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SUMMARY

Chapter 1 summarizes the role of nitrous oxide (N20) in the eco system, its accumulation, impact and
metabolism. Prolong accumulation of N2O is heavily contributing to the global warming and it is a leading cause of
ozone layer depletion. Anthropogenic activities like agricultural soil management, stationary combustion, manure
management, mobile combustion, adipic and nitric acid production and wastewater treatments are primarily
responsible for the increased levels of N.O. Nature metabolizes the terrestrial N,O through microbial denitrification
in soils, fresh and marine waters. Nitrous oxide reductase (N2OR) is one of the enzymes that is found in denitrification
bacteria that converts N2O to dinitrogen (N2) and water (H20). The 2e/2H* reduction of N2O is thermodynamically
favorable, yet it is metal catalyzed due to the multielectron/proton demand and the inertness of N2O. N.OR contains
two metal domains; dicopper electron transfer site (Cua) and Cuas(us-S) active site (Cuz). The introduction chapter
presents the detailed descriptions of the composition and reactivity of various forms of Cugz, their isolation,
characterization, physiological relevance, substrate (N20) interaction and finally the latest proposed mechanism. Most
of the presented literature work that reveals the identity and function of this unusual Cua(us-S) domain is based on
spectroscopic, crystallographic and computation methods. The attempted synthetic model compound studies and their

important outcomes are also addressed at the end of the chapter.

Chapter 2 discusses the findings of the published work in reference Rathnayaka, S. C.; Lindeman, S. V.;
Mankad, N. P. Multinuclear Cu(l) Clusters Featuring a New Triply Bridging Coordination Mode of Phosphaamidinate
Ligands. Inorg. Chem. 2018, 57, 9439-9445 and Rathnayaka, S. C.; Hsu, C.-W.; Johnson, B. J.; Iniguez, S. J.; Mankad,
N. P. Impact of Electronic and Steric Changes of Ligands on the Assembly, Stability, and Redox Activity of Cua(us-
S) Model Compounds of the Cuz Active Site of Nitrous Oxide Reductase (N2OR). Inorg. Chem. 2020, 59, 6496-6507.
Our findings on the establishment of a tunable synthetic protocol for Cua(us-S) model complexes fills a vital part of
the Cuz synthetic model chemistry. The structure, characterization and reactivity of multi copper clusters supported
by phosphine, formamidinate (NCN) and phosphaamidinte ligands are presented. The assembly, structure and
reactivity of the resulting clusters highly depend on the ligand environment, thus letting us discover the properties of
an ideal ligand system that would closely mimic the structure and reactivity of the Cuz active site. Our synthetic
approach uses dicopper(l) precursor complexes (CusL,) that assemble into Cua(us-S)La4 cluster with the addition of an

appropriate sulfur source. Here, we summarize the features of the ligands L that stabilize precursor and Cua(us-S)



Xxii

clusters, along with the alternative products that form with inappropriate ligands. The precursors are more likely to
rearrange to Cuas(us-S) clusters when the Cu®* ions are supported by bidentate ligands with 3-atom bridges, but steric
and electronic features of the ligand also play crucial roles. Neutral phosphine donors have been found to stabilize
Cua(us-S) clusters in the 4Cu* oxidation state, while neutral nitrogen donors could not stabilize Cua(us-S) clusters.
Anionic formamidinate ligands have been found to stabilize Cua(us-S) clusters in the 2Cu?* - 2Cu?* and 1Cu?* - 3Cu'*
states, with both the formation of the dicopper(l) precursors and subsequent assembly of clusters being governed by
the steric factor at the ortho positions of the N-aryl substituents. Phosphaamidinates, which combine a neutral
phosphine donor and an anionic nitrogen donor in the same ligand, form multinuclear Cu(l) clusters unless the negative
charge is valence-trapped on nitrogen, in which case the resulting dicopper precursor is unable to rearrange to a
multinuclear cluster. Taken together, the results presented in Chapter 2 provide design criteria for successful assembly
of synthetic model clusters for the Cuz active site of NoOR, which should enable future insights into the chemical

behavior of Cuz.

The content presented in Chapter 3 closely follows the published work in reference Hsu, C.-W.; Rathnayaka,
S. C.; Islam, S. M.; MacMillan, S. N.; Mankad, N. P. N-O Reductase Activity of a [CusS] Cluster in the 4Cu(l) Redox
State Modulated by Hydrogen Bond Donors and Proton Relays in the Secondary Coordination Sphere. Angew. Chemie
Int. Ed. 2020, 59, 627-631. The impact of the secondary sphere interactions upon the structure and reactivity of a
synthetic Cus(us-S) model complex is discussed. The synthetic model complex [Cua(us-S) (dppa)s]?®* (2, dppa =
Bis(diphenylphosphino)amine) has been found to have N,O reductase activity in methanol solvent, mediating the
2H*/2e reduction of N2O to N2 + H20 in the presence of an exogenous electron donor CoCpa. A stoichiometric product
featuring two deprotonated dppa ligands has been characterized, indicating a key role of second-sphere N-H residues
as proton donors during N»O reduction. The stoichiometry amount of produced N has been quantified using GC-MS
and the production of water has been qualitatively confirmed by nearlR method. The activity of 2 towards N2O is
suppressed in solvents that are unable to provide hydrogen bonding to the second-sphere N—H groups. Structural and
computational data indicate that second-sphere hydrogen bonding induces structural distortion of the [Cua(us-S)]
active site, accessing a strained geometry with enhanced reactivity due to localization of electron density along a
dicopper edge site. The behavior of 2 mimics several aspects of the Cuz catalytic site of nitrous oxide reductase:
activity in the 4Cu'*:1S redox state, use of a second-sphere proton donor, and reactivity dependence on both primary

and secondary sphere effects.
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Chapter 4 also closely follows the published content in Rathnayaka, S. C.; Islam, S. M.; DiMucci, |. M.;
MacMillan, S. N.; Lancaster, K. M.; Mankad, N. P. Probing the Electronic and Mechanistic Roles of the w4 -Sulfur
Atom in a Synthetic Cuz Model System. Chem. Sci. 2020, 11, 3441-344. This chapter reports a combined
experimental/computational study of a synthetic [4CulS] cluster supported by N-donor ligands that can be considered
the closest structural and functional mimic of the Cuz catalytic site in N,OR reported to date. Quantitative N
measurements during synthetic N,O reduction have been used to determine reaction stoichiometry, which in turn is
used as the basis for density functional theory (DFT) modeling of hypothetical reaction intermediates. The mechanism
for N2O reduction emerging from this computational modeling involves cooperative activation of N,O across a Cu/S
cluster edge. Direct interaction of the s-S ligand with the N,O substrate during coordination and N-O bond cleavage
represents an unconventional mechanistic paradigm to be considered for the chemistry of Cuz and related metal-sulfur
clusters. Consistent with hypothetical participation of the ps-S unit in two-electron reduction of N,O, Cu K-edge and
S K-edge X-ray absorption spectroscopy (XAS) reveal a high degree of participation by the ps-S in redox changes,
with approximately 21% S 3p contribution to the redox-active molecular orbital in the highly covalent [4CulS] core,
compared to approximately 14% Cu 3d contribution per copper. The XAS data included in here represent the first
spectroscopic interrogation of multiple redox levels of a [4CulS] cluster and show high fidelity to the biological Cuz

site.

Chapter 5 contains all the synthetic procedures, characterization data, instrument and method specifications,
experimental designs and other relevant supporting information from the published work in Rathnayaka, S. C.;
Lindeman, S. V.; Mankad, N. P. Multinuclear Cu(l) Clusters Featuring a New Triply Bridging Coordination Mode of
Phosphaamidinate Ligands. Inorg. Chem. 2018, 57, 9439-9445; Rathnayaka, S. C.; Hsu, C.-W.; Johnson, B. J,;
Iniguez, S. J.; Mankad, N. P. Impact of Electronic and Steric Changes of Ligands on the Assembly, Stability, and
Redox Activity of Cuas(usa-S) Model Compounds of the Cuz Active Site of Nitrous Oxide Reductase (N2OR). Inorg.
Chem. 2020, 59, 6496-6507; Hsu, C.-W.; Rathnayaka, S. C.; Islam, S. M.; MacMillan, S. N.; Mankad, N. P. N>.O
Reductase Activity of a [CusS] Cluster in the 4Cu(l) Redox State Modulated by Hydrogen Bond Donors and Proton
Relays in the Secondary Coordination Sphere. Angew. Chemie Int. Ed. 2020, 59, 627-631; Rathnayaka, S. C.; Islam,
S. M.; DiMucci, I. M.; MacMillan, S. N.; Lancaster, K. M.; Mankad, N. P. Probing the Electronic and Mechanistic

Roles of the ua -Sulfur Atom in a Synthetic Cuz Model System. Chem. Sci. 2020, 11, 3441-344.



1. INTRODUCTION

1.1 Nitrous Oxide

Nitrous oxide (N20) is one of the oxidized forms of nitrogen (N.) present in the global nitrogen cycle, in
which the atmospheric N2 is accumulated in terrestrial systems through biological nitrogen fixation (BNF) and later
released back to atmosphere as N by the bacterial denitrification pathways.! The anthropogenic production of N,O
disturbs the global nitrogen cycle, resulting in accumulation of N,O. According to “DRAFT inventory of greenhouse
gas emissions and sinks, 1990-2018” by the United States Environmental Protection Agency, the global atmospheric
concentration of N,O has increased from 270 ppb to 331 ppb (by 23%) since 1750, reaching a concentration that had
not been exceeded during the last 800,000 years.? The increasing levels of N2O is an emerging threat as N,O is one of
the main contributors towards global warming and ozone layer depletion.** Certainly, N2O is not the most abundant
greenhouse gas (Figure 1.1); nonetheless, its global warming potential (GWP) is 298-fold higher compared to CO;
due to its atmospheric lifetime of 121 years.? The anthropogenic production of N,O in the United States primarily
occurs by agricultural soil management, stationary combustion, manure management, fuel combustion and adipic acid

production (Figure 1.2).23

2.7%
HFCs, PFCs, SFe and NF3 Subtotal

FIGURE 1. 1 2018 greenhouse gas emissions (% by MMT CO2 Eq.) by gas in the United States. Figure was taken
from the “Draft Inventory of U.S. Greenhouse Gas Emissions and Sinks, 1990-2018” by EPA.2
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FIGURE 1. 2 2018 Sources of N,O emissions (MMT CO- Eq.) in the United States. Figure was taken from the “Draft
Inventory of U.S. Greenhouse Gas Emissions and Sinks, 1990-2018” by EPA.?

From 1990 to 2018, the total emission on CO; has been increased by 300.9 MMT CO; Eq. (5.9 %) and that
of CH, has been decreased by 139.9 MMT CO; Eq. (18.1 %).2 Despite fluctuations, the total emission of N.O has
remained constant.? The impact of N,O on the ecosystem due to higher GWP, atmospheric lifetime, and ozone layer

depletion raises the awareness in scientific community to explore its metabolic pathways.

1.2 N,O metabolism

The atmospheric N,O is primarily removed by the photolytic action of sunlight in the stratosphere,? while
the terrestrial N,O is metabolized through microbial denitrification in soils, fresh and marine waters.! Under anoxic
conditions, these denitrification organisms consume the oxidized forms of N2 in place of molecular dioxygen (O) for
essential metabolic pathways including anerobic respiration and ATP synthesis.>® Up to date only three enzymes,
nitrogenase, multicopper oxidase, and nitrous oxide reductase (N2OR), have been identified to metabolize N0, with
the latter being the predominant. Interestingly, these metalloproteins neither share the same catalytic site nor the metal
composition. Nitrogenase, a metalloenzyme found in the nitrogen fixation pathway, has a FeMo cofactor that produces
NH; using N as its substrate.® Studies show that N,O acts as an competitive inhibitor; in fact, nitrogenase utilizes

N2O as a source of its substrate N2.2%*2 The enzyme from archaeon Pyrobaculum aerophilum produced in E. coli



remains as the only example of multicopper oxidase that utilizes N2O in place of its primary substrate O, to function
as a metallo-oxidase for Fe?* and Cu'*.! Its catalytic site is composed of a trinuclear copper site supported by histidine
groups, but the absence of sulfur and the geometric orientation may disfavor the coordination and activation of N,O
as compared to NOR.} To date, the products resulting from NO activation by multicopper oxidase under
physiological conditions are not known, hence the N»O utilized catalytic mechanism remains unanswered. Out of the
previously mentioned enzymes, N>OR is the most efficient and physiologically relevant enzyme in removing terrestrial
N20. N20R is one of the enzymes participating in the microbial denitrification process that involves consecutive
reduction of nitrate (NO3") by a sequence of enzymes in which the N.O is converted into inert N, and H,O by NoOR
at the last step (Scheme 1).° The 2H*/2¢" reduction of N>O is thermodynamically favorable (AG® = -339.5 kJ/mol) but
requires to be catalytically driven by N2OR due to a high activation energy barrier (250 kJ/mol) coupled to a spin

forbidden process.5’

Nitrate Nitrite Nitric Oxide Nitrous Oxide
Reductase Reductase Reductase Reductase

NO, - > NO, > NOL ) INOC > N,

N,O + 2 + 2HY —— N, + H,0 AG° = -339.5 kJ/mol

AG* =250 kJ/mol

SCHEME 1. 1 The sequence of bacterial denitrification highlighting the final step of converting N>O to N.. The
enzyme involved in each catalytic step is given on the arrow.

1.3 N,OR overview

N20OR is a homodimeric metalloenzyme with a molecular weight of ~120 kDa, and each monomer carries six
copper atoms that are located in two distinct metal domains.*® The electron transfer site (Cua) at the C-terminal holds
two copper atoms while the active site (Cuz) at the N-terminal contains four copper atoms.®!6 Dimers are arranged in
head to tail fashion such that the Cua site of a monomer lies ca. 10 A to the Cug site of the other monomer while the

two sites of the same monomer are approximately 40 A apart (Figure 1.3).57 It is more likely that the copper centers



in the same monomer are far too away for efficient electron transfer, but Cua and Cuz from two subunits are in

proximity for a cooperative substrate (N2O) reduction.’

FIGURE 1. 3 Ribbon diagram of N2OR (from Pseudomonas nautica, at 2.4-A resolution, PDB ID 1QNI) dimer with
the distances shown between Cua and Cug sites of the same monomer (~40 A) and the two different monomers (~10
A). Two monomers are colored in violet and aquamarine, respectively, Ca2* in shown in green, Cu is shown in brown,
and S in yellow.'® Image was created using PyMol educational version.

In all isolated N.OR crystal structures, additional electron densities corresponding to Ca?*/K* are seen close
to the metal domains.*” However, studies of nonmetalated N,OR propose that Ca?* was incorporated into the protein
after the in vivo metalation events, implying that Ca?*/K* ions are not required for dimer formation but presumably

help the protein’s structural integrity and rigidity by keeping the two monomers together.*®
1.4 Cua electron transfer site

Cua is a binuclear copper site located at the C-terminus, and its existence was first discovered by Kroneck
and his co-workers using spectroscopic techniques, primarily EPR, EXAFS and UV-Vis.?’ The multifrequency EPR
studies of the oxidized form of Cua demonstrated a direct Cu-Cu interaction similar to cytochrome ¢ oxidase and was

assigned to be a mixed-valent dicopper site [Cu'5*-Cu***].22% The X-band EPR of the oxidized form displayed a 7-



line hyperfine (intensity rations 1:2:3:4:3:2:1) pattern with g; = 2.18, g+ = 2.13 and A; = 3.38 mT due to the unpaired
electron delocalized over the two metal centers (Ic, = 3/2) while the reduced form [Cu*-Cu!*] was EPR silent as no
electron holes were present.>® The EXAFS studies suggested that the Cua is a Cu,S; cluster with 2.43 A Cu-Cu and
2.2 A Cu-S distances.?* Later, the EXAFS predictions on the identity and the geometry parameters of Cua were
confirmed with the X-ray structure of N,OR from Pseudomonas nautica, at 2.4-A resolution.’® The visible spectrum
of the oxidized form of Cua displays absorption maxima at 480, 525-540 nm associated with S(sys)—Cu charge
transfer (LMCT) and at 800 nm for mixed valence ¥—¥* IVCT.>® Overall, Cua has been well characterized using
crystallographic and spectroscopic techniques for its function as an electron shuttle for N,O activation by Cuz active

site.

CYS-565 /

FIGURE 1. 4 The Cu,S; electron transfer site (Cua) of N,OR from Pseudomonas nautica, at 2.4-A resolution (PDB
ID 1QNI) with selected bond distances shown.18 HIS-525 and HIS 569 are coordinated to Cu ions while CYS-565
and CYS-561 residues are bridging between Cu atoms through their S atoms. Image was created using PyMol
educational version.



15 N,OR active site

1.5.1 Overview

The structure and the identity of the tetra nuclear copper sulfide active site of NoOR remained obscure for
several years until it was characterized using X-ray crystallography and spectroscopic techniques starting in the late
1990°s.252627 To date, two forms of the active site have been biologically isolated and denoted as Cuz (CusS;) and
Cuz* (Cu,S) that differ in their composition, structure, spectroscopic and kinetic/activity features (Figure 1.5).° It is
challenging to isolate N2OR with a pure form of Cuz or Cuz*. Generally, the anerobic conditions favor the Cuz while
aerobic isolation favors Cuz*, in which the sulfide along Cu—Cuy edge of Cuz has been replaced with a solvent
derived molecule.>8 In both forms the active site resembles a distorted tetrahedral geometry supported by 7 conserved
histidine residues with each copper except Cu;y bound to 2 histidine groups. For both forms, the average Cu-S bond
distance remains ~2.3 A and the Cuy and Cuyy are closer to Cuy than Cu; with Cu-iv and Cui—Cuyy distances being

~3.3-3.6 A while Cu;—Cuyv and Cuy—Cuyy distances lie ~2.4-2.8 A 82528

FIGURE 1. 5 The two forms of the active site of N2OR isolated biologically. (left) Cuz isolated anaerobically from
Paracoccus denitrificans (PDB ID 1FWX) at 2.16 A resolution. (right) Cuz* isolated aerobically from Pseudomonas
stutzeri (PDB 1D 3SBP) at 2.1 A resolution. Image was created using PyMol educational version.



1.5.2 Cugz Cuz* and their redox forms

Cugz is typically isolated as its oxidized state [2Cu?* - 2Cu*] with the oxidized (2Cu%*) form of Cua.>%” By
convention, the oxidized form of Cuz termed as a “2-hole complex”, as two Cu?* (d°) ions bring two electron holes
(from now onward, oxidized form of Cuz will be called “2-hole Cuz”). Selective reduction of Cua by sodium ascorbate
allows the isolation and spectroscopic characterization of 2-hole Cuz with the reduced form of Cua (2Cu**).?® The
UV-Vis spectrum of 2-hole Cuz exhibits absorption bands ~550 and 650 nm correspond to S(3p)—Cu(3d) LMCT that

has been further supported by resonance Raman spectroscopy and DFT calculations. 303!

Dithionite could reduce both Cua and Cuz sites, and the reduced form of Cuz features a [1Cu?* - 3Cu'*]
electronic state. Accordingly, the reduced form of Cuz is called as “1-hole Cuz” and it becomes EPR active with the
electron hole being delocalized over the four Cu atoms.3%% The 1-hole Cuz has only one characteristic band at ~670
nm in the visible spectrum which is attributed to S—Cu, His—>Cu CT and low energy Cu d—d transitions.® The
reduction potential of 2-hole/1-hole pair has been estimated to be +60 mV at pH 7.5.%% To date, no 3-hole [3Cu?* -
1Cu'*], 4-hole [4Cu?*] or the fully reduced [4Cu'*] form of Cuz has been reported. In fact, the attempted prolonged

incubation with reduced methyl viologens to reach the fully reduced [4Cu*] form of Cuz was unsuccessful.?®

Cuz* could also be isolated with either oxidized or reduced form of Cua. The primary differences of geometry
and coordination of Cuz* and Cuz arise from the solvent derived molecule coordinated across the Cu—Cuyv edge. The
observed spectroscopic features®:34% have been best fitted to an occupancy of a hydroxyl (OH") ligand across the
Cu—Cuyy edge that is slightly closer to Cu; (2.00 A) than Cuy (2.09 A).3837 Cuz* also possesses a [1Cu?* - 3Cu'*]
electronic state and is accordingly called “1-hole Cuz*”. The visible spectrum of Cuz* consist of a strong absorption
band ~640 nm that is attributed to S—Cu, His—Cu CT and high energy Cu d—d transitions.?”%3 | iterature reports
indicate that the absorption band at ~550 nm in 2-hole Cuz may originate from the u»-S, atom, as it is disappeared in
the visible spectrum of 1-hole Cuz*.” However, it is questionable as the 1-hole Cuz which has a u2-S, atom and a
similar electronic state to 1-hole Cuz* does not feature the absorption band at ~550 nm. Unlike 2-hole Cug, the 1-hole
Cuz* is resistant to reduction. In fact, it can only be reduced to the spectroscopic silent fully reduced state (4Cu'*)
upon prolong incubation (3-5 h) with large excess of reduced viologen.?® The reduction potential of [1Cu?* -

3Cul*])/[4Cu™*] has not been reported as electrochemical reduction of 1-hole Cuz* is not achievable.®®



Apart from the above discussed redox species of NoOR (Table 1.1), no other redox forms of the active site
have been reported up to the date. However, some interesting derivatives of those forms have been characterized using

spectroscopic and crystallographic techniques and will be discussed in the following sections.

TABLE 1. 1 Isolable redox forms of N,OR with their purification method, active site composition, spin state and
visible spectrum absorption. See ref 5,6,17 and 29 for detailed information.

Redox form of N.OR Source Active site type/  Active site Active site
S composition Spin state visible
Cua Active site spectrum
[CulS* - Cul®*] | [2Cu?*-2Cu*] | Anerobic purification S=0 N/A
[Cu'* - Cu*] [2Cu?* - 2Cu*] | Anerobic purification S=0 Absorption
and ascorbate bands ~550
reduction Cuz (4Cu2S) and 650 nm
[Cu'* - Cu*] [1Cu?* - 3Cu*] | Anerobic purification S=1/2 Absorption
and dithionate band ~670 nm
reduction
[CuS* - Cul®*] | [1Cu?*-3Cu*] | Aerobic purification S=1/2 N/A
[Cul* - Cu] [1Cu?* - 3Cu*] | Aerobic purification S=1/2 Absorption
and ascorbate band ~640 nm
reduction Cuz* (4CuS)
[Cu'* - Cu®] [4Cu'*] Aerobic purification S=0 Spectroscopic
and prolong methyl silent
viologen reduction

1.5.3 Substrate interaction with NoOR active site

Substrate binding studies of N2OR are typically challenging due to N.O being a weak ligand with poor o-
donor and m-acceptor ability.® Literature assignment of the edge site Cui—Cuy as the substrate binding site of N;OR
is largely depent on spectroscopic measurements*® and DFT3* calculations. Additionally, the idea is strongly supported
by the crystallograpic studies of N,OR inhibition by iodide (I) and the NoO-pressurised crystal structure of NoOR.2:41
It is also fundamentally supported by the fact that Cu,v atom is coordinated by only one histidine residue, providing a

potential coordination site for the substrate (N2O), while the rest of the Cu atoms are supported by two histidine



residues. Furthermore, one could imagine the labile solvent derived molecule across the Cu—Cuyv edge being replaced

by N2O in the beginning of substrate activation.

In this context, the N2OR inhibition study reported by Hasnain and co-worker is particularly important not
only because it represented the first inhibitor bound N>OR crystal structure but also because it strongly supported the
proposed substrate binding site for NoOR.?® The crystallographic characterization of anaerobically isolated N,OR from
Achromobacter cycloclastes (AcN,OR, PDB 1D 2IWF) at 1.86-A resolution revealed ligation of two oxygen atoms
(H20/OH") to Cu, and Cu,y atoms separately, which is different from conventional Cuz or Cuz* forms. However, the
visible and EPR spectra confirmed the active site to be a Cuz* (4CulS:[ 1Cu?* - 3Cu**) form.? Incubation of AcN,OR
with the inhibitor Nal over a prolonged period resulted reduction of the Cua center as evidenced by the complete loss
of spectroscopic features associated to Cua.?® However, the iodide inhibited Cuz* active site remained unchanged
(3Cu'* - 1Cu?) as evidenced by characteristic 650 nm absorption band in visible spectrum, even after the attempted

oxidation by KsFe(CN)s implying its redox-inert nature.?®

In the native AcN2OR, the Cu; and Cuyy atoms are coordinated by Oxy; and Oxy. atoms at 2.2 and 2.5 A
respectively (Figure 1.6A). The distance between two oxygen atoms is 2.3 A which could accommodate a bent N,O
molecule (where Cuy is bound to the oxygen and Cu, is bound to the N atoms of N,O) as proposed by DFT
calculations.® The active site loses its redox activity upon Cu—Cuy edge site being occupied by iodide anion (Figure
1.6B, PDB ID 2IWK). Overall, the proposed reduction involves N2O binding across the Cu—Cu,v edge, and upon
reduction and release of N, the remaining oxygen atom may coordinate between Cu, and Cu,y like iodide seen in the
inhibitor bound complex.?® However, such a complex will resemble the resting state of the catalytic site and will be

discussed further in the following section 1.6.3.
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FIGURE 1. 6 (A) The active site of native N;OR from Achromobacter cycloclastes (AcN-OR, PDB ID 2IWF) at 1.86
A showing the Oxy; and Oxy atoms coordinated to Cu; and Cuyy respectively. (B) inhibitor (I") occupies the proposed
substrate binding site (PDB ID 2IWK, at 1.7 A), causing the active site to lose its redox function. Helix-red, sheet-
yellow and loop-green. Images were created using PyMol educational version.

The study reported by Einsle and co-workers remains as the only example of a N2OR crystal structure, in
which the substrate (N20) is occupied in proximity to the proposed substrate binding site.*! The anoxic isolation of
N2OR from P. stutzeri contained the oxidized form of Cua [Cu®** - Cu!5*] and the 2-hole form of Cuz (4Cu2S, [2Cu?*
- 2Cu™*]). The X-ray diffraction data collected from N,O pressurized N,OR crystals contained extra electron density

that was adequately modeled to be a linear N,O molecule (Figure 1.7).4

It is important to notice that the substrate is not located at a bonding distance to Cu, and/or Cuyy, which is
proposed to be the substrate binding site. Nonetheless, weak interactions of N,O and Cuz have been observed in EPR
and UV-Vis data.** The authors proposed that the substrate is carried through the hydrophobic channels from the
protein surface to the cluster face formed by Cuz, Cuzv and Sz, atoms, in which the substrate is positioned in a tight
binding pocket created by F621, H626 and M627 residues (Figure 1.7). Upon the N,O activation and reduction, the
produced nonpolar N is escapes through the hydrophobic channels while the H,O molecule is retained in the distal

water filled cavity adjacent to the binding pocket.
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FIGURE 1. 7 N2O pressurized crystal structure of NoOR from P. stutzeri with extra electron density modeled as linear
N>O occupying proximity to CuZ center. a- Active site substrate binding. A hydrophobic substrate channel leads from
the protein surface (left) to a proximal vestibule at Cuz, where the linear NoO molecule can re-orient to displace the
two residues shielding the cluster, F621 and M627. b- distances around the N,O ligand in A. c- A F, - F difference
electron density map contoured at the 3o level showed the presence of the substrate. Reprinted by permission from
RightsLink Printable License: Springer Nature, ref. 41, N,O binding at a [4Cu:2S] copper—sulfur cluster in nitrous
oxide reductase, Einsle et al., copyright 2011.



12

However, no subsequent reactivity or change of the redox states of either copper center has been observed
with this substrate incorporated N>OR, and the only significant structural difference to the substrate free NoOR is that
the H583 histidine residue is coordinated to the Cua site which otherwise is rotated ~130° away from Cua and
participating H-bonding with backbone residues. This phenomenon suggests that the electron transfer event only

occurs upon flipping and coordination of H538 to the Cua site, which only happens upon exposure to N2O.*

1.6 The mechanism and the catalytic cycle of N.O reduction by N.OR

1.6.1 Dependence of catalytic activity of NoOR

The redox activity and catalytic features of N;OR have been proven to vary depending on the isolation
procedure, the mode of activation (reducing agent), the pH, and of course the redox state of the active site.587
Typically, the specific activity is reported as the pmol of N>O reduced/min/mg of N>OR and in most cases is
determined by the indirect spectrometric assay by following the oxidation of reduced viologen dyes at 600 nm. 4243
Alternatively, a direct chromatographic determination could be used by measuring the N,O consumption or N

production.4244

The idea that certain N2OR requires an external activation is supported by the fact that the certain crude
N2OR extracts display specific activities ranging from 48-72 pmol of N>O reduced/min/mg of N>OR that drop down
to 1-10 pumol of N2O reduced/min/mg of N2OR upon aerobic or anaerobic purification.***> The latter are believed to
be in an unready state of the enzyme,*® though other possible in vitro mechanisms cannot be ruled out. It is a valid
argument that the in vitro spectroscopic assays deviate from the physiological conditions as the reduction potential of
the electron donors used (methyl viologen, -450 mV vs SHE, pH 7.0 and benzyl viologen, -374 mV vs SHE, pH 7.0)*
are incomparable to the conditions found in native bacteria. However, the studies using physiologically relevant
electron donors have also displayed a higher specific activity for the crude cell extracts than that of purified N,OR.4®
50 Moreover, the purified N.OR from W. succinogenes shows high specific activity (160 pmol of N2O reduced/min/mg
of N,OR), implying that it does not require an external activation.5* The next section will discuss the redox forms of

copper sites (Cua and Cuz) found in the activated and/or non-activated N,OR.
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1.6.2 Catalytic activity of different Cuz forms

So far, 4 different redox forms of Cuz have been discussed, with either the reduced or oxidized form of Cua:
2-hole Cuz [2Cu?* - 2Cu*], 1-hole Cuz [1Cu?* - 3Cu*], 1-hole Cuz* [1Cu?* - 3Cu*] and the fully reduced state of Cuz*
[4Cu*] (Table 1.1). Of these, 2-hole Cuz and 1-hole Cuz* do not react with NO even after Cua is reduced, as evidence
by no change of the spectroscopic features in the presence of N,O.?° The 1-hole Cuz coupled to reduced Cua has been
found to slowly react with N2O, oxidizing back to 2-hole Cuz and oxidized Cua, completing a two-electron process.?
However, the corresponding turnover number (k = 0.6 h'l) is too low for this to be physiologically relevant. On the
other hand, the fully reduced Cuz* (spectroscopic silent, 4Cu'*) resulting from prolonged incubation of 1-hole Cuz*
with methyl viologen, reacts with N,O as evidenced by reappearing of spectroscopic features (correspond to 1-hole
Cuz* and oxidized Cua) and GC-MS detection of >N, production upon using **N-labeled N»O.%2 The turnover number
for the reaction could be as high as 320 s, but the reductive activation of 1-hole Cuz* requires harsh conditions

followed by a low rate constant (1.2 x 102 s%) for this to be considered as physiologically relevant.?°40:52

An interesting intermediate named Cuz°® has been observed within the first two minutes of the stoichiometric
reaction between fully reduced Cuz* and N,0O.%>% This intermediate is characterized by an absorption band ~680 nm
(e = 2000 M- cmt) and has a formation rate of 200 s followed by decay rate of ~5 x 103 s with reappearance of
characteristic absorption bands for 1-hole Cuz*.?%3° Both the formation and decay rates are compatible to reported
enzymic N,O reduction steady state kinetic assays, thus giving Cuz® a potential physiological relevance.?®3® The
observed spectral features of Cuz® are best explained by a DFT model in which the Cu, atom is coordinated to a
terminal OH- ligand at 1.93 A which is stabilized through H-bonding to a protonated lysine residue (K397) that is

interacting with negatively charged glutamate residue (E435).%"
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1.6.3 Latest proposed mechanism for N>O reduction by N,OR

As concluded in the previous section 1.6.2, the only form of Cuz that is catalytically competent and
physiologically relevant is the fully reduced form of Cuz* [4CulS, 4Cu*]. The latest catalytic cycle is proposed for
the in vitro reaction of activated NoOR by reduced methyl viologen with equimolar N,O.3” The reductive activation
of N2OR results in a reduced Cua [Cu* - Cu'*] and a fully reduced form of Cuz* [4CulS, 4Cu*] (Scheme 1.2,

intermediate 1).

N2O
1 intermediate 2
intermediate e+
2+ N
Cuy, —l N// \CU|
R - S T O/ S‘ -------- G Ly
K397H" Cu & G
! W Cuy K397H up oy
1+
; o i [4cu™ : [4Cu'™]
%_ E435 E435 -
-y N
5D o 2
5 g W
© 8 % T red
523 3 Cua
m =z intermediate 3 T2+
H CU|
Cqux . H
H, e
0 S-mmIIIIIICU“I N2
Q N
= +
= K397H Cup/ Cun
. : Cu;’®
CU re: -
A E435 [1CU2+ _ 3cu1+]
2+
CU|
Ho™
St Gy Slow decay in the :
: absence of reductant :
e K397H* Cup/ Cun B et
Kyecay = 5x103 s, pH 7.6
: Resting state
E435

[1Cu?* - 3Cu™]

SCHEME 1. 2 The mechanism of in vitro reduction of equimolar molar N.O by reduced N,OR with Cuz* center
showing the intermediates and the proton coupled electron transfer events from Cua center. The catalytically
competent cycle is shown using solid arrows while the dashes indicate the slow alternative pathway in the absence of
reductants. The conserved amino acid residues are labeled according to M. hydrocarbonoclasticus N,OR mature
primary sequence.
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N2O coordinates across the Cui—Cuyv edge in bent (139°) u-1,3 fashion with N and O termini coordinated to
Cu, and Cuyy respectively (Scheme 1.2, intermediate 2).374%53 The intermediate 2 is further stabilized by H-bonding
between Cuyy coordinated oxygen and nearby protonated lysine residue (K397).%7 The strong back bonding from Cu
atoms makes the Cui—N and Cu;—O bonds stronger than the N—N and N-O bonds, which in turn makes the inert N,O
susceptible for reduction.®®% Next, N is liberated upon a two electron transfer from Cuz* to N,O that is required for
N-O and Cu,—N bond cleavage, resulting in a 2-hole [2Cu?* - 2Cu*] Cuz*. This presumable, short-lived intermediate
has never been observed as the N liberation is accompanied by the subsequent protonation and single electron transfer
from Cua, resulting in Cuz® (Scheme 1.2, intermediate 3), evidenced by spectroscopic and DFT studies.'” A second
proton coupled intramolecular electron transfer event converts the Cuz°® back to the fully reduced state, completing
the catalytic cycle.” In the absence of reductants, the Cuz® slowly decays (5 x 10 s, pH 7.6) to its resting state 1-
hole CuzZ* with the OH- ligand bridging along the Cu,—Cu,v edge rather than remaining terminally attached to Cujy.®
Furthermore, the intramolecular reduction rate of Cuz® by sodium ascorbate has been found to be ~10* times faster
than that of the resting state, supporting the biological competence and physiological relevance of Cuz°® over the resting
state.” The catalytic activity of N,OR has been found to be sensitive to the pH of the medium even though the precise
mechanistic influence remains to be fully understood.®® Disturbance in the H-bonding network may alter the geometric
orientation around the substrate binding site and could also affect the protonation state of the interacting lysine residue

that facilitates the reduction of Cuz® by increasing its reduction potential and preventing decay to its resting

State.17’36’37’39

1.7 Structural and/or functional model complexes of Cuz

The content discussed in section 1.6 summarizes the catalytically competent Cuz forms and the proposed
intermediates of the catalytic cycle. The fully reduced Cuz* [4Cu®*] and the resting state [1Cu?" - 3Cu'*] have been
biologically isolated, but the most important intermediates 2 and 3 have been studied only using spectroscopic and
DFT methads, as the biological isolation of these short-lived species are challenging. Model complexes supported by
appropriate ligands could be an alternative way to isolate and study such intermediates as opposed the native enzymatic
studies that are limited by physiological conditions. In this section, the reported structural and/or functional copper-

sulfur model complexes of Cuz will be briefly discussed for their relevance to the structure and activity of N,OR.
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Regarding structural model complexes of Cuz, the first Cua(us-S) complex was reported in 1993 by Yam and
co-workers, way before the crystal structure of Cuz was revealed.®® The phosphine supported [Cua(us-
S)(dppm)4][(PFe)2] (1) (dppm = bis(diphenylphosphino)methane) (Chart 1.1 (top)) complex was studied not for its
relevance to Cugz, but for its photochemical properties.> Our group adapted Yam’s synthetic approach to synthesize a
few other Cua(us-S) derivatives and studied their reaction with N,O and other isoelectronic compounds.*® Moreover,
we have recently reported a sequence of formamidinate (NCN) supported Cua(u4-S) complexes (Chart 1.1 (bottom))
that are both structurally and functionally similar to the active site of NOR (discussed in detail in Chapter 2).5758
Apart from these, no other Cua(us-S) structural model complexes have been reported, except Cua(us-S) motifs found
in multinuclear Cu-S clusters that have been studied not for the relevance in Cugz, but for their photochemical
properties.>®-%2 However, several di and tri nuclear Cu-S complexes have been reported for their relevance in N,O

activity and will be discussed in the following paragraphs.
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CHART 1. 1 Previously studied (top) phosphine supported, (bottom) formamidinate supported [Cua(ps-S)]
complexes.

Tolman and co-worker published the first Cu—S complex that could reduce N,O to N,.%% The CusS, complex
supported by nitrogen rich 1,4,7-triazacyclononane ligands was not structurally similar to Cuz yet displayed
superficially similar UV-Vis spectroscopic features and N,O activity.%® They proposed a mechanism in which the
tricopper pre-equilibrates with a dicopper species that allows NO to coordinate between two copper atoms in u-1,1

fashion through the oxygen atom, providing an alternate substrate binding mode opposed to the p-1,3 coordination
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proposed for Cuz.®® In the context of N,O reactivity, our group has studied [Cus(us-S)(dppa)4][(PFe)2] (2) (dppa =
bis(diphenylphosphino)amine) (chart 1.1(top)) extensively.%®%4 In the presence of N3 (isoelectronic to N.O) 2
decomposes to a [Cus(us-S)(dppa)s] (PFs) complex and with excess N3~ the S is replaced by two N3 ligands forming
complex [Cus(us- N3)2(dppa)s](PFs). Once the iodide (biological inhibitor of Cuz) is used, 2 decomposes to a tricopper
complex [Cus(us-S)(us-1)(dppa)s] and in the presence of excess iodide, the S is replaced with two iodide ligands
forming [Cus(us- 1)2(dppa)s](PFe) (Figure 1.8). Moreover 2 has been found to reduce N2O to N under very specific

conditions involving secondary sphere interactions and will be discussed in Chapter 3.%4

Recently, Torelli and co-workers have demonstrated the N,O reduction activity of a Cu.S complex that
mimics the Cu—Cujv edge site of the Cuz.5® The labile H,O ligand and the metal-metal interaction in the Cu,S unit
were required for N,O reduction since similar complexes lacking those were inactive towards N2O.% The reduction is
followed by an intermediate in which a OH- ligand bridges between the two Cu atoms similar the Cu—Cuyy edge in
Cuz*. Our group has also studied a coordinatively unsaturated Cuz(u2-S) complex supported by two bulky IPr* ligands
that oxidized to Cua(u2-SO4) upon exposing to N2O or CO», implying that the Cuy; and Cuyy in the biological active
site are playing an important role during the N»O reduction by preventing (u4-S) from oxidation.®® Moreover, there
are few coordinatively unsaturated Cux(u2-S) and Cus(us-S) complexes supported by nitrogen rich ligands that have
been reported, and none with observed or tested reactivity towards N,O.5-7° Attempts have also been made to stabilize

multicopper x-S complexes yet only resulting in multicopper complexes with no sulfur incorporation.’-"2

To date, the two complexes reported by our group that are supported by dppa and NCN ligand systems remain
as the only examples of structurally and functionally faithful Cua(us-S) model complexes. The detailed N2O reduction
mechanisms of theses complexes will be addressed in Chapters 3 and 4, respectively. One of the areas in Cuz modeling
chemistry that has not been addressed adequately is the development of a predictable and tunable protocol to
synthesize Cua(us-S) clusters with desired features that enables the N»O reactivity. The next Chapter will present our

contribution toward developing such methodology.
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FIGURE 1. 8 (left) The tricopper species resulting from the reaction between [Cua(us-S)(dppa)s][(PFe)2] (2) and N3/
I. 2 = [Cus(us-S)(dppa)s](PFs), 4 = [Cus(us- Ns)2(dppa)s](PFe), 5 = [Cus(us-S)(us-1)(dppa)s] and 6 = [Cus(us-
12(dppa)s](PFs). The crystal structures of 4-3THF (a) and 5 (b) determined by X-ray crystallography. Core atoms are
shown as 50% probability ellipsoids, phosphine substituents are shown as wireframes, and C—H hydrogen atoms have
been omitted for clarity. Co-crystallized anions and solvent molecules are shown only if engaged in hydrogen bonding
to the cationic unit. N—H hydrogen atoms are shown in calculated positions. Atom colors: C, gray; H, white; Cu,
brown; F, green; I, purple; N, blue; O, red; P, orange; S, yellow. Reprinted (adapted) with permission from ref. 56.
Copyright (2014) American Chemical Society.
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2. SYNTHETIC PROTOCOLS FOR Cuz MODEL COMPLEXES

The content presented in Chapter 2 comes from published work in Rathnayaka, S. C.; Lindeman, S. V.; Mankad, N.
P. Multinuclear Cu(l) Clusters Featuring a New Triply Bridging Coordination Mode of Phosphaamidinate Ligands.
Inorg. Chem. 2018, 57, 9439-9445 and Rathnayaka, S. C.; Hsu, C.-W.; Johnson, B. J.; Iniguez, S. J.; Mankad, N. P.
Impact of Electronic and Steric Changes of Ligands on the Assembly, Stability, and Redox Activity of Cua(us-S)

Model Compounds of the Cuz Active Site of Nitrous Oxide Reductase (N2OR). Inorg. Chem. 2020, 59, 6496-6507.

2.1 Background

As discussed in Chapter 1 Section 1.2, one of the terrestrial N2O metabolism pathways is anoxic bacterial
denitrification that converts nitrate (NOs’) to N2 and H»O by a sequence of enzymes, the final step of which is the
2H*/2e" reduction of nitrous oxide (N20) to N2 and H,O catalyzed by an enzyme called nitrous oxide reductase (N.OR)
(Figure 2.1).! N,OR contains two metal domains, a dicopper electron transfer domain (Cu,) and a catalytic Cus(us-
S) domain (Cuz) (Figure 2.1).2 The structure and the identity of Cuz remained obscure for several years until it was
characterized using X-ray crystallography and spectroscopic techniques starting in the late 1990s.3* Pioneers including
those by A. J. Thomson and C. Cambillau played key roles in determining the structural identify of Cuz as a
tetranuclear copper cluster with a sulfur atom bridge, i.e. Cus(us-S).>® Influential spectroscopic, computational, and
mechanistic studies have been performed by Solomon’s group with biological isolation of different forms for Cug,
ultimately leading to the latest mechanism of N,O reduction by N,OR proposed recently.®” However, in many cases
spectroscopic, computational, and crystallographic analyses have led to mechanistic disagreement,”% in part because
the biological isolation of Cuz in pure form is challenging.’**® Studying synthetic model compounds of Cuz

mimicking structural and/or functional features represents an alternative approach to probe its mechanistic details.

In this context, there has been great interest within the bio-inorganic community in modeling this unique Cu-
S assembly, leading to new aspects of N,O activation and reduction being discovered.’>® A diverse class of
complexes'®2! resulted from attempts in synthesizing structural and/or functional model complexes of Cuz, including
notable work by the Tolman,??2® Murray,? Torelli,?>2?® and Hillnouse?”?® groups. While these compounds partially
modeled aspects of Cuz and brought new insights into Cu-S coordination chemistry and N2O activation, there are only

a handful of compounds that structurally model the unique Cua(us-S) core of Cuz,*>2%-3 only two of which are reactive
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towards NO (both from our research group).3>3* The lack of tunable and predictable synthetic protocols giving control
over Cu-S complexation hinders the application of synthetic model studies for mechanistic investigation of Cuz. One
of our group’s objectives has been to develop and manipulate synthetic strategies for building Cus(ps-S) model
complexes while maintaining the structural integrity and redox activity of the active site that would be needed for

studying N20O reduction mechanisms.
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FIGURE 2. 1 The structures of Cua and Cuz of N,OR from Pseudomonas nautica, at 2.4-A resolution (PDB 1D
1ONI).%4 (left) — Cua electron transfer domain. (right) — Cuz active site. The images were created using the PyMol
educational version.

2.2 General synthesis of Cus(us-S) assemblies

A reported procedure® has been utilized as the general synthesis of Cus(u4-S) assemblies, which involves
two steps: (1) synthesis of a dicopper(l) precursor complex supported by two bridging ligands (CuzL;), and (1)
reassembly of Cu,L, to Cua(us-S)L4 by reacting with a source of sulfur: neutral Sg for neutral Cu,L or S* for cationic
[CuzLz]™. First, a [Cua(us-S)(dppm)4]?* (1) (dppm = bis(diphenylphosphino)methane, see Chart 2.1) complex
originally reported by Yam? was tested for its activity towards N2O. Despite being structurally similar to the active
site of NoOR, 1 did not show any reactivity with N,O under the tested conditions. In fact, 1 does not possess any well-
defined redox chemistry according to cyclic voltammetry, and it is even air stable. The next attempt to test our general
synthesis protocol was to apply a slightly different ligand, dppa (dppa = bis(diphenylphosphino)amine), in place of

dppm. Additionally, we were keen to see any alteration of the activity that may arise due to the potential hydrogen
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bonding interactions by the -NH- groups. To our delight, the corresponding [Cua(us-S)(dppa)]?* (2, see Chart 2.1)
complex was isolated in good yields,3 and we recently reported that its reactivity with N,O can be modulated by

manipulating second-sphere hydrogen bonding interactions (see Chapter 3).3
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CHART 2. 1 Previously studied (top) phosphine supported, (bottom) formamidinate supported [Cua(ps-S)]
complexes.

Both 1 and 2 have a lack of well-defined redox chemistry, which is an essential aspect enabling Cuz to
mediate multielectron reduction of N,O. Hence, a series of different ligands was applied in place of dppm and dppa
to understand the steric and electronic requirements for stabilizing a redox active Cua(u4-S) assembly, with the goal

of identifying ligands that could support reversible redox behavior and N-O reactivity.

2.3 Bidentate phosphines ligands with longer bridges

It is important to notice that both dppm and dppa span adjacent Cu ions through 3-atom bridges (PCP or
PNP). Ligands having larger bridges between the phosphine donors prefer to chelate a single Cu(l) ion rather than
bridging in the absence of ancillary halides ligands.®® However, bis(diphenylphosphino)ferrocene (dppf) has been
found to stabilize dicopper complexes (similar to our precursors) in the presence of halides.*® So, we performed the

reaction between dppf and Cu(MeCN).PFs (1 eq), and it resulted a mononuclear complex with Cu(l) being chelated
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by one dppf and supported by two MeCN molecules, Cu(dppf)(MeCN),(PFs).3® We were interested to characterize
the reaction between this complex and a sulfur source, even if it does not resemble the dicopper precursors used
previously. An overnight reaction of Cu(dppf)(MeCN)2(PFs) with Na,S (0.25 eq) yielded complex 3 (major product)
and 4 (minor product) (Figure 2.2).

NaZS

Cu(dppf)(MeCN),(PFg) ——— > Cu,(dppf)s(PF + Cuq2Sg(dppf
(dppf)( )2(PFg) CH,Cl,. 1 d 2(dppf)3(PFs). U12Sg(dppf)4

(3) major (4) minor

FIGURE 2. 2 (top) Synthesis of dicopper complex 3 and dodecacopper complex 4. (bottom) The crystal structures of
complexes 3 and 4. Hydrogens have been omitted and only the core atoms are shown as 50 % probability thermal
ellipsoids for clarity. Crystal structure images were processed using Mercury 3.7 (Build RC1).

Complex 3 has been synthesized before by refluxing a mixture of Cu(MeCN).PFs and dppf (2 eq) for 48
hours.®” Complex 4 has also been synthesized before by reacting an equimolar mixture of CuOAc and dppf with
S(SiMez3), at -75 °C.% In our case, both 3 and 4 have been simply prepared by reacting Cu(dppf)(MeCN)2PFs with
Na,S (0.25 eq) at room temperature. In complex 3, two Cu(l) ions are far apart (Cu-Cu distance = 9.568(2) A) and are

supported by both bridging and chelating dppf ligands. All the added S? ended up in complex 4.
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2.3.1 Molecular geometry of dodecacopper complex (4)

It is noteworthy that the dodecacopper cluster is composed of six Cua(us-S) units. Precisely, there are two types of
Cuas(us-S) motifs (Figure 2.3). Four out of twelve Cu(l) ions are not attached to any dppf ligand and the dissociated

ligands end up presumably in complex 3 and as free ligands.
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FIGURE 2. 3 Two types of Cus(us-S) arrangements found in complex 4 and their geometry parameters. Core atoms
are shown as 50 % probability thermal ellipsoids. Images of the core atom structures were processed using Mercury
3.7 (Build RC1).

The Type A motif resembles a distorted square-based pyramid with each opposite side of the base being
equal. The average adjacent Cu-Cu distance is 2.697(9) A, and the Cu2-Cu4 diagonal (2.885(9) A) is shorter than the
Cul-Cu3 diagonal (4.318(9) A). Cu-S bonds that fall along a diagonal have equal lengths and the average Cu-S
distance is 2.256(26) A. In the Type B motif, Cu8 resides significantly away from the rest of the Cu ions. All Cu-Cu
and Cu-S bonds have distinct bond lengths. The average adjacent Cu-Cu distance is 2.798(13) A, and the average Cu-

S distance is 2.276(4) A. Overall, the average Cu-Cu and Cu-S distances of Type B are longer than those of type A.

2.4 Use of hemi-labile ligands

Complexation behavior of dppf, dppe,®® dppm and dppa implies that 3-atom bridged ligands are more likely to stabilize
a single Cua(us-S) unit via spanning each dicopper edge of the cluster, whereas longer bridges may result in complexes
with higher nuclearity and/or S:Cu ratios.33383° This was a vital observation in understanding the requirements for

assembling Cua(us-S) clusters. On the other hand, both structural models (1, 2) were inactive towards N2O (except
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under very specialized conditions for 2), and our primary reasoning was that they possess coordinatively saturated
Cu(l) ions, leaving no open coordination sites for N2O to bind. So, Ph,P(CH)NMes* (a) was applied in place of
bis(diphosphino) ligands. Having an imine nitrogen that is less o-donating than a phosphine, (a) is expected to behave
as a hemi-labile ligand. The reaction of (a) with Cu(MeCN)4PFs yielded a dicopper precursor complex (a’) as
expected. However, the reaction of (a’) with NazS yielded a complex mixture of products according to NMR

spectroscopy with no obvious Cu,S precipitate (Figure 2.4).
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FIGURE 2. 4 (top) Synthesis of dicopper complex (a’) and its reaction with S*. (bottom) The crystal structures of
complex (a’). Anion (PFg) and the hydrogens have been omitted and only the core atoms are shown as 50 %
probability thermal ellipsoids for clarity. Crystal structure images were processed using Mercury 3.7 (Build RC1).

Ligand (b) was then prepared* by changing the imine to a diethylamine group , but its reaction with
Cu(MeCN)4PF¢ (1 eq) gave inconclusive results. However, the reaction of (b) with CuCl (1 eq) delivered a tetracopper
complex (5) supported by two ligands and four bridging CI- ions (Figure 2.5).

The four Cu(l) ions of 5 resemble a parallelogram with the longer sides (2.730(2) A) supported by two
bridging (b) ligands and the shorter sides (2.659(2) A) held by two u,-Cl ligands. Additionally, each face of the
parallelogram is capped by a us-Cl ligand. All the chloride ions reside in a plane that bisects the shorter side of the
parallelogram at 95.5(1) °. Unfortunately, 5 was not stable in the presence of S, also decomposing to Cu.S as evident

by formation of a brown precipitate.
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FIGURE 2. 5 Synthesis and the crystal structure of tetra copper complex 5. Hydrogens have been omitted and only
the core atoms are shown as 50 % probability thermal ellipsoids for clarity. Crystal structure images were processed
using Mercury 3.7 (Build RC1).

2.5 Cus(w-S) clusters supported by formamidinate ligands (NCN)

The preceding ligands provided new insights into the formation of dicopper precursors and Cua(uas-S)
complexes, yet the available model compounds described above are redox inactive, and features of these phosphorous
ligands that may enable redox activity is yet to be discovered. In this context, we previously reported the use of
amidinate based ligand bis(2,4,6-trimethylphenyl)formamidinate (NCN) [deprotonated (c)] in place of phosphine-
based ligands.3**2 Being negatively charged, (c) was found to form a neutral dicopper(l) precursor complex (¢’). The
reaction of (¢’) with Sg resulted a Cus(us-S) complex (6¢) in the 2-hole redox state (formally 2Cu?* - 2Cu*).3! The 2-
hole species was chemically reduced to a 1-hole (7¢) complex (formally 1Cu?* - 3Cu'*) using K(18-crown-6)Fp as an
external electron donor (Fp = FeCp(CO).) (see Chart 2.1; an analogous reaction sequence in shown in Figure 2.7).%?
To our delight, the 1-hole complex was found to mediate the 2e- reduction of N,O to N, and O%, at that time
representing the first reported structural and functional model complex for the Cu; active site of NoOR.%? However,

cyclic voltammetry experiments indicated that the fully-reduced 4Cu(l) state was not stabilized by this ligand.3!

2.5.1 NCN ligand with electron withdrawing groups

The above discussed NCN ligand system could not stabilize the fully reduced redox state (formally 4Cu(l))
either electrochemically or by chemical reduction, presumably due to the anionic nature of the four NCN ligands

destabilizing the doubly anionic target. So, p-CFs groups were introduced to prepare an electron deficient
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formamidinate ligand (d) that might better stabilize a dianionic complex.*> The reaction between (d) and
Cu(MeCN)4PFs (1 eq) was carried out in attempt to synthesize a dicopper(l) precursor complex. Surprisingly, it instead

resulted in a tetracopper complex supported by four ligands (8) as confirmed by X-ray crystallography (Figure 2.6).

FsC CF3
\©\ /©/ s
+ Cu(MeCN)sPFg ————— >
N?N ( JPFe RT, overnight

Deprotonated (d)

FIGURE 2. 6 Synthesis and the crystal structure of tetra copper complex 8. Hydrogens have been omitted and only
the core atoms are shown as 50 % probability thermal ellipsoids for clarity. Crystal structure images were processed
using Mercury 3.7 (Build RC1).

The four Cu(l) ions in 8 resemble a slightly distorted rhombus with an average Cu-Cu distance of 2.692(8)
A. The shorter dicopper diagonal is 2.843(6) A, and the longer one is 4.571(4) A. Each side of the rhombus is bridged
by an NCN ligand from top and bottom alternatively, leading to m-stacking between the phenyl substituents on the
same face of the rhombus. Essentially, complex 8 resembles the Cu; site lacking its sulfur atom. We were unable to

identify any conditions for introducing a sulfur atom into the tetracopper core of 8.

2.5.2  Effect of NCN ligand residual substituent on complex formation

The complexation behavior of (d) suggested that our general synthetic protocol for assembling Cuas(us-S)
complexes might be sensitive to the residual substituents on NCN ligand. To confirm this, ligands (e)-(m) were
prepared and tested for their complexation behavior (Table 2.1). Formation of the dicopper(l) precursor complexes
were primarily confirmed by 'H NMR spectroscopy and solubility behavior. To test for formation of 2-hole Cuas(js-
S) clusters, the characteristic intense purple color (or lack thereof) was monitored by UV-Vis spectrometry (see

Chapter 5, Section 5.1.4 Experimental spectra and relevant data tables).



TABLE 2. 1 The effects of NCN ligand residual substituents on the formation of dicopper precursor, tetra copper-

sulfur 2-hole and/or 1-hole clusters.
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Ligand (c) featuring methyl substituents at both ortho and para positions was chosen as the reference point.
The reaction of Cu(MeCN).PFs (1 eq) with ligands (e)-(g) forms yellowish solids with poor solubilities in common
organic solvents. Typical dicopper formamidinate complexes are colorless and have significant solubilities in common
organic solvents. This leads us to believe that ligands (e)-(g) form multicopper complexes like 8; however, we could
not confirm that by solution NMR or X-ray crystallography because of the poor solubilities. Changing the para
substituent to -H and maintaining ortho-methyl groups (h) reestablished the general synthesis. We were able to isolate
6h in good yields, followed by chemical reduction to get 7h using K(18-crown-6)Fp (Figure 2.7). Assignment of 7h
was further confirmed by observing similar features in X-band EPR (g = 2.05, 2.01) and UV-Vis (Amax= 571 nm) to
those of 7c. Changing the para substituent to -Cl while having -CHj3 groups at ortho positions (i), had minimal effects
to the synthesis. However, the isolation of 6i was challenging and the chemical reduction to a 1-hole species was not
attempted. At this point it was clear that a steric factor similar to -CHs is required at the ortho positions of the
formamidinate ligands to stabilize a Cuas(us-S) assembly. Change in the steric factor at the para position has a

minimum effect to the stability but affects the solubility and isolation of Cua(us-S) complexes.
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FIGURE 2. 7 Synthesis of dicopper precursor complex (h’), 2-hole tetra copper-sulfur complex 6h and its subsequent
chemical reduction to 1-hole complex 7h. The 18-crown-6 of 7h was exchanged with 2,2,2-cryptand before
crystallization. crystal structures of complexes (h’), 6h and 7h. Hydrogens have been omitted and only the core atoms
are shown as 50 % probability thermal ellipsoids for clarity. Crystal structure images were processed using Mercury
3.7 (Build RC1).
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Ligands (j)-(m) show that the dicopper(l) precursor could be stabilized as long as neither ortho position is
unsubstituted. Under the tested conditions, -CHs, -Cl, -OMe and isopropy! substituents at ortho positions are amenable
to stabilizing the dicopper(l) precursor structure. Moreover, ortho substituents bigger than -CHs; [(k), (m)] destabilize
the formation of the Cua(us-S) assembly due to their steric repulsions, while both -CH3 and -ClI with similar steric
factors**“4 have been able to stabilize 6h and 61 even with different electronics (Table 2.1). Collectively, the formation
of the dicopper precursor and the 2-hole Cua(ua-S) cluster is controlled mainly by the steric factor at the ortho positions

of the formamidinate ligands and is relatively insensitive to the para position.

2.5.3 Redox features of 2-hole complexes supported by NCN ligands

The redox behavior of 6h and 6i was compared to that of 6¢ using cyclic voltammetry (Figure 2.8). The
cyclic voltammogram, reported previously®?, of 6¢ features a reversible one electron redox event at -1.28 V vs Fc*/Fc.
Change of the para substituent from -CHs to -H (6h) shifts the reduction potential to -1.15 V (vs Fc*/Fc) (Epa = -1.09
V, Epc = -1.21 V). Changing the para substituent to -CI (6i) shifts the reduction potential to -1.24 V (vs Fc*/ Fc) (Epa
=-1.18 V, Ep; = -1.30 V). Both 6¢% and 6h could be chemically reduced to the corresponding 1-hole clusters 7c and

7h, but the chemical reduction of 6i was not attempted.
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FIGURE 2. 8 Cyclic voltammograms of 6¢ (1), 6h (I1) and 6i (111) with 0.1 M [NBu4][PFe] in THF, referenced to Fc*/
Fc =0V (0.46 V vs. the Ag*/Ag° reference electrode) . Initial potential for (11) = -0.46 V, initial potential for (111) =
-0.80 V, scan direction = falling, sweep rate = 0.1 V/S. The CV of 6¢ (1) is reproduced with permission from reference
31. Copyright 2015 chemical communication, The Royal Society of Chemistry.



35

2.6 Multi copper complexes supported by phosphaamidine ligands

The results thus far indicate that neutral phosphine donors (soft) are suitable for stabilizing Cua(us-S)
assemblies in the fully reduced 4Cu(l) state, while the anionic formamidinate donors (hard) are suitable for 2-hole and
1-hole states. However, neither neutral nor anionic ligand could individually support a Cua(us-S) complex that shows
a completely reversible two-electron redox chemistry as is observed for the biological Cuz site. We next hypothesized
that a Cua(us-S) cluster supported by a ligand composed of both neutral phosphine and anionic nitrogen donors would

enable two-electron redox chemistry.

2.6.1 Background of phosphaamidinate ligands

The coordination chemistry of phosphaamidinate analogues, [RNC(R*)PR], is less well known since the
initial discovery of phosphorous—carbon multiple bond chemistry by Issleib et al. in 1978,%° and only a few examples
of transition metal phosphaamidinate complexes are reported including a binuclear Pt(1l) complex chelated by N and
P,*> a TI(l) complex supported by P and an aryl substituent on N,*® a trinuclear-Au(l) complex only coordinated

through P,*” a Rh(l) complex chelated with both N and P (Chart 2.2).%

Bu  Ph
Fl’h Ph __ Ph’N*MeS\P"‘AU"‘P =N’
\ / \ / By ‘Bu—<(N [Rh(COD)] N| m :\ /i\u AU\ Mes”
/ \ / \ . )\P e Bu /P .
Fl’h Mes fl)ipp “Mes z//

0} (it) (i) (iv)
CHART 2. 2 Different modes of coordination reported for phosphaamidinate/phosphaamidine ligands. (i) and (ii)

represent chelating phosphaamidinates and (iii) and (iv) shows coordination/ bridging of phosphaamidine through
phosphorous donor.

The coordination chemistry of phosphaamidinates thus far consists of chelation to single metal sites or p,-P
bridging between two metal sites. Phosphaamidinates possess different electronic properties to that of amidinates, due
to the softer P-donor atom and different n-donor behavior of P=C vs. N=C multiple bonds. Hence, additional

coordination modes may be available to phosphaamidinates that are unavailable to amidinates. Specially,
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phosphaamidinates must be able to bridge between two copper atoms for them to be applicable in our precursor and
tetracopper-sulfur complex synthesis. The different electronic features and coordination modes of phosphamidinates
have the potential to complement the established behavior of the prolific amidinate ligands, allowing them to be

versatile for designing organometallic architectures.

2.6.2  Use of phosphabenzamidinate ligand

In attempt to test our hypothesis first, phosphabenzamidine (ni)/(n2) was synthesized by adopting the
synthetic routes reported in literature,*”* utilizing N-benzylidyne-2,4,6-trimethylbenzenaminium triflate C and
mesitylphosphane D (Scheme 2.1). The reaction conditions drive 1,3 hydrogen shift to afford (n1) ~80 % and (n2) ~20
%. Without purification, both (n1) and (n2) can be transformed into corresponding lithium phosphabenzamidinate (0)

by deprotonation with n-butyllithium.*°

mes—NH Benzoyl Chioride (1.1 eq) 0 Thionyl Chioride (4 eq) al 1) TMSOTf (1.4 eq) ng
. ° _THRO°C mes.. L _2nrs.70°C Py DCM, - 78 °C ®_
~ s _— —N=
1.5 hrs, RT N Ph -HClL-SO; MEENT pn  2)2hrs, RT mes mes
NEt; (1.3 ea) . NHELC - TMSCI
c
1) Mg (2.5 eq), I, THF 1) DCM, 10 min
2.5 hrs, RT LiAlH4 (0.75 eq), E,O -78°C
mes—Br mes—PCIX mes—PH; —— 2) 10 min, RT
2) PCl (3 eq), THF 4hrs, - 78°C to RT NEy
Overnight, 0 °C D 3
X =Cl or Br - HNEt;0Tf
Ph
1) n-butyllithium (1.2 eq) Ph Ph
meS\N 2 P/I'nes THF, -78°C mes. kp,mes + meS\NA\ _mes
| -
Li(THE), 2} 10 min, RT N R
(0) (ny), 80 % (n2), 20 %

SCHEME 2. 1 Synthetic procedure of phosphabenzamidine (n) and phosphabenzamidinate (0)

With (o) in hand, we were interested in studying its coordination with Cu(l) ions. Cu(l)Cl was chosen as the
source of copper, with the expectation that precipitation of LiCl salt would facilitate coordination. The reaction of (0)
with 3 eq of Cu(I)Cl in THF delivered an orange solid that showed distinct peaks for inequivalent mesityl CH3 groups
in the *H NMR spectrum, possibly due to n-m stacking interactions restricting rotation of the mesityl groups. The
crystal structure revealed this orange solid to be Cug[mes-N=C(Ph)-P-mes]sCL:Li(THF). (9) (Figure 2.9). To our

surprise, four CI" anions and a Li* cation were retained in the structure. We have been unable to induce LiCl
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precipitation from 3 through a variety of methods, and addition of Na,S simply results in partial Li*/Na* exchange as

judged by NMR spectroscopy and crude X-ray crystallography.

FIGURE 2.9 Side (left) and the bottom (right) views of the crystal structure of the hexacopper complex 9. Hydrogens
have been omitted and only the core atoms are shown as 50 % probability thermal ellipsoids for clarity. Crystal
structure images were processed using Mercury 3.7 (Build RC1).

The solid-state structure of complex 9 consists of two triangular Cu(I) clusters arranged on top of each other
as a hexacopper antiprism. The “bottom” Cul---Cu2---Cu3 base is capped by a Cl ligand, and the “top”
Cu4---Cu5---Cu6 base is supported by three p,-Cl- ligands that, in turn, are capped by a Li* ion. The Li* ion has also
two coordinated THF ligands. The phosphabenzamidinate ligands are arranged in a regular propeller-like chiral
fashion, with their N-atoms coordinating the “bottom” 3Cu(I) base and their P-atoms acting as p,-ligands bridging the
“bottom” and “top” bases of the antiprism. The Cu---Cu separations within the “bottom” base are shorter (2.69-2.75
A) than in the “top” (2.95-3.14 A), and both are shorter than Cu---Cu separations between the bases (~3.3 A for P-
bridged Cu(I) ions and 3.6-3.8 A between non-bridged ones).

We are interested in more reactive complexes with coordinatively unsaturated Cu(I) ions, as precursors to construct
tetranuclear copper sulfide clusters. To attempt to address this, (0) was reacted with 1 and 2 eq of Cu(I)Cl, to target a
di- or trinuclear cluster with a 1:1 ratio of bidentate phosphabenzamidinate to Cu(I). Interestingly, the 3'P NMR spectra
showed formation of 9 and unreacted (0) in both reactions, suggesting that the formation of 9 is highly favorable

regardless of metal:ligand stoichiometry in the reaction mixture. As confirmed by the crystal structure, the presence

of u>-Cl ligands stabilizes 9 by balancing the charge and saturating the Cu centers. Such coordination of halides is
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common, and a similar coordination has been reported by Jessop and co-workers in a phosphaamidine-Cu(I)Br
cluster.’® So, we next wondered whether a more reactive complex could be attained by applying a halide-free copper
source. Mesitylcopper was an ideal candidate for this purpose, as it allows the simultaneous deprotonation and
coordination. To begin with, (0) was reacted with 1 eq of mesitylcopper at room temperature, and after 3 hours (o)
was partially consumed and a new product was observed by *'P NMR spectroscopy. The formation of mesitylene was
confirmed by 'H NMR spectroscopy. After purification, the 'H NMR spectrum of the new species indicated restricted
rotation of the mesityl groups, like 9. However, the solubility of the new species was poor in most of the available

solvents, hence making it is difficult to grow X-ray quality crystals or analyze the structure by solution methods.

2.6.2  Use of phosphaformamidinate ligand

Next, phosphaformamidine (p) was synthesized and applied in place of (0). The previous synthetic route
(Scheme 2.1) could not be applied as multiple attempts to make the imidoyl chloride (precursor of C) were
unsuccessful. Hence, ethyl-N-mesitylformimidate (E) was synthesized** and reacted with lithium
mesitylhydrophosphanide to afford (p) as a yellow green solid (Scheme 2.2). Production of mesityl phosphane was
also observed as the lithium mesitylhydrophosphanide is basic enough to deprotonate (p). However, an overnight long

reaction time followed by the addition of NH4Cl, shifted the equilibrium towards the formation of (p).*

H .
Li
mes, H . | ) |
N Et,0, Overnight N 2P ) Li(H)P-mes N P
W e ™ e o 2= NP e
OEt
-78°Cto RT H H
E P
_ NH4CI, (1 eq)
n-Buli, (1.2 eq) - LiCl (s) H
-78°C - EtOH r~|1 P
=
HoP-mes - NH; mes” \]/ \mes
H

SCHEME 2. 2 Synthesis of scheme of phosphaformamidine (p).

A small-scale reaction of (p) (0.0673 mmol) with mesitylcopper in Et,O afforded 10 as an orange solid after
2 days. However, scaling up the reaction by 10-fold required 8 days to complete the reaction as evidenced by 3P

NMR. So, an alternative approach was applied by first deprotonating (p) with sodium bis(trimethylsilyl)amide
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(NaHMDS) and the adding Cu(MeCN)4PFg in Et,0, resulting in rapid formation of 10. The *H NMR spectrum of 10
exhibited restricted mesityl bond rotation like 9, and the single crystal XRD confirmed the identity of 10 as Cus(mes-

N=CH-P-mes]s (Figure 2.10).

FIGURE 2. 10 Top (left) and the side (right) views of the crystal structure of the tetracopper complex 10. Hydrogens
have been omitted and only the core atoms are shown as 50 % probability thermal ellipsoids for clarity. Crystal
structure images were processed using Mercury 3.7 (Build RC1).

The structure of 10 contains a tetrahedron of Cu(l) ions, with the overall cluster having non-crystallographic
Ss symmetry. Each ligand caps one of the faces of the tetrahedron with N-atoms reaching Cu atom opposite to the
bridged edge at a 2.01 A distance. All P-Cu bond lengths are in a narrow range 2.26-2.28 A and have an average
Cu---Cu separation 2.94 A. The two opposite non-bridged Cu atoms are elongated to a distance of 3.13 A,

Even in the absences of halides, 10 still has po-bridging phosphorous atoms, implying that the triply bridging
coordination behavior of phosphaamidinates is intrinsic. To our knowledge, this coordination mode has not been
observed previously in the phosphaamidinate literature. Analogous behavior is not seen in formamidinates, as the
nitrogen lone pairs are resonance delocalized and thus unavailable to bridge two metals at a single N-atom. In
conjugate base of (n) and (p), there is apparently less delocalization due to poor overlap of the phosphorous 3p orbitals
with the carbon 2p orbitals, making the phosphorous lone pairs available for an extra coordination to a third metal

center.



40

2.6.3  Electrochemistry of phosphaamidinate supported multi copper clusters

The redox behavior of both 9 and 10 was studied using cyclic voltammetry. Complex 9 displayed few redox
events that are not well defined and, surprisingly, complex 10 was redox innocent (see Chapter 5, Section 5.1.4
Experimental spectra and relevant data tables) despite being supported by electron rich phosphorous o-donors. In
addition, due to our interest in constructing tetranuclear copper-sulfide clusters, we added several sulfur-atom donor
reagents to 10. Unfortunately, no reaction was observed under the conditions we examined, indicating the inert nature

of 10 (which is even air-stable).

2.6.4  p-coordinated P, N mixed donor ligand

Coordination pattern of the complexes 9 and 10 confirms that the synthesized*®>* phosphaamidinates (o) and
(p) do not behave as their formamidinate counterparts; instead the negatively charged phosphide units bridge between
three Cu(l) ions, assembling them into a hexa- and tetracopper(l) clusters, respectively (Table 2.2).4° Apparently, the
negative charge should be valence-trapped on nitrogen to facilitate pp-coordination of the 3-atom bridge;
delocalization of negative charge on phosphorous instead favors binding to three copper centers. However, literature
reports of such ligands having a negative charge on nitrogen indicate that they may be unstable towards P-C bond
cleavage.®? Nonetheless, there are a few ways to stabilize such an arrangement, including pre-coordination of Cu to
phosphorous before N deprotonation or having cyclohexyl substituents on phosphorous.5? Alternatively, we could
deconjugate nitrogen and phosphorous. To test our hypothesis, the ligand (q) containing a pyrrole anion was
synthesized adopting a literature procedure.>® The reaction of (q) with Cu(MeCN)sPFs (1 eq) resulted a dicopper
precursor complex (q°) as expected (Table 2.2). However, our target was to synthesize a precursor in which each
copper is supported by both neutral and anionic donors. Instead, in () each Cu(l) was supported by either two neutral

or two anionic donors as confirmed by the X-ray crystallography (Figure 2.11).
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FIGURE 2. 11 Synthesis and the crystal structure of the dicopper precursor complex (q’). Hydrogens have been
omitted and only the core atoms are shown as 50 % probability thermal ellipsoids for clarity. Crystal structure images

were processed using Mercury 3.7 (Build RC1).

TABLE 2. 2 Multi copper(l) complexes stabilized by phosphaamidine (a) and phosphaamidinates (0-q) ligands.

Ligand Complexation with Cu(MeCN)sPFs
Ph\P&N’MeS (@ Forms a dicopper precursor complex (a’)
|
Ph
Ph
Mes.. /k Mes (0) Forms a hexacopper complex 9
P~ IIJ
Li(THF),
Mes\p%\N/Mes (P Forms a tetra copper complex 10
S
D Q) Forms a dicopper precursor complex (q°)
Ph.
P N
| Q
Ph

In (q’), the average Cu-N and Cu-P bond lengths are 1.863(4) A and 2.258(1) A, respectively. The N-Cu-N

unit is linear, while the P-Cu-P unit is bent to accommodate a coordinated solvent molecule. Unfortunately, the

reaction of (g’) with Sg gave inconclusive results, forming a brown precipitate that we assume is Cu,S. ldeally, neither

neutral phosphorous nor anionic nitrogen donors should allow the decomposition of the dicopper precursor (q) to solid

CuzS. Perhaps, the precursor with two electronically different Cu(l) ions disrupts the assembly of a Cua(us-S) cluster.
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Attempts to synthesize a precursor with electronically similar Cu(l) ions yet supported by both neutral and anionic

donors are currently underway.

2.7 Conclusion

A series of ligands consisting of neutral and/or anionic donors have been tested for their ability to stabilize
corresponding dicopper precursor complexes that are in turn able to assemble into Cua(us-S) clusters. Ligands having
a 3-atom bridge between the Cu(l) ions in the precursor are more likely to assemble a Cua(us-S) cluster in the presence
of a sulfur source. The Cuas(us-S) complexes (1, 2) that are supported by dppm and dppa are structurally close to the
active site of NoOR.%° Attempts to make analogues of 1 with hemi-labile ligands failed as the Cu(l) ions was stripped
out of the complex by S%. Ligand (c) stabilized a redox-active Cus(ls-S) system, representing the first reported
structural and functional model complex of the Cuz active site of N,OR.%? Complexation behavior of ligands (d)-(m)
indicates that formation of the dicopper(l) precursor and then the 2-hole Cuas(us-S) cluster is governed by the steric
factor at the ortho positions of the formamidinate ligands. Collectively, the neutral phosphine donors are suitable to
stabilize the formally 4Cu(l) state of a Cus(us-S) cluster, and the anionic nitrogen donors are required to stabilize the
2Cu?* - 2Cu** and 1Cu?* - 3Cu* redox states. Phosphaamidinates (0)-(q) were rationally designed to incorporate both
neutral and anionic donors. The anionic charge delocalization onto phosphorous results in ps-bridging coordination®,

but valence-trapping the charge on nitrogen allows the isolation of a dicopper complex.

2.8 Future directions

An ideal ligand system that would stabilize all three redox states of a Cuas(us-S) complex is yet to be
discovered. Our approach of using anionic P, N mixed donor (hard and soft) ligands was not successful in stabilizing
Cug(us-S) assembly. Our next strategy to have a mixed donor ligand is to extend the formamidinate system to

accommodate neutral N or P donor groups. Such ligands (Chart 2.3) have already been published.5*5¢

NAN% @\NANQ Q\NAN
=N N Ph,P PPhy PhyP N

qgfam dpfam dpgfam
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CHART 2. 3 Literature reported formamidinate ligands with neutral P/N donor groups. gfam = N,N’-di-8-
quinolylformamidinate, dpfam = N,N’ -bis[2- (diphenylphosphino)phenyl]formamidinate and dpgfam = N-(2-
diphenylphosphino)phenyl-N’-8-quinolylformamidinate.

A 1:1 reaction of gfam with Cu(MeCN)4PFs yielded a dark red color solid which has a poor solubility in
common organic solvents. Presumably, it is a dicopper precursor complex as evidenced by no remaining reactants at
the end of the reaction. However, leaving a THF solution of this red colored product under open air resulted in the
formation of dark blue-purple crystals and the crude single crystal analysis revealed its identity as Cua(us-O)(qfam)a
(Figure 2.12). Characteristic blue purple color of the crystals implies this to be a 2-hole complex, but the product has
not been fully characterized yet. However, this observation makes us believe that gfam could stabilize a Cua(u4-S)
assembly. Currently, experiments are underway to characterize the presumable precursor complex [Cuz(gfam).] and
to explore its reactivity with neutral sulfur reagents. If it stabilizes a Cua(u4-S)(gfam). cluster, it will be interesting to
study its redox behavior because such complex may have the two electron redox stability (2-hole to fully reduced and

vice versa) that is required for N-O reduction activity.

FIGURE 2. 12 Top (left) and side (right) view of the crude crystal structure of Cus(us-O)(gfam)s. Hydrogens have
been omitted and only the core atoms are shown as 50 % probability thermal ellipsoids for clarity. Crystal structure
images were processed using Mercury 3.7 (Build RC1).
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3. INFLUENCE OF SECONDARY COORDINATION SPHERE INTERACTIONS ON
THE N20O REDUCTION BY A SYNTHETIC Cuz MODEL COMPLEX

The content presented in Chapter 3 closely follows the published work in reference Hsu, C.-W.; Rathnayaka, S.
C.; Islam, S. M.; MacMillan, S. N.; Mankad, N. P. N,O Reductase Activity of a [CusS] Cluster in the 4Cu(l) Redox
State Modulated by Hydrogen Bond Donors and Proton Relays in the Secondary Coordination Sphere. Angew. Chemie

Int. Ed. 2020, 59, 627-631.

3.1 Background

As part of bacterial denitrification, the 2H*/2e" reduction of N,O is catalysed by the metalloenzyme, nitrous
oxide reductase (N,OR).! Structural characterization of N,OR reveals that its catalytic site, Cuz, has an unusual
[Cua(us-S)] core structure.?3 Given the difficulties of designing synthetic catalysts for N,O activation, it is intriguing
to consider how this unusual 4Cu:1S cluster binds and activates N2O under physiological conditions. The hydrogen
bonding network found in native Cuz could play a crucial role in the catalytic cycle by manipulating substrate binding
and activation.*5 In this content, the interaction of N>O with synthetic model complexes of Cuz could provide useful
insights, but it is challenge as N>O bound transition metal complexes are rare. In fact, such complexes featuring N2O
ligands have only been crystallographically characterized recently,®* in part because weakly donating ligands such as
N have long been known to bind competitively with N2O in classic complexes such as [Ru(NHs)sL]** (L = N,O or
N,).2° Thus, fundamental knowledge about how transition metal active sites can be designed to bind and activate N,O

is very valuable.

A large body of enzymological, spectroscopic, and computational work from Solomon, Moura, and co-workers*
has led to a recently updated mechanistic proposal for N,O reduction at Cuz.* In this proposal (Scheme 3.1), the fully-
reduced 4Cu' state of Cuz binds N.O along the Cu—Cu, edge of the cluster with assistance from a second-sphere
LysH™ residue (K397). Bending of the N.O molecule upon coordination, along with electron donation from Cuz into
the N2O n* levels, induces N-O bond cleavage and loss of N,. The hydroxy ligand thus produced from N2O is
subsequently converted to H,O with assistance from K397 acting as a proton shuttle during coupled proton/electron
transfer. The structural asymmetry of the 4Cu:1S core is thought to be crucial for this mechanism, as the asymmetric
distribution of electron density among the four Cu sites is thought to provide a low-energy pathway for electron

transfer from Cuz to N2O via Cuyy. It should be noted, however, that this proposal is under some doubt as Einsle and
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co-workers showed that anoxic preparations of NoOR feature a [Cua(ps-S)(p2-S)] form of Cuz where the additional

L2-S ligand blocks access to the dicopper edge proposed by Solomon et al. to be the N2O binding site.?
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SCHEME 3. 1 The mechanism of in vitro reduction of equimolar molar N>O by reduced N,OR with Cuz* center
showing the intermediates and the proton coupled electron transfer events from Cua center. The catalytically
competent cycle is shown using solid arrows while the dashes indicate the slow alternative pathway in the absence of

reductants. The conserved amino acid residues are labeled according to M. hydrocarbonoclasticus N;OR mature
primary sequence.

3.2 The N,O reduction by Cuz model complex [Cua(us-S)(dppa)s]** (2)

Synthetic model compounds can be used to probe various aspects of the Cuz mechanism.™® Tolman, Torelli,

and our group have each reported N2O reductase activity with copper-sulfur clusters that do not mimic the structural
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features of Cuz in terms of aggregation state or Cu:S stoichiometry.**6 The first [Cus(us-S)] cluster (1) was reported
in 1993 by Yam and co-workers using bridging dppm ligands (dppm = bis(diphenylphosphino)methane).'” This 4Cu'
complex lacks any well-defined redox chemistry or N,O reactivity but, separately, has shown intriguing
photochemical properties.*® Our group recently accessed the 2Cu?* - 2Cu'* and 1Cu?* - 3Cu?* redox states of a [Cua(|a-
S)] cluster using the bridging formamidinate ligands [(2,4,6-Me3CeH2N).CH]-,**2° but the 4Cu'* state that would

model the active form of Cuz was unstable and could not be accessed synthetically.

Our group has also reported new derivatives of the original Yam-type 4Cu'* complex, including [Cua(jia-
S)(dppa)s]?* (2, dppa = bis(diphenylphosphino)amine).?* A unique feature of 2 is the ability of its second-sphere N—
H groups to act as hydrogen bond donors towards anions and solvent molecules. In our previous study, we showed
that complex 2 exhibits reactivity that complex 1 lacks, including activation of triatomic substrates isoelectronic to
N,O (e.g. N3) and strong binding of I-, which is a known inhibitor of N,OR.?? Then we disclosed conditions under
which 2 mediates 2H*/2e" reduction of N,O, with two second-sphere N—H groups acting as the terminal proton donors
to produce H,0.Z The activity of 2 is modulated by second-sphere hydrogen bonding interactions and can be
suppressed in the absence of effective hydrogen bond acceptors. Significant aspects of these findings include: 1) the
first report of a synthetic cluster in the physiologically relevant 4Cu**:S? redox state activating N.O, 2) second-sphere
amine residues that model the K397 residue of N2OR, and 3) biomimetic interplay of primary and secondary structure

on active site function.
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\ \CLI" S G / T \'-‘,N/ ., \
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\ ~ p—" u 2 86%
H Ph;
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SCHEME 3. 2 2H*/2e" conversion of N2O mediated by 2 in methanol using two equivalents of CoCp; as an external
electron donor. Production of stoichiometric amounts of 3 and [CoCp,]* were confirmed by *H/S'P NMR while
production of N, was quantified by GC-MS analysis. Formation of H,O was detected by near-IR analysis (see Chapter
5 - Section 5.2.2,5.2.3,5.2.4 and 5.2.5).

In our initial study,?* we reported that complex 2 did not react with N>O under any conditions we examined.
Later, we have found that bubbling excess N2O into a MeOH solution of 2, followed by slow addition of CoCp. (2

equiv) as an electron donor, results in a rapid color change, with complete conversion within one hour as determined
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by 3P NMR spectroscopy. The main Cu-containing product was identified as neutral Cux(dppa)(dppa’)2 (3, dppa’ =
(Ph2P)2N"), which was produced in 90% yield according to *'P NMR and was isolated in 67% recrystallized yield.
Adding less than two equivalents of CoCp; resulted in incomplete conversion of 2 according to 3P NMR spectroscopy,
consistent with a two-electron reduction reaction. No reaction was observed between CoCp, and N2O in the absence
of 2. Upon scale-up, the resulting [CoCp2][PFs] was isolated in pure form after workup (see Chapter 5 — Section 5.2.3).
Based on these observations, we hypothesize a balanced reaction as shown in Scheme 3.2. The formation of N, was
verified by GC-MS headspace analysis, and its yield was determined to be 86 (£5) %. Thus, the yield of 3 is
representative of the production of N2 from N2O. Due to the incompatibility of various reaction components with
reagents employed in Karl-Fischer and other chemical H.O assays, the formation of H,O was verified qualitatively
using an established near-IR assay,? although H,O quantification proved to be challenging by this method (see

Chapter 5 — Section 5.2.4).

FIGURE 3. 1 Solid-state structure of (left) 2 (from MeOH solution) and (right) 3 as 50%-probability ellipsoids (non-
C,H atoms) or wireframe (C atoms). C-H hydrogens have been omitted, and the N-H hydrogens shown were located
in the Fourier difference map and allowed to refine freely. Selected distances (A) and angles (°) for 3: Cul-Cu2,
2.6718(6); P1-N1, 1.6824(15); P2-N1, 1.680(2); P3-N2, 1.6312(15); P4-N2, 1.635(2); P5-N3, 1.6340(15); P6-N3,
1.634(2); P1-N1-P2, 123.3(1); P3-N2-P4, 117.3(1); P5-N3-P6, 120.0(1). For 2: Cul-Cu2, 2.6969(6) A; Cu2—Cu3,
2.6690(6) A; Cu3—Cu4, 3.0175(7) A; Cul-Cu4, 3.542(1).

Single-crystal X-ray diffraction studies of 3 (Figure 3.1) revealed a pseudo-threefold symmetric dicopper(l)

lantern structure with a Cu---Cu distance of 2.6718(6) A. The N—H proton for the single dppa ligand was located in
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the Fourier difference map, but no evidence for N-H protons was found for the two dppa’ ligands. The dppa ligand
also has elongated PN distances (P1-N1, 1.6824(15) A; P2-N1, 1.680(2) A) compared to the dppa’ ligands (P3—-N2,
1.6312(15) A; P4-N2, 1.635(2) A; P5-N3, 1.6340(15) A; P6-N3, 1.634(2) A), presumably due to enhanced N/P
hyperconjugation in the anionic dppa’ ligands involving the m-symmetry N lone pair. The *H NMR spectrum of 3 is
consistent with this structural assignment: the integral of the N—H resonance indicates the presence of only one
remaining N-H proton (see Chapter 5 — Figure S57). The 3!P{*H} NMR spectrum of 3 features two distinct resonances
for the two chemically inequivalent phosphorous ligands, with each displaying complex second order Jep coupling

patterns.

33 Optimizations and control experiments of the reaction between 2 and N>O

Varying the reactions conditions gave further insight into the factors controlling the ability of 2 to mediate
N0 reduction (Table 3.1). The conversion to 3 was determined to be 90% by NMR spectroscopy when conducted as
described above (Entry 1). Performing the reaction under N2 atmosphere rather than N2O resulted in decomposition
of 2 to tricopper(l) species 2° (Entry 2), as we have noted before,?! with no evidence for formation of 3. Exposing 2
to N2O in the absence of CoCp; also resulted in 2° (Entry 3), indicating that any meta-stable N,O adduct of 2 must
immediately be trapped by (proton-coupled) reduction for the reaction to proceed. Use of just one equivalent of CoCp,
resulted in only partial conversion to 3 along with decay to 2’ (Entry 4), consistent with our proposal of a two-electron
reaction. Performing the reaction in the poor hydrogen bond acceptor solvents THF or toluene gave only unreacted 2
and decomposition product 2’ (Entries 5-6), indicating that N,O activation by 2 requires the second-sphere N-H
groups to be engaged in hydrogen-bonding interactions with the solvent medium. Indeed, performing the reaction in
the stronger H-bond acceptor solvent, acetone, reestablished the reaction (Entry 7).% Interestingly, replacing MeOH
with MeOH-d, also suppressed N,O activation and resulted in unreacted 2 (Entry 8). The 'H NMR spectrum of 2 in
MeOH-d. does not have an observable N—H resonance, indicating deuterium exchange with the solvent. The complete
suppression of reactivity due to this deuteration is puzzling. One possibility is the presence of a particularly large
kinetic isotope effect during one or both O-H(D) bond forming steps. Exposing Yam’s [Cua(s-S)(dppm)4]?* complex
(1) to the reaction conditions did not result in any conversion (Entry 9). Collectively, considering the observations

that replacing MeOH solvent with acetone solvent does not turn off the reaction but replacing NH groups in the ligand
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backbone with CH; groups does, it is likely that the backbone NH groups are acting as the hydrogen atom source to

generate H,0, akin to the K397 residue in NoOR.

TABLE 3. 1 Variations of N,O reduction reaction by 2 upon deviating from the standard conditions. [

2+ oh +
Ph Ph 2 H
Ph \P__(iu‘ Cu PPh CoCp; (2 equiv) thp-\—-—'CU4F’fhz PhaR / \‘""Cu‘;NH
2 ~Cu Cu= 2 /PhZP, NH + Cu  Cume=p
PhoP-[-N-\-PPh; N,O (1 atm) ON_ / I 1 Pn
PhoP M _PPh, MeOH, r.t., 1h N CU PP P
N Ph, N
H H
2 3 2
Entry Variation from Unreacted 2 (%)  Product 3 (%) Decomposition
standard conditions product 2’ (%)
1 None 0 90(67™) 0
2 N atmosphere 54 0 25
3 No CoCp> 60 0 15
4 1 equiv CoCp2 6 38 44
5 THF solvent 38 0 48
6 Toluene solvent 67 0 6
7 Acetone solvent 0 42 0
8 MeOH-d, solvent 77 0 0
9 dppm in place of dppa >05 0 0

[a] Yields were determined by 3P NMR using tri-o-tolylphosphine as the internal standard.
[b] Isolated yield.

34 Crystallographic evaluation of secondary sphere H-boning interactions of complex 2

To better understand the sensitivity of N-O reductase activity of 2 to solvent environment, we decided to
examine its solvent-dependent structure. Repeated attempts at solving the solid-state structure of 2 using single crystals
grown from MeOH-d. indicated the presence hydrogen-bonded solvent molecules in the second sphere. However,

Yam’s [Cua(pla-S)(dppm)4]?>* complex (1)} can be viewed as a model for the structure of 2 in the absence of any
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hydrogen-bonding interactions. The [Cu.S] core of 1 has local C,y symmetry, with a rectangle-based pyramidal core
featuring Cu---Cu distances of 2.869(2) and 3.128(1) A, and a p4-S-atom with a t4” parameter?® of 0.56. Crystals of 2
obtained MeOH solution provided a structure with some key differences (Figure 3.1). Two of the N-H groups are
acting as hydrogen bond donors in the solid-state: the N1-H group to a PFs™ counterion, and the N4—H group initiating
a NH---MeOH---MeOH---PFg network. The [CusS] core of 2 is highly unsymmetrical, with the three Cu sites distal
to the N4—H hydrogen-bonding network clustered close together (Cul---Cu2, 2.6969(6) A; Cu2---Cu3, 2.6690(6) A)
while the Cu4 site is pulled further away (Cu4---Cu3, 3.0175(7) A; Cu4---Cul, 3.542(1) A) (Figure 3.2). The S-atom
geometry is also perturbed (742” = 0.72) compared to 1. These metrical parameters are almost identical to what we
previously reported for 2 interacting with acetone molecules.?* Furthermore, these parameters are quite similar to the
Cuz structure,? which is also highly unsymmetrical with one Cu site distal (3.00-3.33 A) from the other three and
which has a similar S-atom geometry (t4’ = 0.77). Structural comparisons of the two synthetic [CusS] cores are shown

in Figure 3.2.

3.5 Electronic impact of the structural changes of complex 2

To evaluate the electronic impact of these structural changes, we studied 1 and 2 computationally. When
examining calculated NBO atomic charges, a notable difference between the two complexes is the buildup of
additional negative charge on the Cu2 site, i.e. the middle site among the more closely clustered Cu centers, in
unsymmetrical 2 (Figure 3.2-top right). When examining the frontier MOs produced by DFT calculations, another
notable difference involves the HOMO-3 level, which is highly delocalized across the entire [Cu.S] core for 1 but is
localized mostly at the Cul and Cu?2 sites in 2 (Figure 3.2-middle) and is also 573 cm! closer to the HOMO level. A
similar phenomenon is observed for the LUMO level, which is localized at the sulfur atom for 1 but mostly localized
at the Cu2 site for 2 (Figure 3.2-bottom) Collectively, these observations indicate that for 2, hydrogen bond-induced
structural distortion creates localization of frontier MO density at the Cul-Cu2 edge site, both making Cu2 more
electrophilic towards N2O binding and making the Cul-Cu2 edge better able to n-backdonate into the 7* manifold of
bound N2O. In a related discovery, recently Agapie showed that structural distortion of tetrametallic models of the
oxygen evolving complex (OEC) of photosystem-II through steric pressure modulates the clusters’ reduction
potentials.?” The additional contribution of our system is the correlation between structure and chemical reactivity

with the relevant substrate, N2O. A similar correlation between substrate activation and localization of frontier MO
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density has recently emerged to describe the octanuclear FeMo-cofactor of nitrogenase.?® In our system, no visual
changes are observed unless all three reaction components (2, CoCp,, and N,O) are present. Because complex 2 is in
the 4Cu'*:1S? redox state, it is unlikely that reactivity initiates with reduction of 2 by CoCp». Instead, we favor a
sequence where the m-accepting molecule N2O binds to 2, likely along the Cul-Cu2 edge, thus raising the reduction

potential such that CoCp2 can donate to the newly introduced electron holes of 2-N,O.
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FIGURE 3. 2 (top) Comparisons of the [Cua(g4-S)] cores of 1 and 2, with bond distances shown in black and NBO
charges shown in red. Comparisons of the HOMO-3 (middle) and LUMO (bottom) for 1 and 2 (B3LYP/6-31++G**).



56

3.6 Concluding remarks

The synthetic model complex [Cua(z-S)(dppa)s]** (2, dppa = bis(diphenylphosphino)amine) was found to
have NO reductase activity in methanol solvent, mediating the 2H*/2e" reduction of NO to N2 + H,O in the presence
of an exogenous electron donor (CoCp2). A stoichiometric product featuring two deprotonated dppa ligands was
characterized, indicating a key role of second-sphere N-H residues as proton donors during N2O reduction. The
activity of 2 towards N2O was suppressed in solvents that are unable to provide hydrogen bonding to the second-
sphere N-H groups. Structural and computational data indicated that second-sphere hydrogen bonding induces
structural distortion of the [Cua(us-S)] active site, accessing a strained geometry with enhanced reactivity due to
localization of electron density along a dicopper edge site. Upon activation, the N,O substrate is converted to N, and
H-0 with H* donation directly from the second coordination sphere. The behavior of 2 mimics several aspects of the
Cuz catalytic site of nitrous oxide reductase: activity in the 4Cu®*:1S redox state, use of a second-sphere proton donor,
and reactivity dependence on both primary and secondary sphere effects thus providing an entryway to future Cuz

modeling studies.
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4. PROBING THE ELECTRONIC AND MECHANISTIC ROLES OF THE u4-SULFUR
ATOM IN A SYNTHETIC Cuz MODEL SYSTEM

This closely follows the published content in Rathnayaka, S. C.; Islam, S. M.; DiMucci, I. M.; MacMillan, S. N.;
Lancaster, K. M.; Mankad, N. P. Probing the Electronic and Mechanistic Roles of the w4 -Sulfur Atom in a Synthetic

Cuz Model System. Chem. Sci. 2020, 11, 3441-344.

4.1 Background

During bacterial denitrification, nitrous oxide (N20) is converted to N2 + H,O in a 2e7/2H* reaction catalyzed
by the metalloenzyme, nitrous oxide reductase (N.OR).! The catalytic site of NoOR is a tetranuclear copper-sulfur
cluster, Cuz, which has been structurally characterized in both Cuz [4Cu2S] and Cuz* [4CulS] forms (Chapter 1,
section 1.5.1).2° Both forms show N»O reductase activity to some extent, and both require physiological reduction to
their most reduced redox states to activate N,O: the 4Cu* (fully reduced Cuz*) state for the [4CulS] cluster and the
1Cu?* - 3Cu'* (1-hole Cuy) state for the [4Cu2S] cluster (Chapter 1, section 1.6.2).* For the [4Cu1S] cluster, Solomon
has proposed N2O binding across a dicopper(l) cluster edge, with the N2O molecule occupying a p-1,3 binding mode,
based on computational modeling (Figure 4.1 (left)).5 For the [4Cu2S] form, Einsle has reported crystallographic data
on N2O-pressurized crystals of NoOR showing a N2O molecule within van der Waals contact of Cuz, but the N2O
molecule was not found within coordination distance of Cuz and had not undergone significant activation (Figure 4.1
(middle)).2 In neither case has experimental data emerged to probe the nature of N,O activation by the copper-sulfur
clusters. The iodide bound N,OR from Achromobacter cycloclastes (AcN,OR, PDB ID 2IWF at 1.86 A) provides the
only isolable example with the known inhibitor I bound across the Cup—Cuyy edge of Cuz [4CulS].® However, iodide
could act as an allosteric inhibitor, raising doubts on Cup—Cuy edge being the substrate binding site (Figure 4.1
(right)) (see Chapter 1, section 1.5.3 for more information). Studying synthetic model systems can aid understanding
of how these unusual inorganic copper-sulfur functional groups behave,” which is particularly crucial knowledge in

the context of N2O’s significant impact as a greenhouse and an ozone layer depleting agent.®®



FIGURE 4. 1 (left) Interactions of N,O with a computation model of Cuz* form as predicted by Solomon group.®
(middle) Interactions of N,O with a Cuz form (from N>O pressurized N,OR from P. stutzeri) reported by Einsel group.®
(right) lodide bound N2OR crystal structure of Achromobacter cycloclastes (PDB ID 2IWK, at 1.7 A) reported by
Hasnain group.®

4.2 Synthetic model systems with N,O activity

Among the synthetic copper compounds and materials known to activate N,O,'>*3 our group has reported
the only examples of N0 activation by synthetic copper cluster complexes with unsupported sulfur-atom bridges (see
Chapter 1, section 1.7 for more information on synthetic model systems of N,OR). In one case, a dicuprous [Cu.S]
cluster with an unsupported po-sulfide bridge!* was found to reduce multiple N>O equivalents to Ny, resulting in
exhaustive oxidation of the sulfur center to a po-sulfate ligand (Scheme 4.1 (top)).'® Here, the copper centers remained
redox inactive while the po-sulfide ligand was not only the redox-active center but also acted as an oxygen atom
acceptor. In another case, a phosphine-supported tetranuclear [Cua(z-S)] cluster in its 4Cu'* state showed reactivity
towards N,O reduction,*® but the cluster lost structural integrity during the reaction, losing the sulfur atom to unknown
products in the reaction medium and thus limiting insight that can be gained about its role (see Chapter 3 for more
information). Finally, a formamidinate-supported [Cus(z-S)] cluster in its formally 1Cu?* - 3Cu®* ([4CulS]Y) state
was found to reduce °N,O to *N; (Scheme 4.1 (bottom left)).1":1® Here the ps-sulfide bridge remained intact during a
formal oxidation to the 2Cu?* - 2Cu* ([4Cu1S]°) redox state of the cluster, allowing us to establish a closed cycle for
N2O reduction. Based on these results, the potential role (or lack thereof) of the bridging sulfide ligand in copper-

sulfur clusters merits further investigation.

This chapter discloses a combined experimental/computational study of the latter system that collectively

implicates the Ws-sulfide ligand as participating in redox changes and directly interacting with N»O during its activation
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(Scheme 4.1 (bottom right)). Our data includes the first spectroscopic interrogation of multiple [4CulS] redox levels,
which has proven challenging in the metalloenzyme system,%® and highlights the fidelity of our synthetic model to
the biological Cuz site. Even though the organic sulfur ligands in metalloenzymes are often found to assist the
reactivity,3+2¢ the direct interaction of N,O with the bridging sulfur atom(s) in Cuz has not been proposed before and
such reaction pathways should be considered for the chemistry of Cuz and related model studies of synthetic metal-

sulfide clusters.
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SCHEME 4. 1 Active participation of bridging sulfide ligands in N,O activation by synthetic copper sulfide model
complexes of the active site of N,OR.

43 Determining reaction stoichiometry for the reduction of N>O by the synthetic model complex

[Cus(ua-S)(NCN)4] [K(18-crown-6)]

In one of our previous study of N,O reduction by the anionic complex [Cus(ls-S)(NCN)4]*~ (the 1-hole
cluster, referred to here as [4CulS]Y) as its [K(18-crown-6)]* salt (NCN = [MesNC(H)NMes]*),'” we were able to
use NMR spectroscopy, isotopic labeling experiments, and post-situ electrophilic trapping to establish the presence of
three products: neutral [Cus(Us-S)(NCN)4] (the 2-hole cluster, referred to here as [4Cu1S]°), Nz, and O% (Scheme 4.2).

However, a definitive reaction stoichiometry was not able to establish the at that time. Such information is vital in
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developing a reaction mechanism; hence a quantitative GC-MS analysis of the reaction headspace was utilized to

determine the yield of N..

Our goal was to quantify a minimum of two species out of the reactants and products to establish the
stoichiometry of the reaction, but all presented experimental challenges. Quantification of N, produced is particularly
challenging mainly due to the background contamination. Furthermore, our model complexes are typically handled
inside N filled glove box as they are sensitive to air and moisture. Poor solubility of [4CulS]*, the low temperature
reaction conditions and the detection limits of the GC-MS instrument made the N, quantification even more
challenging. Quantification of [4Cul1S]* consumed was troublesome as it is susceptible to thermal decomposition.
Quantification of consumed N»O was difficult as large excess of N2O was used, thereby making any difference of N.O
too insignificant to detect. The presence of an oxide (O?) species was indeed detected by post situ trapping agent
[MesSiCl or PhC(O)CI], but attempted quantification by NMR methods failed due to incompatibility issues upon
scaling up the reaction. The only remaining species was the [4Cu1S]° (2-hole complex) product, and its attempted
quantification by spectroscopic methods was unsuccessful due to the poor solubility of [4Cul1S]°. However, because
[4CulS]°is insoluble in acetone, we hypothesized that it could be quantitatively recovered by filtration upon scaling
up the reaction. Hence, the strategy was to scale up the reaction such that a measurable amount of N is produced in

the headspace and a recoverable and measurable (by weight) quantity of [4Cu1S]°is produced in the solution phase.

THF/Acetone
N[Cuy(4-S)INCN),” + N,O >  Cuy(us-SYNCN); + N, + 0%
-78°C
I-hole complex 2-hole complex
(1Cu?*- 3Cu'h (2Cu?**- 2Cu')
Trapped post situ
By NMR By GC-MS With MesSiCl or
using *N>O PhC(O)Cl
. THF/Acetone
2[Cus(ua-SYNCN)g + N3O > 2Cus(us-S)(NCN), + N, + OF

-78°C

SCHEME 4. 2 The unbalanced (top) and the balanced (bottom) equations for the reduction of N,O by the synthetic model
complex [Cus(ps-S)(NCN)4] [K(18-crown-6)]
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An apparatus and a GC-MS method were developed (see Chapter 5, Section 5.3.2) to minimize the
background N, contamination from solvent, reaction headspace, sample handling and injection. Any unavoidable
contaminations were subtracted by having proper control experiments. Finally, the reaction was carried out and a
portion of the headspace was analyzed using GC-MS while also recovering the solid [4CulS]° produced from the
same reaction mixture. Experiments were repeated 3 times and the results were averaged. According to the analysis
(see Chapter 5, Section 5.3.2), 0.53 + 0.06 mol of N; are produced per mole of the [4CulS]*~ complex. Combined
results of N, and [4CulS]°yield allowed us to construct the balanced reaction for the N-O reduction by [4CulS]*
complex (Scheme 4.2 (bottom)). Based on this reaction stoichiometry, the working hypothesis was developed as one
equivalent of [4Cu1S]* is responsible for N,O activation while a second equivalent is acting as a sacrificial reductant,

thus accounting for the overall two-electron redox reaction.

4.4 Computational investigation of N>O reduction mechanism

Since we have been unable to observe any intermediates experimentally, we sought to examine the binding
mode of N2O using DFT modeling at the B3LYP/6-31G(d) level in the gas phase. To save computational time, the
mesityl groups on the supporting NCN ligands were replaced with methyl groups. After attempting to simulate several
types of adducts between the [4Cu1S]* model complex and N,O, we were able to locate minima associated with N2O
coordination to both the [4Cu1S]* model (intermediate [A]*") and to its closed-shell, fully reduced [4CulS]? analogue
(intermediate [A]%). In both cases N,O occupied a p-1,3 binding mode, but to our surprise the N2O molecule was
found to bridge one of the Cu centers and the S atom (Figure 4.2(a)). In each case, one of the other Cu centers has
moved away from the S atom to facilitate its direct interaction with N2O. An alternative, ys-1,2 binding mode in which
the N.O molecule bridges two Cu centers as well as the S atom of [A] ~ also was located but was determined to be
significantly higher in energy by +53.2 kcal/mol on the Gibbs free energy surface (Figure 4.2(c) and Chapter 5,
Section 5.3.3). The preferred binding mode for this model system is distinct from the p-1,3 bridging between two Cu
centers that is proposed for Cuz (Figure 4.1), where the ps-S? ligand is not proposed to interact directly with N,O. It
should be noted that a mononuclear intermediate in which N2O bridges across a terminal nickel-sulfide bond has been
isolated and crystallographically characterized by Hayton and coworkers.?%?! The accord between the metrical

parameters of the activated N,O in our computational model with Hayton’s experimental data (Figure 4.2(b)) lends
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further support to the intermediacy of [A]*". Binding of N,O to the 1-hole [4CulS]* model to form [A]*" was
calculated to be endothermic by +18.5 kcal/mol, consistent with our inability to observe an N.O-bound intermediate

experimentally.
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FIGURE 4. 2 (a) Optimized structures of 41,3 N,O-activated intermediates [A]* and [A]?". (b) Comparison of the
cyclic core structures of [A]™ and a related mononuclear Ni complex characterized by Hayton;? distances are given
in A. (c) Optimized structures of less favored 41,2 N,O-activated intermediates [A]*. (color code: Cu, orange; S,
yellow; O, red; N, blue; C, gray).

Assuming that small equilibrium concentrations of an N,O-bound intermediate akin to [A]*~ form under N,O
atmosphere, we next considered the potential reaction pathway to N, + O% (Scheme 4.3). We expect that N,O binding
to the [4Cu1S]* complex would raise its reduction potential, due to the n-accepting nature of N2O.? Thus, there would
be a driving force for [A]* to undergo reduction by a sacrificial 1-hole complex to provide [A]*. As in the [4CulS]
form of Cugz,® [A]? is in the fully-reduced 4Cu' state and thus is expected to n-back donate sufficient electron density
into the N2O ©* manifold to induce N-O bond cleavage. Conversion to the resulting intermediate [B]* from N loss
was calculated to be exothermic relative to [A]*". Further energy lowering was found by shifting the terminal 0%
ligand in [B]?> to a o-bridging position in [C]*. In the case of Cuz, Solomon group has reported that the on-cycle
intermediate Cuz® formed after N loss features a terminal oxygen ligand stabilized by hydrogen bonding with a nearby

lysine residue, and has found that disruption of hydrogen bonding produces the off-cycle intermediate Cuz* in which
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the oxygen ligand occupies its thermodynamically preferred bridging position.> Because we propose O? to be a

stoichiometric product of our aprotic model reaction, we assume that O%- dissociates from either [B]?~ or [C]%.

An alternative pathway (Scheme 4.3, dotted arrows) would involve N loss directly from 1-hole [A]* prior
to reduction, producing intermediate [B]*". Reduction of [B]* by a sacrificial [4Cu:1S]* complex would then produce
intermediate [B]? that is common to both pathways. However, because O? is expected to lower the reduction potential
of the tetracopper cluster due to its m-donor character, it should be unfavorable for [B]*" to undergo reduction by the
sacrificial 1-hole species. Indeed, [A]* was calculated to be more oxidizing than [B]* by 0.21 V. Thus, we consider

this alternative pathway to be unlikely, but we cannot rule it out definitively.
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CusSINCN): . ‘b\v
-
[A]>
CusS(NCN)se..,
AH=+185 ., AH=-95 ‘ AH=-148
AG=+21.9 qAGE-163 - TCusNCN) AG=-14.0
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SCHEME 4. 3 Reaction pathways for N.O reduction modeled by DFT (B3LYP/6-31G(d)). Energies at 298 K are
shown in kcal/mol. The favored pathway is shown with solid arrows, and the disfavored pathway with dotted arrows.

4.5 Frontier molecular orbital description of [4CulS]”'~ redox couple

Because the ps-sulfide ligand seems to play a crucial and direct role in NO activation according to our DFT

modeling, we wondered whether the frontier orbitals of these synthetic [4CulS] complexes have notable sulfur
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character. In order to validate our mechanistic model, we thus undertook multi-edge X-ray absorption spectroscopy
(XAS) combined with higher-level computational modeling to interrogate the electronic structural changes

underpinning the [4Cu1S]%*- redox process.
45.1 CuK-edge XAS data for [4CulS]¥~

Cu K-edge XAS data obtained for [4Cul1S]*- and [4Cu1S]° are shown in Figure 4.3(a). Spectral subtraction
was carried out to remove a minor contribution of [4CulS]° in the spectrum of the monoanion (vide infra). Neither
spectrum presents a resolved pre-edge (1s — 3d) feature, although both spectra feature a shoulder that gives a peak in
the second derivative spectrum at 8979.8 eV, consistent with the presence of Cu 3d vacancies (Figure 4.3(b)). The
rising edges of the two spectra have qualitatively similar fine structure including maxima at ca. 8983 eV suggesting
the presence of Cu'* centers,® although the spectrum of the [4CulS]* cluster is shifted, with inflection points
occurring at 0.8 to 1.1 eV lower energy relative to [4CulS]°. Given the effectively identical coordination environments
between the two species, the shift in rising edge position largely reflects some Cu participation in the redox process.
Moreover, the lack of dramatic intensity changes for the rising edge features suggests a delocalized redox process, i.e.

that a localized [2Cu?* - 2Cu**]/[1Cu?* - 3Cu?*] description is not appropriate.
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FIGURE 4. 3 (a) Cu K-edge XAS spectra obtained for the [4CulS]** redox couple. (b) First (top) and second
(bottom) derivative Cu K-edge XAS spectra. Isoenergetic pre-edge (1s — 3d) excitations are evident in the second-
derivative spectra at 8979.8 eV. Rising edge inflection points occur at 8982.3 and 8985.9 eV for [4Cul1S]° and 8981.5
and 8984.8 eV for [4CulS]*.
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452 SK-edge XAS data for [4CulS]"!~

Quantitative estimates of S participation in the redox-active molecular orbital (RAMO) can be gleaned
through analysis of S K-edge XAS data?* obtained for the two clusters, which are presented in Figure 4. Well-resolved
pre-edge peaks are apparent in both spectra, occurring at 2470.2 eV for [4CulS]° and 2469.5 eV in the spectrum of
[4CulS]*. A ca. 18% [4CulS]° impurity was evident in the spectrum of [4Cu1S]* which was removed by subtraction
and re-normalization as carried out by Solomon and co-workers to remove S K-edge XAS contributions from Cua in
N2OR?>% (Figure S15). Notably, the 2469.9 eV [4CulS]* pre-edge peak energy value closely matches pre-edge peak
energies reported by Solomon and co-workers for the Cuz sites of resting Achromobacter cycloclastes?® and
Paracoccus denitrificans®® N,OR at 2469.2 and 2469.0 eV, respectively. On the basis of Cu K-edge XAS analysis,
Solomon and co-workers assigned resting Cuz as a 1Cu®*:3Cu** cluster,? consistent with the formal oxidation state

distribution expected for the [4Cu1S]* cluster.
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FIGURE 4. 4 S K-edge XAS data obtained for the [4Cu1S]%*- redox couple. Pre-edge peaks corresponding to S 1s
— y* excitations are located at 2470.2 eV for [4CulS]° and 2469.5 eV for [4CulS]*.

Pre-edge peaks in the S K-edge XAS spectra of metal complexes and clusters bearing S-donor ligands reflect
excitations from S 1s — y*, where y*, the acceptor MO, is an anti-bonding ligand field MO born of metal-sulfur

mixing:

y*~a?S3p—(1-a)> M 3d Equation 4.1
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where o? reflects the % 3p contribution in the acceptor MO.?*

Pre-edge peak intensities (Do) are then given by the relationship:

_ Otzlsh

0 = Equation 4.2

3n

Where,
h = The number of holes in the acceptor MO

n = The number of photoabsorbing nuclei from which electrons can be excited into the acceptor MO
Is = The radial dipole integral <3p|r|1s> governing the intensity of a “pure” S 1s — 3p excitation.

Solomon and co-workers?” have estimated the value of Is as a function of the S 1s — 4p excitation energy,
which can itself be gleaned from S K-edge XAS data and will vary according to the nature of the S photoabsorber and
its chemical environment. Using TDDFT calculations to facilitate the assignments (vide infra), the S 1s — 4p transition
for [4CulS]° occurs at 2477.0 eV and at 2475.9 eV for [4CulS]*. Using the relationship from Solomon and co-

workers,?’ the value of I for [4CulS]° is 14.9 and is 12.9 for [4CulS]*.

Fitting pseudo-Voigt peaks to the pre-edge peaks in the S K-edge data give integrated peak areas Dg for the
two clusters of 2.03 + 0.01 for [4Cu1S]°and 0.91 + 0.02 for [4CulS]*". The ca. twofold decrease in Do upon reduction
confirms S 3p contribution to the RAMO shared by the redox couple. Application of Equation 4.2 then gives 20.5
+0.1 % S 3p in the RAMO of [4CulS]° and 21.1 + 0.5 % S 3p in the RAMO of [4CulS]*. The latter values are
comparable to the estimate given by Solomon and co-workers for the RAMO of the Cug site in resting Paracoccus

denitrificans NoOR at 15-22%.2°
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4.5.3 DFT interpretation of frontier orbitals

DFT calculations were carried out to further interrogate the nature of the RAMO in the [4Cu1S]%* redox
couple. Calculations were carried out on truncated models as described above and employed the B3LYP hybrid density
functional with the CP(PPP) basis set?®3° on Cu and the scalar relativistically recontracted ZORA-def2-TZVP(-f)%

basis on all other atoms. The LUMO of [4Cu1S]°and SOMO of [4Cul1S]* are depicted in Figure 4.5.
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FIGURE 4. 5 (a) Restricted Kohn-Sham LUMO for [4Cu1S]° and (b) quasi-restricted (QRO)?® SOMO for [4CulS]*
. Both MOs were calculated for truncated models using the B3LYP hybrid density functional with the CP(PPP) basis
set on Cu and the scalar-relativstically recontracted ZORA-def2-TZVP(-f) basis set on all other atoms. Orbitals are
plotted at an isovalue of 0.03 au.

These are qualitatively similar, indicating that the RAMO is a highly delocalized orbital featuring effectively
equal participation of Cu 3d from all 4 metal centers along with a significant contribution from S 3p. Equal
participation of all four Cu centers in the SOMO was previously indicated by simulation of experimental EPR
parameters.?? The equal contributions from Cu also accord with observation that the Cu K-edge XANES shift in energy
but do not exhibit differences in fine structure. Calculated S 3p contributions are 20.6% for [4Cu1S]°and 21.1% for
[4CulS]*, in splendid agreement with experiment as well as with previous EPR analysis of the [4Cu1S]* species that
indicated anomalously small Cu hyperfine coupling.’” Moreover, TDDFT calculations® of the S K-edge XAS for both
species initiated from the aforementioned single-point DFT calculations give spectra that nicely reproduce the energy

and intensity differences encountered in the experimental data (Figure 4.6).
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FIGURE 4. 6 Overlay of TDDFT-calculated S K-edge XAS with experimental spectra obtained for the [4Cu1S]%*
redox series. TDDFT calculations were initiated from B3LYP single-point calculations with the CP(PPP)?° basis set
on Cu and the ZORA-def2-TZVP(-f)* basis set on all other atoms. Calculated spectra are shifted by +40.4 eV to
correct for inaccurate core potential modeling endemic to standard hybrid DFT calculations.

4.6 Concluding remarks

The 1-hole [4CulS]* model cluster of Cuz is oxidized to its 2-hole [4CulS]° state by N,O with N,
evolution.'” Here, we have established reaction stoichiometry by quantification of N, and [4Cu1S]°, allowing us to
conclude that the overall 2-electron reduction of N»O requires two equivalents of the [4CulS]*~ cluster molecule, with
each equivalent mediating a 1-electron redox process individually. Under the assumption that one equivalent activates
N2O while the other acts as a sacrificial reductant, a computational model of the reaction intermediates indicated

cooperative Cu/S coordination of N,O.

This cooperative binding mode implies direct participation of the bridging S-atom in N,O activation and N-
O cleavage, in contrast to the passive role of bridging S-atoms in typical metal-sulfur active sites. Consistent with this
proposal, XAS analysis of the 1-hole [4Cu1S]* and 2-hole [4CulS]° clusters indicated that the p14-S center contributes
appreciably to the redox-active molecular orbital. Crucially, the S K-edge energies and estimated S-atom participation
in redox chemistry closely match previous characterization of the biological Cuz site, making this synthetic system a

faithful model in terms of electronic structure as well as atomic connectivity and chemical reactivity. Moreover, to
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our knowledge this data represents the first spectroscopic interrogation of multiple redox levels of a conserved

[4CulS] cluster.

Key to the model cluster’s reactivity, and in particular to the Ysa-S center’s active participation in N2O
activation and reduction, is the high degree of covalency within the [4CulS] core. This Cu/S covalency allows the S-
atom to exhibit characteristics typically associated with transition metals, such as the ability to simultaneously accept
and donate electron density to the substrate and to vary its oxidation level during a chemical process, that are necessary
for a catalytic active site mediating a multielectron redox process. Thus, it is important to consider both metal/metal
and metal/ligand cooperation when interrogating highly covalent multinuclear catalysts such as Cuz and related

systems.
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3. EXPERIMENTAL SECTION

5.1 Supporting information for Chapter 2

Reproduced with permission from Rathnayaka, S. C.; Lindeman, S. V.; Mankad, N. P. Multinuclear Cu(l)
Clusters Featuring a New Triply Bridging Coordination Mode of Phosphaamidinate Ligands. Inorg. Chem. 2018, 57,
9439-9445. Copyright (2014) American Chemical Society, and Rathnayaka, S. C.; Hsu, C.-W.; Johnson, B. J;
Iniguez, S. J.; Mankad, N. P. Impact of Electronic and Steric Changes of Ligands on the Assembly, Stability, and
Redox Activity of Cus(s-S) Model Compounds of the Cuz Active Site of Nitrous Oxide Reductase (N2OR). Inorg.

Chem. 2020, 59, 6496—6507.

5.1.1 General remarks

Unless otherwise mentioned, all experiments were performed under N2 atmosphere in a glovebox or using
standard Schlenk line techniques. All the chemicals purchased from commercial sources were used without further
purification. Solvents were dried using a Glass Contour solvent purification system built by Pure Process Technology,
LLC. Deuterated solvents that were packed under Ar, were stored in 3-A molecular sieves without further degassing.
Ligands dppf and (e) were purchased from commercial vendors and used without further purification. Compounds
(@),%° (b),** (d)*2,(q),>® C,* D and E*° were synthesized by adopting synthetic routes reported in literature. (Caution:
Synthesis of (a) and (q) involves n-butyllithium and necessary precautions should be taken to avoid accidents. Any
waste or glassware containing residual phosphines should be properly cleaned as phosphines are highly smelly.
Synthesis of D involves quenching LiAIH. with H,O. Extreme care should be taken when adding the first few drops of
H>0, as the quenching is highly exothermic and H: is evolved. Any waste or glassware containing Phosphane (D)
should be properly cleaned as phosphanes are highly smelly. Proper PPE must be worn to avoid any frostbite as some

synthesis involve -78 °C cold bath).

5.1.2  Instrumentation

S1P{*H}, H and *F{*H} NMR spectra were recorded at ambient temperature using a Bruker Avance DPX-
400 MHz instrument, and chemical shifts are reported in ppm units relative to the residual signal of the deuterated

solvent for (*H) or relative to external standards for 3P and °F. Mass analysis were performed with an Advion
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Expression- CMS mass spectrometer in APCI(+) mode. Cyclic voltammetry experiments were performed in a classic
three-electrode system (Pt working electrode, Pt counter electrode and Ag/AgNO; (0.01 M in MeCN) reference
electrode using a WaveNow USB Potentiostat from Pine Research Instrumentation. X-ray crystallography data for
complex 8, 9 and 10 were collected at the X-ray Structural Laboratory at Marquette University (Milwaukee, WI) using
a SuperNova, Dual, Cu at home/near, Atlas diffractometer [CuKa (A= 1.54184)] at 100.15 K. The structure was solved
with the Olex2 structure solution program using Charge Flipping and refined with the ShelXL refinement package
using Least Squares minimization. X-ray crystallography data for complexes (a’), 3, 4, 5, 7h and (q”) were collected
on Bruker D8 Quest ECO A30 diffractometer [MoKa (A =0.71073 A)] at 100.15 K using a Bruker Photon Il detector.
The structures were solved using APEX3 package and refined with SHELXS-2014/7.%8 UV-Vis analysis was
performed using Varian CARY 300 Bio spectrophotometer and Cary WinUV scan application. The X-band EPR
spectrum of 7h was collected using a modified Varian E-4 EPR spectrometer with a liquid nitrogen finger dewar at -
195 °C (Microwave frequency, 9.255 GHz; microwave power, 6 mW; scan time, 240 s; time constant, 0.03 s; field

modulation amplitude, 1 mT. g=2.05 and 2.01).

5.1.3  Synthesis procedures

General synthesis of Formamidine ligands (c), (f)-(m)

Mesityl aniline (1.0 g, 7.40 mmol), triethyl orthoformate (0.55¢g, 3.7 mmol) and acetic acid (3-5 drops) were
mixed in a 25-mL round bottom flask. The flask was fitted with a condenser and a receiving flask and heated at 140
°C for 1 hour, condensing MeOH. After that the temperature was raised to 170 °C and heated for another 2 hours. The
reaction mixture was then allowed to reach room temperature. The resulting off-white hard solid was mixed with Et,O
and ground with a glass rod until a fine powder was produced. The white powder was collected by filtration and
washed with several portions of Et,O and vacuum dried. Yield: 0.85 g, 82 %. Other derivatives were prepared using

the same procedure with the appropriate aniline in place of mesityl aniline.

Compound (f): 4-methoxyaniline (1.0 g, 8.12 mmol), triethyl orthoformate (0.60 g, 4.06 mmol), Yield: 0.78
g, 75 %. *H NMR (400 MHz, CDCls) § 8.37 (s, 1H), 8.04 (s, 1H), 7.05 — 6.78 (m, 8H), 3.79 (s, 6H). Compound (g):
4-chloroaniline (1.0 g, 7.84 mmol), triethyl orthoformate (0.58 g, 3.92 mmol), Yield: 0.84 g, 81 %. 'H NMR (400

MHz, CDCls) 6 8.17 (s, 1H), 7.31 (s, 8H), 2.84 (brs, residual H,0). Compound (h): 2,6-dimethylaniline (1.0 g, 8.25



76

mmol), triethyl orthoformate (0.61 g, 4.15 mmol), Yield: 0.82 g, 79 %. *H NMR (400 MHz, CDClI3) & 7.30 (brs, 1H),
7.28-6.72 (m, 6H), 2.28 (s, 12H). m/z theoretical: 252.16, 253.17, 254.17. Found: 253.1, 254.2, 255.1. Dimeric form
shows up: 505.3, 506.3, 507.2. Compound (i): 4-chloro-2,6-dimethylaniline (1.0 g, 6.43 mmol), triethyl orthoformate
(0.48 g, 3.21 mmol), Yield: 0.79 g, 77 %. *H NMR (400 MHz, CDCls) & 7.31 (brs, 1H), 7.20 — 6.98 (m, 4H), 2.22 (d,
J = 4.5 Hz, 12H). m/z theoretical: 320.08, 321.09, 322.08. Found: 321.3, 322.3, 323.3. Compound (j): 4-methoxy-2-
methylaniline (1.0 g, 7.23 mmol), triethyl orthoformate (0.54 g, 3.66 mmol), Yield: 0.87 g, 84 %. *H NMR (400 MHz,
CDCls) & 7.82 (brs, 1H), 6.91 — 7.02 (m, 2H), 6.80 — 6.68 (m, 4H), 3.78 (s, 6H), 2.31 (s, 6H). m/z theoretical: 284.15,
285.16, 286.16. Found: 285.3, 286.3, 287.3. Compound (k): 6-methoxy-2-methylaniline (1.0 g, 7.23 mmol), triethyl
orthoformate (0.54 g, 3.66 mmol), Yield: 0.87 g, 84 %. 'H NMR (400 MHz, CDCl3) & 7.88 (s, 1H), 7.56 (s, 1H), 7.04
—6.70 (m, 6H), 3.90 — 3.70 (m, 6H), 2.37 — 2.22 (m, 6H). m/z theoretical: 284.15, 285.16, 286.16. Found: 285.3,
286.3, 287.4. Compound (I): 2-chloro-6-methylaniline (1.0 g, 7.06 mmol), triethyl orthoformate (0.52 g, 3.53 mmol),
Yield: 0.89 g, 86 %. 'H NMR (400 MHz, CDCls) § 7.69 — 6.89 (m, 6H), 6.67 (brs, 1H), 5.86 (brs, 1H), 2.60 — 2.15
(m, 6H). m/z theoretical: 292.05, 293.06, 294.05. Found: 293.2, 294.2, 295.2. Compound (m): 2,6-diisopropylaniline
(1.0 g, 5.64 mmol), triethyl orthoformate (0.42 g, 2.82 mmol), Yield: 0.81 g, 79 %. 'H NMR (400 MHz, CDCls) §
7.29 — 7.01 (m, 6H), 5.55 (d, J = 11.9 Hz, 1H), 3.42 — 3.13 (m, 4H), 1.36 — 1.06 (m, 24H). m/z theoretical: 364.29,

365.29, 366.29. Found: 365.5, 366.4

General synthesis for dicopper formamidinate precursor complexes (¢*),% (h’)-(m’)

NaHMDS (0.36 g, 1.96 mmol) in THF (~2 mL) was added dropwise to a solution of N,N-
dimesitylformamidine (0.50 g, 1.78 mmol) in THF (~ 5 mL). It was stirred for 1 hour at room temperature and
Cu(MeCN)4PFs (0.67 g, 1.78 mmol) was added as a solid. Reaction mixture was stirred at room temperature for 3
hours and the solvent was removed under vacuum, providing (¢’) as a white precipitate. It was collected by filtration,
washed with Et,O (2x3 mL) and vacuum dried. Yield: 0.45 g, 74 %. Other derivatives were prepared using the same

procedure with the appropriate formamidine in place of the dimesityl derivative.

Compound (h’): Bis(2,6-dimethylphenyl)formamidine (0.5 g, 1.98 mmol), NaHMDS (0.40 g, 2.18 mmol),
Cu(MeCN)4PFs (0.74 g, 1.98 mmol), Yield: 0.80 g, 64 %. *H NMR (400 MHz, CDCl3) & 7.09 — 7.01 (m, 10H), 6.96
(s, 1.4H), 6.94 (d, J = 1.2 Hz, 2H), 6.92 (s, 0.6H), 2.41 (s, 24H). Compound (i’): Bis(4-chloro-2,6-

dimethylphenyl)formamidine (0.5 g, 1.42 mmol), NaHMDS (0.29 g, 1.57 mmol), Cu(MeCN)4PFs (0.53 g, 1.42 mmol),
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Yield: 0.77 g, 70 %. *H NMR (400 MHz, CDCls) § 6.99 (s, 8H), 6.94 (s, 1H), 2.29 (s, 24H). Compound (j*): Bis(4-
methoxy-2-methylphenyl)formamidine (0.5 g, 1.76 mmol), NaHMDS (0.35 g, 1.93 mmol), Cu(MeCN)4PF¢ (0.66 g,
1.76 mmol), Yield: 0.84 g, 69 %. *H NMR (400 MHz, CDCls) 6 7.53 (s, 2H), 6.85 (d, J = 8.4 Hz, 4H), 6.69 (d, J =
3.0 Hz, 4H), 6.66 — 6.61 (m, 4H), 3.75 (s, 12H), 2.39 (s, 12H), 0.28(s, residual HMDS). Compound (k’): Bis(6-
methoxy-2-methylphenyl)formamidine (0.5 g, 1.76 mmol), NaHMDS (0.35 g, 1.93 mmol), Cu(MeCN)4PF¢ (0.66 g,
1.76 mmol), Yield: 0.79 g, 65 %. *H NMR (400 MHz, CDCls) & 7.43 (s, 2H), 6.88 (t, ] = 8.0 Hz, 4H), 6.75 (d, ] = 7.5
Hz, 4H), 6.69 (d, J = 8.0 Hz, 4H), 3.66 (s, 12H), 2.41 (s, 12H). Compound (I’): Bis(6-chloro-2-
methylphenyl)formamidine (0.5 g, 1.71 mmol), NaHMDS (0.34 g, 1.88 mmol), Cu(MeCN)4PF¢ (0.64 g, 1.71 mmol),
Yield: 0.86 g, 71 %. 'H NMR (400 MHz, CDCls) § 7.20 (d, ] = 7.9 Hz, 4H), 7.18 (s, 2H), 7.06 (d, J = 7.5 Hz, 4H),
6.91 (t, J = 7.8 Hz, 4H), 2.42 (s, 12H). Compound (m”): Bis(2,6-diisopropylphenyl)formamidine (0.5 g, 1.37 mmol),
NaHMDS (0.28 g, 1.51 mmol), Cu(MeCN)4PFs (0.51 g, 1.37 mmol), Yield: 0.86 g, 73 %. *H NMR (400 MHz, CDCls)

§7.09 — 7.02 (m, 14H), 3.61 (hept, J = 6.9 Hz, 8H), 1.26 (d, J = 6.9 Hz, 24H), 1.18 (d, J = 6.9 Hz, 24H).

Synthesis of [Cuz((diphenylphosphanyl)-N-mesitylmethanimine)z](PFs)2 (a”)

Cu(MeCN)4(PFg) (0.5140 g, 1.38 mmol) was dissolved in acetone (~3 mL) and was added dropwise to a
solution of (a) (0.4570 g, 1.38 mmol) in Et,O (~12 mL). Formation of a yellow suspension was seen. (If yellow clumps
are formed, adding few drops of acetone would break them up and make a nice solid.) Reaction mixture was stirred
overnight at room temperature and filtered to obtain the title compound as a yellow powder. It was washed with Et,O
(2x5 mL) and vacuum dried. Yield: 0.6451 g, 81%. *H NMR (400 MHz, CDCls) § 8.56 (d, J = 23.6 Hz, 2H), 7.68 —
7.43 (m, 20H), 6.82 (s, 4H), 2.22 (s, 6H), 2.03 (s, 12H), 1.79 (s, 12H-metal coordinated MeCN). 3'P{*H} NMR (400
MHz, CDCls) & -3.22 (), -145.89 (sept, PF¢). Anal. Cacld. for CasHsoCu2F12N4P4: C, 49.62; H, 4.34; N, 4.82. Found:

C,50.09; H, 4.57; N, 4.72.

Synthesis of Cuz(2-(diphenylphosphanyl)pyrrolide): (q°)

A solution of lithium 2-(diphenylphosphanyl)pyrrolide (g) (0.1000 g, 0.39 mmol) in THF (~3 mL) was added
dropwise to a suspension of Cu(MeCN)4PFs (0.1449 g, 0.39 mmol) in THF (~6 mL). Resulting pale orange color
solution became cloudy over time. Reaction mixture was stirred at room temperature overnight and filtered to collect

the title compound as a white solid. It was washed with THF (2x2 mL) and Et,O (2x3 mL) and vacuum dried. Title
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compound has poor solubility in common organic solvents but significantly dissolves in MeCN. Yield: 0.1712 g, 62
%. X-ray quality crystals were grown using a saturated solution of (q’) in MeCN at RT. *H NMR (400 MHz, CDsCN)
8 7.39 — 7.25 (m, 20H), 7.06 (s, 2H), 6.23 (dd, J = 3.4, 2.0 Hz, 2H), 6.15 (d, J = 2.2 Hz, 2H), 2.12 (s, coordinated
CH3CN). 31P{*H} NMR (400 MHz, CD3CN) & -14.24. Anal. Calcd. for (C3sHz2CuzN4P2. (1.4 MeCN): C, 61.01; H,
4.44; N, 6.95. Found: C, 58.78; H, 4.44; N, 6.77. Repeated attempts gave consistent low %C values, possibly due to

variability in solvent coordination.

Synthesis of Cuz(dppf)s(PFs)2 (3) and Cuiz(us-Se)(dppf)4 (4)

[Cu(dppf)(MeCN)]PFs (0.5418 g, 0.640 mmol) was dissolved in DCM (8 mL) and a solution of Na,S
(0.0125 g, 0.160 mmol) in MeOH (5 mL) was added dropwise. Resulting reddish orange mixture was stirred overnight
and filtered through a fine frit to collect 4 as a reddish solid. It was washed with Et,O (2x5 mL) and vacuum dried.
Yield: 0.0642 g. *H and 3'P{*H} NMR in CDCIz was similar to the reported values®®. X-ray quality crystals were
grown overnight at room temperature using a saturated solution of 4 in CDClIs. The filtrate was added with Et,O (10
mL) to get a shiny yellow-orange precipitate. It was collected by vacuum filtration and the filtrate was reduced to half
followed by addition of Et,O (10 ML) to get a second crop. Two crops were combined and washed with Et,0 (2x5
mL) and vacuum dried to afford 3 as a yellow-orange powder. Yield: 0.1983 g.'H NMR (400 MHz, CDCl3) § 7.47 —
7.15 (m, 60H), 4.25 (s, 12H), 4.04 (s, 12H), 3.74 (t, THF), 1.85 (g, THF). 3:P{"H} NMR (400 MHz, CDCls) 5 -10.35
(brs), -145.79 (sept, PFg). X-ray quality crystals were grown by diffusion of Et,O into a solution of 3 in DCM at room

temperature.

Synthesis of Cus(N-((diphenylphosphanyl)methyl)-N-ethylethanamine)2Cls (5)

N-((diphenylphosphanyl)methyl)-N-ethylethanamine* (b) (0.3369 g, 1.24 mmol) in THF (~2 mL) was added
to a suspension of CuCl (0.2458 g, 2.48 mmol) in THF (~12 mL) and the mixture was stirred at room temperature for
24 hours. Next day, an off-white suspension was observed and it was filtered through a fine frit to collect the solid.
The solid was washed with 2x5 mL of Et,O and dried under vacuum to afford the title compound as an off-white
solid. Yield: 0.35 g, 60 %."H NMR (400 MHz, DMSO-dg) 6 7.75 — 7.42 (m, 20H), 3.55 (d, J = 1.7 Hz, 4H), 2.69 (q,
8H), 3.32 (s, residual H,0 in DMSO-ds), 0.91 (t, 12H). 3:P{*H} NMR (400 MHz, DMSO-ds) & -19.27. Anal. Calcd.

for CasHaaCliCusN2P2-1.4CuCl: C, 37.91; H, 4.12; N, 2.60. Found: C, 37.76; H, 4.22; N, 2.48. Despite attempted
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purifications indicated above, unreacted CuCl (reproducibly 1.4 equiv.) was seen consistently in elemental analysis

results.

Synthesis of Cus(ps-S)(2,6-dimethylformamidinate)s (6h)

Inside a N filled glove box a solution of Sg (0.0204 g, 0.64 mmol) in toluene (~2 mL) was added dropwise
to a solution of Cu(2,6-dimethylformamidinate), (h’) (0.8000 g, 1.27 mmol) in THF (~10 mL) in a Schlenk flask (50
mL). Resulting purple reaction mixture was taken out and connected to a N2 Schlenk line. After purging the connecting
tube, the flask was open to N and the mixture was heated at 50 °C for 3 days under N». At the end, the reaction mixture
appeared to be dark color with a purple tint. Flask was pumped back to the glove box and the solvent was completely
evaporated leaving a dark solid. DCM (~2 mL) was added to the residue and mixed well to get a uniform suspension.
It was filtered through a medium frit and the dark residue on the frit was washed with DCM (2x1 mL), MeCN (2x2
mL), Et,O (3x2 mL) and dried under vacuum to afford the title compound as a dark solid (intense purple in solution).
Yield: 0.4340 g, 53 %. *H NMR (400 MHz, CsDs) & 6.92 (d, J = 7.1 Hz, 8H), 6.82 (t, J = 7.5 Hz, 8H), 6.59 (dd, J =
17.3, 7.5 Hz, 8H), 6.34 (s, 2H), 5.75 (s, 2H), 2.94 (s, 12H), 2.79 (s, 12H), 1.51 (s, 12H), 1.41 (s, 12H). Anal. Calcd.

for CesH76CusNgS;:: C, 63.32; H, 5.93; N, 8.68. Found: C, 62.37; H, 5.96; N, 8.26.

Synthesis of [Cua(ps-S)(2,6-dimethylformamidinate)s] [K(18-crown-6)] (7h)

K(18-crown-6)Fp (0.6096 g, 0.82 mmol) was added as solid portions to a solution of 6h (0.9600 g, 0.74
mmol) in toluene (50 mL). Resulting mixture was stirred at room temperature overnight and filtered off to get a deep
blue residue. It was washed with toluene (2x5 mL), Et;O (4x5 mL) and vacuum dried to afford the title compound
as a deep blue solid. Yield: 0.5671 g, 48 %. (*H NMR (400 MHz, Acetone-ds) & 3.63 (s, 18-crown-6 -CH2-). Repeated
attempts at combustion analysis consistently yielded low %C, %H and %N percentage values indicating incomplete
combustion, similar to our previously reported 1-hole 7¢.®? For X-ray quality crystals, the 18-crown-6 was exchanged

with excess 2,2,2-cryptand and a solution of (7h) in THF was layered with pentane at -25°C.

Synthesis of Cus(N,N'-bis(4-(trifluoromethyl)phenyl)formamidinate)a (8)

Separate solutions of N,N'-bis(4-(trifluoromethyl)phenyl)formamidinate*? (d) (0.8916 g, 2.68 mmol) in THF
(~10 mL) and NaHMDS (0.5413 g, 2.95 mmol) in THF (~6 mL) were kept in freezer for 15 min. Cold solution of

NaHMDS was added to cold solution of (d) and the resulting bright yellow solution was allowed to reach room
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temperature for 1 hour. Cu(MeCN)4PFg (1.0002 g, 2.68 mmol) was added as a solid (solution became cloudy lime
green) and the reaction mixture was stirred at room temperature overnight. Then the solvent was completely
evaporated the greenish residue was reconstituted in DCM and filtered through a pad of Celite (any remaining greenish
residue on Celite was wash into the filtrate with more DCM). Filtrate was concentrated under vacuum and kept in
freezer for 30 min. Resulting greenish solid was collected by filtration (while cold), washed with pentane (2x5 mL)
and vacuum dried to afford the title compound as a greenish solid. Yield: 0.4222 g, 40 %. 'H NMR (400 MHz, CD,Cl,)
& 8.21 (s, 4H), 7.35 (s, 8H), 7.33 (s, 8H), 7.02 (s, 8H), 7.00 (s, 8H). °*F{*H} NMR (400 MHz, CD.Cl,) & -62.87 (s, -

CF3). Anal. Calcd. for CeoHasCuaNsgF24: C, 45.64; H, 2.30; N, 7.10. Found: C, 43.95; H, 2.43; N, 6.25.
Synthesis of N-((mesitylphosphanylidene)(phenyl)methyl)-2,4,6-trimethylaniline (n)

A solution of 2,4,6-trimethylphenylphosphane (0.2500 g, 1.64 mmol) in DCM (2 mL)
Ph

\Q:JK;Q/ was drop wisely added to a suspension of N-benzylidyne-2,4,6-
trimethylbenzenaminium trifluoromethanesulfonate (0.6101 g, 1.64 mmol) in DCM

tQ/ (2.5 mL) at -78 °C. The reaction mixture was stirred for 10 min at -78 °C and the

F cooling bath was removed. The mixture was further stirred for 30 min, while allowing

it to warm up to the room temperature. Triethylamine (252 pL, 1.80 mmol) was added
and the color of the solution changed from red-orange to yellow. The mixture was stirred for 15 min and volatiles
were removed under vacuum leaving yellow-orange oily residue. It was purified (under normal atmosphere) by
filtering over a pad of neutral, activated alumina eluting with pentane. Volatiles were removed under vacuum leaving
(n) as a yellow solid. The gram scale synthesis gave (1) as a yellow sticky product which solidified in weeks. Reaction
conditions yield (n) as a mixture of (n1) ~ 80% and (n2) ~ 20%. Total yield: 0.3506 g, 72 %. H NMR of (n1) (500
MHz, CDCls) § 7.34 (d, J = 8.2 Hz, 2H), 7.21 (t, J = 7.3 Hz, 1H), 7.14 (t, J = 7.5 Hz, 2H), 6.99 (s, 2H), 6.67 (s, 2H),
6.17 (s, 1H), 2.59 (s, 6H), 2.29 (s, 3H), 2.15 (s, 3H), 2.04 (s, 6H). 1P NMR of (n1) (162 MHz, CDCls) & 61.74 (s),

(n2) (162 MHz, CDCls) -74.51 (d, J = 241.1 Hz). m/z theoretical: 373.20, 374.20, 375.20. Found 374.3, 375.3, 376.3
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Synthesis of bis(tetrahydrofuran)lithium mesityl((mesitylphosphanylidene)(phenyl)methyl)amide (o)

n-butyllithium (12.5 mL of 1.6 M in hexanes, 19.9 mmol) was drop wisely added to

Ph
\<;(N)§P a solution of (n) (4.9544 g, 16.6 mmol) in THF (25 mL) at -78 °C. The color of the
Li(

|
THF) . .
’ mixture was changed from yellow to orange to dark brown. Resulted mixture was

allowed to warm up to room temperature and stirred for further 10 min. The volatiles were removed under vacuum
leaving a brown residue, which was dissolved in a minimum amount of THF and kept at -20 °C to afford (0) as an
orange solid. It was filtered and washed with cold pentane. The filtrate was completely evaporated and re-dissolved
in minimum amount of THF and kept at -20 °C to afford a second crop. A third crop was obtained in a similar way.
Total yield: 5.3342 g, 61 %. 'H NMR (400 MHz, THF-d8) § 7.21 — 7.12 (m, 2H), 6.86 — 6.79 (m, 3H), 6.75 (s, 2H),
6.41 (s, 2H), 3.64 — 3.59 (m, 4H; THF), 2.40 (s, 6H), 2.28 (s, 6H), 2.21 (s, 3H), 1.99 (s, 3H), 1.79 — 1.74 (m, 4H;

THF). 3P NMR (162 MHz, THF-d8) § 25.55 (s).
Synthesis of Cus[mes-NC(Ph)=P-mes]sClsLii(THF)2 (9)

A solution of (0) (0.1014 g, 0.19 mmol) in THF (3 mL) was drop wisely added to a suspension of CuCl
(0.0575 g, 0.58 mmol) in THF (5 mL) over 10 min. The reaction mixture immediately changed to yellow and to cloudy
orange at the end of the slow addition. It was stirred at room temperature for 1 hr and filtered through a pad of celite.
The filtrate was completely evaporated leaving a yellow solid. It was added with DCM (6 mL) and filtered through a
pad of celite to remove insoluble LiCl. The celite pad was washed with DCM (1 mL x 2). The filtrate was completely
evaporated leaving 9 as a yellow-orange solid. Yield: 0.0890g, 77 %. X-ray quality crystals were grown by cooling a
saturated solution of 9 in THF at -20 °C. *H NMR (400 MHz, CDCls) § 6.97 (s, 2H), 6.82 (t, J = 7.2 Hz, 1H), 6.75 (t,
J =75 Hz, 2H), 6.65 (s, 1H), 6.62 (s, 1H), 5.86 (s, 1H), 5.62 (s, 1H), 3.77 (s, 4H; THF), 3.03 (s, 3H), 2.60 (s, 3H),
1.99 (s, 3H), 1.98 (s, 3H), 1.97 (s, 3H), 1.86 (s, 8H; THF), 1.19 (s, 3H). 3P NMR (162 MHz, CDCls) & -61.95 (s).
Anal. calcd. For CgsHg7CusClaLiO2P3: C, 55.64; H, 5.46; N, 2.35. Found: C, 54.92; H, 5.12; N, 2.04. (The error of %C

was greater than the limit of satisfactory due to the solvent coordination).
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Synthesis of N-((mesitylphosphanylidene)methyl)-2,4,6-trimethylaniline (p)

n-Butyllithium (1.6 M solution in hexane, 4.9 mL, 7.86 mmol) was drop wisely added

\qﬂ&pﬁ over 15 min to a solution of 2,4,6-trimethylphenylphosphane (1.0000 g, 6.57 mmol)
in Et;O (45 mL) at -78 °C. Resulted mixture was stirred for 30 min at the same

temperature, followed by another 30 min outside the cold well allowing it to warm up to room temperature to afford
lithium 2,4,6-trimethylphenylhydrophosphanide as a yellow cloudy solution. It was drop wisely added over 30 min to
a solution of ethyl N-mesitylformimidate (1.2569 g, 6.57 mmol) in Et,O (10 mL) at -78 °C. Resulted mixture was
stirred for 30 min at the same temperature and allowed to warm up to room temperature overnight. Resulted yellow
solution was added with solid NH4CI (0.3515 g, 6.57 mmol) and stirred for 30 min and then filtered through a pad of
celite to remove the insoluble LiCl. The filtrate was completely evaporated leaving a yellow solid which was added
with pentane (20 — 25 mL) and filtered off using a coarse frit and washed with pentane (2 mL x 6) to afford (p) as a
yellow-green solid. (If any unreacted ethyl N-mesitylformimidate or 2,4,6-trimethylphenylphosphane present, the
yellow solid which is resulted by completely evaporating the filtrate, will appear as wet and sticky. In that case,
washing with pentane will remove the any unreacted materials and the byproducts, leaving (p) as a dry solid). Yield:
1.0161 g, 52 %. 'H NMR (400 MHz, CsD¢) 8 7.63 (dd, J = 44.1, 13.9 Hz, 1H), 6.88 (s, 2H), 6.54 (s, 2H), 2.61 (s, 6H),
2.15 (s, 3H), 2.05 (s, 3H), 1.89 (s, 6H). 3P NMR (162 MHz, CsDg) & 54.43 (d, J = 44.2 Hz). m/ z theoretical: 297.16,

298.17, 299.17. Found: 298.4,299.4, 300.4.
Synthesis of Cus[mes-NCH=P-mes]s using Misitylcopper (10)

A solution of mesitylcopper (0.1342 g, 0.73 mmol) in Et,O (11 mL) was drop wisely added over 20 min to a
solution of (p) (0.2184 g, 0.73 mmol) in Et,0 (12 mL). The reaction mixture was well capped and stirred at 40 °C for
3 hrs. The 3P nmr of an aliquot showed the complete consumption of (p) giving rise to multiplets around -55 to -80
ppm. The reaction mixture was further stirred for 8 days at 40 °C resulting a yellow precipitate. The precipitate was
collected by filtration and re-dissolved in benzene and filtered off through a pad of celite to remove a brown color by
product (possibly decomposed Cu from Cu-mes). Resulted yellow-orange filtrate was completely evaporated leaving
10 as a yellow-orange solid. Yield: 0.1728 g, 65 %. *H NMR (400 MHz, C¢Ds) & 8.38 (s, 1H), 6.87 (s, 1H), 6.84 (s,

1H), 6.78 (s, 1H), 6.55 (s, 1H), 2.92 (s, 3H), 2.53 (s, 3H), 2.50 (s, 3H), 2.17 (s, 3H), 2.08 (s, 3H), 1.53 (s, 3H). 3P
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NMR (162 MHz, CgDs) & -74.39 (S). Anal. calcd. For C76Ho2CusN4P4: C, 63.41; H, 6.44; N, 3.89. Found: C, 61.53; H,

6.32; N, 3.60. (Repeated attempts gave consistent results implying incomplete combustion)

Synthesis of complex 10 using Cu(MeCN)4PFs (p)

(0.1771 g, 5.96 mmol) and NaHMDS (0.1201 g, 6.55 mmol) were mixed in Et,O (8 mL) and stirred for 1 hr
at room temperature. Cu(MeCN)4PFg (0.2220 g, 5.96 mmol) was added as a solid to the reaction mixture. It was
crushed using a glass rod, while it is inside the reaction mixture, as the solubility of Cu(MeCN)4PFs in Et,0 is poor.
Immediate formation of an orange solid was seen. Reaction mixture was further stirred at room temperature for 3 hrs
and filtered off to get an orange solid which was washed with pentane (2 mL x 3). This solid was re-dissolved in
benzene (15 mL) and stirred for 10-15 min. Then it was filtered through a pad of celite and the celite was washed with
benzene (2 mL X 6). Filtrate was completely evaporated to afford 10 as an orange solid. X-ray quality crystals were
grown by slow evaporation of a concentrated solution of 10 in 1:1 mixture of toluene and benzene. Yield: 0.1534 g,
72 %. 'H NMR (400 MHz, CsDs) & 8.38 (s, 1H), 6.87 (s, 1H), 6.84 (s, 1H), 6.78 (s, 1H), 6.55 (s, 1H), 2.92 (s, 3H),
2.53 (s, 3H), 2.50 (s, 3H), 2.17 (s, 3H), 2.08 (s, 3H), 1.53 (s, 3H). 3P NMR (162 MHz, CsDg) & -74.39 (s). Anal. calcd.
For C76Hg2CusN4P4: C, 63.41; H, 6.44; N, 3.89. Found: C, 61.04, H,6.30; N, 3.44. (Repeated attempts gave consistent

results implying incomplete combustion)
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5.1.4  Experimental spectra and relevant data tables

1H NMR (CDCI3, 400 MHz) (Ph2P-C=N-Mes) (a)
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FIGURE S 1 'H NMR of (a). E-from *H NMR (400 MHz, CDCls) & 8.66 (d, J = 36.4 Hz, 1H), 7.69 — 7.39 (m, 10H),

6.85 (s, 2H), 2.27 (s, 3H), 2.09 (s, 6H). Z-from *H NMR (400 MHz, CDCls) §9.18 (d, J = 17.3 Hz, 1H), 7.39 — 7.32
(m, 10H), 6.74 (s, 2H), 2.28 (s, 3H), 1.88 (s, 6H).



31P NMR (CDCI3, 400 MHz) (Ph2P-C=N-Mes) (a)
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FIGURE S 2 3P{*H} NMR of (a). 3P{*H} NMR (400 MHz, CDCls) § -8.14.
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1H NMR (CDCI3, 400 MHz) [Cu2(Ph2P-CH=NMes)2][(PF6)2] (a’)

faa]

Q

(o]

O
Nooowm—oown ™1 N
NIHMN T M &N ®© NGO
OIS INININNNW o~ oo
| Tyt N/

] 2PFs

<+
Q
i

1171 =
412.004

1350 2

T T T T T T T T T

T T
8.0 7.5 7.0 6.5 6.0 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0 -0.5

w

110 105 10.0 9.5 9.0 8. 5.5
f1 (ppm)

FIGURE S 3 'H NMR of Cu2[Ph,P(CH)=NMes], (a’). tH NMR (400 MHz, CDCls) § 8.55 (s, 2H), 7.65 — 7.31 (m,
20H), 6.82 (s, 4H), 2.22 (s, 6H), 2.05 (s, 12H), 1.82 (s, coordinated MeCN).
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31P NMR (CDCI3, 400 MHz) [Cu2(Ph2P-CH=NMes)2][(PF6)2] (a’) aQ
8 A
> +
o -
I |
@ T 2PFe
ooy \
NCMe—___
? Cfu C|u""“‘-|\/|ecr\1
N\\\\/P. :
Sk N
& T
= a
i o
220 200 léﬂ 160 140 120 160 éU 60 40 20 0 —2‘0 40 -60 -éD ’lTDD -1;0 -l:IG -1‘60 -!.rBD -2‘00 -2‘20
f1 (ppm)

FIGURE § 4 3:P{*H} NMR of Cuz[Ph2P(CH)=NMes]2 (a*). 3:P{*H} NMR (400 MHz, CDCl3) & -2.00 (s), -145.89 (sept, PFs).
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1H NMR (CDCI3, 400 MHz) Bis(4-methoxyphenyl)formamidine (f)
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FIGURE S 5 *H NMR of bis(4-methoxyphenyl)formamidine (f). *H NMR (400 MHz, CDCls) & 8.37 (s, 1H), 8.04 (s,
1H), 7.05 — 6.78 (m, 8H), 3.79 (s, 6H).
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1H NMR (aceton-d6, 400 MHz) Bis(4-chlorophenyl) formamidine (g)
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FIGURE S 6 ‘*H NMR of bis(4-chlorophenyl)formamidine (g). *H NMR (400 MHz, CDCls) & 8.17 (s, 1H), 7.31 (s,
8H), 2.84 (brs, residual H,0).



1H NMR (CDCI3, 400 MHz) Bis(2,6-dimethylphenyl)formamidine (h)

m
Q
o
O
0 ©
ARS8 &
[ S N N Ve ) o~
—\ [
NP N
H
|
| N
u
i iy
o
w o
O o~
o wn —
T T r . . T T T r r T T r . T T T T r T T T . |
11.0 10.5 10.0 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5
f1 (ppm)

0.0

-0.5

90

FIGURE S 7 *H NMR of Bis(2,6-dimethylphenyl)formamidine (h). *H NMR (400 MHz, CDClg) § 7.30 (brs, 1H),

7.28 - 6.72 (M, 6H), 2.28 (s, 12H).
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FIGURE S 8 APCI * mass spectrum of (h).
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1H NMR (CDCI3, 400 MHz) Bis(4-chloro-2,6-dimethylphenyl)formamidine
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FIGURE S 9 'H NMR of bis(4-chloro-2,6-dimethylphenyl)formamidine (i). *H NMR (400 MHz, CDCl3) § 7.31 (brs,

1H), 7.20 — 6.98 (m, 4H), 2.22 (d, J = 4.5 Hz, 12H).
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1H NMR (CDCI3, 400 MHz) Bis(4-methoxy-2-methylphenyl)formamidine (J)
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FIGURE S 11 *H NMR of bis(4-methoxy-2-methyphenyl)formamidine (j). *H NMR (400 MHz, CDCls) § 7.82 (brs,
1H), 6.91 — 7.02 (m, 2H), 6.80 — 6.68 (m, 4H), 3.78 (s, 6H), 2.31 (s, 6H).

Spectrum RT 0.09 - 0.26 {44 scans} - Background Subtracted 0.01 - 0.07
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FIGURE S 12 APCI * mass spectrum of (j).



1H NMR (CDCI3, 400 MHz) Bis(2-methoxy-6-methylphenyl)formamidine (k)
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FIGURE S 13 *H NMR of bis(2-methoxy-6-methylphenyl)formamidine (k). *H NMR (400 MHz, CDCl3) & 7.88 (s,
1H), 7.56 (s, 1H), 7.04 — 6.70 (m, 6H), 3.90 — 3.70 (m, 6H), 2.37 — 2.22 (m, 6H).

Spectrum RT 0.22 - 0.33 (27 scans} - Background Subtracted 0.071 - 0.11
Blstzfmethoxyfsémethylphenyl]iormamldme.datx 2019.70.14 11:11:24;
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FIGURE S 14 APCI * mass spectrum of (k).
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1H NMR (CDCI3, 400 MHz) Bis(2-chloro-6-methylphenyl)formamidine (I)
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FIGURE S 15 *H NMR of bis(2-chloro-6-methylphenyl)formamidine (l). *H NMR (400 MHz, CDCls) § 7.69 — 6.89
(m, 6H), 6.67 (brs, 1H), 5.86 (brs, 1H), 2.60 — 2.15 (m, 6H).

Spectrum RT 0.14 - 0.17 {10 scans} - Background Subtracted 0.00 - 0.11
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FIGURE S 16 APCI * mass spectrum of (I).
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1H NMR (CDCI3, 400 MHz) Bis(2,6-diisopropylphenyl)formamidine (M)
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FIGURE S 17 *H NMR of bis(2,6-diisopropylphenyl)formamidine (m). *H NMR (400 MHz, CDCl3) § 7.29 — 7.01
(m, 6H), 5.55 (d, J = 11.9 Hz, 1H), 3.42 — 3.13 (m, 4H), 1.36 — 1.06 (M, 24H).
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FIGURE S 18 APCI * mass spectrum of (m).
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Ph2P-CH=NMes)2][(PF6)2] ()

—_

1H NMR (CDCI3, 400 MHz) [Cu2
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FIGURE S 19 'H NMR of Cu,[Bis(2,6-dimethylphenyl)formamidinate]. (h’) *H NMR (400 MHz, CDCls3)  7.09 —
7.01 (m, 10H), 6.96 (s, 1.4H), 6.94 (d, J = 1.2 Hz, 2H), 6.92 (s, 0.6H), 2.41 (s, 24H).



1H NMR (CDCI3, 400 MHz) Cu2[bis(4-chloro-2,6-dimethylphenyl)formamidinate]2 (i
[80]

i’)
(@]
a]
(@]
o g T o))
N O N
cl cl N O O o
NN J
NN
| |
Cu Cu
| |
NN
cl !
L . | Lx
P ]
o
~ ™~ =]
v o <
M~ - o~
T T T T T T T T T T T T T T T T T T T T . T T )
110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25

20 15 10 05 00 -0
f1 (ppm)

FIGURE S 20 'H NMR of Cu;[bis(4-chloro-2,6-dimethylphenyl)formamidinate]. (i’). *H NMR (400 MHz, CDCls)
§6.99 (s, 8H), 6.94 (s, 1H), 2.29 (s, 24H).



1H NMR (CDCI3, 400 MHz) Cu2[bis(4-methoxy-2-methylphenyl)formamidinate]2 (')
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FIGURE S 21 *H NMR of Cuz[bis(4-methoxy-2-methylphenyl)formamidinate], (j’). *H NMR (400 MHz, CDCl3) &

7.53 (s, 2H), 6.85 (d, J = 8.4 Hz, 4H), 6.69 (d, J = 3.0 Hz, 4H), 6.66 — 6.61 (m, 4H), 3.75 (s, 12H), 2.39 (s, 12H),
0.28(s, residual HMDS).
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1H NMR (CDCI3, 400 MHz) Cu2[bis(2-methoxy-6-methylphenyl)formamidinate]2 (k')
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FIGURE S 22 *H NMR of Cu;[bis(2-methoxy-6-methylphenyl)formamidinate], (k*). *H NMR (400 MHz, CDCl3) &
7.43 (s, 2H), 6.88 (t, J = 8.0 Hz, 4H), 6.75 (d, J = 7.5 Hz, 4H), 6.69 (d, J = 8.0 Hz, 4H), 3.66 (s, 12H), 2.41 (s, 12H).
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1H NMR (CDCI3, 400 MHz) Cu2[bis(2-chloro-6-methylphenyl)formamidinate]2 (")
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FIGURE S 23 'H NMR of Cug[bis(2-chloro-6-methylphenyl)formamidinate], (1°). *H NMR (400 MHz, CDCls) &
7.20 (d, J = 7.9 Hz, 4H), 7.18 (s, 2H), 7.06 (d, J = 7.5 Hz, 4H), 6.91 (t, J = 7.8 Hz, 4H), 2.42 (s, 12H).
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1H NMR (CDCI3, 400 MHz) Bis(2,6-diisopropylphenyl)formamidinate]2 (M)
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FIGURE S 24 'H NMR of Cuz[bis(2,6-diisopropylphenyl)formamidinate], (m*).*H NMR (400 MHz, CDCls) & 7.09
—7.02 (m, 14H), 3.61 (hept, J = 6.9 Hz, 8H), 1.26 (d, J = 6.9 Hz, 24H), 1.18 (d, J = 6.9 Hz, 24H).
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1H NMR (Thf-d8, 400 MHz) b
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FIGURE S 25H NMR of bis(tetrahydrofuran)lithium mesityl((mesitylphosphanylidene)(phenyl)methyl)amide (o).
!H NMR (400 MHz, THF-d8) § 7.21 — 7.12 (m, 2H), 6.86 — 6.79 (m, 3H), 6.75 (s, 2H), 6.41 (s, 2H), 3.64 — 3.59 (m,
4H; THF), 2.40 (s, 6H), 2.28 (s, 6H), 2.21 (s, 3H), 1.99 (s, 3H), 1.79 — 1.74 (m, 4H; THF).
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31P NMR (Thf-d8, 162 MHz)
bis(tetrahydrofuran)lithium mesityl
((mesitylphosphanylidene)(phenyl)methyl)amide
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FIGURE S 263'P{*H} NMR of bis(tetrahydrofuran)lithium mesityl((mesitylphosphanylidene)(phenyl)methyl)amide
(0).3*P{*H} NMR (162 MHz, THF-d8) & 25.55 (s).
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FIGURE S 27 Full range APCI* mass spectrum of (0).
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1H NMR (C6D6, 400 MHz)
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FIGURE S 28 'H NMR of N-((mesitylphosphanylidene)methyl)-2,4,6-trimethylaniline (p).!H NMR (400 MHz,
CeDs) 0 7.63 (dd, J = 44.1, 13.9 Hz, 1H), 6.88 (s, 2H), 6.54 (s, 2H), 2.61 (s, 6H), 2.15 (s, 3H), 2.05 (s, 3H), 1.89 (s,
6H).
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31P NMR (C6D6, 162 MHz)
MN-((mesitylphosphanylidene)methyl)-2 4 ,6-trimethylaniline
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FIGURE S 29 3'P{*H} NMR of N-((mesitylphosphanylidene)methyl)-2,4,6-trimethylaniline (p). 3:P{*H} NMR (162
MHz, CsDs) 5 54.43 (d, J = 44.2 Hz).
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FIGURE S 30 Full range APCI* mass spectrum of (p).
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1H NMR (CD3CN, 400 MHz)
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FIGURE S 31 *H NMR of (). 'H NMR (400 MHz, CDsCN) § 7.37 — 7.19 (m, 10H), 6.92 (s, 1H), 6.11 — 6.02 (m,

2H).
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31P NMR (CD3CN, 400 MHz) (q)

—-23.21

T T T T T T
110 100 90 80 70 60 50 40 30 20 10 0 i0 -20 -30 -4 -50 -60 -70 -80 -90 -100 -110 -120 -130

FIGURE S 32 3P{'H} NMR of (q). *:P{*H} NMR (400 MHz, CDsCN) & -23.21.
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1H NMR (CD3CN, 400 MHz) (q’)
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FIGURE S 33 'H NMR of (q°). *H NMR (400 MHz, CDsCN) & 7.39 — 7.25 (m, 20H), 7.06 (s, 2H), 6.23 (dd, J = 3.4,
2.0 Hz, 2H), 6.15 (d, J = 2.2 Hz, 2H), 2.12 (s, coordinated CH3CN).
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31P NMR (CD3CN, 400 MHz) (q')
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FIGURE S 34 3'P{*H} NMR of (q’). 3*P{*H} NMR (400 MHz, CDsCN) & -14.24.
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FIGURE S 35 'H NMR of 3. 'H NMR (400 MHz, CDCls)  7.47 — 7.15 (m, 60H), 4.25 (s, 12H), 4.04 (s, 12H), 3.74
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31P NMR (CDCI3, 400 MHz) of 3
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FIGURE S 36 3'P{*H} NMR of 3. 3'P{*H} NMR (400 MHz, CDCls) 5 -10.35 (brs), -145.79 (sept, PFs).
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1H NMR (DMSO-d6, 400 MHz) [CudCl4(Ph2P-CH2-NEt2)2] (5) Q
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FIGURE S 37 'H NMR of 5.*H NMR (400 MHz, DMSO-ds) & 7.75 — 7.42 (m, 20H), 3.55 (d, J = 1.7 Hz, 4H), 2.69

(9, 8H), 3.32 (s, residual H,O in DMSO-ds), 0.91 (t, 12H).
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31P NMR (DMSO-d6, 400 MHz) [CudCl4(Ph2P-CH2-NEt2)2] (5)
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FIGURE S 38 3P{'H} NMR of 5. 31P{*H} NMR (400 MHz, DMSO-ds) & -19.27.
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R = 2,6-dimethylphenyl

1H NMR (C6D6, 400 MHz) Cu4S(2,6-dimethylformamidinate)4
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FIGURE S 39 'H NMR of 6h. H NMR (400 MHz, CsDs) § 6.92 (d, J = 7.1 Hz, 8H), 6.82 (t, J = 7.5 Hz, 8H), 6.59
(dd, J=17.3, 7.5 Hz, 8H), 6.34 (5, 2H), 5.75 (s, 2H), 2.94 (s, 12H), 2.79 (s, 12H), 1.51 (s, 12H), 1.41 (s, 12H).
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1H NMR (Acetone-d6, 400 MHz) Cu4S[bis(2,6-dimethylphenyl)formamidinate]4 K(18-crown-6) (7h)
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110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -0
f1 (ppm)

FIGURE S 40 *H NMR of 7h. (*H NMR (400 MHz, Acetone-dg) & 3.63 (s, 18-crown-6 -CH2-).

g=2.01

2900 3000 3100 3200 3300 3400 3500 3600
Magnetic Field (G)

FIGURE S 41 X-band cw EPR spectrum of 7h (5 mM, -195 °C). Microwave frequency, 9.255 GHz; microwave
power, 6 mW; scan time, 240 s; time constant, 0.03 s; field modulation amplitude, 1 mT. g=2.05 and 2.01.
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Absorbance Vs Wavelength (nm)
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FIGURE S 42 Uv-Vis spectrum of 0.25 mM solution of 7h in acetone. Amax = 571 nm (4E = 210 kd/mol, ¢ = 4680 M-
Lem?

1H NMR (CDCI3, 400 MHz) Cu4S[bis(4-chloro-2,6-dimethylphenyl)formamidinate] (6i)
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FIGURE S 43 'H NMR of 6i. '"H NMR (400 MHz, CDCl3) 4 6.93 (dd, J = 5.6, 2.5 Hz, 10H), 6.63 (d, J = 2.7 Hz, 6H),
6.57 (s, 4H), 2.76 (s, 12H), 2.65 (s, 12H), 1.48 (s, 12H), 1.40 (s, 12H). residual precursor shows up at 8 6.99, & 6.13
and 6 2.29.



1H NMR (CD2CI2, 400 MHz) Cu4[bis(4-trifluoromethylphenyl)formamidinate]4 (8)
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FIGURE S 44 'H NMR of 8. 'H NMR (400 MHz, CD,Cl,) & 8.21 (s, 4H), 7.35 (s, 8H), 7.33 (s, 8H), 7.02 (s, 8H),

7.00 (s, 8H).
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19F NMR (CD2CI2, 400 MHz) Cu4[bis(4-trifluoromethylphenyl)formamidinate]4 (8)
™~

—-62.8

R = 4-trifluoromethylphenyl
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FIGURE S 45 “F{*H} NMR of 8. 19F NMR (400 MHz, CD,Cl,) & -62.87 (s, -CFs).
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FIGURE S 46 *H NMR of complex 9. 'H NMR (400 MHz, CDCls) § 6.97 (s, 2H), 6.82 (t, J = 7.2 Hz, 1H), 6.75 (t, J
= 7.5 Hz, 2H), 6.65 (s, 1H), 6.62 (s, 1H), 5.86 (s, 1H), 5.62 (s, 1H), 3.77 (s, 4H; THF), 3.03 (s, 3H), 2.60 (s, 3H), 1.99

(s, 3H), 1.98 (s, 3H), 1.97 (s, 3H), 1.86 (s, 8H; THF), 1.19 (s, 3H).
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—-61.95

31P NMR (CDCI3, 162 MHz)
Cub[mes-NC(Ph)=P-mes]3CILI(THF)2
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FIGURE S 47 3'P{*H} NMR of complex 9. 3!P{*H} NMR (162 MHz, CDCl5) 5 -61.95 (s).
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1H NMR (C6D6, 400 MHz)
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FIGURE S 48 'H NMR of complex 10. *H NMR (400 MHz, CsDe) & 8.38 (s, 1H), 6.87 (s, 1H), 6.84 (s, 1H), 6.78 (s,
1H), 6.55 (s, 1H), 2.92 (s, 3H), 2.53 (s, 3H), 2.50 (s, 3H), 2.17 (5, 3H), 2.08 (s, 3H), 1.53 (s, 3H).
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—-74.39

31P NMR (C6D6, 162 MHz)
Cud[mes-N=CHP-mes]4 (5)
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FIGURE S 49 31P{*H} NMR of complex 10. 3!P{*H} NMR (162 MHz, CsDg) & -74.39 (s).
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Cyclic Voltammogram of 3
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FIGURE 8 50 Cyclic voltammogram of complex 9 (1.00x 10-3 M solution in 0.1 M Bu4NPF6/THF).
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FIGURE S 51 Cyclic voltammogram of 10 (1.00 x 10 M solution in 0.1 M Bu4NPF6/THF).
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UV-Vis spectroscopic analysis for the presence of trace amounts of 2-hole complexes.

The reactions between the precursors (j’, k’, I’, m’ and n’) and Sg were analyzed by UV-Vis spectrometry to
prove (or disprove) the formation of corresponding 2-hole complexes. Intense purple color of a typical 2-hole complex

results an absorbance around 560 cm*. All the reactions and preparations were carried out in a N2 glove box.

A Sg solution (0.5 eq) in toluene was added dropwise to a solution of precursor in THF. The resulted mixture
was stirred for 3 days at 50 °C. Development of an intense purple color indicated the formation of the corresponding
2- hole complex. At the end, the solvent was completely evaporated leaving a dark solid. Small amount of solid was
added with DCM (4 mL) and stirred for 15 min. It was filtered through a celite pipette into a UV-Vis cuvette fitted

with a silicon septum cap. UV-Vis spectrum of each sample was recorded from 400 — 800 cm™.

Absorbance Vs Wavelength (nm)

0.6

(m')+S8
—(I') + S8
0 —— (k") +58
(i) +58
0.4 “',“ —(j")+ 58
@ /
Q / \
c / \
© 7/ ‘,
203 \
(o}
w
£
< J—
0.2 //,./ \"‘.‘\
01 >< . —
= —_—
0
400 450 500 550 600 650 700 750 800

Wavelength (nm)

FIGURE S 52 The overlay of the graphs “Absorbance Vs Wavelength (nm)” for the reactions between precursors (i’,
j>, K’, ’and m) and Sg. 6i (Amax = 557 nm, AE = 215 kJ/mol), 6 (Amax = 564 nm,AE = 212 kJ/mol), 6l (Amax = 549 nm,
AE =218 kJ/mol). Absorption coefficients (€) have not been given as the concentrations of the analyte in crude samples
were not known.

Exact concentrations of the samples were unable to calculate as the reactions did not go to completion and
the isolation of the pure 2-hole complexes was impossible. However, approximate dilutions were carried out to achieve

a comparable absorbance (at Amax) between the positive samples (samples that turned purple). The precursors i’, j> and
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I’ were able to reassemble in to a 2-hole complex while k> and m’ were unable. This confirms that a steric factor

greater than that of -CHs at the ortho positions (one or both) of the formamidinate ligand would destabilizes the

formation of Cua(us-S) assembly.

Structure refinement parameters

TABLE S 1 Sample and crystal data for complex (a’)

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal size

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected

Independent reflections

Coverage of independent reflections
Absorption correction

Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

A/Gmax

Final R indices [5082 data; [>206(1)]
R indices (all data)

Largest diff. peak and hole

Cu2PCN2_a
Cs2Hs6Cu2F12N6P4

1243.98 g/mol

100(2) K

0.71073 A

0.210 x 0.280 x 0.760 mm

monoclinic

P121/n1l

a=11.4946(6) A o =90°
b=11.6650(6) A = p=102.3832(15)°
¢ =20.8075(10) A  y=190°

2725.1(2) A3

2

1.516 g/cm?®

0.981 mm*

1272

0.21 x 0.28 x 0.76 mm?

2.52t029.57°

-15<=h<=15, -16<=k<=16, -28<=I<=28
43080

7611 [R(int) = 0.0685]

99.8%

Multi-scan

Full-matrix least-squares on F?
7611/0/ 348

1.007

0.001

R1 =0.0504, wR2 = 0.1367

R1 =0.0966, wR2 = 0.1694

0.597 and -0.901 eA-?



TABLE S 2 Sample and crystal data for complex (p°)

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected

Independent reflections

Coverage of independent reflections
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [4214 data; [>206(1)]
R indices (all data)

Largest diff. peak and hole

Cu2NP2_p
C3sH32CuzN2P;

705.67 g/mol

100(2) K

0.71073 A

monoclinic

P121/c1

a=19.2838(14) A  a=90°

b =10.5574(8) A B=115.2192)°
c=17.5000(12) A y=90°
3223.2(4) A3

4

1.454 g/cm?®

1.449 mm?

1448

0.10 x 0.30 x 0.40 mm?

2.25 t0 26.16°

-22<=h<=22, -11<=k<=12, -20<=l<=19
136240

5778 [R(int) = 0.1143]

89.7%

Full-matrix least-squares on F?
5778/0/399

1.004

R1=0.0515, wR2 = 0.1191
R1=0.0991, wR2 = 0.1451

0.687 and -1.321 eA®
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Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Coverage of independent reflections
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [1>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

TABLE S 3 Crystal data and structure refinement for complex 5

Cu4CI4PCN2_5

Cas Has Cls Cuz N2 P2
811.53 g/mol

200(2) K

0.71073 A

Monoclinic

Cl2lc1

a=17.9053)A a=90°
b=13.1502) A Pp=101.137(6)°
c=162422)A y=90°
3752.2(11) A3

4

1.437 g/cm?®

1.530 mm™?

1672

0.11x0.17 x 0.32 mm?
2.1910 26.73°

-22<=h<=20, -16<=k<=14, -19<=I<=15

11468

3752 [R(int) = 0.1168]
94.2%

Multi-scan

0.8500 and 0.6400
Full-matrix least-squares on F?
3752/01/210

1.165

R1 =0.0935, wR2 = 0.2220
R1=0.1349, wR2 = 0.2431
1.387 and -1.884 eA
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Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

Unit cell dimensions

Volume/A3

VA

Pealcg/cm?

wmm'

F(000)

Crystal size/mm?3

Radiation

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections
Absorption correction
Refinement method
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I>=2c ()]
Final R indexes [all data]
Largest diff. peak/hole / e A3

TABLE S 4 Crystal data and structure refinement for complex 7h

CHcryptand
CesH112CUsKN1006S
1707.17 g/mol

100 (2) K

tetragonal

P43212

a=18.195(2) a=90°
b=18.195(2) p=90°
c=58.198(9) y=90°
19267. (5)

8

1.177

0.986

7176

0.2x0.1x0.1

MoKa (L =0.71073 A)
1.62 to 24.80

-21<h<21,-20<k<20,-66 <1< 68

950792

15757 [Rine = 0.1945]
multi-scan

Full-matrix least-squares on F?
15757/2770/990

1.754

R; =0.0901, wR; = 0.2220

R; =0.1016, wR; = 0.2239
0.682/-1.047
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Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

Unit cell dimensions

Volume/A3

VA

pcalcglcm3

wmm*

F(000)

Crystal size/mm?3

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I>=2c ()]
Final R indexes [all data]
Largest diff. peak/hole / e A3

TABLE S 5 Crystal data and structure refinement for 8

CU4S(NCN-CF3)4
CesHs2NgO2F24Cuy
1723.34

100.00(10)

monaoclinic

P2/c

a=26.20352) a=90°
b=28.37519(7) P =100.0046(9)°
c=30.6475(3) vy=90°
6623.61(10)

4

1.728

2.535

3456.0

0.3415 x 0.2793 x 0.1444
CuKa (A =1.54184)

6.86 to 148.66

-32<h<32,-10k<10,-36 <1<38

64797

13309 [Rint = 00231, Rsigma = 00161]

13309/0/957

1.033

R1 =0.0363, wR2 = 0.0941
R1 =0.0439, wR2 = 0.1005
0.87/-0.58
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TABLE S 6 Crystal data and structure refinement for 9
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Identification code neallx4

Empirical formula C83H97LiN302P3C|4CU6
Formula weight 1791.52
Temperature/K 100.15

Crystal system triclinic

Space group P-1

alA 13.53456(18)

b/A 13.7507(2)

c/A 24.7864(4)

a/° 81.1953(12)

B/ 75.7315(12)

v/° 65.3615(14)
Volume/A3 4057.01(11)

z 2

pcalcg/Cm3 1.467

wmm? 3.849

F(000) 1844.0

Crystal size/mm?3 0.216 x 0.181 x 0.053
Radiation CuKa (A= 1.54184)
20 range for data collection/° = 7.084 to 141.378
Index ranges -16 <h<16,-16<k<16,-30<1<30
Reflections collected 72560

Independent reflections 15263 [Rin: = 0.0535, Rsigma = 0.0291]
Data/restraints/parameters 15263/0/947

Goodness-of-fit on F2 1.032
Final R indexes [I>=20 ()] R1 =0.0361, wR2 = 0.0973
Final R indexes [all data] R1=0.0423, wR, = 0.1016

Largest diff. peak/hole / e A 0.64/-0.52
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FIGURE S 53 Fully labeled ORTEP of 9 (50% probability ellipsoids). Hydrogen atoms have been omitted.
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FIGURE S 54 Crystal packing of 9. Mostly made by van-der-Waals forces (a limited stacking exists only between
benzene rings C2...C7 through an inversion center).



TABLE S 7 Crystal data and structure refinement for 10
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Identification code neally4

Empirical formula Cr6Hg2N4P4Cuy
Formula weight 1439.57
Temperature/K 100.15

Crystal system monaclinic

Space group Pn

alA 13.00013(17)

b/A 12.77086(18)

c/A 21.7987(3)

a/° 90

[ 98.3082(15)

v/° 90

Volume/A3 3581.11(9)

Z 2

Pealcg/cm® 1.335

wmm* 2.512

F(000) 1504.0

Crystal size/mm?3 0.173 x 0.11 x 0.057
Radiation CuKoa (A =1.54184)
20 range for data collection/°  7.476 to 141.39
Index ranges -15<h<15,-11<k<15,-26<1<25
Reflections collected 25529

Independent reflections 11248 [Rint = 0.0936, Rsigma = 0.0651]
Data/restraints/parameters 11248/2/818

Goodness-of-fit on F? 1.062
Final R indexes [I>=20 ()] R1 =0.0727, wR, = 0.2156
Final R indexes [all data] R1 =0.0784, wR, = 0.2260

Largest diff. peak/hole / e A 1.34/-0.73
Flack parameter 0.16(5)
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FIGURE S 55 Fully labeled ORTEP of 10 (50% probability ellipsoids). Hydrogen atoms have been omitted.
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FIGURE S 56 Crystal packing of 10. The crystal packing is discrete with the molecules joined only by van-der-Waals
forces.
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5.2 Supporting information for Chapter 3

Reproduced with the permission from Hsu, C.-W.; Rathnayaka, S. C.; Islam, S. M.; MacMillan, S. N.;
Mankad, N. P. N,O Reductase Activity of a [CusS] Cluster in the 4Cu(l) Redox State Modulated by Hydrogen Bond
Donors and Proton Relays in the Secondary Coordination Sphere. Angew. Chemie Int. Ed. 2020, 59, 627-631.

RightsLink Printable License: Angewandte chemie international edition copyright 2011.

5.2.1 General Information and instrumentation

All solvents except methanol and acetone were purchased from commercial suppliers, purified under argon
with a Glass Contour Solvent System built by Pure Process Technology, and stored in a No-filled glovebox over 4-A
molecular sieves. Methanol (extra dry) was purchased from Alfa Aesar and Acros, followed by the extra addition of
4-A molecular sieves for storage in the glovebox. Acetone (extra dry) was purchase from Acros and treated with extra
molecular sieves for further purification. Deuterated solvents were purified with 4-A molecular sieves before use. All
reactions were operated under N2 with standard glovebox and Schlenk line techniques. Medical grade nitrous oxide

was purchased from Praxair and passed through a Drierite column for delivery to reaction vessels.

NMR spectra for compound characterization were recorded at ambient temperature using Bruker Avance
DPX-400. Chemical shifts are reported in ppm units relative to the residual signal of the solvent. The NearIR spectrum
was collected with a Bruker Tensor 11 instrument using a 10-mm pathlength quartz cell. X-ray diffraction data for 2
(grown from MeOH/Et;0) and 3 were collected on a Rigaku XtaLAB Synergy diffractometer coupled to a Rigaku
Hypix detector with Cu Ko radiation (A = 1.54184 A), from a PhotonJet micro-focus X-ray source at 100 K. The
diffraction images were processed and scaled using the CrysAlisPro software.! The structure was solved through
intrinsic phasing using SHELXT" and refined against F? on all data by full-matrix least squares with SHELXL
following established refinement strategies.V All non-hydrogen atoms were refined anisotropically. All hydrogen
atoms bound to carbon were included in the model at geometrically calculated positions and refined using a riding
model. Hydrogen atoms bound to nitrogen or oxygen were located in the difference Fourier synthesis and subsequently
refined semi-freely with the help of distance restraints. The isotropic displacement parameters of all hydrogen atoms

were fixed to 1.2 times the Ueq value of the atoms they are linked to (1.5 times for methyl groups). For 3, a THF
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solvent molecule was included in the unit cell but could not be satisfactorily modeled. Therefore, that solvent was
treated as a diffuse contribution to the overall scattering without using specific atom positions by the solvent masking
function in Olex2.¥ Details of the data quality and a summary of the residual values of the refinements are listed in
Tables S13 and S14. Synthesis of 1, 2 was based on the procedure of the reported literature."' N, samples for
calibration curve (upto 10 pL) were syringed using Hamilton gas tight syringe (10 uL, Model 1801 RN, Small
Removable Needle, 26s gauge, 2 in, point style 2). Reaction and control head space gas samples (50 pL) were collected
using Hamilton gas tight syringe (100 pL, Model 1710 SL SYR, customized Removable NDL (1 inch), 22s ga, 2 in,
point style 2). GCMS data were collected using Agilent 5977B MSD sytem coupled to Agilent 7820A GC system
with a CP-Molseieve 5A column (All the other instrument, column and inlet control parameters are povided in Table

S11 and S12. GCMS Data analysis was performed using Agilent MassHunter Analysis Navigator B.08.00 software.

Computational details

All the electronic structure calculations were carried out with Gaussian16."! Input geometries for the
dicationic portions of 1 and 2 were obtained from crystallographic coordinates, removing all co-crystallized anions
and solvent molecules other than the one methanol molecule hydrogen bonded to 2. Both single-point energy
calculations and geometry optimizations were carried out at the B3LYP level of theory using the 6-31++G** basis set
and PCM implicit solvation model for the MeOH solvent. The optimized structures were practically identical to the
crystallographic coordinates regarding [CusS] core structures, and so results from the single-point energy calculations
are presented here. A depiction of the key occupied MO that changes between 1 and 2 is depicted in the main text at
0.04 isosurface value, and all other MOs near the HOMO level were very similar between the two compounds. NBO
charges for the individual atoms within each [Cu4S] core are shown in the main text. Comparison of the LUMO

surfaces for the two compounds is presented below.
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5.2.2  Solvent dependence of the reactions between complex 2 and N,O

N20 Reduction by {Cuas(ps-S)[bis(diphenylphosphino)amine]s}(PFe)2 (2) with the Addition of CoCp2 (2 eq) in

Methanol

In the glovebox, {Cuas(us-S)[bis(diphenylphosphino)amine]s}(PFe)2 (2) (30 mg, 0.014 mmol), was added in
a 100 mL vessel charged with dry MeOH (15 mL). While bubbling N»O into the solution, a CoCp. solution (6 mg,
0.032 mmol in 1 mL dry MeOH) was added dropwise into the vessel over 2 minutes. After bubbling N.O for an
additional 5 minutes, the vessel was closed and kept stirring for one hour. Then the solvent was evaporated under
vacuum and the compound was extracted in the following steps: First, use 5 mL (1 mL x 5) toluene, then 3 mL (1 mL
x 3) THF to extract compounds (two batches) and filter the solution off to collect the filtrate. After the solvent removal
of the filtrate in vacuo, use minimal acetone (0.5 mL x 6) to extract compounds from the collection of filtrates, then
slowly evaporate the acetone. Finally, 3 mL (1 mL x 3) toluene was utilized to extract the dicopper complex 3,
followed by the collection of filtrates and the evaporation of toluene. Orange complex 3 was recrystallized at room
temperature with slow diffusion of pentane into a THF solution, or at —20 °C in tetrahydrofuran layered with pentane.
Recrystallization yield is 67% (12 mg, 0.009 mmol). 'H NMR (400 MHz, acetone-dg): § 7.46 (br, 10 H, CsHs), 7.28
(br, 10 H, CsHs), 7.25-7.16 (m, 10 H, CeHs), 7.04-6.92 (m, 20 H, CsHs), 6.82-6.78 (m, 10 H, CeHs), 3.75 (s, 1 H,
PPh2—N(H)-PPh;). 3P NMR (162 MHz, acetone-ds): 5 45.3 (dd, J = 51 Hz, 67 Hz, 4 P, PPh,—N-PPh;), 36.5 (m, 2 P,
PPh,—N(H)-PPh,). Elemental analysis calculated (%) for 3: C, 67.50; H, 4.80; N, 3.28; found: C, 67.15; H, 5.05; N,
3.21. To determine the NMR yield, 10 mg of 2 (0.005 mmol) and 2 mg of CoCp. (0.011 mmol) were utilized with the
same protocol. After the N2O reduction, the reaction solvent was evaporated under vacuum and 0.7 mL acetone-ds
was added to extract compounds, followed by the filtration. The