrogenases provides an opportunity to develop more robust catalysts for hydrogen
production by incorporating motifs already proven to work in nature. An example of this
are the [FeFe]-Hzase model complexes by Darensbourg and Dey that incorporated
secondary sphere effects to replicate the O2 to H-O reduction pathway suggested from the
calculations by Blumberger et al.®®*>® These catalysts were able to catalyze the HER at
overpotentials of less than 200 mV in agueous media at near neutral pH; they regained full
activity after exposure to Oz by reducing the bound O to H-O.

The use of DFT to suggest mechanisms and intermediates for new catalysts is vital
where experimental methods would require too many resources, too long, or are simply
impossible with current technology. The best source for catalyst design inspiration is
found in the active sites of enzymes which are nature’s catalysts. Some groups have
already begun working in this area such as Qiu et al. who used a truncated active site

model to explore the difference between the Ni-A and Ni-B states of the [NiFe]-H2ase
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active site.'® They found that the Ni-A state is very stable and this contributes to its more
difficult reactivation though the fundamental reasons for this stability are still unclear.
Another example is that of Breglia, et al. who have published a small body of theoretical
work on [NiFe]-H.ase oxygenation and utilized rather large models of the active site to
understand how the secondary protein environment influenced the results.%*9:157.158 Thejr
work highlights the ways the [NiFe]-H.ase active site activates O, and how it
electrochemically reactivates itself once oxygenated by eliminating the oxygen atoms as
water molecules. This knowledge of the enzyme reactivity gained by computational
chemistry can provide insights for the design of a new generation of more faithful
biomimetics that better replicate the selectivity, robustness, and self-repairing capabilities
seen in nature. These catalysts will then lead to better performing fuel cells and
electrolyzers that will not only be highly efficient but also able to incorporate the oxygen
tolerance abilities seen in the enzymes and certain model complexes.?’

Computational methods are constantly being developed and modified and as their
sophistication improves the capabilities are DFT are increased. Increased parameterization
based on new experimental data allows for new systems to be analyzed where previous
methodology was insufficient. It is certain that additional rungs will be added to the
“Jacob’s Ladder of DFT” as new marks of accuracy are achieved by more advanced
functionals. Shortcomings such as the inability to properly describe complicated
wavefunctions which lead to the inability to fully calculate the spin ladder of [Fe(NO)-
NiS]2** may one day be overcome and eliminate the need for smaller and possibly

inadequate models. It may also be seen where entire proteins are able to be analyzed at the
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guantum mechanical level allowing for a more detailed understanding than is currently

possible with molecular mechanical methods.
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