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Abstract

The use of protecting groups on amino acid and peptides affords opportunities to change
preferred coordination behaviors to metal centers. Alkylating the C-terminus carboxylate
allows directed tripeptide coordination, forming tetradentate k*[NH2,N,N,=0] complexes.
Changing tripeptide composition enables the formation of chelates of various ring sizes, and
depending on the N-terminus side chains, tetradentate k*[n,5,5] (where n = 5, 6, 7, or 8
membered rings) coordination geometries can be achieved.

The alkylated tripeptide compounds a-Asp(O'Bu)AlaGly(OMe), B-Asp(O'‘Bu)Ala-
Gly(OMe), TrpAlaGly(OMe), HisAlaGly(OMe), and y-Glu(OMe)Cys(SMe)Gly(OMe)
were synthesized as ligands to coordinate to palladium and nickel to form neutral tetradentate
complexes. The coordination of select alkylated tripeptides to palladium was first established
by potentiometric and NMR spectroscopic data. pH-dependent complexation was analyzed
and coordination properties to [Pd(en)(H,0):]** were inferred from their NMR spectra.
Building on aqueous NMR studies, Pd(II) complexes with the tripeptides a-Asp(O’Bu)-
AlaGly(OMe), B-Asp(O’Bu)AlaGly(OMe), and TrpAlaGly(OMe) were synthesized and
characterized. The ligands form tri- and tetradentate complexes with Pd(II). For tridentate
coordination complexes, ligand exchange reactions, occupying the fourth coordination
sphere, showed that sufficiently labile ligands may be removed to form the tetradentate
coordination mode, which adopt a square planar geometry with tetradentated ligands. The
complex coordination geometry was established using 'H and '3C NMR, and infrared
spectroscopy, and supported using DFT calculations. Reactivity of palladium tripeptide
complexes with small molecules such as ethylene, acids, CO and formates, and episulfides
were investigated. Complexes were found to be rather inert towards ethylene coordination
and decompose in acid and under acidic conditions; in the presence of ethylene, acetaldehyde
was formed only after complex decomposition. Reactivity with CO and CO surrogates such
as formates results in the dissociation of the ligand and reduces the metal to Pd(0). Pd(II) is
a soft Lewis acid and thiophilic; when reacted with thiirenes, Pd-tripeptide complexes
abstracted sulfur from the episulfide at modest catalytic rates.

Ni(Il) complexes with the ligands, a-Asp(O'Bu)AlaGly, B-Asp(O'Bu)AlaGly, and
TrpAlaGly were synthesized and characterized using infrared and 'H, 3C NMR
spectroscopy, mass spectrometry and elemental analysis. The complexes were predicted
using DFT calculations to have square planar geometries. The esters of these ligands proved
highly pH sensitive and hydrolyze fully at moderately basic conditions. The electrochemistry
of the complexes was investigated in water to reveal irreversible redox behavior of all three
complexes.



Utdrattur

Notkun verndarhopa & virka hopa aminosyra i litlum peptioum gefur tekiferi til ad breyta
girdieiginleikum vidkomandi peptids vid malmjonir. Alkylun 4 karboxylhdép C-enda
peptidsins beinir girdingu malmjonarinnar i fjorgirta k*[NH2,N,N,=0] komplexa. Med
styringu 4 samsetningu peptidsins er hegt ad mynda kelada hringi umhverfis malmjonina i
misstorum hringjasteerdum; Haegt er ad mynda fjorgirdandi peptid, k*[n,5,5] (par sem n = 5,
6, 7, eda 8 atdm) med misstorum hringjum 4 hlidarkedju N-endans sem leidir til mismunandi
ramfraedilegrar girdingar malmsins og ventanlega breytilegra efnaeiginleika. Fjogur
tripeptid med alkylada karboxylhopa voru smidud, o-Asp(O’Bu)AlaGly(OMe), pB-
Asp(O'Bu)AlaGly(OMe), TrpAlaGly(OMe), HisAlaGly(OMe), og y-Glu(OMe)Cys(SMe)-
Gly(OMe) til pess ad mynda palladium og nickel komplexa i fjorgirtu umhverfi.

Girdieiginleikar alkyleradra tripeptida voru rannsakadir med spennutitrunum og NMR
melingum i vatni. Syrustigshad girding tenglanna vid [Pd(en)(H20):]** var greind og
myndadir komplexar stadfestir med NMR greiningum. Ut frd pessum nidurstddum voru
tilraunir  hannadar til ad smida Pd(Il) komplexa med tripeptidunum o-
Asp(O'Bu)AlaGly(OMe), B-Asp(O'Bu)AlaGly(OMe), og TrpAlaGly(OMe). Pessir
komplexar voru einangradir og greindir ad fullu. Tenglarnir mynda pri- og fjérgirta
komplexa med Pd(II). Prigirtu komplexarnir hofou fjorda tengilinn frd upphafsefninu.
Skiptihvorf & pessum fjorda tengli syndu ad haegt vaeri ad fjarlegja rétt valinn tengil og
tripeptidid myndadi pa fjorgirt lokaefni med ferningslaga byggingu. Byggingar
komplexanna voru reiknadar med DFT reikningum par sem kristalbyggingar fengust ekki.
Hvarfgirni med litlum sameindum eins og ethylen, syrum, formati, og episulfidi var skodud,
en komplexarnir hvorfudust ekki vid ethylene. Peir brotna nidur i syru og vid surar adstaedur.
Asetaldehyd myndadist i hvarfi vid ethylene vid strar adsteedur. Pd(II) er mjuk Lewis syra
og myndar audveldlega sulfid; Pd-tripeptid komplexarnir toku audveldlega brennistein fra
episulfidi og myndudu alken vid hvotunaradstaedur. Hvarf vid format leiddi til rof malmsins
fra tenglinum og afoxun i Pd(0).

Ni(IT) komplexar med tenglunum, a-Asp(O’Bu)AlaGly(OMe), B-Asp(O'Bu)AlaGly(Ome),
og TrpAlaGly(OMe) voru smidadir og greindir med litrofsgreiningum, frumefna og
massagreiningum. Komplexarnir hafa bjagada ferningslaga byggingu samkvemt DFT
reikningum. Alkylhopar tenglanna reyndust vidkvemari fyir syrustigi i hvorfum med Ni(II)
en med Pd(II) og C-endi tripeptidsins gekkst undir vatnsrof vid mildar adstaedur.
Rafefnafraedi komplexanna var meld i vatni og syndi dafturkraefa hegdun fyrir alla prja
komplexa.
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1 Introduction

1.1 Activation of Small Molecules with
Palladium(II) and Nickel(II) Complexes

1.1.1 Olefin Activation, and Homo- and Copolymerization.

Polyolefins are polymers derived from an olefin monomer; these monomers are usually
inexpensive short chain alkenes. [1] Industrially, polyolefins are produced catalytically using
a transition metal catalyst. [1] The ability of transition metal complexes to activate ethylene
and other olefins in homo- and co-polymerization reactions has widespread applications and
has been studied extensively. [1-10] Ethylene polymerization with early transition metals
exhibit oxophilicity and are deactivated by polar monomers, [11] but in the mid 1990’s,
Brookhart developed palladium and nickel centered a-diimine complexes that not only
catalyzed the polymerization of ethylene and olefins but were stable around polar monomers.
[12,13]

The production of polyethylene from ethylene with highly branched structures by a-diimine
Pd(Il) and Ni(Il) catalysts is widely studied. [14,15] The mechanism responsible for
branching is known as “chain walking” polymerization, and is summarized into three steps,
propagation, chain transfer, and chain isomerization. [16,17] Chain walking is a
distinguishing feature of this classification of catalyst, because late transition metals are
uniquely apt to chain walking owing to their tendency toward B-hydride elimination and
reinsertion. [15] There are key differences to the behaviors of Ni(Il) versus Pd(II) catalysts.
The Ni-based catalysts generate polymers with low or moderate branching, due to the less
favorable B-hydride elimination, but are generally more active, whereas the Pd achieves
shorter chain branches but higher chain branching density. [18] Further developments of
palladium- and nickel-based catalysts with a-diimine type ligands were able to produce
polyolefins with high molecular weights, which depending on ligand environment,
temperature and ethylene pressure [19] now catalyze many different polymerization
reactions between olefins and polar monomers. [20,21] The ligand structure affects the
polymerization reactions profoundly, including factors such as steric tuning, electronic
perturbation, and backbone composition. [3,21-23] Nickel-based catalysts developed by
Grubbs, with salicylaldimine ligands were also shown to tolerate heteroatoms. [24]
Activation and polymerization of ethylene with bidentate imine carboxylate ligand has also
been reported, however, low polymer weight attributed to B-hydride. [25]

Salens are Schiff-type ligands that form bis diimine-tetradentate square planar coordinated
complexes. These complexes are well studied for their catalytic features. [26-28] The
catalytic polymerization of styrene to form polystyrene is among the many applications of
salen complexes. [29] More recently, attention has refocused on salen derivatives known as
salans. Salans are diamine complex derived from imide reduction of salen complexes.
Secondary amines in salan complexes are more basic than the imide counterparts and less



susceptible to hydrolysis and therefore more suitable for reactions in aqueous medium. [30]
Pd(II) and Ni(Il) salan complexes have shown mild success in hydrogenation/redox
isomerization of allylic alcohols. [31] Metal-salan complexes of Titanium, Zirconium, and
Vanadium have also been applied to polymerization reactions. [32,33]

Polymerization of olefins is a vast field and continues to grow. [19] Many studies into new
ligands and catalysts may initially be motivated by application in olefin polymerization, but
ultimately lead to other areas of catalysis such as ring-opening polymerization, [34,35]
radical polymerizations, [36] cross-coupling reactions and carbon-carbon bond [37]
formation to name a few. [19]

1.1.2 CO:> Activation

The need for an efficient means of carbon dioxide activation is a pressing present-day issue,
but the challenges that arise from CO; reduction are considerable. Single electron reduction
of CO, to CO™ occurs at E? = -1.90 V (vs. NHE), which is due to a large reorganizational
energy between the linear molecule and bent radical anion. [38] This large potential can be
avoided with a suitable catalyst, where addition of two protons and two electrons reduce CO»
to CO and H20, which has the potential of -0.53 V (vs. NHE). [38] Redox-active catalysts
such as transition metal complexes often display high turnover numbers; common products
of this reaction are CO, formate, oxalate. [39] As more protons and electrons are added to
the system, higher value-added products, such as methane and alcohols are can be produced.
[40] Current advances in CO; reduction involve electrochemical homogeneous and
heterogeneous catalysts, [40-46] Photochemical reduction, [47,48] and biochemical
transformation of CO; into value-added products. [49]

The most effective systems for the catalytic reduction of CO: are found in nature and are
performed by a group of enzymes known as carbon monoxide dehydrogenases (CODHs).
CODHs are grouped into two classes based on the metal found in the activation site: Ni-Fe-
S and Mo-S-Cu. [38,50,51] In the Ni-Fe-S cluster, activation of the CO; is accomplished by
coordination to the Ni and Fe simultaneously, where the Ni acts as a Lewis base, and the Fe
acts as a Lewis acid. [51] The CO; is coordinated to the fourth position of the Ni but has
minimal effect on the coordination geometry. This Ni-Fe-S cluster has inspired Ni based
catalysts for activation of CO». [50,52]

The first transition metal complexes to report high efficiencies for electrocatalytic reduction
of CO; to CO were N,N,N,N-tetradentate Ni and Co macrocycles (cyclam). These
complexes were able to perform this reduction at potentials between -1.3 and -1.6 V (vs.
SCE). The Ni(II) cyclam complexes have become widely studied and have achieved highly
selective Faradaic efficiencies in the production of CO at -0.86 V (vs. SCE), even in aqueous
conditions and are still widely studied today. [53-62] The mechanism for the CO; activation
on Ni(cyclam) is believed to start with reduction of Ni(II) to Ni(I), from there CO- is believed
to coordinate to the metal center via the carbon, activating CO». [60,63-65] A detailed DFT
study of Ni(cyclam) investigated the coordination modes of CO- to the metal and found that
n'- CO; (see Scheme 1-1) is the most thermodynamically stable. Upon protonation this forms
bound COOH and oxidizes the metal to Ni(Ill); addition of another proton and electron
releases H>O and reduces the complex back to Ni(II). This is followed by CO cleavage. [60]
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Scheme 1-1. Possible binding modes of CO: to Ni(I)

Nickel salen complexes have recently shown the ability to electrocatalytically reduce CO»
to ethanol through 12-e- transfer reaction. Another currently explored area is using CO; as a
one carbon building block for organic synthesis, [49,66-69] including the catalytic
production of acrylate from CO; and ethylene coupling, [70] which proceeds in a one-pot
reaction with bidentate diphosphine ligands and either Ni(Il) [71,72] or Pd(I) [73-75]
complexes.

1.2 Synthesis of Peptides

Amino acids are organic compounds that consist of an amine, a carboxylic acid and various
side chain moieties. The composition of the side chain determines whether an amino acid is
acidic, basic, polar, or non-polar. When amino acids are coupled together, they become di-,
tri-, etc. peptides, and fewer than 20 chained amino acids are classified as oligopeptides.
Proteins are large biomolecules that consist of more than ~50 amino acids and are ubiquitous
in nature, performing all manner of functions. There are 20 different naturally occurring
amino acids found in nature and as a consequence all combinations of tripeptides can be
found in nature. [76]

Coupling reactions are needed in order to form peptides from amino acids; if a coupling
reaction is performed without the use of protecting groups on either the C or N terminus of
the acid a myriad of coupling combinations could occur. In order to purposefully synthesize
long chains of amino acids, protection groups are employed. There are a variety of groups
and combinations used to serve this purpose. One of the most important features of
protecting group combinations is orthogonality. Since the formation of peptide chains
involves repetitive coupling, usually in C-terminus to N-terminus direction, directed
cleavage of the N-terminus protection group, while preserving semi-permanent side chain
and C-terminus groups is imperative. The role of the protection groups can vary widely
depending on reagents and synthetic design. [76, 83]

Coupling reactions also require activation of the carboxy group, which is usually performed
in situ with the formation of an electron withdrawing group. This step unfortunately carries
with it the potential loss of stereochemistry. Two main pathways exist through which
racemization can occur, keto-enol tautomerization and oxazolone formation (Scheme 1-2).
Traditionally, this is minimized with the addition of coupling reagents that protect against
racemization. Carbodiimides are among the most widely used coupling reagents, in
conjunction with N-hydroxy derivatives, which increase the efficiency of carbodiimide
mediated coupling reactions. [77]

1.2.1 Protecting Groups

In order to avoid self-condensation during in situ activation of the carboxy group, semi-
permanent protection of the C-terminus carboxylate is needed. Depending on the need,



different esters can be used, this includes esters that can be cleaved with acids (Boc and t-
butyl), bases (Fmoc and methyl), or by hydrogenation (Z and benzyl). [78] Amino acid
methyl esters are generally the HCI salt and must be deprotonated before coupling. This is
usually performed in situ with the aid of a tertiary amine, which must be carefully controlled
in order to avoid side reactions such as aspartimide formation or racemization of the
activated carboxy-residues. [76] Methyl esters are stable to catalytic hydrogenation and
acidolysis but are cleaved in basic conditions. [78] The longer the peptide chain, the harsher
the conditions for cleavage become, but for short chain peptide this is accomplish easily.
Employing t-butyl esters is widely used because they are stable to catalytic hydrogenation
and bases and are particularly suited to be used in combination with Fmoc and Z groups.
[76,78] Steric effects of the t-butyl groups afford some protections against ester carbonyl
substitutions, but prolonged exposure to extremely basic conditions can hydrolyze the ester.
[78]
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Scheme 1-2. Coupling reaction isomerization pathways

Protection of the a-amino group is required to reduce nucleophilicity of the functional group.
Ideally, N-terminus amino protecting groups should be easily cleaved in mild conditions.
These groups fall into two broad categories, urethane and non-urethane derivatives. Non-
urethane type groups are not as widely used but are more important for peptidomimetic
synthesis. [76] Urethane based protection groups are widely used in both solution and solid-
phase peptide synthesis (SPPS) and include carbamates and alkyloxycarbonyl groups. [76]
Urethane protected amino acids are also less prone to racemization than acyl-based groups.
The first and still widely employed group in this category is benzyloxycarbonyl (Cbz or Z),
which has the advantage of being cleaved via catalytic hydrogenation and is stable in most
coupling reaction conditions. [76,78,79] The Z group is preferably employed for solution
phase synthesis because it is easily cleaved, and its side product (benzene) is easily removed.
Another frequently employed N-terminus protecting group is 9-Fluorenylmethoxycarbonyl



(Fmoc). This group undergoes base catalyzed cleavage but is stable in acidic conditions and
is resistant to catalytic hydrogenations. [78-80] The Fmoc group is widely used in peptide
synthesis and is particularly popular in SPPS. The side product during cleavage is
dibenzofulvene and is known to participate in side-reactions. Typically, a scavenger agent is
used in order to avoid the formation of unwanted cyclic peptides. [81]

1.2.2 Coupling Reagents

Carbodiimides, are used in coupling reactions to activate the acid and form O-acylisourea
intermediates, which in the presence of an amine will undergo aminolysis to form a peptide
bond. This active species can however cyclize and form the oxazolone, which removes the
chiral center (Scheme 1-2); N-hydroxy derivatives (often triazoles) are added in order to
avoid this species. These additives form the active ester and decrease the degree of
racemization. Carbodiimides are converted to their urea derivatives during coupling
reactions. [76]
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Scheme 1-3. Coupling reaction with carbodiimide and triazole (HOBt) additive.

One of the most common carbodiimides is dicyclohexylcarbodiimide (DCC); the urea
(DCU) of DCC is highly insoluble and can be separated out with filtration, however traces
of DCU are difficult to remove. [80,82] For this reason, other carbodiimides have be adopted
as standards in coupling reactions, one example is N-ethyl-N’-(3-dimethylaminopropyl)
carbodiimide (EDC). [76,82,83] The resulting urea (EDU) is water soluble and can be
removed from the reaction mixture with simple aqueous work-up.

Once the carboxylic acid has been activated a number of undesirable side reaction can occur.
[78-80] The efficiency of carbodiimide mediated reactions is increased with the addition N-
hydroxy derivatives. This class of additives protonates and replaces the O-acylisourea to
form the OXt-ester, thus preventing the intermolecular rearrangement leading to the
formation of N-acylurea.



1.3 Palladium(II) and Nickel(II) Peptide
Complexes

The complexation of biological peptides with various transition metal ions has been studied
for many decades, specifically in the context of metallodrugs and metal toxicity. [84-88]
Generally when complexed, peptides form stable 5- or 6-membered ring chelates through
the amino, amide backbone or the carboxylate moiety. [89] The formation of metal amide
bonds requires the presence of a primary ligating group, or “anchor group”. For simple
oligopeptides this is the N-terminus amine, and once amine coordination takes place, the
amide coordination is facilitated. [89-92]

Palladium(IT) and nickel(II) ions have a high affinity for nitrogen and soft sulfur donor atoms
found in various organic ligands. [93-98] One characteristic feature found in the
complexation of Pd(II) and Ni(II) with small peptides is their ability to induce deprotonation
of the amides. [99,100] Nickel is able to induce deprotonation and coordination at pH values
around 8, whereas in the absence of coordinating anions like chloride, the chelation of
amides to palladium is complete at pH values below 2. [99]

Strong ligating side chain moieties also serve as anchor groups; histidine is a well-studied
example. [101-103] The so-called ATCUN-motif (Amino Terminal Cu and Ni) forms strong
coordinating ligands with histidine in the third amino residue for the N-terminus.
Innumerable possibilities of side chain combinations and modification allow a variety of
metal complexes to be synthesized with tunable geometries and electronic properties.
[90,92,102,104-111]

1.4 Aim of This Work

The aim of this Ph.D. work was to synthesize and characterize new nickel and palladium
complexes intended for CO; activation. In order for CO; activation to be achieved, strong
sigma donors are needed to create an electron rich metal center. Tripeptides are ideal for
such ligand design, but the 5 membered chelates were thought to be unreactive. Altering the
N-terminus amino acid affords ligands designed with comparable donor sets, but with
variable flexibility and reactivity. The resulting complexes can achieve k*[n,5,5] (where n =
5, 6, 7, or 8 membered rings) coordination geometries. Commercially available tripeptides
with analogs that fit these criteria were not available, and thus had to be synthesized.
Drawing inspiration from salen and salan ligands, tripeptide complexes should form stable
tetradentate square planar geometries. In order to form neutral complexes, the C-terminus
carboxylate was alkylated, and a synthetic technique was developed which prevents ester
hydrolysis and coordination via the carbonyl oxygen occurs. This weak bonding would then
allow for labile interactions of the carbonyl to act as an “on-off” switch, providing stability
during catalysis. Palladium readily forms this coordination mode; however, nickel was not
able to coordinate in this fashion. Pd(II) and Ni(IT) complexes were synthesized and then
surveyed for small molecule activation.

The content in Chapter 2 describes the synthesis and characterization of four new tripeptides
to be used as ligands. The synthesis of these tripeptides was achieved using solution phase
peptide synthesis. The design of the tripeptides was intended to maximize organosolubility



after complexation by employing small side chain moieties. Alkylating the C-terminus ester
would direct coordination to the N-donor atoms, and potentially serve as a non-rigid donor.
The N-terminus side chain analogs provide variable ring sizes, electronic properties, and
lability if coordinated via side chain functional groups, either equatorially or axially in a
pendent-type fashion. The intent is that lability would translate to different catalytic
properties. The aqueous coordination properties of 1-3 were investigated in order to
determine preferred complex coordination geometries.

Chapter 3 describes the synthesis of new tripeptide palladium(Il) complexes and is divided
into aqueous and non-aqueous synthesis. The effects of starting materials, such as base, and
starting palladium complex are discussed. The synthetic effort focused on the synthesis of a
neutral complex with Pd(Il) to maximize organosolubility, as solvation properties are
important in complex reactions with various small molecules.

In Chapter 4 the synthesis of new nickel tripeptide complexes is described. For nickel the
isolated products were highly dependent on starting materials, and several combinations of
Ni(Il) salts, bases and solvent systems were attempted for synthesis of Ni(I) complexes.
Nickel is known to promote the deprotonation and coordination of amides at pH values ~8-
9, [109] and methyl ester is labile under basic conditions. [112] Considering this, hydrolysis
of the methyl ester upon nickel complexation was expected owing to elevated pH values
required for amide chelation.

Chapter 5 provides a summary of the reactivity studies for the synthesized palladium(II) and
nickel(Il) complexes. Palladium was reacted with ethylene and other olefins in order to
establish whether catalytic polymerization could proceed. Supposition based on comparative
calculations suggests nickel tripeptide complexes are worth exploring for the electrocatalytic
reduction of CO2 to CO. Summary, outlook, and potential future applications are discussed
in Chapter 6.






2 Synthesis, Characterization &
Aqueous Coordination Studies of
Tripeptides:
a-Asp(O!Bu)AlaGly(OMe),
B-Asp(O!Bu)AlaGly(OMe),
HisAlaGly(OMe), and
TrpAlaGly(OMe)

2.1 Synthetic Methodology

The content of this chapter describes the synthesis and characterization of four new
tripeptides to be used as ligands. Although the parent tripeptides have been identified as
fragments in protein digestion, [113-115] the tripeptides 1-4 were not synthesized
previously. Using the aa-AlaGly(OMe) framework allowed distinctive NMR resonances for
the alanyl and glycyl residues to be identified and interpreted, while avoiding hydrophobicity
introduced by larger side chains. Alkylation of the C-terminus both increases non-aqueous
solubility and directs coordination to the N-donors, with the goal of increased
organosolubility after complexation. Additionally, a weaker ester donor group potentially
serves as a non-rigid donor. While the N-terminus side chain would provide variable ring
sizes with additional lability, if coordinated either equatorially or axially in a pendant type
fashion. The intent is that lability that would translate to different catalytic properties. The
synthesis of theses tripeptides was achieved using solution phase peptide synthesis, which
has many benefits for short peptide synthesis, including easy scale-up and less consumption
of materials. [77,79,83] All tripeptides were fully characterized using 'H, *C, COSY, and
HSQC NMR spectroscopy, as well as ESI-MS, IR, UV-vis, and elemental analysis. The
aqueous coordination properties of 1-3 were investigated in order to determine their
preferred complex coordination geometries.

2.1.1 Coupling

The choice to use both the methyl ester and #-butyl ester on 1 and 2 presented itself with a
variety of challenges in the synthesis. The #-butyl ester was selected as a commercially
available protection on the Fmoc-protected aspartic acid, and the methyl ester protection was
chosen over the #-butyl or ethyl because of facile completion of the esterification reaction
for the methyl ester with quantitative yields, whereas ¢-butyl or ethyl esters required long
reaction times which resulted in incomplete esterification, and yield loss in conducted
experiments. Both Fmoc- and CBZ-protected amino acid were used as starting materials,
based on availability and cost. The reaction pathway is shown in Scheme 2-1 with



intermediates listed in the legend. First, the dipeptide AlaGly was alkylated to form
AlaGly(OMe)-HCI, which was then coupled with either CBZ-(1a, 3a, 4a) or Fmoc-(1b, 2b,
4b) protected amino acid intermediates. The coupling reactions were fairly straightforward
and produced pure products in high yields. The exception was CBZ-His, which exhibited
low solubility which resulted in low yields. This was improved by changing the coupling
solution solvent to DMF; however high yields could not be achieved for this reaction. The
coupling agent selected was EDC, as the resulting urea is highly water soluble which allowed
for facile aqueous workup. Hydroxybenzyltriazole (HOBt) was added to decrease

racemization.
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Scheme 2-1. Ligand synthetic pathway

2.1.2 Deprotection and Purification

Challenges presented themselves in the selection of a deprotection method for the Fmoc or
Z and work-up procedures to obtain pure compounds. Methyl ester hydrolysis is catalyzed
by basic conditions above a pH of 10, whereas #-butyl esters are catalytically hydrolyzed in
acidic conditions below a pH of 2 and is more sensitive to heating. [112] Attempted
deprotection of Fmoc-Asp(O'Bu)AlaGly(OMe) and Fmoc-B-Asp(O’Bu)AlaGly(OMe) using
standard basic conditions resulted in the formation of aspartimide, and thus could not be
employed. Complications arose due to the common solubilities of the product and side
products, making separation difficult, this was solved through the selection of DMF to
mediate Fmoc cleavage. [81] This selection worked well, although residual DMF content
likely contributed to very hygroscopic behavior of the crude compounds. Analytically pure
compounds were isolated by washing them thoroughly with dry solvent after flash
chromatography. Attempts to precipitate out the HCI salt of 1 and 2 produced the partially
hydrolyzed #-butyl ester species, but anaerobic reaction conditions using dry ethereal
hydrogen chloride solution, precipitated pure amine hydrochloride salts. Attempts to reform
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the free amine using zinc dust [116] left residual chloride. Synthesis and purification of 3
was straightforward using standard methods employed for CBZ amine protecting group.
[117] Difficulties arose during the synthesis and isolation of 4, partially related to solubility
issues. Fmoc-His(Trt) requires two sequential deprotection steps; either Fmoc is cleaved in
basic conditions first then the Trt group is removed with acid, or vice versa. Low yields for
Trt cleavage led to selection of Z-His as starting material. Standard methods were again
employed for CBZ deprotection with good yields. After isolation and purification all
compounds were stored under nitrogen in the freezer.

2.2 Characterization

2.2.1 H- And 13C-NMR Spectroscopy

'H and 3C spectra of 1-4 and their precursors were obtained, and the resonances were
assigned with the aid of COSY and HSQC measurements. The spectra were collected in
D,0O, CDCI3 and DMSO-ds. Hydrochloride salt products of 1 and 2 were obtained. Their
spectra reflected the difference between the free base and the salt, which shifts the
resonances of all protons in the spectra. Values reported in the experimental section at the
end of this chapter are in CDCl; and are for the free base. The spectra for 1-3 is tabulated in
Appendix Table 1 for DMSO-ds and Appendix Table 2 for D2O.

2.2.2 Infrared Spectroscopy

The infrared spectra of 1-4 were recorded as KBr pellets and are shown in Figure 2.1. The
observed peaks were assigned using the comparative spectra of the free amino acids. Notable
functional groups have been assigned and listed in the synthesis section. The #-butyl and
methyl ester carbonyl stretching frequencies are observed between ~1760 and 1725 cm! and
the Amide I and Amide II bands are observed at ~1660 cm™ and ~1540 cm’!, respectively.

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1)

Figure 2.1 Infrared spectra for 1-4

11



2.2.3 UV-Vis Spectroscopy

The electronic spectra of 1-4 in H2O are shown in Figure 2.2. The carbonyl n — ©* bands
are observed at 280 and 275 nm for 1-3. These transitions are forbidden and have low
intensity; compound 4 has €30 = 20M™! cm!. The indole of 3 shows intense T — 7* bands
between 260 - 290 nm, and the absorption coefficient of Trp in proteins is 5500 at 280 nm
and can also be used as a quantitative measurement for peptide size when composition is
known. [118,119]

5000 600

500 -
4000

20
3000 . K’
]

) (M'1 . cm'1)

2000
200

1000 [~
100 [

240 260 280 300 320 340 360 380
Wavelength (nm)

Figure 2.2. UV-Vis Spectra 1-4

2.2.4 Mass Spectrometry

Mass spectra were obtained using electrospray ionization mass spectrometry (ESI-MS) in
the negative ion scan for anions and the positive ion scan for neutral or positive ions. The
found ion peaks were simulated with expected isotope patterns to confirm the composition
of the compound found compared to the expected composition. The isolated compounds
showed an excellent match with less than 2 ppm variation in simulated vs found values.

2.2.5 Optical Rotation

Optical activity is a measurement of the degree of rotation of a plane of polarized light that
passes through an analyte solution and only occurs in molecules with chiral centers. Optical
activity can only be observed if a solution of the analyte contains one or mostly one
stereoisomer. If there is a mixture of enantiomers in equal portion, optical activity will not
be observed. By using HOB in the coupling reactions, racemization in minimized. Optical
activity is physical property, individualistic to each compound and is not additive. Optical
rotation measurements are useful in determining consistency between multiple preparations
of a compound. Optical rotation was measured for pure ligands by dissolving 25 mg of
sample in 1 mL of DMSO. The results are reported in Table 2-1.
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Table 2-1. Optical rotation for compounds 1-4 measured with 25mg of sample in ImL DMSO

1 2 3 4
-1.4 +6.9 -18.8 -25.6

2.3 Aqueous Coordination Properties

Aqueous coordination properties of tripeptides 1-3 to a palladium(II) complex were studied.
Tripeptide 4 was not included in this study because of low solubility in D-O. It was of interest
to establish the coordination behavior of these ligands and confirm the different chelate ring
sizes formed at the N-terminus rather than the C-terminus. [102,103] In order to study the
initial formations of the Pd complexes, ideally the starting complex would have easily
exchangeable ligands that would also prevent dimerization of the metal ion. For these
reasons, [Pd(en)(H20)2](NOs)2 was selected. [120] pH-dependent coordination was analyzed
by NMR spectroscopy and the coordination to the alkylated tripeptides at selected pH values
inferred from their NMR spectra and reported literature, and the molecular ions of the formed
complexes were identified in mass spectra.

The tripeptides with N-terminus a-Asp(O’Bu) and B-Asp(O‘Bu) (1 and 2, respectively allow
for a direct comparison of chemical reactivities based on the five versus six membered
chelates; both have five coordination sites possible: the amine, two amide groups, and the
two esters. Compound 3 has seven possible coordination sites; in addition to the backbone
amino and carbonyl functional groups of the peptide, indole complexation has been reported
through the secondary amine, [121] the C2 carbon, [122,123] and the C3 carbon, which
would form chelates larger than six. [124]

2.3.1 pH-Dependent Coordination of [Pd(en)(H20)2]2* with 1

A mixture of [Pd(en)(H,0):]** with 1 at a pD of 3.77 did not result in complexation and is
consistent with reports stating that amine coordination to the [Pd(en)]*" fragment does not
take place until a pH of 4 due to its competitive binding of CI".[99]

0 o}
49
O N _N_A Ox-N__ _N
“Pd o] Pd
N~ NH; N~ \Or\l\
H, \\ H, R O
07 oR’ NH, O OR
Pd-1A Pd-1B

Scheme 2-2. Possible coordination geometries of 1 with [Pd(en)(H>0)2]**

At a pD of 4.71 the formation of a new species, Pd-1A (Scheme 2-2) was observed. The
tripeptide formed a tridentate species with Pd(II) that has a mono-coordinated
ethylenediamine occupying the fourth coordination site. Free tripeptide 1 was still present
amounting to about ~50% based on integrations as seen in Table 2-2. Convergence of the
NMR resonances at pD of 7.34 is evidence that coordination geometry Pd-1A becomes the
major species. At this pD the methyl ester starts hydrolyzing, and after 8h about 35% of the
ester has been hydrolyzed. Palladium catalyzed hydrolysis of methyl esters for alanylglycine
is known to occur at a pH of 4-5, [125,126] however base catalyzed hydrolysis of methyl
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esters tends to start at pH values greater than 10, [112] indicating observed ester hydrolysis
is Pd(II) catalyzed. After raising the pD to 11.20, the formation of tetradentate species Pd-
1B is observed. At this pD, the #-butyl ester was ~30% hydrolyzed, while the methyl ester
was completely hydrolyzed after 8h.

Table 2-2. Possible coordination geometries of 1 with [Pd(en)(H.0):]** at varying pD
values with hydrolysis values present after 1 hour.

% Ester Hydrolysis

pD Species present R(OMe) R’ (O'Bu)
3.77 1~100% — ~0 ~0
4.71 A ~55% 1~45% ~12 ~5
7.34 A ~100% — ~35 ~5
11.20 B ~100% — 100 ~30

2.3.2 pH-Dependent Coordination of [Pd(en)(H20)2]2* with 2

Initial pD of the [Pd(en)(H,0):]*" and 2 was 5.01, and observed coordination geometries are
shown in Scheme 2-3. Complexation was seen immediately with mono-coordination
geometry shown in Pd-2A. However, some methyl ester hydrolysis (10%) and #-butyl
hydrolysis (< 8%) is also occurring. No evidence of bidentate coordination of the peptide
was observed at this pD.

However, two species appear to be present at pD 6.93, both with the coordination geometry
Pd-2B; the majority showing probable x?*[NH>,0’'Bu] binding and the minor showing
K’ [NH2,0] binding accompanied by #-butyl ester hydrolysis (Table 2-3). Hydrolysis of the
methyl and #-butyl esters reaches ~20% as indicated by growing MeOH and ‘BuOH signals
however, no evidence of amide chelation was present.

H,N__ _NH, H,N NH,
Pd Al
HNT X H,N~ “OR
(0]
HN fo) NH
OY& o) o JHN‘Q;
C (0]
NH /
RO
RO-C. Pd-2A Pd-28B
Ne)

Pd-2C Pd-2D
Scheme 2-3. Possible coordination geometries of 2 with [Pd(en)(H>0)2]**

As many as 4 isomers were present at pD 9.61 due to varying degrees of hydrolysis of the
methyl and #-butyl esters, but the coordination geometry of all of the isomers is represented
by Pd-2C with k¥*[NH2,N,N,O]. Methyl and #-butyl ester hydrolysis was estimated to be
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~65%/35% respectively, where the #-butyl ester hydrolysis was likely Pd-catalyzed, induced
by the proximity of the ester to the Pd-NH> group. At highly basic conditions complete
hydrolysis of the methyl ester was observed, and #-butyl ester hydrolysis was ~70%, while
the major species maintained the coordination geometry shown as Pd-2C. Another minor
species was observed as probable formation of a Pd-hydroxo species, as suggested by
coordination geometry Pd-2D. [127] At basic pH values, the fourth coordination site in
Pd(II) peptides complexes has been reported as occupied by hydroxide ions. [99,128,129]

Table 2-3. Possible coordination geometries of 2 with [Pd(en)(H.0):]** at varying pD
values with hydrolysis values present after 1 hour.

% Ester Hydrolysis

pD Species present R(OMe) R’ (OBu)
501 A~100% — ~10 ~8
693 B ~100% — ~20 ~20
921 C~100% — ~65 ~35
11.06 C~70% D ~30% 100 ~70

2.3.3 pH-Dependent Coordination of [Pd(en)(H20)2]%* with 3.

The initial mixture of [Pd(en)(H20):]*" and 3 resulted in the formation of two metal complex
isomers in approximately 1:1 ratio (Scheme 2-4). One isomer has the proposed bidentate
coordination Pd-3A with «?[NH2,N] chelation, with en group still present. The second
isomer present at pD 4.76 has a mono-coordinated ethylenediamine [130] and indole amine-
amide coordination corresponding to the Pd-3B geometry. Support for this assignment is
observed by all resonances for the indole moiety doubling.

Pd-3A Pd-3B
NH,
Qg oo

HN. _N HN. _N
Pd Pd
RO/ \NIO X/ \N:\(
- s
(@)
Pd-3C Pd-3D
Scheme 2-4. Possible coordination geometries of 3 with [Pd(en)(H20)2]**

As the pD is increased to 6.52, Pd-3B is the only isomer present in the NMR spectrum
(Scheme 2-4); whereas a further increase to pD 7.92 results in complete dissociation of en,
leading to carboxylate ligation, which suggests coordination mode Pd-3C, with ~75%
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methyl ester hydrolysis is the best model at moderate pH values. At extremely basic pD
conditions, the methyl ester is completely hydrolyzed and a new minor species appears (Pd-
3D), tentatively assigned as hydrolyzed Pd(II), i.e. containing a coordinated hydroxo group
rather than the carboxylate group. [127]

Table 2-4. Possible coordination geometries of 3 with [Pd(en)(H.0)2]** at varying pD
values with hydrolysis values present after 1 hour.

% Ester Hydrolysis

pD Species present R(OMe) R’ (O'Bu)
4.76 A ~50% B ~50% ~10 —
6.52 B ~100% — ~19 —
7.92 C ~100% — ~75 —
11.54 C~75% D ~25% 100 —

2.3.4 Mass Spectrometry of Pd(II) Complexes with 1-3.

The complexes were not amenable to isolation from aqueous solutions because multiple
species present in solution proved separation of products a serious challenge. As
identification of the species present, mass spectra were obtained; the results summarized in
Table 2-5. A pH of 10.5 was chosen assuming that molecular peaks of the expected
complexes could be identified in the mass spectrum. At high pH it is expected to see the
carboxylate of the C-terminus amino acid as the fourth donor to Pd(II) or alternatively, either
Cl' or OH from the solution mixture. Molecular ion peaks in the mass spectrum
corresponded to complexes predicted by NMR.

Table 2-5. Summary of expected and found molecular ion peaks in the mass spectra of 1-3
with [Pd(en)(H>0):]** at pH of ~10.5.

Ligand Species expected by NMR Species found by MS

1 Pd-1B L L Pd-1B Pd-1AT L
major major minor

) Pd-2C Pd-2D L Pd-2C Pd-2D L
major minor major minor

3 Pd-3C Pd-3D L Pd-3C Pd-3D Pd-3B"
major minor major minor minor

*Hydrolyzed methyl ester. §With and without ester hydrolysis

The methyl ester hydrolysis is rapid and only ligand 3 showed peaks with the methyl ester
intact. The #-butyl ester was observed in spectra of 1 and 2. Ligands 1 and 3 showed presence
of ethylene diamine in minor peaks that could be caused by incomplete removal of free
ethylene diamine during sample preparation.
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2.4 Conclusions

Four new alkylated tripeptides 1-4 were synthesized and characterized fully using solution
phase synthesis in high yields. The coordination preferences of 1-3 were explored as ligands
for Pd(Il) in water at different pH values using [Pd(en)(H.0):]** to explore stepwise
coordination and draw out differences in ligand properties.

Coordination of [Pd(en)(H20):]*" with 3 through the indole nitrogen led to an unusual 8
membered chelate, although 8-membered chelates are rare. [131] Formation of an initial 5-
membered ring via the a-amine and the Ala amide was observed at the lowest pH (Scheme
2-4, Pd-3A), in a similar fashion to the five membered chelate coordination of Pd(II) and
Pt(IT) bis-tryptophan complexes, in which coordination proceeds through the amine N, and
carboxyl O. [132,133] Additionally, five membered chelate coordination of Trp coordination
with the [Pd(en)]*" fragment from the indole C3 to the carboxyl O has been reported. [124]

methyl ester)
t-butyl ester)

1oof ——1(
1(
— 2 (methyl ester)
2 (
—3(

t-butyl ester)

or methyl ester)

60

40

Hydrolysis (%)

20

pH
Figure 2.3. Percent ester hydrolysis as a function of pH.

The indole C2 proton is the most acidic proton and is most likely to leave when interacting
with a Lewis acid, [122] where C2-indole coordination together with Ala amide would lead
to a less-strained 7-membered ring. Palladacycles with indoles have been reported, where
the Pd(II) center is sigma bonded to the C2 carbon and the indole nitrogen is functionalized
to form a 6-membered chelate with the palladium. [123] Another possibility is an 8-
membered ring with the indole nitrogen and the nearest amide. Examples of n' coordination
of Ru(Il) with indole nitrogen show that it is not deprotonated [121] in such coordination,
and is in that way comparable to amine coordination. The pK. of the indole proton in
[(cymene)Ru(n-indoline)(CH3CN),]** was determined to be 5.2 or much lower than for free
indole. [134] An NMR spectrum of 3 and Pd(II) mixed with two equivalences of base in
DMSO-ds confirmed the loss of the amide resonances, but the N1 proton was still present.
The presence of the C2 proton in the NMR spectrum of 3 with [Pd(en)(H20).]*" leads to the
conclusion that ¥*[8,5,5] coordination is present in the mixture at all pH values, albeit a
minor species at low pH values. An interesting result here is that the indole nitrogen is a
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strong donor for the Pd(II) center competing efficiently with the normally dominant a-amine
donor group in peptide coordination.

Ligands 1 and 2 were expected to form respective five and six membered chelates with the
amine and the nearest amide. This was achieved, but in an unpredictable manner. Ligand 2
coordination is more strongly pH driven, where at moderate pH values 2 preferred a 5-
membered chelate with the amine and the side-chain ester carbonyl oxygen, (Scheme 2-3,
Pd-2B) promoting t-butyl ester hydrolysis. [93,94] This coordination type (N,O) is well
known for simple amino acids [135] and prevails until the pH was sufficiently high enough
to deprotonate the amides leading to tetradentate k*[6,5,5] complexation. This suggests that
5-membered chelate stability is more important than the amine/amide coordination even for
a soft ion such as Pd(II). Ligand 1 forms a conventional k*[5,5,5] chelate in basic conditions,
completely dissociating the en. Ligand 1 shows significantly less Pd** promoted #-butyl ester
hydrolysis, however 1 shows multiple isomers that represent various forms of hydrolyzed
ester combinations. (Figure 2.3) Despite ester hydrolysis the study successfully drew out
interesting differences in the coordination of these ligands and site directed coordination
geometries using pH manipulations.

Comparable studies were carried out for the alkylated biological tripeptide glutathione.
Although the alkylated glutathione was able to form a stable 7-membered ring, this was a
minor product. Through these studies it was concluded that the presence of the thioether,
along with uncontrollable reaction products, glutathione was deemed not amenable to
continued work. [136] The tripeptides chosen exhibited their maximum expected chelating
ring sizes at the N terminus and confirmed it is possible to form complexes with ¥*[n,5,5] (n
= 8,6,5) chelates that may be employed to adjust ligand frameworks for bioinspired catalyst
design in future work.

2.5 Experimental

2.5.1 Physical Methods

Infrared spectra were recorded on a Nicolet Avatar 360 FT-IR (E.S.P.) spectrophotometer
using KBr pellets. '"H, COSY, and *C nuclear magnetic resonance spectra were recorded at
ambient temperature on a Bruker Avance 400 MHz spectrometer at 400 and 101 MHz,
respectively. Solvents used were DO, DMSO-ds, and CDCIls. Electronic spectra were
obtained using either Varian Cary 100 Bio spectrophotometer or Perkin Elmer Lambda 25
UV/Vis spectrophotometer. Mass spectra were recorded on a micrOTOF-Q spectrometer,
equipped with E-spray atmospheric pressure ionization chamber (ESI). Elemental Analyses
were obtained from Midwest Microlab, IN, USA.

pH-dependent NMR studies were performed in D20. A stock solution of the ligands (1-3)
(0.020M) and a stock solution of the Pd(II) (0.040M) complex were mixed in a 1:1 ratio, for
final concentrations of 5.0 x 10~* M. The ionic concentration was increased to 0.100 M with
KCl and the pH adjusted with NaOD. The reaction mixture was monitored over a 48 h period
using NMR spectroscopy.

The pH potentiometric titrations were carried out in 15 ml samples using four different metal
to ligand ratios (0:1, 1:1, 2:1, 4:1). During titration argon was bubbled through the samples
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to prevent oxygen and carbon dioxide and to prevent aggregation of the samples. The
concentration of the ligand was fixed at ~3.2x10 M and the metal concentration adjusted
to fit desired ratios. The ionic strength of the samples was adjusted with KCl to 0.2 M in a
60-fold excess to suppress complex formation due to competitive binding of the Cl—. The
titrations were carried out at constant temperature (298 K). The use of acid to lower the pH
before titration was omitted because the ¢-butyl ester is subject to acid catalyzed hydrolysis.
The analytes were titrated with standardized potassium hydroxide and 30 to 40 data points
were obtained for each titration curve. The apparent equilibrium constants were evaluated
from the titration data as defined by Equations 1 and 2, using the evaluation function on the
Excel sheet CurTiPot, developed by Prof. Gutz, [137] where M, L and H represent
[Pd(en)(H20)2]*" ion, the ligand and protons, respectively:

pPM +qL=1rH = MpLqHr (D)
— MPLIIHT
Brar = Gaaorny @)

2.5.2 Materials

Reagents used were purchased from Sigma Aldrich and used without further purification
unless otherwise stated. Alanylglycine, Z-Asp(O’Bu)-OH, Fmoc-Asp(O’Bu)-OH, Fmoc-
Asp(OH)-O'Bu, Z-Trp, Z-His, Fmoc-His(Trt), and EDC-CI use in peptide coupling were
purchased from Bachem. Solvents were purchased from Sigma Aldrich and were distilled
under nitrogen and dried using standard methods. [138] Alanylglycine esterification was
completed by reacting it with trimethylchlorosilane. [139]

2.5.3 Synthesis

Coupling reactions were executed by adding N-protected amino acids to Hydroxyl-
benzotriazole (HOBt) and stirring in chloroform or DMF at 0 °C. Once the solution cooled,
1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC-HCI) was added and stirred for 30
min, after which AlaGly(OMe)-HCI was added, followed by addition of triethylamine
(TEA). The solution was stirred under slight N> flow at ambient temperature for 24 h. [140]
If CHCl; was used as solvent, product was simply washed with water, dried with MgSQOs,
and CHCls removed in vacuo. The product was then washed with ether and dried in a vacuum
desiccator to obtain clean product. If DMF was used, the DMF was removed in vacuo with
elevated heat and azeotropic distillation with toluene.

Cleavage of the Fmoc protecting group was executed by dissolving in DMF and stirring at
110 °C for ~50 min using an oil bath. [81] After cooling water was added, and the product
washed with ether and hexane. Water and DMF were removed in vacuo with elevated heat
and azeotropic distillation with toluene.

The CBZ protecting group was removed by adding Z-protected amine and 10% catalyst
loaded Pd/C (10% wt.) together and evacuating the flask, backfilling with argon. Dry
methanol (50 mL) was syringed in. A balloon filled with H», attached to a needle, was
inserted into the top of the flask via septum, the N2> was then flushed out of the flask and
replaced with H». [117] (Care must be taken because Pd/C is pyrophoric and can cause
organic solvents to ignite when air is present) The reaction mixture was stirred overnight
with the H» balloon attached. When finished, the H» is flushed out by argon and the product
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is filtered through Celite on a fritted filter and washed with an additional 20 mL of methanol.
Methanol was removed under reduced pressure with slight heat.

AlaGly(OMe)-HCI

(Modified from established procedure) Esterification of the glycine carboxylate was
completed by adding 1.7 mL (13.685 mmol) trimethylchlorosilane to a 20 mL methanolic
solution of AlaGly (1.000 g, 6.843 mmol) and allowing to stir for at least 24 hrs. [139] The
dipeptide was isolated by removing the methanol under reduced pressure (1.393 g). The
percent yield was 100%. Product was isolated as a hydrochloric salt. '"H NMR (400 MHz,
Deuterium Oxide) & 4.16 — 4.06 (m, 1H, a-Can), 4.04 (d, J = 2.0 Hz, 2H, o-Caly), 3.72 (s,
3H), 1.52 (d, J = 7.1 Hz, 3H, B-Caun). IR (KBr) cm™: 3360, 3235 (b, v(N—H)), 1755 (sh,
v(C=0)), 1670 (s, Amide I), 1568 (s, Amide II), 1212 (s, v(C—O0)), 1114 (s, v(C—0O)). MS
(ESI/Positive) MW: (C14H25N306) = 160.1730, M/Z found(calc) = 161.0920(161.0921)
[M+H"].

Z-a-Asp(O!Bu)AlaGly(OMe) (1a)

Coupling reaction was executed using coupling procedure. Reactant amounts are as follows.
Z-Asp(O'Bu)-OH (1.102 g, 3.407 mmol), HOBt (0.460 g, 3.407 mmol), EDC-HCI (0.719 g,
3.748 mmol), AlaGly(OMe)-HCI (0.670 g, 3.407 mmol), TEA (0.5 mL, 3.588 mmol) in 50
mL of chloroform. The yield was 1.515 g (95.5%). 'H NMR (400 MHz, Chloroform-d) &:
7.34 (q, J = 3.1 Hz, 5H, Arcsz), 7.02 (d, ] = 9.2 Hz, 2H, NHa1., NHaiy), 5.94 (d, ] = 7.1 Hz,
1H, NHasp), 5.11 (s, 2H, CH2 cBz), 4.60 — 4.47 (m, 2H, o-Hasp, 0-Hala), 4.10 — 3.90 (m, 2H,
a-Hary), 3.71 (d, J = 1.8 Hz, 3H, OCHj3 giy), 2.89 — 2.64 (m, 2H, B-Hasp), 1.40 (s, 8H,
OC(CHz3)3 asp), 1.37 (d, J = 7.6 Hz, 5H, B-Han). *C NMR (101 MHz, CDCl3) &: 172.12
(C=0asp), 170.94 (C=0Oala), 170.67 (y-C=Oasp), 170.10 (C=Oaqly), 156.10 (C=Ocsz), 135.97
(ArCBz), 128.57 (ArCBz), 128.49 (AI‘CBz), 128.31 (ArCBz), 128.17 (AI‘CBz), 128.11 (ArCBz),
82.02 (OC(CH3)3 asp), 77.16 (CDCls), 67.34 (CHz cBz), 52.29 (OCH3 giy), 51.40 (0-Casp),
49.00 (0-Car), 41.12 (a-Caly), 37.36 (B-Casp), 27.98 (OC(CHs)3 asp), 17.66 (B-Can). IR
(KBr, cm™) 3367, 3234 (s, v(N—H)), 1754 (sh, v(C=0)), 1728 (s, v(C=0)), 1657 (s, Amide
I), 1543 (s, Amide II), 1246 (sh, v(C—O0)), 1216 (s, v(C—0)), 1153 (s, v(C—0)). MS
(ESI/Positive) MW: (C22H31N30g) = 465.5030, M/Z found(calc) = 488.1991(488.2003)
[M+Na*]

Fmoc-a-Asp(OfBu)AlaGly(OMe) (1b)

Coupling reaction was executed using coupling procedure. Reactant amounts are as follows.
Fmoc-Asp(O'Bu)-OH (1.406 g, 3.418 mmol), HOBt (0.462 g, 3.418 mmol), EDC-HCI
(0.462 g, 3.418 mmol), AlaGly(OMe)-HCI (0.672 g, 3.418 mmol), TEA (0.5 mL, 3.588
mmol). The yield was 1.807 g (95.3%). 'H NMR (400 MHz, CDCls)  7.85 — 7.69 (m, 2H),
7.66 —7.51 (m, 2H), 7.40 (td, J = 7.6, 1.1 Hz, 2H), 7.31 (td, J = 7.5, 1.2 Hz, 2H), 6.89 (s,
2H), 5.88 (d, ] = 8.3 Hz, 1H), 4.51 (p, J=7.0 Hz, 1H), 4.43 (d,J =7.0 Hz, 1H), 4.22 (t,] =
6.9 Hz, 1H), 4.12 — 3.89 (m, 2H), 3.72 (s, 3H), 2.94 — 2.66 (m, 2H), 1.52 — 1.32 (m, 11H).
13C NMR (101 MHz, CDCI3) & 172.09 (C=0asp), 171.24 (C=0a1a), 170.75 (y-C=0Oasp),
170.20 (C=Ogly), 143.83 (C=OFmoc), 143.76 (ArFmoc), 141.45 (ArFmoc), 127.94 (AtFmoc),
127.24 (Atfmoc), 125.15 (Arkmoc), 120.18 (ArFmoc), 82.30 (OC(CH3s)3asp), 67.48 (CH2 Fmoc),
52.47 (OCHs gly), 51.50 (a-Cala), 49.20 (a-Casp), 47.24 (CHFmoc), 41.28 (a-Caly), 37.53 (B-
Casp), 28.17 (OC(CH3)3 asp), 17.73 (B-Cala). IR (KBr, cm!) 3380, 3231 (s, v(N—H)), 1754
(sh, v(C=0)), 1732 (s, v(C=0)), 1654 (s, Amide I), 1533 (s, Amide II), 1246 (sh, v(C—O0)),
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1216 (s, v(C—0)), 1158 (s, v(C—0)). MS (ESI/Positive) M (C20H35N303) = 553.6120, M/Z
found(calc) = 576.2316(576.2313) [M+Na™]

a-Asp(OBu)AlaGly(OMe) (1)

The protecting group Fmoc was removed using the procedure detailed above. 1b (2.453 g,
4.443 mmol), 10 mL DMEF. The yield was 82%. 'H NMR (400 MHz, CDCls) 6 8.39 — 8.29
(d,J=6.7 Hz, 1H, NHa), 7.87 (t,J = 5.9 Hz, 1H, NHayy), 7.26 (CDCl3), 4.58 (p, J = 7.0 Hz,
1H, a-Ha), 4.50 (d, J = 6.2 Hz, 1H, a-Hasp), 3.98 (qd, J = 17.8, 5.6 Hz, 2H, a-Hayy), 3.71
(s, 3H, OCHj3 aiy), 3.11 (t,J = 6.6 Hz, 2H, B-Hasp), 1.42 (d, J = 4.1 Hz, 13H, O(CH3)3 asp, B-
Hala). BCNMR (101 MHz, CDCl3) 8 172.75 (C=Oasp), 170.77 (C=0a1), 170.24 (y-C=Oasp),
168.44 (C=0Ocqly), 82.93 (OC(CH3)3 asp), 52.30 (OCH3 aly), 50.23 (0-Casp), 49.95 (0-Cara),
41.04 (a-Caly), 36.23 (B-Casp), 28.00 (OC(CH3)3 asp), 17.59 (B-Cara). IR (KBr, cm!) 3360
(b, N-H, N-H»), 3235 (b, v(N—H)), 1755 (sh, v(C=0)), 1728 (s, v(C=0)), 1670 (s, Amide
I), 1545 (s, Amide II), 1249 (s, v(C—0)), 1214 (s, v(C—0)), 1158 (s, v(C—0)). UVVis
(CHCI), &286 = 157.97 L/mol-cm. Specific rotation [a] = -1.4° (2.5g/100mL, DMSO). MS
(ESI/Positive) MW (C14H2sN3Og) = 331.368, M/Z found(calc) = 332.1816(332.1816)
[M+H"]. CHN (C14H25N30¢)-1/2 H2O found(calc) %, C: 49.60(49.40), H: 7.58(7.70), N:
12.31(12.35).

CBZ group was remove as described above with following amounts. 1a (1.515 g, 3.255
mmol), 10% catalyst loaded Pd/C (150 mg) Yield was 0.525 g (65%) 'H NMR (400 MHz,
Chloroform-d) 6 8.39 —8.29 (d, J = 6.7 Hz, 1H, NHau), 7.87 (t, J = 5.9 Hz, 1H, NHayy), 7.26
(CDCl3), 4.58 (p, J=7.0 Hz, 1H, a-Hau), 4.50 (d, J = 6.2 Hz, 1H, a-Hasp), 3.98 (qd, J =17.8,
5.6 Hz, 2H, a-Haly), 3.71 (s, 3H, OCHs gy), 3.11 (t, ] = 6.6 Hz, 2H, B-Hasp), 1.42 (d, J =4.1
Hz, 13H, O(CH3)3 asp, B-Hala). *C NMR (101 MHz, CDCI3) 8 172.75 (C=0Oasp), 170.77
(C=0am), 170.24 (y-C=Oasp), 168.44 (C=Ogly), 82.93 (OC(CH3)3 asp), 52.30 (OCH3 gly),
50.23 (a-Cala), 49.95 (a-Casp), 41.04 (a-Caly), 36.23 (B-Casp), 28.00 (OC(CHs)s asp), 17.59
(B-Cara). IR (KBr, cm-1) 3360, 3235(b, v(N—H)), 1755 (sh, v(C=0)), 1728 (s, v(C=0)),
1670 (s, Amide I), 1545 (s, Amide II), 1249 (s, v(C—0)), 1214 (s, v(C—0)), 1158 (s, v(C—
0)). MS (ESI/Positive) MW (CisH2sN30s) = 331368, M/Z found(calc) =
332.1816(332.1816) [M+H']. CHN (Ci4H25N30¢) found(calc) %, C: 49.60(50.75), H:
7.58(7.60), N: 12.31(12.86). UVVis (H20): &1 = 377, €299 = 330 L/mol-cm. Specific
rotation [a] = -1.4°(2.5mg/100mL, DMSO)

Fmoc-B-Asp(O!Bu)AlaGly(OMe) (2b)

Coupling reaction was executed using coupling procedure. Fmoc-Asp-O'Bu (2.783 g, 6.764
mmol), HOBt (0.914 g, 6.764), EDC-HCI (1.426 g, 7.440 mmol), AlaGly(OMe)-HCI (1.330
g, 6.764) and TEA (0.99 mL, 7.102 mmol). The yield was 3.682 g (98.3%). 'H NMR (400
MHz, CDCl3) 6 7.77 (d, J = 7.5 Hz, 2H, Arfmoc), 7.63 (d, J= 7.6 Hz, 2H, AtFmoc), 7.41 (t, J
=7.5 Hz, 2H, Atfmoc), 7.37 — 7.31 (m, 2H, Atemoc), 7.11 (d, J=5.7 Hz, 1H, NHayy), 6.61 (d,
J=17.5 Hz, 1H, NHau), 6.20 (d, J = 8.3 Hz, 1H, NHap), 4.67 (h, J = 7.3 Hz, 1H, 0-Ha),
4.54 (dt, J=9.1, 4.7 Hz, 1H, a-Hasp), 4.36 (q, J = 10.4, 9.1 Hz, 2H, CH2 Fmoc), 4.23 (t, J =
7.2 Hz, 1H, CHfmoc), 4.18 — 3.97 (m, 2H, a-Hayy), 3.71 (s, 3H, OCH3s aiy), 2.99 — 2.76 (m,
2H, B-Hasp), 1.49 (s, 9H, OC(CH3)3 asp), 1.42 (d, J = 7.0 Hz, 3H, B-Haia). *C NMR (101
MHz, CDCI3) 6 172.56 (C=0asp), 170.43 (C=0al1a), 170.16 (y-C=0asp), 169.96 (C=Oqly),
156.36 (C=OFmoc), 143.99 (Arfmoc), 141.37 (Arfmoc), 127.80 (ArFmoc), 127.19 (AtFmoc),
125.33 (Arfmoc), 120.05 (Arfmoc), 82.51 (OC(CH3)3 asp), 67.31 (CH Fmoc), 52.48 (OCH3 giy),
51.53 (0-Cala), 48.83 (a-Casp), 47.26 (CHz Fmoc), 41.23 (a-Caly), 38.31 (B-Casp), 28.06
(OC(CH3)3 asp), 18.60 (B-Cala). IR (KBr, cm™) 3300 (s, v(N—H)), 1744 (s, v(C=0)), 1730
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(sh, v(C=0)), 1693 (s, Amide I, 1539 (s, Amide II), 1249 (sh, v(C—O)), 1220 (s, v(C—O)),
1158 (s, v(C—O)). MS (ESI/Positive) MW (C20H3sN:0g) = 553.6120, M/Z found(calc) =
576.2318(576.2316) [M+Na*]

B-Asp(OBu)AlaGly(OMe) (2)

The protecting group Fmoc was removed by above procedure. 2b (3.778 g, 6.764 mmol) in
10 mL of DMF. Yield for this reaction was 2.120 g (94%) 'H NMR (400 MHz, CDCls) §
8.20 (d, J=6.3 Hz,1H, NHa1.),8.03(d,J=7.2Hz,1H, NHaly),4.63(q,J=7.2Hz,1H, a-Hala), 4.38
(d, J=6.9 Hz, 1H, a-Hasp), 4.05 (qd, J = 17.6, 5.5 Hz, 2H, a-Haly), 3.75 (d, ] = 5.7 Hz, 3H,
OCHs; aiy), 3.26 (ddd, J =72.9, 17.2, 4.4 Hz, 2H, B-Hasp), 1.51 (s, 9H, O(CH3)3), 1.47 (d, J
= 7.1 Hz, 3H, B-Han). *C NMR (101 MHz, CDCl3) § 172.86 (C=0asp), 171.90 (C=0a1),
170.60 (y-C=Oasp), 170.49 (C=Ogly), 82.83 (OC(CH3)3 asp), 52.46 (OCHs giy), 51.68 (a-
Casp), 49.12 (0-Cara), 41.20 (a-Caiy), 38.51 (B-Casp), 28.05 (OC(CH3)3asp), 17.76 (B-Cata).
IR (KBr, cm™) 3385, 3307 (b, v(N—H)), 1743 (sh, v(C=0)), 1728 (s, v(C=0)), 1653 (s,
Amide I), 1541 (s, Amide II), 1254 (s, v(C—0)), 1210 (s, v(C—0)), 1155 (s v(C—0)).
UVVis (CHCI3), &s1 = 625, €02 = 630 L/mol-cm. Specific rotation [a]p = +6.9 °
(2.5g/100mL, DMSO). MS (ESI/Positive) M (C14H25N30¢) = 331.368, M/Z found(calc) =
354.1633(354.1636) [M+Na']. CHN: (C14H25N30s) found(calc) %, C: 50.28(50.75), H:
7.11(7.60), N: 13.86(12.68).

Z-TrpAlaGly(OMe) (3a)

Coupling reaction was executed using coupling procedure with 50 ml of CHCI3. Z-Trp
(1.153 g, 3.407 mmol), HOBt (0.460 g, 3.407 mmol), EDC-HCI (0.719 g, 3.748 mmol),
AlaGly(OMe)-HCI (0.670 g, 3.407 mmol), and TEA (0.50 mL, 3.578 mmol). The yield was
1.607 g (98.1%). 'H NMR (400 MHz, CDCl3) & 8.42 (s, 1H, NHindole), 7.61 (d, J = 7.9 Hz,
1H, Hindole-c5), 7.32 (p, J = 3.9, 2.9 Hz, 6H, Arcsz), 7.29 (d, J = 8.1 Hz, 2H, Hindole-cs), 7.20
—7.12 (t, J = 7.5 Hz, 1H, Hindote-c7), 7.07 (t, J = 7.5 Hz, 1H, Hindole-c6), 7.03 — 6.99 (m, 1H,
Hindole-c2), 6.77 (d, J = 5.6 Hz, 1H, NHayy), 6.61 (s, 1H, NHala), 5.78 — 5.71 (m, 1H, NHasp),
5.16 — 5.03 (m, 2H, CHz-cBz), 4.56 (d, J = 6.9 Hz, 1H, 0-Hasp), 4.46 (q, J = 7.2 Hz, 1H, a-
Ha), 3.85(dd, J = 18.1, 5.6 Hz, 1H, a-Haly), 3.77 — 3.64 (m, 1H, a-Haly), 3.68 (s, 3H, OCH3
Gly), 3.24 (qd, J = 14.6, 6.4 Hz, 2H, B-Hrrp), 1.20 (d, J = 7.0 Hz, 3H, B-Haun). *C NMR (101
MHz, CDCls) 6 172.27 (C=Orrp), 171.62 (C=0a1a), 170.31 (C=0Ogly), 156.39 (C=Ocgz),
136.34 (CYingote), 136.23 (Arcrz), 128.69 (Arcaz), 128.63 (Arcsz), 128.38 (Arcaz), 128.26
(Arcpz), 127.39 (Cdindole), 123.65(C2indole), 122.38 (C7indole), 119.87 (C6indole), 118.86
(CSindole), 111.43 (C3indole), 110.09 (C8indote), 100.11 (Arcpz), 77.16 (CDCls), 67.31 (CHz
cBz), 55.92 (a-Crip), 52.43 (OCHs cly), 48.92 (0-Cata), 41.18 (a-Caly), 28.67 (B-Cryp), 18.01
(B-Cal). IR (KBr, cm™) 3413, 3288 (s, v(N—H)), 1747 (s, v(C=0)), 1693 (s, v(C=C)), 1645
(s, Amide I), 1535 (s, Amide II), 1249 (sh, v(C—O0)), 1220 (s, v(C—O0)). MS (ESI/Positive)
MW (C25H28N40¢) = 480.5210, M/Z found(calc) = 503.1902(503.1901) [M+Na*]

TrpAlaGly(OCHs) (3)

The protecting group Z was removed as above with 3a (1.515 g, 3.255 mmol) and 150 mg
10% catalyst loaded Pd/C. Yield was 0.912 g (85%) 'H NMR (400 MHz, CDCl3) 6 8.30 (s,
1H, NHingote), 7.69 (d, J = 7.8 Hz, 1H, NHau), 7.65 (dd, J = 7.9, 1.0 Hz, 1H, Hingole-c5), 7.36
(dt, J=8.1, 1.0 Hz, 1H, Hindole-c8), 7.20 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H, Hindole-c7), 7.11 (ddd,
J=18.0,7.0, 1.1 Hz, 1H, Hindole-cs), 7.07 (d, J = 2.4 Hz, 1H, Hindole-c2), 6.99 (t, J = 5.4 Hz, 1H,
NHayy), 4.51 (p, J =7.2 Hz, 1H, a-Hau), 4.07 — 3.91 (m, 2H, a-Hgly), 3.78 —3.73 (m, 1H, a-
Hasp), 3.73 (s, 1H, OCHs giy), 3.35 (ddd, J = 14.5, 4.4, 0.9 Hz, 1H, B-Hryp), 2.97 (dd, J = 14.5,
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8.6 Hz, 1H, B-Hrrp), 1.72 — 1.65 (m, 2H, NHa 1vp), 1.31 (d, J = 7.0 Hz, 3H, B-Haia). *°C NMR
(101 MHz, CDCIl3) 6 175.44 (C=Oryp), 172.66 (C=0a1a), 170.35 (C=0gly), 136.53 (C%indolc),
127.56 (C4indole), 123.29 (Czindole), 122.45 (C7indole), 119.79 (C6indole), 119.03 (Csindole),
111.51 (C3indote), 111.42 (C8ingote), 55.45 (a-Crrp), 52.48 (OCHs cy), 48.51 (a-Carn), 41.28
(a-Caly), 30.67 (B-Crrp), 17.36 (B-Cala). IR (KBr, cm™) 3389, 3296 (sh, v(N—H)), 3056 (m,
aromatic v(C—H)), 1749 (s, v(C=0)), 1655 (s, Amide I), 1517 (s, Amide II), 1213 (s, v(C—
0)), 745 (s, aromatic 6(C—H)). UVVis(CHCl), €281 = 6114 L/mol-cm. Specific rotation
[a]p = -18.76° (2.5mg/100mL, DMSO). MS (ESI/Positive) MW (C17H2:N404) = 346.164,
M/Z found(calc) = 347.1714(347.1709) [M+H"]. CHN: (C;17H22N404) found(calc) %, C:
58.78(58.95), H: 6.38(6.40), N: 15.91(16.17).

Z-HisAlaGly(OCHs) (4a)

Coupling reaction was executed using coupling procedure. Z-His (2.192 g, 7.578 mmol),
HOBt (1.229 g, 9.093 mmol), EDC-HCI (1.598 g, 8.335 mmol), AlaGly(OMe)-HCI (1.490
g, 7.578 mmol), and TEA (2.6 mL, 18.944 mmol) in 75 ml of DMF. The product was purified
by removing the DMF in vacuo, redissolving in ethyl acetate, washing with saturated sodium
bicarbonate (3x20 mL), and extracting the sodium bicarbonate layer with two more portions
of ethyl acetate (3x20 mL). The combined ethyl acetate layers were then washed with a brine
solution, dried with NaSQOs, removing the solvent under reduced pressure. The yield was
1.800 g (55.1%). 'H NMR (400 MHz, Chloroform-d) & 7.99 (s, 1H, NHgy), 7.59 (s, 1H,
CHim), 7.41 —7.30 (m, 6H, Arcsz), 7.18 (d, J = 7.5 Hz, 1H, NHal.), 6.85 (s, 1H, CHin), 6.35
(d, J=7.0 Hz, 1H, NHsis), 5.11 (s, 2H, CH2 cBz), 4.53 — 4.44 (m, 2H, a-Hau, a-Hmis), 4.01
(ddd, J=73.7,17.8, 5.6 Hz, 2H, a-Hayy), 3.72 (s, 3H, OCH3 gy), 3.16 — 3.02 (m, 2H, B-Huis),
1.34 (d, J = 7.2 Hz, 4H, B-Han).">*C NMR (101 MHz, CDCl3) & 173.04 (C=Ounis), 171.31
(C=0a1a), 170.64 (C=Oaly), 136.30 (C2m), 135.22 (Arcnz), 128.70 (Arcsz), 128.39 (Arcsz),
128.20 (Arcgz), 77.16(CDCls), 67.27 (CHz cBz), 55.20 (0-Chis), 52.43 (OCHj3 ay), 49.31 (a-
Cala), 41.25 (a-Caly), 30.11 (B-Cis), 17.78 (B-Cala). IR (KBr, cm™) 3296 (s, v(IN—H)), 1751
(s, v(C=0)), 1708 (s, v(C=C)), 1655 (s, Amide I), 1532 (s, Amide II), 1251 (sh, v(C—O0)),
1213 (s, v(C—O0)). MS (ESI/Positive) MW (C20H25N506) = 431.4490, M/Z found(calc) =
454.1708(454.1697) [M+Na']

Fmoc-His(Trt)AlaGly(OMe) (4b)

Coupling reaction was executed following coupling procedure. Fmoc-His(Trt)-OH (1.081 g,
1.744 mmol), HOBt (0.237 g, 1.744 mmol), EDC-HCl (0.368 g, 1.919 mmol),
AlaGly(OMe)-HCI (0.343 g, 1.744 mmol) and TEA (0.26 mL, 1.832 mmol) The yield was
1.159 g (87%). '"H NMR (400 MHz, Chloroform-d) & 8.10 (s, 1H, NHay), 7.75 (d, J = 7.6
Hz, 2H, Atrmoc), 7.57 (dd, J= 7.6, 3.3 Hz, 2H, AtFmoc), 7.39 — 7.38 (m, 2H, ArFmoc), 7.37 (d,
J=17.5 Hz, 1H, C2m), 7.32 (dt, J = 4.0, 2.8 Hz, 9H, Phrv), 7.28 (q, J = 1.4, 0.9 Hz, 2H,
AftFmoc), 7.16 — 7.06 (m, 6H, Phry), 7.03 (d, J = 8.1 Hz, 1H, NHau), 6.70 (s, 1H, C4in), 6.54
(d, J= 6.3 Hz, 1H, NHmis), 4.56 (dt, J = 15.6, 7.5 Hz, 1H, a-Hauw), 4.44 (d, J=5.9 Hz, 1H,
a-Huis), 4.34 (dd, J=12.8, 5.7 Hz, 1H, CHFmoc), 4.31 —4.23 (m, 1H, CH2 Fmoc), 4.18 (t, J =
7.3 Hz, 1H, CH2 Fmoc), 4.10 (dd, J = 18.1, 5.7 Hz, 1H, a-Hayy), 3.82 (dd, J = 17.6, 4.9 Hz,
1H, a-Hayy), 3.62 (s, 3H, OCHs Giy), 3.16 — 2.95 (m, 2H, B-Huis), 1.40 (d, J = 7.2 Hz, 3H, B-
Hata). °C NMR (101 MHz, CDCl3) § 172.65 (C=Omis), 171.05 (C=0amn), 170.47 (C=Ocgly),
156.44 (C=OFmoc), 144.01 (ArFmoc), 143.87 (ArFmoc), 142.15 (Ph3 1rt), 141.39 (C51m), 138.58
(C2m), 129.81 (Ph3 1r), 128.38 (Ph3 1), 128.29 (Ph3 1wt), 127.85 (ArFmoc), 127.19 (Arkmoc),
125.32 (ArFmoc), 120.28 (C4im), 120.10 (Arpmoc), 77.16 (CDCls), 75.77 (CPhs ), 67.39 (CH
Fmoc), 95.39 (a-Chis), 52.23 (OCHj3 aly), 49.23 (a-Cata), 47.23 (CHz Fmoc), 41.13 (a-Caly),
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30.82 (B-Chtis), 17.78 (B-Cara). IR (KBr, cm!) 3299 (s, v(N—H)), 1751 (s, v(C=0)), 1723 (s,
V(C=C)), 1667 (s, Amide 1), 1518 (s, Amide II), 1236 (sh, (C—O)), 1208 (s, v(C—O)). MS
(ESI/Positive) MW (CssH43NsOg) = 761.8790, M/Z found(calc) = 784.3076(784.3016)
[M+Na*]

Fmoc-HisAlaGly(OMe) (4c)

The amino protecting group (Trt) was removed by dissolving 4b (0.500 g, 0.656 mmol) in
40 mL of 50% aqueous acetic acid. The reaction was stirred in a steam bath for 15 min. The
solution was then washed with 2 x 40 mL 1:1 Pet ether/ether solvent mixture. The water was
then removed in vacuo and the product precipitated out with ether. The precipitate was
filtered and wash with more ether then air dried. The yield was 65 g (24.5%) NMR. 'H NMR
(400 MHz, Chloroform-d) 6 7.92 (s, 1H, NHaly), 7.79 (s, 1H, NHm), 7.73 (d, /= 7.5 Hz, 2H,
AftFmoc), 7.61 — 7.48 (m, 2H, Arfmoc), 7.37 (t, J = 7.3 Hz, 2H, AtFmoc), 7.28 (d, J = 5.7 Hz,
2H, AtFmoc), 7.27 (s, 1H, 0-Ha), 6.90 (s, 1H, C4in), 6.40 (s, 1H, a-Hmis), 4.52 (m, 1H, a-
Hal), 4.50 (s, 1H, o-Hnis), 4.34 (m, 2H, CH2 Fmoc), 4.18 (q, J = 7.4 Hz, 2H, CHFmoc), 4.06
(m, 1H, a-Haly), 3.94 — 3.86 (m, 1H, a-Hgly), 3.65 (d, J = 11.2 Hz, 3H, OCH3 giy), 3.12 (s,
2H, B-Huis), 1.36 (d,J=7.1 Hz, 3H, B-Han). *C NMR (101 MHz, CDCl3) § 170.65 (C=Ouis),
161.97 (C=OFmoc), 143.81(ArFmoc), 127.92 (AtFmoc), 127.24 (ArFmoc), 125.22 (ArFmoc), 124.30
(ATFmoc), 120.16 (C4im), 100.13, 77.16 (CDCl3),67.34 (CH Fmoc), 52.45 (OCHs giy), 49.44 (a-
Cala), 47.21 (CH2 Fmoc), 41.29 (a-Caly), 34.05 (B-Chis), 17.86 (B-Cara). IR (KBr, cm) 3315
(s, v(N—H)), 1752 (s, v(C=0)), 1699 (s, v(C=C)), 1661 (s, Amide I), 1531 (s, Amide II),
1246 (sh, v(C—0)), 1209 (s, v(C—O0)). MS (ESI/Positive) MW (C27H29N506) = 519.5580,
M/Z found(calc) = 542.2006(542.2010) [M+Na"]

His(Trt)AlaGly(OMe ) (4d)

The protecting group Fmoc was remove by stirring 4b (1.937 g, 2.542 mmol) in 10 mL of
DMEF as outlined above. Yield was 52.2% (0.717 g). '"H NMR (400 MHz, Chloroform-d) &
7.79 (d, J=17.7 Hz, 1H, a-Haw), 7.54 (d, J = 6.0 Hz, 1H, a-Haly), 7.35 (s, 1H, C2m), 7.34 —
7.28 (m, 9H, Phry), 7.12 — 7.05 (m, 6H, Phrw), 6.70 — 6.60 (m, 1H, C2im), 4.46 (p, J= 7.1
Hz, 1H, a-Haw), 4.06 — 3.85 (m, 2H, a-Haly), 3.72 — 3.68 (m, 1H, a-Hmis), 3.67 (s, 3H, OCH;3
cly), 3.03 (dd, J=14.7, 4.6 Hz, 1H, B-Huis), 2.85 (dd, J = 14.6, 6.8 Hz, 1H, B-Hmis), 1.36 (d,
J=17.1 Hz, 2H, B-Hais). 3C NMR (101 MHz, CDCI3) 8 172.72 (C=Ouis), 170.44 (C=0a1a),
170.42 (C=Ocqly), 142.43 (Ph3 1), 138.79 (C21m), 137.31 (C51m), 129.84 (Phs 1xt), 128.29 (Phs
i), 128.26 (Ph3 1rt), 128.22 (Phs Trt), 119.84 (C41m), 77.16 (CDCl3), 75.50 (CPhs 1), 55.21
(0-Chis), 52.36 (OCH3 gly), 48.81 (0-Cala), 41.21 (a-Caly), 32.79 (B-Chis), 17.35 (B-Cala). IR
(KBr, em™) 3291 (s, v(N—H)), 1752 (s, v(C=0)), 1662 (s, Amide I), 1517 (s, Amide 1I),
1234 (sh, v(C—0)), 1206 (s, v(C—O0)). MS (ESI/Positive) MW (C31H33N504) = 539.6360,
M/Z found(calc) = 562.2425(562.2425) [M+Na"]

HisAlaGly(OMe) (4)

The protecting group Z was removed by adding 4a (1.800 g, 4.172 mmol) and 180 mg 10%
catalyst loaded Pd/C. Yield was 0.975 g (78.6%) NMR. 'H NMR (400 MHz, Chloroform-d)
07.63 (d,J=7.7Hz, 1H, NHa1), 7.54 (d, J = 1.1 Hz, 1H, C2in), 7.38 — 7.32 (m, 1H NHayy),
6.86 (d, J=1.1 Hz, 1H, C2im), 4.46 (p, J= 7.2 Hz, 1H, 0-Ha), 4.10 —3.93 (m, 2H, a-Haly),
3.74 (s, 3H, OCHs ay), 3.63 (t, J=5.7 Hz, 1H, a-Hmis), 3.00 (d, J= 5.6 Hz, 2H, B-Huis), 1.37
(d, J = 7.1 Hz, 3H, B-Han). *C NMR (101 MHz, CDCl3) & 175.23 (C=Omis), 172.76
(C=0an), 170.52 (C=Oaqly), 145.12 (C2m), 135.33 (C5m), 99.98 (C4m), 77.16 (CDCl),
55.08 (a-Chuis), 52.4836 (OCHj3 aly), 48.89 (0-Cala), 41.28 (a-Caly), 32.25 (B-Chis),17.54 (B-
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Can). IR (KBr, cm) 3345, 3288 (s, v(N—H)), 1748 (s, v(C=0)), 1659 (s, Amide I), 1538
(s, Amide II), 1251 (sh, v(C—O0)), 1216 (s, v(C—O0)). UVVis (H20), €281 = 19 L/mol-cm.
Specific rotation [a]p = -25.6° (2.5mg/100mL, DMSO). MS (ESI/Positive) MW
(C12H19Ns504) = 297.3150, M/Z found(calc) = 320.1328(320.1329) [M+Na'] CHN:
(C12H19N404)-H>0 found(calc) %, C: 46.69(45.71), H: 6.61(6.71), N: 22.37(22.21).

The protecting group Fmoc was removed by stirring 4¢ (1.159 g, 1.521 mmol) in 10 mL of

DMF as outlined above. Yield for this reaction was 92% (0.756 g). Spectroscopic data same
as above.
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3 Synthesis and Characterization of
Palladium Tripeptide Complexes

3.1 Synthetic Methodology

This chapter describes the synthesis of new tripeptide palladium complexes based on the
ligands described in the previous chapter. It is divided into aqueous and non-aqueous
synthesis. The effects of starting materials, such as base, and starting palladium complex are
discussed. The synthetic effort focused on the synthesis of a neutral complex with Pd(II) to
maximize organosolubility, as solvation properties are important in complex reactions with
various small molecules. Several different synthetic routes were attempted to achieve
tetradentate neutral palladium tripeptide complexes. Initial experiments used ligand 1
because it is the most economic for synthetic optimization and the acid/base sensitivity of
its protecting groups renders it a good model to develop a synthetic method that is
reproducible for more expensive ligands 2-3. A summary of the synthetic routes employed
to synthesize neutral tripeptide complexes is shown in Scheme 3-2.

3.1.1 Aqueous Synthesis

Synthesis of Mono-Anionic Complex 5a

Coordination of tripeptide 1 with Pd(II) and degree of hydrolysis are highly dependent on
pH. [136] Having established that «>[NH2,N,N] chelation between 1 and Pd(II) occurs at a
pH of ~7.35, even in the presence of the en ligand, (Scheme 3-1) and that methyl ester
hydrolysis remains relatively low at ~35%, synthesis of a neutral tetradentate Pd(II) complex
appeared feasible. Methods to establish an aqueous synthetic strategy in order to form such
complex were explored. Using this strategy, KoPdCls was dissolved in water and added to
an aqueous solution of 1, and then the pH was adjusted to ~6.5. This resulted in the formation
of two isomers, one major and one minor. The major product is the charged species K[Pd{a-
Asp(O'Bu)AlaGly(OMe)}Cl] (5a). The composition of 5a was confirmed by mass
spectrometry along with the presence of the Pd;L>Cl dimer. The coordination of 5a is
i’[NH2,N,N] and support for this coordination mode was determined by spectroscopic data.

O
) < OR
0 N\Pd/N\/&
KOH/pH =7.3 < ""NH
Pd(en)(H0)2 + 1 =72 N 2
[Pd(en)(H0)] H,0 EHZ \\\
0”7 OR' NH,

Pd-1A

Scheme 3-1. Formation of k’[NH>,N,N] species Pd-14 at pH 7.3 in aqueous solution
studies. (Chapter 2.3.1)

The aqueous synthesis strategy afforded the neutral tetradentate palladium complex 8. This
was accomplished by adding an aqueous solution of KoPdCl4 to an aqueous solution of the
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ligand, adjusting the pH to 10 and then immediately removing the solvent. The NMR for this
species matches the product formed by heating 7, which aided in the identification of this
product. This reaction was performed multiple times, but the outcome was difficult to control
and usually resulted in multiple isomers. Here again the use of aqueous medium proved
difficult to reproduce effectively for complex synthesis.

\/ ZO, o
/

N\Pd/N Ox—N_ /N\)LO
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Scheme 3-2. Attempted synthetic routes to form charged (5a-5¢) and neutral (6-10) Pd(Il)
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3.1.2 Non-Aqueous Synthesis

Synthesis of Mono-Anionic Complexes 5b-5c¢

Complex 5a was synthesized with improved control by transitioning into a non-aqueous
environment. Using PA(CH3CN)2Cl; as the starting complex and substituting KOH for two
molar equivalents of triethylamine results in isolation of the complex (EtsN)[Pd{a-
Asp(O'Bu)Ala-Gly(OMe)} Cl], 5b. The composition of this product was also confirmed by
mass spectrometry. The NMR resonances for different cationic salts 5a and 5b are identical,
whereas the latter has an organic cation, which can be tracked in the NMR spectra. Excess
EtsN* proved difficult to remove, but this was resolved by cation exchange with PPhs™ to
produced complex Se. The exchange did not noticeably affect the ligand NMR resonances
however, this led to loss of yield and some decomposition. After the cation exchange,
integration of the PPhs" was ~1 mol equivalence, confirming 5a-5¢ are mono-anionic.
Although Et;N* was able to form the mono-ionic complex, separation from the organic salts
proved difficult.

Ligand Exchange Reactions to form 6 and 7

In order to form the neutral complex, and increase organosolubility, attempts to exchange or
remove the chloride were explored. To that effect, pyridine (Py) was added to the potassium
salt 5a and the results monitored with NMR (Table 3-1, 7). The spectrum shows new peaks
in the 7-8 ppm region indicating coordination of pyridine. Integrating these peaks showed
the chloride was successfully replaced by the pyridine. When the pyridine complex 6 was
heated at 110 °C overnight, the pyridine remained coordinated. In a second reaction, 2,6-
lutidine (Lu) was added to Se¢ and the reaction monitored by NMR. Upon lutidine addition,
integration of its peaks in the NMR showed incorporation of about 0.5-0.6 mol eq of lutidine
for incomplete replacement of the chloride. Lutidine is a weaker nucleophile and is stericly
more hindered than pyridine, which explains why lutidine incorporation was less than
pyridine.

A neutral palladium complex with coordinated lutidine was synthesized directly using
Pd(OAc): and 2 equivalence of 2,6-lutidine in dry THF (Scheme 3-2, 7). Upon heating 7
overnight at 110°C, tracking this reaction via NMR, a minor species started to form. NMR
integration suggests the new species is less than 30 % mol of the total yield. Table 3-1
highlights the changes to the resonances in the NMR of 7 with the addition of heat.
Formation of free Lu was also observed, confirming that lutidine’s labile coordination may
be controlled with heat. This reaction was able to form the desired tetradentate complex
Pd{a-Asp(O'Bu)AlaGly(OMe)} (8).

Synthesis of Neutral Complexes 8-10.

A novel non-aqueous strategy for the formation of 8 was developed, wherein 1, along with
Proton Sponge (1,8-Bis(dimethylamino)naphthalene) were dissolved in dry THF, Pd(OAc)>
was added to the solution and the reaction stirred under Ar. The Proton Sponge is a non-
nucleophilic base which allows the last coordination site on the Pd(II) to remain open for the
C-terminal ester to bind. The coordination of this complex is k*[NH2,N,N,=0] with
coordinated C-terminus methyl ester carbonyl as shown in Scheme 3-2. Composition of 8
was confirmed by mass spectrometry as well as elemental analysis and the product fully
characterized using NMR, IR and UV-Vis spectroscopy. This method established the
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synthesis of neutral palladium tripeptide complexes and was then applied to other ligands in
the series (Scheme 3-2, 10 and 11).

The tripeptide 2 is an iso-peptide, meaning that it forms the peptide bond through the side
chain carboxylic acid. When coordinated to a metal center via the N-terminal amine and the
nearest amide, the peptide forms a 6-membered chelate. In aqueous medium at neutral pH
this system presents a competing coordination to the side chain carbonyl forming the 5-
membered chelate instead of the ’[NH2,N,N] amide backbone. (Scheme 3-3) The
K*[NH2,N,N,O] chelated complex could be formed in basic aqueous conditions at a pH value
of ~9. However, Pd(II) catalyzed hydrolysis at this pH value led to #-butyl and methyl ester
hydrolysis of up to 35% and 65%. Compared to ligand 1, which respectively only reached
5% and 35% hydrolysis at pH 7.3, aqueous synthesis using 2 was not a viable option.
However, utilizing Proton Sponge as a base in dry THF yields the k*[NH2,N,N,=0] species,
Pd{B-Asp(O'Bu)AlaGly(OMe)} (10), in good yields. The composition of complex 10 was
confirmed by mass spectrometry and elemental analysis and fully characterized using NMR,
IR and UV-Vis spectroscopy.

[Pden)HO)2+ + 2 KOHPH=69 _ H.N" “OR’
H0 (0]

0, HN
c— ©

RO

Pd-2B

Scheme 3-3. Formation of k¥’[NH., O] species Pd-2B at pH 6.9 in aqueous solution.
(Chapter 2.3.2)

Aqueous coordination studies of 3 with [Pd(en)(H20)2]** revealed that the tryptophan indole
participates in coordination. [136] The NMR study revealed that at low pH the NH> would
coordinate as expected and chelation would continue to the Ala amide. However, as the pH
was increased to ~8 the k*[NHindole,N,N,O] isomer was detected, forming an 8 membered
ring. (Scheme 3-4) This study also showed that the methyl ester is hydrolyzed up to 75%
under these conditions. Utilizing this information, aqueous synthesis was not attempted and
3 was complexed to Pd(OAc) in THF with Proton Sponge. This yields the isomer
K*[NH2,N,N,=0] (Scheme 3-2, 10). This complex was fully characterized using elemental
analysis and NMR, IR, and mass spectrometry.

NH,
mo
PdenOP + 3 KOMEH=65 HN‘pd’NI
2 FERN
N
HN—" §, N0

o
OR
Pd-3B

Scheme 3-4. Formation of k&’ [NHinao,N,N] species Pd-3B at pH 6.5 in aqueous solution.
(Chapter 2.3.3)
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3.1.3 Base Effects

Several bases were used in attempt to form the neutral complex with tetradentate coordinated
tripeptide ligands. The inorganic base KOH was used in aqueous preparations but could not
be employed when switching to organic solvents. This is both because of solubility issues
and hygroscopicity of KOH, which could contribute to hydrolysis. Using nucleophilic
organic bases like pyridine and lutidine, while yielding neutral complexes, also coordinated
to palladium and proved difficult to remove. Strong alkali metal alkoxide bases produced
the desired product with a modicum of success but were accompanied with their own
problems including solubility and transesterification. [141] The use of Proton Sponge proved
to be the right balance between Brensted base properties and sterically non-nucleophilic
nature.

3.1.4 Metal Salt Effects

The starting palladium complex also had a significant role in which product would form.
Namely, whether a chloride anion was present or not. When using a chlorinated starting
complex, the chloride exhibited preferential coordination to the 4™ coordination site over the
ester carbonyl, and mass spectrometry data indicates that when chloride is present
dimerization occurs, at least in solution. Chloride would effectively block the coordination
of small molecules requiring complex activation before displaying reactivity. Palladium
acetate was used successfully, in part because of its high solubility in organic solvents, and
did not exhibit preferential coordination over the ester carbonyl.

Figure 3.1. DFT optimized structures of Pd(Il) complexes 5, 7-10.

3.2 Calculations

DFT calculations with a continuum solvation model were employed to determine the lowest
energy structures in solution for complexes 5-10 which can be seen in Figure 3.1. Several
different conformational possibilities were explored computationally. Due to the
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conformational flexibility of the tripeptide ligand, a number of conformers for each complex
are available (primarily due different orientations of the Asp or Trp sidechains) but only the
lowest energy conformer was considered in the calculations of spectroscopic properties. As
the Pd(Il) peptide complexes are preferably square planar, [NH2,N,N]-coordination was
expected, and DFT results revealed this.

3.3 Characterization

Complexes 5-10 were characterized via NMR, IR, and UV-Vis spectroscopy, mass
spectrometry and elemental analysis. Quantum chemical calculations at the DFT level used
to aid the spectral interpretation. In order to correctly assign coordination geometries,
similarities and differences in the complex NMR chemical shifts, and shifts in infrared
frequencies of major bands were examined. Observed values were compared to calculated
chemical shifts and vibrational frequencies of the DFT-optimized structural models.

3.3.1 'H- And 13C-NMR Spectroscopy

'H and "3C spectra of 5-10 were obtained in DMSO-ds and the resonances were assigned
with the aid of COSY and HSQC measurements. DMSO-ds was selected due to the low
solubility of the complexes in organic and aqueous solvents.

Table 3-1. Summary of NMR data from synthetic experiments to form neutral Pd(Il)
complexes, where § is the species K[Pd(1)Cl], 6 = Pd(1)Py, 7 = Pd(1)Lu, 8 = Pd(1), 9 =
Pd(2), 10 = Pd(3).

Chemical

*
Shift (ppm) 5 6 7 7+ 4 8 9 10
PY Ortho — 8.73 — — — — —
Py/Lu Meta — 7.57 7.33 7.02 — — —
Py/Lu para — 7.99 7.78 7.54 — — —
N 420 4.96 476 5.03 5.04 4.63 4.96
: 3.86 438 4.15 4.54 4.55 4.48 4.24
0-Cala 3.54 3.66 3.66 3.68 3.68 3.89 3.78
a-Caly 3.64 3.52 3';‘ 3.86 3.87 3.62 3.96
0-Crrp/asp 3.40 3.44 3.54 3.53 3.52 233 3.40
OCHj5 iy 3.50 3.34 3.34 3.55 3.55 3.55 3.55
Lu CH; — — 3.18 2.41 — — —
bC 2.45 261 2.57 2.63 261 318 3.28
~-Trp/Asp 235 2.40 2.41 2.46 2.45 : 2.87
OC(CHs)s asp 1.40 1.40 1.41 1.42 1.42 1.44 —
B-Cala 1.15 1.23 1.23 1.20 1.20 1.08 1.24

*Represents the minor species. Trp side chain listed in Experimental Section 3.5.3

32



(0]
Vi / a /< 0
v / o > (X)\\ 4
/5 y N_.  _N&/0
/, / _Pd{
7,0 ’ N~ Cl
/ \ Lk/ Ha
/
7 \ b (OXNe]
\
/ \ / 4 \ 4K
Vi \ / 4 \
\ / 4
V. Y \ 0 NH, o
/ \ I | >L p H o
/ \ 1,7 y o %N BNCUN
/ \ / / H
ANV 7 - ° s ©
o-Ala - (;-G_ly_ - a-Asp(OtBu) Ala  Gly(OMe) B-Ala
4.4 473 4i2 4j1 4!0 3!9 378 317 3i6 3j5 3:4 373 3{2 311 3:0 279 2?8 1!3 172 171

Figure 3.2. Progression of select 'H NMR resonances of 1 (red) to 5 (green), 7 (blue), and
8 (orange).

!H NMR Analysis.

The coordinated amine/amide backbone is a commonality of 5-10; this coordination was
established in the proton NMR (Table 3-1) with the appearance of amino protons as two
triplets between ~5.0 and 3.8 ppm, while the amide protons, located ~8.40 — 8.10 ppm
disappear. Generally, the a-C protons shift upfield, whereas Ala a-C protons tend to shift the
most and have the largest shifting range, as seen in Figure 3.2. This behavior is expected
considering the Asp amide is trans to the fourth coordination sphere, thus the magnetic
environment of these protons changes more significantly.

The '"H NMR resonances for 5, generally shift upfield the most compared to 6-8, presumably
owing to the fact that this is the only negatively charged species in the series, and the
chloride’s m-donation to palladium effectively increases shielding around the ligand.
Coordination of pyridine to S resulted in the amine, Asp and Ala a-C protons all shifting
downfield, (Table 3-1, 6) which is explained by pyridine n-back-bonding, resulting in metal
deshielding. However, the Gly a-C and methyl ester protons shifted further upfield, one
explanation for this is m-interactions with neighboring pyridine. Heating 6 overnight at 110
°C did not show any observable changes in the NMR. The complex with coordinated Lu (7)
has slightly different spectroscopic behaviors compared to 6. Notably, a large upfield shift
of the NH: protons (0.20 and 0.23 ppm). In 7 the Gly protons experience the largest shielding
effects of the series, appearing with a large coupling constant of ~ 96Hz with resonances at
3.14, and 2.91 ppm. (Figure 3.2) This is further evidence of m-interaction between the
lutidine and the glycine moiety. Upon heating 7 overnight at 110 °C a new species is
observed, where the Lu is no longer coordinated; the new species matches spectrum 8.
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Support for the coordination mode of 8 was established in part by examining the 'H NMR.
The appearance of the NH; protons at 4.76 and 5.03 ppm establish amine coordination. The
Asp a-C proton appears at about the same resonances as in 1. However, the Ala a-C protons
experience a large upfield shift, supporting Asp amide coordination. The Gly protons only
shift by 0.03 ppm compared to 1, but the Gly coupling pattern changes from a doublet to a
quadruplet, signifying Ala amide coordination as seen in Figure 3.2. The small change in
resonances is explained with carbonyl oxygen coordination. Carbonyl is a m-acceptor ligand,
deshielding the metal. An argument for a coordinated ester via carboxylate oxygen is not
supported given the small change in the methyl ester chemical shift.

The NMR spectrum of 9 was poorly resolved owing to the lability of the 6-membered ring.
However, important information regarding coordination geometry can still be gleaned from
the 2D-NMR coupling patterns and discernible resonance positions and elevated temperature
NMR experiments (330K) were performed to improve the spectral resolution. Coordination
of the amine is evidenced by the NH> resonances at 4.63 and 4.48 ppm. Side chain methylene
protons of the N-terminal amino acid (Asp or Trp) are a characteristic feature of the ligands
1-3. These protons are distereotopic and, when recorded in DMSO-ds, appear as a doublet
of quadruplets, because they are in different magnetic environments with different vicinal
coupling. For 5-8 these protons are outside a chelate ring and show similar coupling
constants as the ligands. However, 9 encloses the methylene protons in a 6-membered ring
and they become an apparent quadruplet (Figure 3.1). Additionally, a large upfield shift of
the a-C protons for Asp (0.46 ppm), Ala (0.42 ppm), and Gly (0.21 ppm), confirms the
amine/amide backbone chelation.

Table 3-2. Assigned >C NMR resonance for complexes 5,7-10.

gﬁg‘(ﬁn) 5 7% 8 9 10
C=Otmp/asp 170.14  169.93  169.79  170.75  172.93
C=Oan 185.17 18545  177.03 17626  178.24
7-C=Oasp 17591 1759 17289  172.58 —
C=Ocy 17234 17171 18647 ? 186.55

OC(CHs)s asp 79.93 80.14 80.47 82.32 —

OCHs aiy 50.52 50.79 50.96 50.92 50.93
0-Crrp/asp 56.55 56.50 55.81 40.16 59.58
a-Cala 57.05 57.13 56.60 58.87 56.50
a-Caly 46.49 45.84 46.79 44.73 46.86
B-Crrp/asp 39.86 39.73 39.94 54.7 29.93

OC(CHs)s asp 27.79 27.79 27.79 27.58 —
B-Caia 19.43 19.78 19.80 20.64 19.92

Lutidine and Trp side chain listed in Experimental Section 3.5.3
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In 10, the appearance of the NH> protons at 4.96 and 4.24 ppm confirms N-terminus amine
coordination, whereas the indole resonances are relatively unchanged suggesting N-terminal
amine coordination rather than via indole amine. Ala (A0.56 ppm) and Trp (A0.11 ppm) a-
C protons shift downfield and are in agreement with 8 and 9.

13C NMR Analysis.

The '3C NMR spectrum collected for the ligands 1-3 (Appendix Table 3) and complexes 5,7-
10 (Table 3-2) were tabulated and compared. Assignments for the carbon spectrum were
aided by the 2D-NMR technique HSQC (which displays '*C and 'H homonuclear coupling).
As expected, all a-carbons shifted downfield, while Ala a-carbons undergo the largest
downfield shifts and have the broadest range.

The most significant and difficult 1*C assignments belonged to the carbonyl carbons. In order
to confidently assign these signals, DFT calculations were used to elucidate coordination
modes and to calculate the 1*C chemical shifts. These calculations are based on the optimized
geometries found in Figure 3.1. Table 3-3 shows a comparison of observed and calculated
carbonyl '*C chemical shifts, which are adjusted for systematic differences in shielding
values. For 5§ and 7 there is decent agreement between the observed and calculated values
for Gly and Asp esters, and Asp amides however, the Ala amide shows stronger deshielding
then calculations suggest. Coordination of the ester carbonyl (C=Oagly), seen in 8 and 10, is
accompanied by a large downfield shift from ~170 (1-3) to ~186 ppm which is consistent
with reported values. [142] Due to the lability of 9, this peak was not observed, even in the
high temperature NMR experiment.

Table 3-3. Assigned 3C NMR resonance for complexes 5,7-10 compared to calculated
values.

Chemical 5 5 7 7 8 8 9 9 10 10
Shift (ppm)  (obs) (calc) (obs) (calc) (obs) (calc) (obs) (calc) (obs) (calc)

C=Ormpasp 170.14 170.82 169.93 171.07 169.79 17139 170.75 1653 17293 169.9
C=0aia 185.17 181.86 18545 1825 177.03 177.63 17626 1765 17824 177.11
v-C=Oasp 17591 171.72 1759 17471 17289 172.31 17258 1724 — —

C=0Oay 17234 17134 171.71 1733  186.47 186.23 ? 187.8  186.55 185.82

3.3.2 Infrared Spectroscopy

Infrared spectroscopic data was collected and is detailed for ligands 1-3 in Appendix Table
4 and for complexes 5,7-10 in Table 3-4. For 5,7-10, the low energy shift of symmetric and
asymmetric stretching modes for NH: to energies typical of coordinated Namino, ~3250 - 3100
cm!, [143] confirm amine coordination, and the Amide I bands, which are mostly v(C-N)
shift to low energy and combine with the Amide II bands; this supports amine/amide
backbone chelation. Additionally, palladium to nitrogen vibrational energies appear and are
consistent with reported values. [132,143-145]

Vibrational modes for the ligands and complexes were assigned with the aid of DFT
calculations, based on relative value sets. Comparative values for observed and calculated
carbonyl stretching bands for 8-10 are presented in Table 3-5.

35



Figure 3.3. IR spectra for 1, 5, and 7-8.

For 5,7-10, the low energy shift of symmetric and asymmetric stretching modes for NH> to
energies typical of coordinated Namino, ~3250 - 3100 cm™!, [143] confirm amine coordination,
and the Amide I bands, which are mostly v(C-N) shift to low energy and combine with the
Amide II bands; this supports amine/amide backbone chelation. Additionally, palladium to
nitrogen vibrational energies appear and are consistent with reported values. [132,143-145]

Table 3-4. Summary of infrared data from synthetic experiments to form Pd(Il) complexes

2500

Wavenumber (cm'1)

2000

1500

1000

500

5, 7-10.
Fre(!}lency 5 7 8 9 10
(cm™)

v(N—H>) 3234 3223 3245 3239 3286
v(N—H) 3138 3100 3129 3121 3235

v(C=0)
OBu 1723 1732 1729 1732 —
OMe 1748*  1750%* 1541 1551 1554
Amide I 1585 1604 1608 1590 1598
© 1570 1582 1584 1567 1569

v(C—0)
O'Bu 1254 1250 1253 1258 —
OMe 1210 1210 1205 1207 1207

v(0—C)
O'Bu 1148 1147 1145 1155 —
573 568 573 573 568
V(IM—N) 548 548 548 533 534

*Denotes shoulder absorption.
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For 5 and 7 the methyl ester carbonyl band is still present at ~1750 cm™!, indicating that the
carbonyl is uncoordinated. Lutidine coordination is confirmed for 7 with the appearance of
an aromatic v(C=C) band at 1471 cm™! (free Lu 1481 cm™!) and by the shift of the out-of-
plane CH band to higher frequency (787 cm™) compared to that of the free ligand (770 cm™).
[143] Unfortunately, Pd-Cl vibrations appear at far-IR frequencies and are not observable.
Compared to 5 and 7, the spectrum for 8 has a strong distinct band at 1541 ¢cm™, as seen in
Figure 3.3. Palladium complexes with similar ester coordination have been synthesized and
report a large shift of the ester carbonyl stretching frequency to lower energies [146] upon
coordination. This indicates that the methyl ester carbonyl oxygen is coordinated to Pd,
resulting in a lower energy shift of ~200 cm™!. This assignment is supported by the calculated
relative vibrational frequencies for this complex; a similar band is present in the spectra
collected for 9 and 10, suggesting 8-10 have methyl ester carbonyl coordination. In addition,
the methyl ester v(C—O) for 8-10 appears to have the same low energy shift of ~ 7 cm’!.

Table 3-5. Comparative values for v(C=0) vibrational modes observed versus DFT
calculated for 5, 7-10. The 4values show the systematic error of the calculated DFT values.

v(C=0) v(C=0) v(C=0) W(C=0)

Complex g, OMe Amidel Amidel
5 Obs 1723 1748 1585 1570
DFT 1767 1782 1659 1639
A 44 34 74 69
7 Obs 1732 1750 1604 1582
DFT 1749 1790 1664 1642
A 17 40 60 60
8 Obs 1729 1541 1608 1584
DFT 1757 1677 1666 1652
A 28 136 58 68
9 Obs 1732 1551 1590 1567
DFT 1784 1674 1653 1653
A 52 123 63 86
10 Obs — 1554 1598 1569
DFT — 1652 1677 1662
A — 98 79 93

3.3.3 UV-Vis Spectroscopy

The electronic spectra for complexes 8-10 are shown in Figure 3.4. The bathochromic shift
of the ligand by ~50 nm is indicative of complexation and confirms coordination of the
ligands to the metal, with the CT band at ~345 nm. [147] Strong concentrations are needed
to observe the d-d transitions (inlay). For 8 this transition is at 450 with e~184 nm, but was
not observed for 9, likely due to the structural distortion in solution for this complex.
Complex 10 displays a large shoulder in this region which masks this transition.
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Figure 3.4. UV-Vis spectra 8-10 (DMSO) taken at micromolar concentrations. Inlay is
close up of spectra for 8-10 taken at millimolar concentrations

3.3.4 Mass Spectrometry

MS spectra were obtained using ESI-MS in the negative ion scan for anions and the positive
ion scan for neutral or positive ions. The found ion peaks were simulated with expected
isotope patterns to confirm the composition of the compound found compared to the
expected composition. Complexes Sa-Sc¢ were obtained in the negative ion mode where the
major isotope patterns observed was the [Pd{a-Asp(O'Bu)AlaGly(OMe)}Cl]  ion,
confirming these complexes are the anionic chloride species. The major isotope pattern for
the neutral complexes was the M+Na" species. The isolated compounds showed an excellent
match with less than 2 ppm variation in simulated vs found values.

3.4 Conclusions

The development of a non-aqueous synthesis strategy, using a non-nucleophilic base was
instrumental in the formation of neutral tetradentate palladium complexes with
K*[NH2,N,N,=0] coordination. Charged ester carbonyl palladium complexes are reported in
the literature, [146] but neutral complexes appear to be much rarer. This coordination mode
forms weaker bonds which makes it inherently more difficult to form if more favorable
ligands are present. The development of this class of complexes was meant to achieve
maximum organosolubility, in order to carry out reactions in non-coordinating solvents.
Despite 8 and 9 having multiple functional groups including the methyl and #-butyl esters,
and an indole present 10, these complexes are relatively insoluble. These complexes were
soluble in DMSO and DMF but were also slightly soluble in acetonitrile and alcohols.
However, they were insoluble in most other organic solvents. As a consequence,
characterization and reaction studies were carried out in coordinating solvents. The use of
this synthetic strategy offers the possibility to facilitate coordination of esters carbonyl
oxygen to metals.

38



3.5 Experimental

3.5.1 Physical Methods

Instrumentation

Infrared spectra were recorded on a Nicolet Avatar 360 FT-IR (E.S.P.) spectrophotometer
using KBr pellets. '"H, COSY, and *C nuclear magnetic resonance spectra were recorded at
ambient temperature on a Bruker Avance 400 MHz spectrometer at 400 and 101 MHz,
respectively. Solvents used were DO, DMSO-ds, and CDCIls. Electronic spectra were
obtained using either Varian Cary 100 Bio spectrophotometer or Perkin Elmer Lambda 25
UV/Vis spectrophotometer. Mass spectra were recorded on a micrOTOF-Q spectrometer,
equipped with E-spray atmospheric pressure ionization chamber (ESI). Elemental Analyses
were obtained from Midwest Microlab, IN, USA.

Quantum Chemical Calculations

Calculations were performed with a development version ORCA program. [148,149] The
density functional theory based protocol consisted of the PBEO-D3BJ functional [150-152]
(including the D3 dispersion correction by Grimme and coworkers [153,154]) and the triple-
zeta basis set def2-TZVP. [155] The RIJCOSX [156,157] approximation was used to
calculate Coulomb and Exchange integrals, using the def2/J auxiliary basis set by Weigend
et al. [158] and the GridX5 (ORCA keyword) grid was used. Tighter grids for the exchange-
correlation terms were also used (Grid5, FinalGrid6é keywords in ORCA). The CPCM
solvation model [159-161] using a Gaussian pointcharge scheme and a scaled vdW surface
was used to incorporate solvation effects. Vibrational frequencies were calculated
analytically, as implemented in ORCA. [162,163] 3C NMR shieldings were calculated using
the same level of theory, except the pcSseg-2 basis sets [164] were utilized on carbon and
hydrogen atoms. The calculated shieldings were converted into chemical shifts by
calculating the shielding difference with respect to tetramethylsilane at the same level of
theory. Chemical shifts were shifted by -15 ppm due to a systematic overestimation.

3.5.2 Materials

Reagents used were purchased from Sigma Aldrich and used without further purification
unless otherwise stated. Solvents were purchased from Sigma Aldrich and were distilled
under nitrogen and dried using standard methods. [138] [Pd(CH3CN)Cl;] was prepared
according to the published procedures. [165]

3.5.3 Synthesis

K[Pd{a-Asp(O'Bu)AlaGly(OMe)}Cl] (5a):

K>PdCls (0.040 g, 0.136 mmol) and 1 (0.050 g, 0.136 mmol) were dissolved in H>O (5 mL)
and KOH was added until pH=6.5. Solution was stirred overnight under N>. The H>O was
removed in vacuo and the product was isolated by dissolving in EtOH and filtering. 'H
NMR (400 MHz, DMSO-ds) 6 4.20 (dd, 1H, NHasp), 3.84 (d, 1H, NHasp), 3.69 — 3.57 (m,
2H, a-Haly), 3.56 — 3.51 (m, 1H, a-Ha), 3.50 (s, 3H, -OCH3 aiy), 3.43 — 3.36 (m, 1H, a-
Hasp), 2.50 (DMSO), 2.48 —2.42 (m, 1H, B-Hasp), 2.35 — 2.29 (m, 1H, B-Hasp), 1.40 (s, 9H,
-O(CH3)3 asp), 1.15 (d, 3H, B-Haw). IR (KBr) cm!: 3315, 3234 (b, v(N—H)), 1723 (s,
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v(C=0)), 1585 (s, v(C=0)), 1570 (s, (C—N)), 1254 (s, v(C—O0)), 1210 (s, v(C—O)), 1148
(s, v(C—0)). UVVis (H:0): &x MS (ESI/Negative) MW: (C14H23N306PdCl) = 471.2230,
M/Z found(calc) = 472.0311(472.0313) [M"].

(EtsN)[Pd{a-Asp(O'Bu)AlaGly(OMe)}Cl] (5b):

Pd(CH3CN)Cl» (0.076 g, 0.297 mmol) and 1 (0.097 g, 0.297 mmol) were dissolved in dry
THF (~20 mL) and triethylamine (0.08 mL, 0.585 mmol) was added. The reaction was stirred
overnight under Ar. Solution was filtered through celite and removed in vacuo. Excess yield
due to EtzNCl salt. 'H NMR (400 MHz, DMSO-dc) & 4.21 (dd, 1H, NHasp), 3.85 (t, 1H,
NHasp), 3.69 — 3.56 (m, 2H, a-Haly), 3.56 — 3.51 (m, 1H, a-Ha), 3.50 (s, 3H, -OCHj3 ayy),
3.40 (d, 1H, a-Hasp), 3.08 (q, 14H, -CHz 1Ea), 2.50 (DMSO), 2.44 (d, 1H, B-Hasp), 2.33 (dd,
1H, B-Hasp), 1.40 (s, 9H, O(CH3)3 asp), 1.23 — 1.13 (m, 24H, O(CH3)3 asp,-CH3 TEA). IR (KBr)
cm!: 3313, 3215 (b, v(N—H)), 1750 (s, v(C=0)), 1724 (s, v(C=0)), 1601 (s, v(C=0)), 1583
(s, v(C—N)), 1250 (s, v(C—0)), 1210 (s, v(C—0)), 1148 (s, v(C—0)).

(PPhs)[Pd{a-Asp(OBu)AlaGly(OMe)}Cl] (5¢c):

PPh4Cl (0.128 g, 0.293 mmol) and 5b (0.220 g, 0.586 mmol) were dissolved in dry THF.
The resulting precipitate was filtered. 'H NMR (400 MHz, Chloroform-d) 8 7.98 —7.91 (m,
4H, PPhyara), 7.81 (td, 8H, PPhyewa), 7.69 — 7.60 (m, 8H, PPhymo), 7.26(CDCl3), 4.01 — 3.85
(9, 2H, a-Haly), 3.96 (m, 1H, a-Hau), 3.64 (d, 1H, a-Hasp), 3.58 (s, 3H, OCH3 aiy), 2.82 (d,
1H, B-Hasp), 2.50 (dd, 1H, B-Hasp), 1.42 (s, 9H, -O(CH3)3 asp), 1.35 (d, 3H, B-Hal). IR (KBr)
cm!: 3314, 3215 (b, v(N—H)), 1750 (s, v(C=0)), 1724 (s, v(C=0)), 1601 (s, v(C=0)), 1583
(s, v(C—N)), 1250 (s, v(C—0)), 1194 (s, v(C—0)), 1138 (s, v(C—0))

Pd{D(O'Bu)AG(OMe)}(Lu) (7):

1 (0.097 g, 0.293 mmol) and 2,6-lutidine (0.064 mL, 0.585 mmol) were dissolved in THF
(20 mL). Pd(OAc), (0.066 g, 0.293 mmol) was added and the reaction stirred under Ar
overnight. The solution was filtered, the volume reduced in vacuo and precipitated out and
washed with Et;O. 'H NMR (400 MHz, DMSO-ds) & 7.78 (t, 1H, Lupaa), 7.33 (dd, 2H,
Lumer), 4.76 (dd, 1H, NHasp), 4.15 (t, 1H, NHasp), 3.71 — 3.60 (m, 1H, a-Hau), 3.54 (q, 1H,
a-Hasp), 3.34 (s, 3H, -OCH3 ayy), 3.18 (s, 6H, Lucns), 3.14 (d, 1H, a-Hgly), 2.91 (d, 1H, a-
Haiy), 2.57 (dd, 1H, B-Hasp), 2.50 (DMSO), 2.45 — 2.34 (m, 1H, B-Hasp), 1.41 (s, 9H, -
O(CH3)3 asp), 1.23(m, 3H, B-Hal). *C NMR (101 MHz, DMSO) & 185.45 (C=Oasp), 175.90
(C=0a1), 171.70 (C=Oaly), 169.93 (y-C=Oasp), 160.12 (Luorno), 159.69 (Luormo), 139.08
(Lupara), 122.72 (Lumera), 122.60 (Lumera), 80.14 (OC(CH3)3 asp), 57.13 (OCH3 ciy), 56.50 (a-
Casp), 50.79 (a-Cala), 45.84 (0-Caly), 39.73 (B-Casp), 39.52(DMSO0), 27.79 ((OC(CH3)s asp),
25.86 (Lucns), 25.77 (Lucrs), 19.78 (B-Cara). IR (KBr) cm!: 3303, 3223 (b, v(N—H)), 1750
(s, v(C=0)),1732 (s, v(C=0)), 1604 (s, v(C=0)), 1582 (s, v(C—N)), 1250 (s, v(C—0)), 1200
(s, v(C—0)), 1147 (s, v(C—0)). MS (ESI/Positive) MW: (C21H32N4O06Pd) = 542.9290, M/Z
found(calc) = 565.1254(565.1257) [M+Na*]

Pd{a-Asp(O'Bu)AlaGly(OMe)} (8):

1 (0.331 g, 1.000 mmol) and Proton Sponge (0.536 g, 2.500 mmol) were dissolved in THF
(20 mL). Pd(OAc)2 (0.224 g, 1.000 mmol) was added and the reaction stirred under Ar for
5 h. The solution was concentrated in vacuo and precipitated out with several additions of
EtOAc and toluene. Product was recrystallize as a purple solid from acetonitrile and EtOAc
(0.295 g, 67.7%) 'H NMR (400 MHz, DMSO-ds) & 5.04 (t, 1H, NHasp), 4.55 (t, 1H, NHagp),
3.95 -3.79 (m, 2H, a-Haly), 3.68 (q, 1H, a-Ha), 3.56 (s, 1H, a-Hasp), 3.55 (s, 3H, -OCH3
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Gly), 2.61 (dd, 1H, B-Hasp), 2.50 (DMSO0), 2.48 —2.42 (m, 1H, B-Hasp), 1.42 (s, 9H, -O(CH3)3
Asp), 1.20 (d, 3H, B-Hai). *C NMR (101 MHz, DMSO) & 177.03(C=0asp), 172.89(C=041a),
169.79(y-C=0asp), 99.49(C=0Ocly), 80.47(-OC(CH3)3 asp), 56.59(OCH3 giy), 55.80(a-Casp),
50.93(0-Cata), 46.79(a-Caly), 39.94(B-Casp), 39.52(DMSO0), 27.79(-OC(CH3)3 asp), 19.80(B-
Can). IR (KBr) cm™': 3313, 3245 (b, v(N—H)), 1731 (s, v(C=0)), 1588 (s, v(C=0)), 1541
(s, v(C—N)), 1253 (s, v(C—0)), 1206 (s, v(C—0)), 1145 (s, v(C—O0)). UVVis (DMSO):
€335 = 1520 L/mol-cm MS (ESI/Positive) MW: (Ci4sH2sN3O6¢Pd) = 435.7730, M/Z
found(calc) = 458.0515(458.0520) [M+Na*]. CHN (C4H23N306Pd) found(calc) %: C:
38.36(38.59), H: 5.25(5.32), N: 9.64(9.64)

Route 2: a-D(O'Bu)AG(OMe) (0.120 g, 0.362 mmol) dissolved in 10 ml H,O was added to
an aqueous solution of K2PdCl4 (0.146 g, 0.362 mmol) in 20 mL H2O. The pH was increased
to 10 with KOH and stir for 0.5 h. The water was removed, and the product was isolated by
dissolving in acetonitrile and filtering. Presence of 8 was confirmed spectroscopically, but
purification was unsuccessful.

Pd{B-Asp(O'Bu)AlaGly(OMe)} (9):

2 (0.331 g, 1.000 mmol) and Proton Sponge (0.536 g, 2.500 mmol) were dissolved in THF
(20 mL). Pd(OAc): (0.224 g, 1.000 mmol) was added and the reaction stirred under Ar for
5 h. The solution was concentrated in vacuo and precipitated out with several additions of
EtOAc and toluene. Product was recrystallize as a red-orange solid from acetonitrile and
EtOAc (0.295 g, 67.7%) '"H NMR (400 MHz, DMSO-ds) & 4.62 (m, 1H, NHasp), 4.48 (m,
1H, NHasp), 3.95 (m, 1H, a-Hala), 3.72 — 3.52 (m, 2H, a-Hayy), 3.56 (s, 3H, -OCH3 ay), 3.18
(s, IH, a-Hasp), 2.50 (DMSO), 2.44 —2.22 (m, 2H, B-Hasp), 1.44 (s, 9H, -O(CH3)3 asp), 1.08
(d, 3H, B-Hal). 3C NMR (101 MHz, DMSO) 8 172.88(C=0asp), 171.14(C=0a1), 170.16
(y-C=0Oasp), 99.49(C=Ocly), 82.32 (OC(CH3)3 asp), 51.26 (OCH3 aly), 54.70 (a-Casp), 59.14
(0-Cala), 46.20 (a-Caly), , 41.09 (B-Casp), 39.52(DMSO0), 28.13 (OC(CH3)3 asp), 21.07 (B-
Can). IR (KBr) ecm!: 3313, 3245 (b, v(N—H)), 1731 (s, v(C=0)), 1588 (s, v(C=0)), 1541
(s, V(C—N)), 1253 (s, v(C—0)), 1206 (s, v(C—0)), 1145 (s, v(C—O0)). UVVis (DMSO):
€33 = 1260 L/mol-cm MS (ESI/Positive) MW: (Ci14H2sN3OePd) = 435.7730, M/Z
found(calc) = 458.0515(458.0520) [M+Na*]. CHN (C14H23N306Pd) C: 38.28(38.59), H:
5.24(5.32), N: 9.69(9.64)

Pd{TrpAlaGly(OMe)} (10)

3(0.143 g, 0.413 mmol) and Proton Sponge (0.221 g, 1.032 mmol) were dissolved in THF
(20 mL). Pd(OAc)2 (0.093 g, 0.413 mmol) was added and the reaction stirred under Ar for
5 h. The solution was concentrated in vacuo and precipitated out with Et2O. The orange solid
was collected and washed with portions of EtOAc and Et;O. Hot CH3CN was used to
redissolve the product, product was filtered and concentrated in vacuo. (0.169 g, 90.0%). 'H
NMR (400 MHz, DMSO-ds) 6 10.90 (d, 1H, NHindote), 7.55 (d, 1H, Hindole-c7), 7.37 (d, 2H,
Hindote-c4), 7.27 (d, 2H, Hindole-c2), 7.09 (ddd, 1H, indote-c5), 6.99 (ddd, 1H, Hindole-cs), 4.96 (t,
1H, NHryp), 4.24 (t, 1H, NHryp), 3.96 (d, 1H, a-Hary), 3.83 (d, 1H, a-Haly), 3.82 — 3.75 (m,
2H, a-Ham), 3.55 (s, 4H, ROCH3 giy), 3.40 (dt, 2H, o-Htyp), 3.28 (dd, 1H, B-Hryp), 2.87 (dd,
2H, B-Hryp), 1.24 (d, 3H, B-Haw). *C NMR (101 MHz, DMSO) & 178.24(C=Oryp),
172.93(C=OAla), 136.37(C3ind01e), 127.1 1(C8indole), 123-99(C2indole), 121 ~10(C5indole),
118.44(C6indole), 118.24(CTindole), 111.41(C4indote), 109.47(Clindgote), 67.00, 59.58(a-Caly),
56.50(OCHj3 giy), 50.93(a-Cala), 46.86(a-Caly), 39.52(DMSO), 29.93(B-Crrp), 19.92(B-Cata).
IR (KBr) cm': 3370, 3286, 3235(b, v(N—H)), 1741(s, v(C=0)), 1569(sh)(s, v(C=0)),
1543(v(C—N)), 1333, 1070, 1010(v(C—N)), 1105(sh), 1025, 981(v(C—N)), 1207 (v(C—
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0)), 1178 (s, V(C—O0)). UVVis (DMSO): €317 = 3239, €34 = 2188 L/mol-cm MS

(ESI/Positive) MW: (C17H20N4O4Pd) = 450.7910, M/Z found(calc) = 437.0417(437.0419)

[M+Na*]. CHN (C;7H20N4O4Pd) found(calc) %: C: 44.51(43.55), H: 4.73(4.73), N:
11.47(11.95)



4 Synthesis and Characterization of
Nickel Tripeptide Complexes

4.1 Synthetic Methodology

In this chapter the synthesis of new nickel tripeptide complexes is described. Isolated
products obtained were highly dependent on starting materials, and several combinations of
Ni(Il) salts, bases and solvent systems were attempted for synthesis of Ni(I) complexes.
Nickel is known to promote the deprotonation and coordination of amides at pH values ~8-
9, [109] and methyl ester is labile under basic conditions. [112] Considering this, hydrolysis
of the methyl ester upon nickel complexation was expected owing to elevated pH values
required for aqueous synthesis. However, both ester protecting groups were shown to be
susceptible to hydrolysis depending on synthetic conditions. Attempts to form neutral Ni(II)
tripeptide complexes were unsuccessful. A summary of the synthetic routes employed to
synthesize di-hydrolyzed tripeptide complexes is shown in Scheme 4-1; whereas the
synthetic pathways towards mono-hydrolyzed complexes are found in Scheme 4-2.

4.1.1 Aqueous Synthesis

Using an aqueous synthesis strategy, in situ formation of Ni(OH). was achieved by the
addition of KOH and Ni(II) starting material. [166] The ligands 1-3 were dissolved in H>O,
and the Ni(II) hydroxide and tripeptide solutions were added together; the pH was increased
to 10 with KOH, and the mixture stirred between 0.5-2 h. The reaction mixture was filtered,
and the water removed. The product was isolated by dissolving it in alcohol, filtering, and
precipitating from the filtrate by addition of ether. Several factors determined what product
formed, including order of addition and the starting Ni(II) compound used.

4.1.2 Metal Salt Effects

Nickel Acetate as Starting Material

Complexing Ni(CH3COz): to 1 resulted in the di-hydrolyzed species [Ni{oa-AspAlaGly}]*,
which was confirmed by mass spectrometry. However, different preparations revealed
different "H NMR spectra (Table 4-1). When the Ni(II) solution was added to the aqueous
solution of the ligand, the species generated in Table 4-1, 11a, was observed; but in a
reversed addition procedure, the product 11b was formed. In both 11a and 11b, significant
upfield shifts in the a-C protons, which are centralized between 3.50-3.30 ppm, were
observed. This is a strong indication of coordination between nickel and the amine/amide
nitrogens. C-terminus carboxylate coordination is well known in tripeptide coordination [90]
and the emergence of a quadruplet pattern with a large coupling constant (~20 Hz), from
loss of free rotation for the Gly a-C protons, suggests carboxylate coordination for both 11a
and 11b. Applying these synthetic conditions by adding the Ni(II) solution to ligand 2, the
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di-hydrolyzed complex [Ni{B-AspAlaGly}]* (12a) was formed, along with a minor
isomeric product (<5%).

] ¢ T T

Oy N_ N Oy N_ N OS5 N_ N

. KOH/pH = 10 Ni Ni NI

Ni(CHgCOO)* 4H,0  + 1 or 2 /0 />0 NHy 4 SO
H,0 NH, 0 NH, 0 o o]

O~ "OH o~ 0
0

Possible speciation for 11a, 11b and 12a

Scheme 4-1. Synthetic route to form isomers 11 and 12, where 11a, 11b and 12a are
possible isomers for the dianionic complexes formed from 1 and 2.

Examining the difference between 11a versus 11b, and 12a versus its minor isomer, it is
unclear what these structural isomers are. As these are di-hydrolyzed species in aqueous
solutions, the coordination preference is not obvious. The resonances which experience the
largest change were on the Asp a-C protons, which are closest to the carboxylate. These
spectra were taken in D>O which could mean pH-dependent resonance shifts. Less likely is
the formation of a five-coordinate isomer with square pyramidal geometry. [167,168]
Scheme 4-1 outlines possible isomers for the di-hydrolyzed anionic species 11a, 11b and
12a. Due to the inconsistent behavior and difficulty in reproducing the synthesis of these
species, other approaches were tested, and a method developed that consistently forms the
monoanionic complexes.

Table 4-1. 'H NMR data in D>0 forming mono- and di-hydrolyzed Ni(Il) complexes with 1
and 2, where 11a and 11b are [Ni(a-AspAlaGly)]*, 12a is [Ni(B-AspAlaGly)]*-, 13 is
K[Ni(a-Asp(O'Bu)AlaGly)], and 14 is K[Ni(p-Asp(O'Bu)AlaGly)]

gﬁ;fl(ll;’;:n) 11a 11b 12a 13 14
a-Cala 3.48 3.58 3.54 3.57 3.76
a-Caly 3.50-3.30 3.55-338 3.57-340 3.63-331 3.65-321
a-Casp 3.40 3.53 g:i? 3.51 g:fg
B-Casp %Z 271 3.50 2.61 3.57
OC(CH3)s ap ~ — — — 1.65 1.60
B-Cala 1.14 1.19 1.22 1.23 1.19

Nickel Chloride as Starting Material

Maintaining the same general procedure, but exchanging the metal starting material to NiCly,
resulted in the mono-anionic species K[Ni{a-Asp(O'Bu)AlaGly}] (13). Adding the Ni(II)
solution to the ligand resulted in base catalyzed hydrolysis of the methyl ester but preserved
the z-butyl ester, identified by mass spectrometry and '"H NMR. (Table 4-1, 13). In situ
formation of the Ni(OH); intermediate is dependent of the rate of dissociation for NiCl,
versus Ni(CH3COz)2, where NiCl> dissociates faster and the slightly soluble Ni(OH):
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precipitates more rapidly with excess base leading to the ligand experiencing base
concentration dependent on the rate of Ni(OH), formation.

o —
- KOH/pH = 10 i
NiCl,- 6H,0 + 1 ——=20pn=10 /\l
272 Ho0 N 9o
- 0 -
o
N_ _N
STl
NiCl-6H,0 + 2 —KOHBH=10 N 70T
H,0 o Ha
/T\ 14
_ o ~
© N\Ni/Nj\
NiClp- 6H,0 + 3 KOH/pH = 10 N7 0N
H,0 Hyp o
x 15
NH

Scheme 4-2. Synthetic route to form mono-anionic complexes 13-15.

The monoanionic species also has a large upfield shift in the a-C protons, and a large
coupling constant for the Gly protons, indicating k*[NH2,N,N,O] chelation. The aqueous
synthesis using NiCl, was then applied to ligands 2 and 3 to form the K[Ni{f-
Asp(O'Bu)AlaGly}] (14) and K[Ni{a-TrpAlaGly}] (15) (Scheme 4-2).

4.1.3 Non-Aqueous Synthesis

Attempts to form the neutral Ni-tripeptide complexes in non-aqueous conditions were
unsuccessful. Various non-coordinating starting complexes were used including
Ni(F3CS03)2 and [Ni(CH3CN)s]*". Using elevated temperatures and longer reaction times
did not result in any single isolatable product. Several bases were also employed including
“Proton Sponge”, which was used to form the neutral palladium complexes 8-10, but proved
unsuccessful for nickel. It is believed that the weaker Lewis acid nature of nickel does not
readily form metal carbonyl bonds, unlike palladium.

4.2 Calculations

DFT calculations with a continuum solvation model were employed to determine the lowest
energy structures in solution for complexes 13-15 which can be seen in Figure 4.1. Several
different conformational possibilities, including square pyramidal, were explored
computationally. Both the mono- and di-hydrolyzed Ni(II) complexes are preferably square
planar and x*[NH2,N,N,O] coordination was expected. DFT calculations were in agreement.
Due to the conformational flexibility of the tripeptide ligand, a number of conformers for
each complex are available (primarily due different orientations of the Asp or Trp
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sidechains) but only the lowest energy conformer was considered in the calculations of
spectroscopic properties.

Figure 4.1. DFT optimized structures of complexes 13-15

4.3 Characterization

Complexes 11-15 were characterized via NMR, IR, and UV-Vis spectroscopy, mass
spectrometry and elemental analysis. Quantum chemical calculations at the DFT level were
used to aid the spectral interpretation. In order to correctly assign coordination geometries,
similarities and differences in the complex NMR chemical shifts, and shifts in infrared
frequencies of major bands were examined. Observed values were compared to calculated
vibrational frequencies of the DFT-optimized structural models.

4.3.1 'H- And 3C-NMR Spectroscopy

'H NMR Analysis.

The coordinated amine/amide backbone is a commonality of 11-15; this coordination is
established in the proton NMR (Table 4-1(D20), & Table 4-2(DMSO-ds)). Throughout the
series 11-15 there is large upfield shift to all the side chain protons because the complexes
are negatively charged and thus experience more shielding. This is in agreement with the
reported behavior of Ni(II) tripeptide complexes. [111,169] The Ala a-C protons tend to shift
the most and exhibit the largest ppm range, which is expected considering the Asp amide
experience frans-influences from the carboxylate.

Examining the 'H spectra for 13-15 in DMSO (Table 4-2), a better understanding of
coordination geometries can be ascertained. The appearance of the NH» protons at ~3.60 -
2.20 ppm confirms amine coordination, while the Gly a-C protons all shift a comparative
value and appear as a quadruplet with coupling constant of ~20 Hz, suggesting carbonyl
coordination. However, there is very little shift related to the #-butyl ester. This suggests 13-
15 have a common «*[NH2,N,N,O] coordination mode.

Complex 15 exhibits a unique upfield shift to one coordinated amine proton at 2.20 ppm;
this strong shielding effect, coupled with a downfield shift of the indole C2 proton, is likely
related to strong hydrogen bonding.
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Table 4-2. Assigned 'H NMR data for complexes 13-15 in DMSO-ds.

Chemical

Shitt (opm) 13 14 15
3.57 3.37 3.62
N 3.03 3.11 2.20
a-Cala 3.02 3.29 3.10
a-Caly 2.99 2.96 297
2.01
U,-CTrp/Asp 3.07 1.87 2.96
2.39 2.96
B'CTrp/Asp 221 2.90 2.72
OC(CH3)s ap  1.41 1.39 —
B-Cala 1.00 0.94 1.00

Trp side chain listed in Experimental Section 3.5.3

13C NMR Analysis.

The '*C NMR spectrum collected in DMSO-ds for the ligands 1-3 appears in Appendix Table
3 while tabulated data for complexes 13-15 in DMSO-ds can be seen in Table 4-3.
Assignments for the carbon spectrum were aided by the 2D-NMR technique HSQC. As
expected, all of the a-carbons shifted downfield, while the Ala a-carbons undergo the largest
downfield shifts and display the broadest range. The Gly C=0 signal for 14 only shifts
downfield by ~ 1.5 ppm compared to the expected shifts of 5.5 and 7.0 ppm seen for 13 and
15, respectively. [170] This is presumably related to the six-membered ring formed in
complex 14.

Table 4-3. Assigned >C NMR resonance for complexes 13-15 in DMSO-dG.

Chemical

Shift (ppm) 13 14 15
C=Oriasy 18219 18223  182.20
C=Onn 18030  180.14 18037
y-C=Ongp 17017 170.61 _
C=Oay 17571 17102 177.09

OC(CHs)s asp 79.93 80.80 —

a-Crrp/asp 54.53 39.01 57.83
a-Cala 56.42 58.32 56.39
a-Caty 4831 48.66 48.40
B-Clipiasp 39.02 52.79 28.86

OC(CHs)s ap ~ 27.77 27.61 —

B-Cala 18.65 19.66 18.63
Trp side chain listed in Experimental Section 3.5.3
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4.3.2 Infrared Spectroscopy

The infrared spectra were taken as KBr pellets and analyzed in the range of 4000 cm™! to 400
cm’!, Shifts of key bands upon coordination to the Ni(IT) were monitored; Table 4-4 shows
positions found for these bands. Vibrational modes for the ligands and complexes were
assigned with the aid of DFT calculations, based on relative value sets. Comparative values
for observed and calculated carbonyl stretching bands for 11-15 are presented in Table 4-5.

In the electronic spectra a low energy shift of the symmetric and asymmetric stretching
modes for NH> to energies typical for nickel coordinated Namino functions, confirm amine
coordination for 11-15. Whereas support for amine/amide backbone chelation is found in the
low energy shifts of the Amide I band by 50-100 cm™!, which converges with the Amide II
band. The v(Ni—N) is observed at values consistent with literature values. [143]

Ester hydrolysis to an acid would result in a z-butyl ester band shifting to ~1730-1700 cm™!.
However, 11a and 12a shift further down into the strong Amide I band This is accompanied
by a strong absorption at ~1400 cm™!, which is characteristic of a carboxylate anion, Highly
suggesting that the Asp side chain does not coordinate to the metal and remains deprotonated
(represented as the isomer in the middle of Scheme 4-1).

Table 4-4. Assigned Infrared vibrations for complexes 11-15

Frequency

4 11a 12a 13 14 15
(cm™)
v(N—H>) 3411 3398 3401 3396 3396
v(N—H) 3308 3246 3308 3257 3292
v(C=0)
O'Bu 15957 16027 1722 1729 —
OMe 1653* 16671 1653* 1656* 1 1651*
. 1602 1600
Amide [ 1595 1560 1597 1562 1593
v(C—0)
, 1254 1257
O'Bu 1153 1156 1146 1155 —
OMe 1290 1292 1289 1282 1290
v(M—N) 468 453 466 470 469

* denotes shoulder bands - hydrolyzed acid

The v(C=0) for the C-terminus carbonyl (OMe) shift to a lower energy to frequencies of
~1650 cm! upon hydrolysis and coordination. This is consistent with calculated values
shown in Table 4-5. There is a systematic error value between the calculated and observed
frequencies of ~60 cm™!, and taking this into account, most carbonyl stretching frequencies
are in good agreement with values calculated from the DFT optimized geometries shown in
Figure 4.1.
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Table 4-5. Comparative values for v(C=0) vibrational modes observed vs. calculated for
11-15. The 4 values show the observed deviation between observed and calculated
vibrational frequencies.

v(C=0) v(C=0) v(C=0) v(C=0)

Complex "Gy OMe  Amidel  Amide
11a Obs  1595% 1653t 1595 1595
DFT 1657 1681 1654 1652
A 62 28 59 57
12a0bs 16021 16481 1602 1560
DFT 1654 1683 1655 1612
A 52 35 53 52
13 0bs 1724 1653% 1597 1597
DFT 1766 1684 1664 1656
A 4 31 67 59
14 Obs 1729 16561 1600 1562
DFT 1780 1687 1657 1622
A 51 31 57 60
15 Obs — 16511 1593 1593
DET — 1674 1661 1654
A — 23 68 61

T-Denotes the hydrolyzed acid.

8000

L L L
400 450 500

2000

250 300 350 400 450 500

Wavelength (nm)

Figure 4.2. UV-Vis spectra 13-15 in H>O taken at micromolar concentrations. Inlay is
close up of spectra for 13-15 taken at millimolar concentrations.

4.3.3 UV-Vis Spectroscopy

The electronic spectra for complexes 13-15 are shown in Figure 4.2. The spectra display
bands at ~255 nm that based on the molar extinction coefficient, are thought to be CT bands.
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Strong concentrations are needed to observe the d-d transitions (inlay). The two complexes
that have «*[5,5,5] chelation (13 and 15) show d-d transitions at 434 nm, but complex 14,
which has k*[6,5,5] chelation has a lower energy transition at 450 nm. This could be due to
the added lability of the 6 membered ring distorting the square planar geometry.

4.3.4 Mass Spectrometry

Mass spectra were obtained using ESI-MS in the negative ion scan. The found ion peaks
were simulated with expected isotope patterns to confirm the composition of the compound
found compared to the expected composition. Mass spectrometry data for 11-15 is listed in
the experimental section of this chapter. The isolated compounds showed an excellent match
with less than 2 ppm variation in simulated vs. found values.

4.4 Electrochemistry

The electrochemistry of the complexes was explored in water. The cyclic voltammograms
were run for 2 mM solutions of 11a, 12a, and 15 and 0.25 M in KNOs as supporting
electrolyte, Ag/AgCl was used as the reference electrode. Both DFT calculations and IR
spectroscopic data suggest that the mono- and di-anionic species have the same coordination
geometry, thus the electrochemistry for the mono- and di-anionic complexes is assumed to
be similar. The data are summarized in Table 4-6.

In general the redox behavior is irreversible. The ligands show strong irreversible reduction
at values lower than -600 millivolts. Ligand 2 shows a single reduction wave at -616 mV
while ligand 1 has two at -634 mV and at -940 mV. The data for ligand 3 was not obtained
but complex 15 shows reduction similar to 11a at -661 mV that is likely the ligand based
reduction.
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Figure 4.3. Electrochemical CV traces of Ni(ll) complexes 11a, 12a, and 15 and ligands 1-
2 in water.
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Table 4-6. List of potentials and peak currents for Cyclic Voltammetry experiments in
aqueous solution with 0.25 M KNO3 vs. Ag/AgCI.

Complex Potential, Currentis Complex Potential, Current_,5 Complex Potential, Current_,5
E(mV) I, Ax10 E(@mV) I, Ax10 EmV) I, Ax10

11a 218 -0.118 12a 214 -0.166 15 794 0.828
643 -0.0092 875 0.781 929 0.927
794 0.787 607 -0.0046 691 0.092
911 0.595 -571 -0.665 -661 -0.504
-589 -0.689 |2 -616 -0.672

1 -634 -0.742
-940 -1.53

The complexes show irreversible oxidations. Traces of 11a and 12a are very similar except
the 11a shows two irreversible oxidations and 12a only one. The 11a oxidations were
observed at 794 and 911 mV, and 12a oxidation wave was observed at 875 mV. The 11a
and 12a show irreversible metal-based reduction at 218 and 214 mV respectively. Complex
15 exhibits two oxidation waves at 794 and 929 mV, and a weak irreversible reduction at
691 mV that is presumed metal based.

4.5 Conclusions

The synthesis of di- and mono- anionic nickel complexes based on the tripeptides a-
Asp(O'Bu)AlaGly(OMe), B-Asp(O'Bu)AlaGly(OMe), and TrpAlaGly(OMe) were carried
out in aqueous solutions by in situ formation of Ni(OH),. The complexes are air and water
soluble. The starting material has a profound influence on the products formed. Complex
11-15 were isolated in the x*[NH2,N,N,O] coordination mode with hydrolyzed ester
carboxylate occupying the metal center 4™ coordination site, and DFT calculations and IR
data suggest that the mono- and di-anionic species have the same coordination geometry.
Attempts to make the neutral nickel complexes were unsuccessful. Characterization of these
complexes was aided by DFT calculations. Cyclic voltammograms of 11a and 12a show
irreversible metal-based reduction at 218 and 214 mV respectively, while 15 exhibits a weak
irreversible reduction at 691 mV that is presumed metal based.

4.6 Experimental

4.6.1 Physical Methods

Instrumentation

Infrared spectra were recorded on a Nicolet Ava- tar 360 FT-IR (E.S.P.) spectrophotometer
using KBr pellets. '"H, COSY, and *C nuclear magnetic resonance spectra were recorded at
ambient temperature on a Bruker Avance 400 MHz spectrometer at 400 and 101 MHz,
respectively. Solvents used were DO, DMSO-ds, and CDCls. Electronic spectra were
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obtained using either Varian Cary 100 Bio spectrophotometer or Perkin Elmer Lambda 25
UV/Vis spectrophotometer. Cyclic voltammetric measurements were recorded on EC
Epsilon Eclipse™ Potentiostat/Galvanostat. Mass spectra were recorded on a micrOTOF-Q
spectrometer, equipped with E-spray atmospheric pressure ionization chamber (ESI).
Elemental Analyses were obtained from Midwest Microlab, IN, USA.

Quantum Chemical Calculations

Calculations were performed with a development version ORCA program. [148,149] The
density functional theory based protocol consisted of the PBEO-D3BJ functional [150-152]
(including the D3 dispersion correction by Grimme and coworkers[153,154]) and the triple-
zeta basis set def2-TZVP. [155] The RIJCOSX [156,157] approximation was used to
calculate Coulomb and Exchange integrals, using the def2/J auxiliary basis set by Weigend
et al. [158] and the GridX5 (ORCA keyword) grid was used. Tighter grids for the exchange-
correlation terms were also used (Grid5, FinalGrid6 keywords in ORCA). The CPCM
solvation model [159-161] using a Gaussian pointcharge scheme and a scaled vdW surface
was used to incorporate solvation effects. Vibrational frequencies were calculated
analytically, as implemented in ORCA. [162,163] 3C NMR shieldings were calculated using
the same level of theory, except the pcSseg-2 basis sets [164] were utilized on carbon and
hydrogen atoms. The calculated shieldings were converted into chemical shifts by
calculating the shielding difference with respect to tetramethylsilane at the same level of
theory. Chemical shifts were shifted by -15 ppm due to a systematic overestimation.

4.6.2 Materials

Reagents used were purchased from Sigma Aldrich and used without further purification
unless otherwise stated. Solvents were purchased from Sigma Aldrich and were distilled
under nitrogen and dried using standard methods. [138] Ni(F3CSOs), and [Ni(CH3CN)]**
were synthesized according to established procedure. [171,172]

4.6.3 Synthesis

[Ni{a-AspAlaGly}]% (11a)

Ni(OAc)2:6 H20 (0.250 g, 1.005 mmol) and KOH (0.085 g, 1.515 mmol) were dissolved in
H>O (5 mL) and added to a solution of 1 (0.150g, 0.452 mmol) in 5 mL H>O. KOH was
added until pH=10 and the solution was stirred for 0.5 h, then the H>O was removed in vacuo
and the product was isolated by dissolving in iso-propyl alcohol and filtering. 'H NMR (400
MHz, Deuterium Oxide) 6 3.48 (s, 1H, a-Hal), 3.40 (d, 1H, a-Hasp), 3.50 — 3.30 (m, 2H, a-
Haiy), 2.47 (dd, 1H, B-Hasp), 2.32 (dd, 1H, B-Hasp), 1.14 (d, 4H, B-Hamn). IR (KBr) cm™: 3397,
3274 (b, v(N—H)), 1651 (sh, v(C=0)), 1593 (s, v(C=0)), 1397 (s, v(C—0)), 460 (w, v(Ni—
N)) MS (ESI/Negative) MW: (CoHi2N3O¢Ni) = 316.9034, M/Z found(calc) =
316.0096(316.0085) [M].

[Ni{B-AspAlaGly}]% (12a)

Ni(OAc)2:6H>0 (0.250 g, 1.005 mmol) and KOH (0.085 g, 1.515 mmol) were dissolved, and
Ni(OH), was formed in situ, 2 (0.179 g, 0.540 mmol) was dissolved in H>O (5 mL) the Ni(II)
solution was added to the ligand and the pH was increased with 1 M KOH until a pH of 10
was achieved. Solution was stirred for 2 h then the H>O was removed in vacuo. The product
was redissolved in iso-propyl alcohol and filtered. Product was precipitated out using a
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combination of EtOH and EtOAc. (0.144 g, 65%) 'H NMR (400 MHz, Deuterium Oxide)
03.89-3.73 (m, 1H, a-Haw), 3.69 (q, 1H, B-Hasp), 3.66 —3.39 (m, 2H, a-Hayy), 2.55 (d, 1H,
a-Hasp), 2.41 (dd, 1H, , a-Hasp), 1.42 (d, 3H, B-Hala). IR (KBr) cm!: 3404, 3272 (b, v(N—
H)), 1646 (sh, v(C=0)), 1602 (s, v(C=0)), 1561 (s, v(C=0)), 1401 (s, v(C—O0)), 4657 (w,
v(Ni—N)) MS (ESI/Negative) MW: (CoH12N306Ni") = 316.9034, M/Z found(calc) =
316.0092(316.0085) [M].

K[Ni{a-Asp(O!Bu)AlaGly}] (13)

NiCl»-6H>0 (0.250 g, 1.052 mmol) and KOH (0.100 g, 0.889 mmol) were dissolved in 20mL
H>0, 1-HCl (0.231 g, 0.628 mmol) was dissolved in H,O (5 mL) the Ni(Il) solution was
added to the ligand and the pH was increased with 1 M KOH until a pH of 10 was achieved.
Solution was stirred for 2 h then the H,O was removed in vacuo. The product was
redissolved in iso-propyl alcohol. Product was precipitated out using a combination of EtOH
and EtOAc . (0.203 g, 78%) 'H NMR (400 MHz, DMSO-ds) 8 3.57 (s, 1H, NHasp), 3.07 (d,
1H, a-Hasp), 3.03 (s, 1H, NHagp), 3.02 (s, 1H, a-Hal), 2.99 (d, 2H, a-Hgly), 2.50 (DMSO),
2.39 (dd, 1H,B-Hasp), 2.21 (dd, 1H, B-Hasp), 1.41 (s, 9H, -O(CH3)3 asp), 1.00 (d, 3H, B-Hala).
BC NMR (101 MHz, DMSO) & 182.19(C=0asp), 180.30(C=0a1), 175.71(C=Ogty),
170.17(y-C=0Oasp), 79.93 (-OC(CH3)3 asp), 56.42 (0-Cala), 54.53 (a-Casp), 48.31 (a-Caly),
39.52(DMSO0), 39.02 (B-Casp), 27.77 (-OC(CH3)3 asp), 18.65 (B-Camn). IR (KBr) cm™!: 3401,
3308 (b, v(N—H)), 1722(s, v(C=0)), 1642(sh, v(C=0)), 1597(s, v(C=0)), 1550(sh, v(C=0)),
1254(s, v(C—0)), 1289(s, v(C—0)), 1146(s, v(C—0)). 466(w, v(Ni—N)). UV-Vis (H20):
ex MS (ESI/Negative) (C13H20N306Ni1) = 373.0114, M/Z found(calc) = 372.0716(372.0711)
[M]. CHN (Ci3H20N306Ni1)-H2O found(calc) %: C: 36.97(36.30), H: 4.99(5.16), N:
9.89(9.77)

K[Ni{B-Asp(O'Bu)AlaGly}] (14)

NiCl»-6H>0 (0.500 g, 2.104 mmol) and KOH (0.200 g, 1.779 mmol) were dissolved in 20mL
H>0, 2-HCI (0.367 g, 1.000 mmol) was dissolved in 10 mL of H>O. While monitoring pH
add the Ni(II) solution to the ligand solution and adjust the pH to10 with 1M KOH solution,
maintained a pH of 10 and stir for 2 hours. Excess Ni(OH), was filtered off and the solvent
removed in vacuo. The product was redissolved in iso-propyl alcohol. Product was
precipitated out using a combination of EtOH and EtOAc. (0.168 g, 41%) 'H NMR (400
MHz, DMSO-ds) 6 3.37 (s, 7TH, H2O, NHasp), 3.29 (q, 1H, a-Ha), 3.16 — 3.05 (m, 1H,
NHasp), 2.96 (q, 2H, a-Haly), 2.94 — 2.85 (m, 1H, B-Hasp), 2.01 (dd, 1H, a-Hasp), 1.87 (dt,
1H, a-Hasp), 1.39 (s, 10H, -O(CH3)3 asp), 0.94 (d, 3H, B-Hai). *C NMR (101 MHz, DMSO)
0 182.23 (C=0Oasp), 180.14 (C=0Oan), 171.02 (C=Oaqly), 170.61 (y-C=0Oasp), 80.80 (-
OC(CHs)s asp), 58.32 (0-Cala), 52.79 (0-Casp), 48.66 (a-Caly), 39.52(DMSO0), 39.01 (B-Casp),
27.61 (|OC(CHz3)3 asp), 19.66 (B-Cal). IR (KBr) em!: 3396, 3257(b, v(N—H)), 1729(s,
v(C=0)), 1548(sh)(s, v(C=0)), 1601(s, v(C=0)), 1561(s, v(C=0)), 1257(s, v(C—O0)),
1282(s, v(C—0)), 1155(s, v(C—O0)), 470(w, v(Ni—N)). UV-Vis (H20): & MS
(ESI/Negative) MW: (C13H20N306Ni) = 373.0114, M/Z found(calc) = 372.0713(372.0711)
[M]. CHN (Ci13H20N306Ni1)-H20 found(calc) %: C: 35.91(36.30), H: 5.13(5.16), N:
9.63(9.77)

K[Ni{TrpAlaGly}] (15)

NiCl,-6H>0 (0.0.3 g, 1.262 mmol) and KOH (0.150 g, 1.334 mmol) were dissolved in 20
mL H>0. 3 (0.346 g, 1.000 mmol) was dissolved in 10 mL of H,O. While monitoring pH
add the Ni(II) solution to the ligand solution and adjust the pH to10 with 1M KOH solution,

53



maintained a pH of 10 and stir for 2 hours. Excess Ni(OH), was filtered off and the solvent
removed in vacuo. The product was redissolved in iso-propyl alcohol and filtered. Product
was precipitated out using a combination of EtOH and EtOAc. (0.206 g, 48%) 'H NMR (400
MHz, DMSO-ds) 6 10.89 (d, 1H, NHindole), 7.48 (d, 1H, Hindole-c7), 7.34 (dt, 1H, Hindole-c4),
7.31 (d, 1H, Hindole-c2), 7.06 (ddd, 1H, Hindole-cs), 6.95 (ddd, 1H, Hindole-cs), 3.65 — 3.56 (m,
1H, NHryp), 3.10 (q, 1H, a-Hai), 3.01 (d, 2H, B-Htvp), 2.96 (d, 1H, B-Hrrp), 3.07 — 2.87 (m,
2H, o-Haiy), 2.72 (dd, 1H, B-Hrrp), 2.20 (dd, 1H, NHryp), 1.00 (d, 3H, B-Hai). *C NMR (101
MHz, DMSO) & 182.20 (C=Oryp), 180.37 (C=0a1), 177.09 (C=Ogly), 136.29 (C3indole),
127.39 (Cgindole), 123.87 (Czindole), 120.91 (CSindole), 118.38 (C6indole), 118.23 (C7indole),
111.28 (C4indote), 110.06 (Clindole), 57.83 (0-Crrp), 56.39 (0-Can), 48.40 (0-Cayy),
39.52(DMSO), 28.86 (B-Crrp), 18.63 (B-Cai). IR (KBr) cm!: 3396, 3292,(b, v(N—H)),
1647(sh)(s, v(C=0)), 1593(s, v(C=0)), 1290(s, v(C—O0)), 469(w, v(Ni—N)). UV-Vis
(H20): &x MS (ESI/Positive) MW: (CisH17KN4O4Ni) = 426.0240, M/Z found(calc) =
387.0610(387.0609) [M"]. CHN (Ci6H1sN4O4Ni)-H>O found(calc) %: C: 43.56(43.07), H:
4.88(4.52), N: 12.49(12.54)
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5 Reactivity Studies of Ni(II) and
Pd(II) Tripeptide Complexes with
Small Molecules

5.1 Palladium

5.1.1 Olefins

Palladium is known to coordinate to ethylene in an n? fashion. The intention for the newly
synthesized complexes outlined in this work was that, by either removing the chloride or
lutidine ligand, or by opening the chelate on the C-terminus ester carbonyl, would allow
access to the 4™ coordination site, which would serve as a reaction site.

Ethylene Reactivity Studies

To examine whether these complexes are good candidates for catalysis, ethylene reactivity
studies were performed and monitored with NMR spectroscopy. The general procedure was
to dissolve the complexes in DMSO-ds and record the spectrum, bubble ethylene directly
into the NMR tube and record the spectra again. The addition of ethylene produced a peak
for the free ethylene resonance at 5.14 ppm, in DMSO-ds and no additional new resonances.
It was concluded no reaction took place. It was surmised that the addition of an a-proton was
needed in order to see reaction chemistry. Trifluoroacetic acid (TFA) and triflic acid (TFMS)
were selected for study, because TFA is a weak acid and TFMS a strong acid, and neither
have interfering proton resonances. Portions ranging from ~10 to 20-fold excess of TFA or
TFMS were added to the complex and ethylene mixtures, and the spectra were recorded
again. It was assumed that the palladium complexes would be fairly tolerant of acidic
environment, considering Pd(II) can chelate peptide amide bonding at low pH values. [99]

0
—  + ho Pd(ll) H)/“\H -
H

H
Ethylene Acetaldehyde

Scheme 5-1. Oxidation of ethylene to form acetaldehyde catalyzed by Pd(Il)

The addition of increasing volumes of TFA to a solution of 8 and ethylene results in the
demetallation of the ligand, where above ~15-fold excess, the spectra suggest complete
demetallation and protonation of the N functional groups in the presence of acidic protons.
This conclusion was based on observation of amide protons in the spectrum. In parallel,
increased amounts of TFA resulted in oxidation of ethylene to form acetaldehyde (See
Scheme 5-1). The formation of acetaldehyde increased proportionally with the quantity of
TFA and appeared catalyzed by Pd(II) after dissociation of the ligand. With reversed order
of addition, first TFA then ethylene, acetaldehyde only formed once both TFA and ethylene
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were present. A blank spectrum of TFA and ethylene in DMSO confirmed that this is not a
spontaneous reaction. The stacked spectra are found in Appendix Figure 1.

Triflic acid (TFMS) was substituted for TFA to determine if a different proton source
produces the same product; unlike TFA, TFMS is non-coordinating. The addition of TFMS
also resulted in demetallation of the ligand, and again oxidation of ethylene was observed
by the formation of acetaldehyde signals. This reaction also formed a second product that is
likely ethyl trifluoromethanesulfonate (Scheme 5-2), which is known to form from triflic
acid in the presence of ethylene. [173,174]

S Y
(S P L
F O F O
TFMS Ethylene Et-TFMS

Scheme 5-2. Spontaneous reaction between trifluoromethanesulfonate and ethylene to form
ethyl trifluoromethanesulfonate

The 3C NMR for this experiment revealed that the addition of 20-30 pL TFA did not result
in any significant changes to the signals of 8; although this amounted to ~10 to 15-fold excess
TFA, the signature quadruplets for TFA at ~158 and ~115 ppm were not present in the
spectrum. This could be related to the volatility of this reagent and the length of *C
experiments. When more TFA (40 uL) or TFMS (40 uL) is added, the '3C signals were
affected significantly. This supports the findings that demetallation has occurred.
Confirmation of Et-TFMS formation is seen in the corresponding *C signals at 15.67 and
73.08 ppm, respectively. The formation of an aldehyde signal at 201.25 ppm and the
appearance of a peak at 31.10 ppm supports the assertion that acetaldehyde was formed.

Complex 9, with the more labile 6 membered ring, was also reacted with TFA and ethylene.
It was expected in a direct comparison with 8, complex 9 would show higher reactivity.
Upon TFA addition to 9 the NMR changes dramatically. Again, partial demetallation and
amide protonation occurred. However, a large shift in the Asp moiety, still coupled with the
Asp NH, indicate that the amine is still coordinated. After the addition of ethylene,
formation of acetaldehyde was observed in about ~10% quantitatively relative to the
complex. The *C for this experiment was not informative due to the lability of the complex.

Having established that 8 was not reactive to ethylene alone, the catalytic ability of the Sa to
homopolymerize ethylene in trifluoroethanol was tested, (Scheme 5-3) believing that the
acidic character of the solvent might be enough to activate the complex, without
demetallizing the ligand. A reactor was charged with 5a, along with trifluoroethanol at 35
°C. Ethylene was bubbled into the reactor and pressure kept at 2.5 bar and 35 °C for a total
of 18 h. No noticeable color change was observed. Once the reaction was finished, the
solvent was removed under reduced pressure, and the product dissolved in CD3CN and a 'H
NMR spectrum was recorded. The NMR analysis confirmed no reaction took place and the
MS analysis confirmed presence of the complex and absence of any small chain alkanes.

X
P Pd(ll) cat y n
Ethylene Polyethylene

Scheme 5-3. Catalytic homopolymerization of ethylene to polyethylene.
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5.1.2 Derivatives of CO> and CO

Carbonylation reactions are typically performed using CO in conjunction with various
monomers, including olefins [175-177] and alcohols [178] under high pressure to yield
various carboxylic acid derivatives. CO-surrogates can be used in order to avoid the use of
carbon monoxide as C1-feedstock, which not only is toxic and difficult to transport, but also
requires a reactor set-up. Chief among these alternatives are formic acid derivatives. [179]

In order to examine whether these complexes are candidates for carbonylation reactions,
activation of methyl formate was investigated. A stock solution of methyl formate in DMF
was added to solutions of 8-10 in a 1.1:1 ratio, with the intent of monitoring the electronic
spectra. However, upon mixing, the formation and precipitation of Pd black occurred
immediately.

To determine whether the formation of Pd black was related to the solvent, methyl formate
or the neutral complexes, a solution of 5a in CD;0OD was saturated with CO by bubbling
into an NMR tube for 5 mins, hoping to see evidence of coordinated CO (Scheme 5-4). After
5 mins, a black precipitate started to form, and the color changed from light yellow to gray.
The spectra revealed immediate appearance of at least 4 different unidentified species but
were most likely decomposition products. After 1 day, most of the ligand had dissociated
from the metal, leaving the free ligand intact. Next solutions of 6 in CD3CN and CD>Cl
were saturated with CO gas. After 5 mins, there was only a slight color change to gray but
no changes in the NMR spectrum were observed in either of the solvents. This implies that
in the absence of polar protic solvents, CO is not able to replace pyridine in the fourth
coordination site.

Scheme 5-4. Coordination of CO to Pd(Il) to 5 and 6 complexes.

To test the catalytic ability of 5a to copolymerize CO and styrene, (Scheme 5-5) a reactor
was charged with complex 5a, benzoquinone, and styrene in trifluoroethanol. Carbon
monoxide was bubbled into the reactor for 10 min, then balloons filled with CO were
attached to the system and it allowed to stir at 30 °C for 24 h. Palladium black started to
appear after 2 hours of stirring. Analysis of the resulting green solution showed appearance
of an unexpected product with resonances in the downfield region between 6 =7-10 ppm.
This product was not isolated or further identified but integrated to amounts sufficiently
small to indicate a stoichiometric reaction.

O Ph

/\© + Co | Pd(hcat
Ph OJn

Styrene Polyketone

Scheme 5-5. Catalytic copolymerization of CO and styrene to form polyketones.
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Following the same procedure, the catalytic ability of 6 to copolymerize CO and styrene
were examined. Palladium black started to appear this time after 5 hours of stirring. Once
the reaction was finished all the solvent was removed under reduced pressure. Again, the
product was a green solution, and the same unidentified product was present as for the
complex 5a.

5.1.3 Sulfur Reagents

Palladium is a soft Lewis acid metal and is therefore thiophilic. Palladium is known to
catalyze the thiocarbonylation of aromatic halide reagents this was done in the presence of
CO and a protected cystinyl amino acid. [180] Fukuyama developed a chemoselective
synthesis of ketones from thioesters. Reacting palladium tripeptide complexes with thiirenes
could be a way to open coordination on the tetradentate complex and activate the metal.
After sulfur coordination several outcomes are conceivably possible. Either (a) the thiirenes
would coordinate and form palladium sulfur complexes, (b) Pd(Il) would react with the
sulfur substrates to catalytically transfer sulfur, or (c) a combination, where catalytic sulfur
transfer would occur, expel sulfur as S, and coordinate to the resulting olefin.

CDS _Cat @ + 185

Cyclohexene Sulfide Cyclohexene
Scheme 5-6. Catalytic conversion of cyclohexene sulfide cyclohexene.

Cyclohexene sulfide was reacted with complex 8 and the results were monitored by NMR
to determine conversion of thiirane to alkene in an overall reaction seen in Scheme 5-6. The
spectrum showed quick conversion of cyclohexene sulfide to cyclohexene (Scheme 5-6)
reaching up to 20%, then leveling out after ~30%. Deactivation of the catalyst occurred after
~30 hours. Figure 5.1 details the percent conversion as a function of time.
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Figure 5.1. Percent catalytic conversion of cyclohexene sulfide to cyclohexene with
complexes 8 (3 mol %) and 9 (3 mol %), monitored via '"H NMR

58



Complex 9 showed much higher conversion of cyclohexene sulfide to cyclohexene, with
conversion reaching >50% after 24 hours before deactivation of the catalyst. To ensure
conversion was not spontaneous, a blank sample maintaining conditions but omitting the
catalyst was run and showed no identifiable alkene formation for commensurate times as the
catalytic runs.

5.2 Nickel

5.2.1 CO> Activation

Nickel complexes, especially with cyclams ligands, are well documented for their ability to
electrocatalytically reduce CO». [54,58,61] The nickel tripeptide complexes 11-15 have
design features similar to known active catalysts. In order to determine whether 13-15 would
be suitable for electrochemical reduction of CO; to CO, DFT based calculations were first
carried out. A model where forced CO> binding was applied to the Ni(II) state of the complex
resulted in the dissociation of the CO> molecule. This was expected since a general
consensus is that the first step for catalytic reduction of CO; to CO by Ni(cyclam) type
complexes, is the reduction of Ni(II) to Ni(I). [60,63-65] Using a model starting with Ni(I)
oxidation state, preliminary calculations indicate that CO> could bind to 13 and 14 in the
reduced Ni(I) state. Applying the same level of theory, DFT optimized geometries of Ni(I)-
13, Ni(I)-14, and Ni(I)(cyclam) were compared, with CO, attached axially as shown Figure
5.2. Assuming that the Ni(II) to Ni(I) reduction is at an accessible potential, DFT calculations
thus suggest that complexes 13 and 14 would coordinate and activate CO. According to the
calculations, CO; coordinates to Ni(I)-13 and Ni(I)-14 more strongly than to Ni(I)(cyclam),
which is seen in the bond distance of 2.071 A, and 2.082 A vs. 2.087 A, respectively.
Calculations also suggest that CO» is more strongly activated by 13 because of the smaller
O-C-O angle the coordinated CO; forms with 13. For 13 and 14 it is 138°, whereas the
Ni(cyclam)(COz) complex shows an angle of 142°. Preliminary cyclic voltammetry
experiments indicate that there is an irreversible metal-based 1-electron reduction for 11a
and 12a at 218 and 214 mV respectively. Future studies would need to explore whether 13-
15 can electrochemically reduce CO; and if so, how selective and active these complexes
are.

Ni(Cyclam)

Figure 5.2. DFT optimized for Ni(1)13 and Ni(I)(cyclam)
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5.3 Conclusions

The reactivity studies of 8 and 9 with ethylene show activation of the ethylene group only
with the addition of a proton source. Ethylene is oxidized to form the acetaldehyde in a well-
known mechanism called the Wacker Process (WP). [181] In industrial applications, the WP
converts olefins to aldehydes via catalytic oxidation, by first coordinating in a n2-fashion
followed by and external attack by an oxidizing agent (H20), then proton transfer, and finally
dissociation. The WP reactions were stoichiometric when first studied, because of
decomposition of PdCl to Pd(0), but the addition of CuCl: to oxidize Pd(0) gave way for a
bi-cyclic catalytic reaction with the overall reaction equation seen in Scheme 5-7.

Op+ 2H*
>2 cu(l)

2 cu(lly

Pd(ll) —
X
T

Pd(ll)

I
Pd(0) H0
0 K .
OH"
+H* - H

OH .
OH
—/ Pd(ll
\P(d(”;\ | / (1
)

H—Pd(ll
Scheme 5-7. Catalytic cycle for the palladium catalyzed oxidation of alkenes to aldehydes.

In the reaction studies carried out in this work, the acid causes demetallation after ~10-fold
excess acid added. As more acid is added, the degree of demetallation increases, and the
amount of converted acetaldehyde also increases. It is unclear if the formation of
acetaldehyde is limited by the amount of acidic protons or oxidizing agent, namely water.
Complexes 8 and 9 both exhibited a mild ability to convert ethylene to acetaldehyde, but it
is unclear if this is due solely to ligand demetallation. Tripeptide palladium complexes
synthesized in this work appear to be sensitive to reduction to Pd(0) in the presence of CO
and CO surrogates. Both 8 and 9 are able to catalytically transfer sulfur atom however, where
9 outperforms 8 in terms of TOF before deactivation.

Tripeptide nickel complexes with coordinated CO; were explored with DFT calculations and
compared to the known active CO» reduction catalyst, Ni(cyclam). DFT calculations suggest
that nickel tripeptide complexes could active the electrocatalytic reduction of CO> to CO,
assuming that the Ni(I) oxidation state is accessible.

5.4 Experimental

5.4.1 Physical Methods

Instrumentation

'H, COSY, and BC nuclear magnetic resonance spectra were recorded at ambient
temperature on a Bruker Avance 400 MHz spectrometer at 400 and 101 MHz, respectively.
Solvents used were DO, DMSO-ds, and CDCIs. Electronic spectra were obtained using
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either Varian Cary 100 Bio spectrophotometer or Perkin Elmer Lambda 25 UV/Vis
spectrophotometer. Cyclic voltammetric measurements were recorded on EC Epsilon
Eclipse™ Potentiostat/Galvanostat. Mass spectra were recorded on a micrOTOF-Q
spectrometer, equipped with E-spray atmospheric pressure ionization chamber (ESI).

Reagents used were purchased from Sigma Aldrich and used without further purification
unless otherwise stated.

Quantum Chemical Calculations

Calculations were performed with a development version ORCA program. [148,149] The
density functional theory based protocol consisted of the PBEO-D3BJ functional [150-152]
(including the D3 dispersion correction by Grimme and coworkers[153,154]) and the triple-
zeta basis set def2-TZVP. [155] The RIJCOSX [156,157] approximation was used to
calculate Coulomb and Exchange integrals, using the def2/J auxiliary basis set by Weigend
et al. [158] and the GridX5 (ORCA keyword) grid was used. Tighter grids for the exchange-
correlation terms were also used (Grid5, FinalGrid6é keywords in ORCA). The CPCM
solvation model [159-161] using a Gaussian pointcharge scheme and a scaled vdW surface
was used to incorporate solvation effects. Vibrational frequencies were calculated
analytically, as implemented in ORCA. [162,163] 3C NMR shieldings were calculated using
the same level of theory, except the pcSseg-2 basis sets [164] were utilized on carbon and
hydrogen atoms. The calculated shieldings were converted into chemical shifts by
calculating the shielding difference with respect to tetramethylsilane at the same level of
theory. Chemical shifts were shifted by -15 ppm due to a systematic overestimation.

Ethylene Reaction Studies

NMR tube was charged with complex 8 or 9 (10.1 mg, 0.023 mmol) and dissolved in 650
uL of DMSO-ds, the NMR recorded, then ethylene was bubbled in for 1 min, and the NMR
recorded again (Appendix Figure 1). TFA (~20 pL, 0.128 mmol; ~30 pL, 0.192 mmol; ~40
puL (0.256 mmol) or TFMS (~40 pL, 0.443 mmol) was added to the NMR tube and the
spectrum recorded again. Complex 8 (9.7 mg, 0.022 mmol) was dissolved in 650 uL of
DMSO-ds, then TFA (~ 20 pL, 0.128 mmol) was added and the spectrum recorded; Ethylene
was bubbled in, and the NMR recorded again.

For catalytic reaction studies, the reactor was charged with 21 pumol of complex Sa or 6,
along with 21 mL of trifluoroethanol and placed in an oil bath at 35 °C. Ethylene was bubbled
into the reactor for 10 min, after the 10 min of bubbling the system closed off and charged
with ethylene to 2.5 bar. The reactor was recharged to 2.5 bar every 15 min for the first two
hours of the reaction, monitoring how much gas was consumed. After 45 min, the pressure
stayed at 2.5 bar and no additional gas was consumed. After 2 hours, the ethylene was left
open to the system and kept at 2.5 bar and 35 °C for total of 18 h.

CO Reaction Studies

The reactor was charged with 5a or 6 (6.06 mg, (0.015% mol per mol styrene)), 4 mol eq. of
benzoquinone and 10 mL of styrene in 20 mL of trifluoroethanol. Carbon monoxide was
bubbled into the reactor for 10 min, after the 10 min of bubbling the system was attached to
two 1-liter balloons filled with CO and allowed to stir at 30 °C for 24 h.

61



Sulfur Reaction Studies

Samples of 8 and 9 were prepared aerobically by adding cyclohexene sulfide (47 uL, 0.3833
mmol) to DMSO-de (0.6 ml) in screw-cap NMR tub. Initial "H NMR spectrum were recorded
at ambient temperature and pressure to obtain a blank spectrum. Complex 8 or 9 (5 mg,
0.0115 mmol) was added to NMR tube and '"H NMR spectrum for recorded instantly. The
progress of the reaction was monitored over the course of hours or days to determine
conversion of thiirane to alkene. Maintaining conditions but omitting the catalyst showed no
identifiable alkene formation over commensurate time periods as the catalytic runs.

5.4.2 Materials

Reagents used were purchased from Sigma Aldrich and used without further purification
unless otherwise stated. Solvents were purchased from Sigma Aldrich and were distilled
under nitrogen and dried using standard methods. [138]
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6 Conclusions

The syntheses of alkylated tripeptides were carried out using solution phase synthesis and
characterized fully. The coordination preferences of 1-3 were explored as ligands for Pd(II)
in water at different pH values to explore stepwise coordination and draw out differences in
ligand properties. The tripeptides chosen exhibited their maximum expected chelating ring
sizes at the N terminus and confirmed it is possible to form complexes with k*[n,5,5] (n =
8,6,5) chelates that may be employed to adjust ligand frameworks for bioinspired catalyst
design in future work. Despite ester hydrolysis the study successfully drew out interesting
differences in the coordination of these ligands and site directed coordination geometries
using pH manipulations were successfully carried out.

Combining spectroscopic data from 'H and '3C NMR, infrared, and mass spectrometry, the
coordination geometry of six distinct palladium tripeptide complexes was elucidated. The
complexes 5-10 have an amine/amide backbone coordination, and the 4" coordination site
affects the spectroscopy. Coordinated chloride can be replaced by lutidine and pyridine.
Complexes formed with pyridine and lutidine exhibited m-interaction with the glycine
moiety and strong nitrogen to palladium coordination, proving difficult to remove. The
development of a non-aqueous synthesis strategy, using a non-nucleophilic base was
instrumental in the formation of neutral tetradentate palladium complexes with
K*[NH2,N,N,=0] coordination. Neutral palladium complexes with coordinated ester
carbonyl are not common, and Sci-finder structure search did not identify another example
of this coordination. This coordination mode forms weaker bonds which makes it inherently
more difficult to form if more favorable ligands are present.

For ligand 3 there were distinct differences in the coordination behavior; In aqueous
synthesis the indole amine competitively coordinated with metal, but in non-aqueous
synthesis the N-terminal amine coordinated. The development of this class of complexes
was meant to achieve maximum organosolubility, in order to carry out reactions in non-
coordinating solvents. Despite 8 and 9 having multiple functional groups including the
methyl and #-butyl esters, and an indole present 10, these complexes are relatively insoluble.
As a consequence, characterization and reaction studies were carried out in coordinating
solvents. The use of this synthetic strategy offers the possibility to facilitate coordination of
esters carbonyl oxygen to other metals.

In the ethylene reactivity studies with 8 and 9, activation of the ethylene group was only
achieved with the addition of an acidic proton source, that however caused demetallation
after addition of about 10-fold excess of acid. Complexes 8 and 9 both exhibited a mild
ability to convert ethylene to acetaldehyde, in parallel with ligand demetallation. As more
acid was added, the degree of demetallation increased, and the amount of converted
acetaldehyde also increased. Ethylene was oxidized by Pd(II) to form the acetaldehyde that
is comparable to the well-known Wacker Process. The formation of acetaldehyde may be
limited by the amount of acid or water present. Tripeptide palladium complexes synthesized
in this work were sensitive to reduction to Pd(0) in the presence of CO and CO surrogates.
Both 8 and 9 were able to catalytically transfer sulfur atom however, 9 outperforms 8 in
terms of TOF before deactivating.
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Synthesis of di- and monoanionic nickel complexes based on 1-3 were successful in aqueous
solutions where the specific product was dependent on the starting complex. Complexes 11-
15 were isolated in the k*[NH2,N,N,O] coordination mode with hydrolyzed ester carboxylate
occupying the metal center 4" coordination site. Characterization of these complexes was
aided by DFT calculations. Cyclic voltammograms of 11a and 12a show irreversible metal-
based reduction at 218 and 214 mV respectively, while 15 exhibits a weak irreversible
reduction at 691 mV that is presumed metal based. DFT calculations were employed to
optimize the geometry for the tripeptide nickel complexes with coordinated CO; and
compared to known active CO; reduction catalyst, Ni(cyclam). Calculations suggested that
reduced Ni(I) complexes of 13 and 14 could bind and activate CO;, assuming an accessible
Ni(I) reduction potential. Further CV studies may show these complexes useful for the
electrochemical reduction of CO> to CO.
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Appendix

Appendix Table 1. 'H NMR data of 1-3 in DMSO-ds

Chemical

Chemical

Shift (ppm) 1 2 3| shift (ppm) 1 2 3
N-Hrpms  — - 10.86 | 0-Can 431 431 434
N—H ay 834 839 832 | a-Cay 384 383 3.83
N—H A 816 824 812 | 0-Crpie 32 %3S
CHrpmr  — — 7.56 | OCHs ay 362 363 3.63
C—H 1opins — — 733 | B-Cropasp ggz 3.64 g:;g
C Hrpmo  — — 718 | OC(CH3)s ap 138 139 -
C Hrpms  — - 7.06 | B-Ca 1.23 1.21 1.16
C Hrpme  — - 6.97

Appendix Table 2. 'H NMR data of 1-3 in D>0O
St ooy ! 2 3 e ! 2 3
CC ey — — 766 | a-Cay 402 406 377
C Hrpme  — — 753 | a-Crpasp 375 277 401
C—H 2 — — 731 | OCHs ay 375 380 376
C—H s — — 728 | P-Crmas 271 382 326
C Hrpme  — — 719 | OC(CHy)s np 143 1.49 -
0-Caa 439 440 428 | p-Can 1.43 144 123
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Appendix Table 3. 3C NMR data of 1-3 in DMSO-d;s

Chemical Chemical
Shift (ppm) ! 2 3| Shift (ppm) ! 2 3
C=Ormpiasp 172.82  172.99  173.84 | C—H 1epins — — 111.28
C=0a1 172.61 172.73 172.68 | C=C trpn1 — — 110.22
v-C=0Oasp 170.45 170.17 — OC(CHs3)3 asp 79.97 80.41 —
C=0Ocly 170.11 169.4 170.12 | OCHs aiy 51.68 51.67 52.69
Cc=C Trp-In 4 - - 136.20 a-CTrp/Asp 51.51 39.15 54.91
C=C 1rpmo — — 127.39 | a-Can 47.78 47.85 47.52
C—H Tpm2 — — 123.94 | a-Cayy 40.48 40.48 40.48
C—H tpins — — 120.84 | B-Crpiasp 4024 5152 3042
C—H Tpms — — 118.46 | OC(CHs3)3 asp 27.75 27.61 —
C—H 1pin7 — — 118.19 | B-Can 18.50 18.18 18.64
Appendix Table 4. Summary of infrared data for 1-4
Freq}lency 1 ) 3 4
(cm™)
v(N—H>) 3370 3375% 3370* 3356*
v(N—H) 3314 3304 3297 3288
v(C=0)
OtBu 1725 1743 — —
OMe 1759%* 1757%* 1749 1749
Amide | 1670 1659 1655 1660
v(C=C)
Aromatic — — 1673* —
v(N—H)
Amide II 1546 1541 1517 1539
v(C—0)
OtBu 1250 1254 — —
OMe 1213 1212 1213 1216
v(0—C)
OtBu 1155 1155 — —
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Appendix Table 5 Comparative values for v(C=0) vibrational modes observed versus DFT
calculated for 1-3. The 4 values show the systematic error of the calculated DFT values.

v(C=0) W(C=0) Vv(C=0) v(C=0)

Complex  “npy”  OMe  Amidel Amide
1 Obs 1725 1759 1670 1670
DFT 1758 1793 1745 1728
A 33 34 75 58
2 Obs 1743 1757 1659 1659
DFT 1757 1787 1740 1730
A 14 30 81 71
3 Obs — 1749 1655 1655
DFT — 1792 1747 1713
A — 43 92 58
Reaction Study: 8 with Ethylene
,‘ f >9
) B L J B
TFA + Et ﬂ
‘ I8
. o AU il M
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I ‘ | r‘“h || [f‘
PN N o M I N AV U LR YV
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Appendix Figure 1. Stacked 'H NMR spectra of 8 (1) with addition of (2) 30 uL TFA, (3)
Ethylene, (4) 20 uL TFA and Ethylene, (5) 30 uL. TFA and Ethylene, (6) 40 uL TFA and
Ethylene, (7) 40 uL TFMS and Ethylene, (8) Ligand 1, (9) Blank with Ethylene and TFA
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Reaction Study: 8 with Ethylene

8+ EL+40 L TFA

O T T e W Trepwuy

8+ Et +30 L TFA

8+Et+20uLTFA
N IR

Appendix Figure 2. Stacked '*C NMR 8 (1) with addition of: (2) 20 uL TFA and Ethylene,
(3) 30 uL TFA and Ethylene, (4) 40 uL TFA and Ethylene, (5) 40 puL TFMS and Ethylene,
(6) Ligand 1, (7) Blank with Ethylene and TFA
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Abstract

Alkylation of the C-terminus acids in small peptides allows direction to amine and amide coordination, while changing the
peptide composition to form tetradentate K4[n,5,5], where n=5-, 6-, 7-, or 8-membered ring coordination geometries, can
be achieved. The alkylated tripeptide ligands, TrpAlaGly(OMe), f-Asp(OtBu)AlaGly(OMe), Asp(OtBu)AlaGly(OMe), and
the fully methylated GSH, y-Glu(OMe)Cys(SMe)Gly(OMe), were synthesized and their coordination properties to [Pd(en)
(H20)2]2Jr were studied. pH-dependent coordination was analyzed by NMR spectroscopy and the coordination to the alkylated
tripeptides at selected pH values inferred from their NMR spectra. If selective coordination of amine/amide donors results in
metal complexation, allowing for flexible and adjustable ligand frameworks, then this strategy could potentially be extended
to other metal ions and peptide system.

Graphic abstract

0 R 0 WAG(OMe) m
H
HoN N

R? H O H2N\ /N
Pd(ll / \
R': N-terminal side chain (I o) O
R?: - CH; (1-3) >_/
- CH,SCH; (4) 4

Keywords GSH - Pd(Il) - NMR - Potentiometry - Tripeptide - AspAlaGly - p-AspAlaGly - TrpAlaGly

Abbreviations Gly Glycine
Ala Alanine GSH  Glutathione
Asp Aspartic acid GSMe S-Methylated glutathione
Cys Cysteine Trp Tryptophan
En Ethylene diamine Z Benzyl carbamate
Fmoc  Fluorenylmethoxycarbonyl
Glu Glutamic acid
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tion metal ions has been studied for many decades, specifi-
X Sigridur G. Suman cally in the context of metallodrugs and metal toxicity [1-4].

sgsuman @hi.is In general, when complexed, peptides form stable 5-mem-
bered ring chelates through the amino, amide backbone,
or the carboxylate moiety [5]. Some amino acids have
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side-chain groups that are capable of additional coordina-
tion, allowing for a variety of geometries [6—15].

The formation of metal amide bonds requires the presence
of a primary ligating group, and for simple oligopeptides,
once amine coordination takes place, the amide coordina-
tion is facilitated [5, 14—16]. Pd(II) ions have a high affinity
for nitrogen and soft sulfur donor atoms found in various
organic ligands [17-22]. One characteristic feature found
in the complexation of palladium(II) and small peptides is
the ability of the metal ion to induce deprotonation of the
amides [23, 24]. In the absence of coordinating anions, like
chloride, the chelation of amides to the palladium ion is
complete at pH values below 2, forming planar complexes
with remarkable thermodynamic stability [23]. For tripep-
tides, typical chelation takes place via amine, amide, and
carboxylate donor groups to form KN H,, N, N, O) tetraden-
tate complexes [10].

Glutathione (GSH) is an omnipresent biologically active
tripeptide and serves many functions in the body [25]. One
distinct function of the GSH tripeptide is metal ion transport,
and this functionality is due to the fact that GSH has eight
different possible binding sites for metals and its confor-
mational flexibility [26-29]. Soft metal ions like palladium
are known to coordinate through the thiolate, a soft base,
whereas transition metal ions can also coordinate through
the amide functions [25, 30, 31]. In aqueous solutions, this
coordination is pH-dependent, since it requires deprotona-
tion of the amide donors.

An unusual characteristic of glutathione is that it is an iso-
peptide, where the glutamic acid residue forms a y-peptide
bond through its side-chain, which increases the distance
from the N-terminus amine to the adjacent amide and thiol
moieties. This allows both the N-terminus amine and the
thiol to act as an anchoring site for the metal ion [14, 32].
Glutathione is well studied in its native state [25, 33-37] as
well as the glutathione thioether derivative [38—40]. When
GSH is reacted with K,PdCl, in aqueous solution, [Pd(GSH)
CI]'3H,0 is formed which then dimerizes to form a chlo-
ride bridged species of the M,X,L, type, where Pd(II) is

Fig. 1 The tripeptides synthe- HN NH,
sized and used in Pd-binding \
studies

H

o)
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N (0]
T)Lufjg .

TrpAlaGly(OMe) 1

coordinated through the thiol sulfur and amide group on the
glycyl residue at a pH of 7-10, forming a five membered
ring [26]. When reacted with Ni(I), glutathione yielded a
Ni(HL)-2H,O complex, which was reported to have octa-
hedral geometry with the water molecules coordinated, one
axial and one equatorial, and glutathione forming k*[5,7,8]
tetradentate coordination [41].

The iso-peptide structure of GSH and its function as a
metal ion transport brings up an interesting research ques-
tion; whether it is possible, through pH manipulations
and protection of the carboxylate and thiol moieties, to
direct chelation of modified GSH. If selective coordina-
tion to amine/amide donors results in metal coordination
of a x*[7,5,5] tetradentate coordination; and if this strategy
could potentially be extended to other metal ions and pep-
tide systems. The thiol/thioether side-chain of GSH imparts
challenges for future bioinspired applications and, therefore,
this work was extended by exchanging the cysteinyl residue
for alanyl residue, and the glutamyl residue was exchanged
for aspartic acid which has carboxylic acid side-chain that
could be coupled to form either the iso- or C-terminus cou-
pled peptide. In this way, the formation of either k*[6,5,5]
or K4[5,5,5] membered ring tetradentate coordination geom-
etries can be achieved, allowing for a flexible, adjustable
ligand framework for potential bioinspired catalyst design
[42]. A similar approach has been employed featuring histi-
dine on the C-terminus of di- and tripeptides with K4[5,5,6]
type coordination [8, 43].

To this effect, the novel alkylated tripeptides
TrpAlaGly(OMe), 1, B-Asp(O'Bu)AlaGly(OMe), 2,
Asp(O'Bu)AlaGly(OMe), 3, and the fully methylated GSH,
vy-Glu(OMe)Cys(SMe)Gly(OMe), 4 were synthesized
(Fig. 1). Using the aa-AlaGly(OMe) framework allowed
distinctive NMR resonances for the alanyl and glycyl resi-
dues to be identified and interpreted, while avoiding hydro-
phobicity introduced by larger side chains. Alkylation of
the C-terminus both increases non-aqueous solubility and
directs coordination to the N-donors. Additionally, a weaker
ester donor group potentially serves as a non-rigid donor

>I\ o y ©
OJH/\H/NW)J\H/\?/O\
NH, O o)

B-Asp(OtBu)AlaGly(OMe) 2

NH, y O
NGO O o
c N
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Asp(OtBu)AlaGly(OMe) 3

Y-Glu(OMe)Cys(SMe)Gly(OMe) 4
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offering an open coordination site at the metal center for
application such as bioinspired catalysis [42]. Tryptophan
was selected due to its five possible coordination sites;
in addition to the primary amino and carbonyl functional
groups of the acid, indole complexation has been reported
through the secondary amine, [44] the C2 carbon, [45, 46]
and the C3 carbon [47]. The amino acids B-Asp(O'Bu) and
Asp(O'Bu) both have five different coordination sites pos-
sible, the amine, two amide groups, and the two esters. The
iso-peptide, 2, and the C-terminus coupled 3 allow for the
possibility of a direct comparison of chemical reactivities
based on the five versus six-membered chelates in future
studies. TrpAlaGly(OMe), 1, was chosen as a sulfur-free
alternative for coordination to form chelates larger than six.
Currently, it was of interest to see the coordination behavior
of these ligands and confirm the different chelate ring sizes
which could be verified where the ring size is increased at
the N-terminus rather than at the C-terminus [8, 41, 43].

The coordination properties of tripeptides 1-4 to [Pd(en)
(H,0),]** were studied in water. [Pd(en)(H,0),]** was
selected to prevent dimerization of the metal ion [48], and
study the initial formation of the Pd complex. pH-dependent
coordination was analyzed by NMR spectroscopy and the
coordination to the alkylated tripeptides at selected pH val-
ues inferred from their NMR spectra and reported literature.
The molecular ions of the complexes formed were identified
in mass spectra.

Materials and methods
Instrumentation

The NMR spectra were measured at ambient temperature.
'H, COSY, and "°C nuclear magnetic resonance spectra were
recorded on a Bruker Avance 400 MHz spectrometer at 400
and 101 MHz, respectively. Solvents used were D,0, DCI,
and NaOD. Infrared spectra were recorded on a Nicolet Ava-
tar 360 FT-IR (E.S.P.) spectrophotometer using KBr pellets.
Mass spectra were recorded on a micrOTOF-Q spectrom-
eter, equipped with E-spray atmospheric pressure ionization
chamber (ESI). All pH measurements were performed at
298 K with Mettler Toledo pH and conductivity meter using
certified buffer solutions of pH 4.01, 7.00, and 10.01.
Solvents and reagents used were purchased from Sigma-
Aldrich and used without further purification unless oth-
erwise stated. Alanylglycine, Fmoc-Asp(O'Bu)-OH, Fmoc-
Asp(OH)-O'Bu, Z-Trp, and EDC-Cl use in peptide coupling
were purchased from Bachem. Solvents used were distilled
under nitrogen and dried using standard methods [49]. Thiol
methylation of GSH was performed with modification of a
published procedure [50]. Alanylglycine esterification was
completed by reacting it with trimethylchlorosilane [51] and

4 was isolated as the hydrochloride salt. [Pd(en)Cl,] [52] and
[Pd(en)(H,0),1(NO3), [53, 54] were prepared according to
the published procedures.

pH titrations

The pH potentiometric titrations were carried out in 15 mL
samples using four different metal-to-ligand ratios (0:1, 1:1,
2:1, 4:1). During titration, argon was bubbled through the
samples to prevent oxygen and carbon dioxide and to pre-
vent aggregation of the samples. The concentration of the
ligand was fixed at~3.2x 10~ M and the metal concentra-
tion adjusted to fit desired ratios. The ionic strength of the
samples was adjusted with KCl to 0.2 M in a 60-fold excess
to suppress complex formation due to competitive binding of
the CI". The titrations were carried out at constant tempera-
ture (298 K). The use of acid to lower the pH before titra-
tion was omitted, because the t-butyl ester is subject to acid
catalyzed hydrolysis. The analytes were titrated with stand-
ardized potassium hydroxide and 30—40 data points were
obtained for each titration curve. The apparent equilibrium
constants were evaluated from the titration data (Table 1) as
defined by Egs. 1 and 2, using the evaluation function on the
Excel sheet CurTiPot, developed by Prof. Gutz [55], where
M, L, and H represent [Pd(en)(H20)2]2+ ion, the ligand, and
protons, respectively:

pM + qL = rH = MpLqHr, €h)
M. L H
P = opArL T @
IMI*[LI*[H]

NMR experimental procedure

The experiments were performed in D,0. A stock solution
of the ligand (0.020 M) and a stock solution of the Pd(II)
(0.040 M) complex were mixed in a 1:1 ratio, for a final
concentration of 5.0x 107, The ionic concentration was
increased to 0.100 M with KCI and the pH adjusted with
NaOD. Stock solutions were prepared fresh daily. The

Table 1 Protonation values of the Pd(Il) complexes of tripeptide
ligands

1 2 3 4
Ligand
pK,; (amine) 9.25 8.79 8.56 8.21
Ligand+M
pK,, (amide) 7.65 7.33 7.42 -
pK,, (amide) 7.65 7.33 7.42 -
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reaction mixture was monitored over a 48 h period using
NMR spectroscopy. The results were analyzed using 'H and
COSY NMR techniques.

General procedure for compound characterization
by MS

The [Pd(en)(H20)2]2+ complex was dissolved in water, the
ligand added in 1:1 ratio, and the pH increased to 10-11
with 0.1 M NaOH. The solution was allowed to stand for 1 h,
then the water distilled off under reduced pressure, and the
residue washed with ether to remove free ethylenediamine.
The complex was extracted from the residue with MeOH.
The methanol solution was diluted for ESI-MS spectra.
Complexes with ligands 1-3 were obtained in the negative
scan mode, and complexes with 4 in the positive scan mode.
The complex molecular peaks were simulated to compare
with found peaks. The spectra are shown in SI Information
Figs. 10-19.

Synthesis
Coupling procedure

Coupling reactions were executed by adding N-protected
amino acids to HOBt in a 1:1 molar equivalent and stir-
ring in chloroform at 0 °C. Once the solution cooled,
EDC-HCI (1.1 mol eq) was added and stirred for 30 min.
AlaGly(OMe)-HCI (1 mol eq) was added, followed by drop-
wise addition of triethylamine (1.05 mol eq). The solution
was stirred under slight N, flow at ambient temperature for
24 h. Product was washed with water and dried with MgSO,
and the CHCl; removed in vacuo. The product was then
washed with ether and dried in a vacuum desiccator to obtain
clean product.

Z-TrpAlaGly(OCH;) [56] 1a

Coupling reaction was executed using coupling procedure.
Reaction was ran with 50 mL of CHCI;. Z-Trp (1.153 g,
3.407 mmol), HOBt (0.460 g, 3.407 mmol), EDC-HCI
(0.719 g, 3.748 mmol), ala-gly(OMe)-HCI (0.670 g,
3.407 mmol), and triethylamine (0.50 mL, 3.578 mmol). The
product was purified by washing with water (320 mL),
drying with MgSO04, and then removing the chloroform
under reduced pressure. The yield was 1.607 g (98.1%).
"H NMR (400 MHz, CDCl,) & 8.42 (s, 1H, NH;_,,,.), 7.61
(d, J=7.9 Hz, 1H, H; yo1e.c5)> 7-32 (p, 1=3.9, 2.9 Hz, 6H,
Arcgz), 7.29 (d, J=8.1 Hz, 2H, H; 401c.cs)> 7-20-7.12 (t,
J=7.5Hz, 1H, H;, yyie.c7), 7.07 (t, J=7.5 Hz, 1H, Hy 401c.c6)>
7.03-6.99 (m, 1H, H; 40e.c2)> 6.77 (d, J=5.6 Hz, 1H,
NHgyy), 6.61 (s, 1H, NHy,,), 5.78-5.71 (m, 1H, NH,,,),

@ Springer

5.16-5.03 (m, 2H, CH,-cg,), 4.56 (d, J=6.9 Hz, 1H,
a-Hyy,), 446 (q,J=7.2 Hz, 1H, a-H,y,), 3.85 (dd, J=18.1,
5.6 Hz, 1H, a-Hg,y), 3.77-3.64 (m, 1H, a-Hg,,), 3.68 (s, 3H,
ROCH; g), 3.24 (qd, J=14.6, 6.4 Hz, 2H, p-Hy,,), 1.20
(d, J=7.0 Hz, 3H, p-H,;,). >*C NMR (101 MHz, CDCl,)
8 172.27 (C=04y,), 171.62 (C=0y,,), 170.31 (C=0g,,),
156.39 (COcgy), 136.34 (C9;,4010)> 136.23 (Arcgy), 128.69
(Arcgy), 128.63 (Arcp,), 128.38 (Arcgy), 128.26 (Arcgy),
127.39 (C4;4010)» 123.65 (C2i14010)> 122.38 (C7p4010)s
119.87 (C6,,4010)» 118.86 (C5;4016)> 111.43 (C34,4010)> 110.09
(C8;14o1e)> 100.11 (Arcg,), 77.48, 77.16, 76.84 (CDCly),
67.31 (CHycpy). 55.92 (a-Cryy), 5243 (OCH, ), 48.92
(0-Cpp)s 41.18 (a-Cgyy,), 28.67 (B-Cryp), and 18.01 (B-Ciyy).

Fmoc-B-Asp(OC(CH;);)AlaGly(OCH;) 2a

Coupling reaction was executed using coupling procedure.
Fmoc-Asp-O'Bu (2.783 g, 6.764 mmol), (HOBt) (0.914 g,
6.764), EDC-HCI (1.426 g, 7.440 mmol), ala-gly(OMe)-HCl
(3) (1.330 g, 6.764) and TEA (0.99 mL, 7.102 mmol). The
yield was 3.682 g (98.3%). '"H NMR (400 MHz, CDCl,)
9 7.77 (d, J=17.5 Hz, 2H, Arg,,.), 7.63 (d, J=7.6 Hz,
2H, Arpyo), 7.41 (t, J=7.5 Hz, 2H, Arg,,.), 7.37-7.31
(m, 2H, Argy,), 7.11 (d, J=5.7 Hz, 1H, NHg,), 6.61 (d,
J=7.5 Hz, 1H, NHy,,), 6.20 (d, J=8.3 Hz, 1H, NH,)),
4.67 (h, J=7.3 Hz, 1H, a-H,,,), 4.54 (dt, J=9.1, 4.7 Hz,
1H, a-Hygp), 4.36 (q, J=10.4, 9.1 Hz, 2H, CHppyp,,), 4.23
(t, J=7.2 Hz, 1H, CHgpq,), 4.18-3.97 (m, 2H, a-Hg,,),
3.71 (s, 3H, ROCH; gyy), 2.99-2.76 (m, 2H, B-H,,), 1.49
(s, 9H, RO(CHy)3p), 1.42 (d, J=7.0 Hz, 3H, B-Hy),).
3C NMR (101 MHz, CDCl;) § 172.56 (7-C=044p)s
170.43 (C=04,),), 170.16 (C=0,,), 169.96 (C=0g,,),
156.36 (C=Ogp,0c)> 143.99 (Argpnee), 141.37 (Argpned)s
127.80 (Arpyo)s 127.19 (Arpy,o0), 125.33 (Argy,.). 120.05
(Algpec)s 82.51 (ROC(CHj)s44p), 67.31 (CHyppy), 52.48
(OCHj;gyy), 51.53 (0-Cyp ), 48.83 (a-Ci ), 47.26 (CHpp )
41.23 (a-Cgyy), 38.31 (B-Cyyp), 28.06 (OC(CHs);4,), 18.60
(B-Cap)- IR (KBr, cm™!) 3300 (s, N-H, N-H,), 1744 (s,
C=0-0CHy,), 1730 (sh, C=0-OC(CHs;)3), 1693 (s, Amide
I), 1539 (s, Amide II), 1249 (sh, C=0-OC(CH,);), 1220
(s, C=0-0OC(CHs;)3), and 1158 (s, C=0-OCHj;). MS (ESI/
Positive) M (C,gH;35N304) =553.6120, M/Z found(calc)=5
76.2318(576.2316) [M +Na*].

Fmoc-Asp(OC(CH;);)AlaGly(OCH,) 3a

Coupling reaction was executed using coupling proce-
dure. Reactant amounts are as follows. Fmoc-Asp(O'Bu)-
OH (1.406 g, 3.418 mmol), HoBt (0.462 g, 3.418 mmol),
EDC-HCI (0.462 g, 3.418 mmol), ala-gly(OMe)-HCI
(0.672 g, 3.418 mmol), TEA (0.5 mL, 3.588 mmol). The
yield was 1.807 g (95.3%). '"H NMR (400 MHz, CDCly)
6 7.85-7.69 (m, 2H), 7.66-7.51 (m, 2H), 7.40 (td, J=7.6,
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1.1 Hz, 2H), 7.31 (td, J=7.5, 1.2 Hz, 2H), 6.89 (s, 2H),
5.88 (d, J=8.3 Hz, 1H), 4.51 (p, J=7.0 Hz, 1H), 4.43
(d, I=7.0 Hz, 1H), 4.22 (t, 1=6.9 Hz, 1H), 4.12-3.89
(m, 2H), 3.72 (s, 3H), 2.94-2.66 (m, 2H), 1.52-1.32 (m,
11H). "C NMR (101 MHz, CDCl,) 8 172.09 (y-C=0,).
171.24 (C=0,,,), 170.75 (C=0,,,), 170.20 (C=0g,,).
143.83 (C=0p,..). 143.76 (Arg,o0). 141.45 (Arp,,0),
127.94 (Argyo0), 127.24 (Atgpoe)s 125.15 (Arggee), 120.18
(Alge0), 82.30 (ROC(CHy)zp,), 67.48 (CHyppyoo), 52.47
(OCH,gy), 51.50 (a-Cy,), 49.20 (0-Cipy), 47.24 (CHipyo,),
41.28 (a-Cgy), 37.53 (B-Cyyp)- 28.17 (OC(CHy)s,), 17.73
(B-Cap)- IR (KBr, cm™") 3307 (s, N-H, N-H,), 1754 (sh,
C=0-0CHj,), 1732 (s, C=O-OC(CHj,);), 1654 (s, Amide
I), 1533 (s, Amide II), 1246 (sh, C=0-OC(CH,)5), 1216
(s, C=0-OC(CHj,);), and 1153 (s, C=O-OCH,). MS (ESI/
Positive) M (C,oH35N;05) =553.6120, M/Z found(calc) =5
76.2316(576.2313) [M +Na™*].

TrpAlaGly(OCH;) 1

The protecting group Z was removed by adding
Z-TrpAlaGly(OMe) (1.515 g, 3.255 mmol) and 150 mg 10%
catalyst loaded Pd/C together and evacuating the flask, back-
filling with argon. Dry methanol (~20 mL) was syringed in.
A balloon filled with H,, attached to a needle, was inserted
into the top of the septum, and the N, was flushed out of
the flask and replaced with H, [57] (Care must be taken
because Pd/C is pyrophoric and can cause organic sol-
vents to ignite when air is present.) The reaction mixture
was stirred overnight with the H, balloon attached. When
finished, the H, is flushed out by argon and the product is
filtered through Celite on a fritted filter and washed with
an additional 20 mL of methanol. Methanol was removed
under reduced pressure with slight heat. Yield was 0.912 g
(85%) 'H NMR (400 MHz, CDCl,) & 8.30 (s, 1H, NH; 4;)s
7.69 (d,J=7.8 Hz, 1H, NH,,,), 7.65 (dd,J=7.9, 1.0 Hz, 1H,
Hipdore-cs) 7-36 (dt, J=8.1, 1.0 Hz, 1H, H;, 4jc.cs)> 7-20 (ddd,
J=8.2,7.0, 1.2 Hz, 1H, H; 40je.c7)> 7-11 (ddd, J=8.0, 7.0,
1.1 Hz, 1H, Hi,yo1e.c6)> 7-07 (d, J=2.4 Hz, 1H, H;,401c.c2)>
6.99 (t, J=5.4 Hz, 1H, NHg,), 4.51 (p, J=7.2 Hz, 1H,
a-Hyjy), 4.07-3.91 (m, 2H, a-Hgy), 3.78-3.73 (m, 1H,
a-Hygp), 3.73 (s, 1H, ROCH; ), 3.35 (ddd, J=14.5, 4.4,
0.9 Hz, 1H, p-Hr,p), 2.97 (dd, J=14.5, 8.6 Hz, 1H, B-Hy,),
1.72-1.65 (m, 2H, NH,r,)), 1.31 (d, J=7.0 Hz, 3H, p-H, ).
13C NMR (101 MHz, CDCl,) § 175.44 (C=Oryp), 172.66
(C=04y,), 170.35 (C=0gy), 136.53 (CYpq401e)> 127.56
(C4ipd01e)s 123.29 (C2i4010)> 122.45 (CTipgore)> 119.79
(Cbipgore)s 119.03 (C5i401e)> 111.51 (C3p4010)> 111.42
(C8ipgole)s 35.45(0-Cryp), 52.48 (ROCH; ), 48.51 (-Cyy,).
41.28 (a-Cgyy), 30.67 (B-Cryp), 17.36 (B-Cyj,). IR (KBr,
cm™') 3389 (sh, N-H, N-H,), 3296 (b, N-H, N-H,), 3056
(m, aromatic C—H stretch), 1749 (s, C=0-OCHs;), 1655 (s,
Amide I), 1517 (s, Amide II), 1213 (s, C=0-OCH,), 745

(s, aromatic C-H bend). UV-Vis(CHCl,), g,, =6114 L/
mol cm. Specific rotation [a]p=—18.76° (2.5 mg/100 mL,
DMSO). MS (ESI/Positive) MW (C,;,H,,N,0O,) =346.164,
M/Z found(calc) =347.1714(347.1709) [M + H*]. CHN:
(C,7H,,N,0,) found(calc) %, C: 58.78(58.95), H: 6.38(6.40),
N: 15.91(16.17).

B-Asp(OC(CH,),)AlaGly(OCH,) 2

The protecting group Fmoc was removed by stirring Fmoc-
B-Asp(O'Bu)AlaGly(OMe) (3.778 g, 6.764 mmol) (2a)
in 10 mL of DMF at 110 °C for 40 min [58]. Methanol
was added to the DMF and was washed with 3x 10 mL
hexane. The DMF was removed in vacuo and the product
purified with flash chromatography. Yield for this reac-
tion was 2.120 g (94%) and after purification 1.296 g.
'"H NMR (400 MHz, CDCl;) & 8.20 (d, J=6.3 Hz,1H,
NH,),),8.03(d,J =7.2 Hz,1H, NHg,),4.63(q,J =7.2 Hz,1H,
a-Hyj,), 4.38 (d, J=6.9 Hz, 1H, a-H,,), 4.05 (qd, J=17.6,
5.5 Hz, 2H, a-Hg,,), 3.75 (d, J=5.7 Hz, 3H, ROCHj g,),
3.26 (ddd, J=72.9, 17.2, 44 Hz, 2H, B-H,,), 1.51 (s, 9H,
RO(CH,;),), 1.47 (d, J=7.1 Hz, 3H, p-H,,,). *C NMR
(101 MHz, CDCl5) 8 172.86 (y-C=04,), 171.90 (C=0y4,).
170.60 (C=0,,), 170.49 (C=0g, ), 82.83 (ROC(CH;)s ),
52.46 (OCHj;g,y), 51.68 (a-Cyyp). 49.12 (a-Cyy,), 41.20
(a-Cgyy), 38.51 (B-Cpyp)s 28.05 (OC(CHy)zp4p), 17.76
(B-C,p)- IR (KBr, cm™') 3385 (b, N-H, N-H,), 3307
(b, N-H, N-H,), 1743 (sh, C=0-0OCH;), 1728 (s,
C=0-0C(CH,)3), 1653 (s, Amide I), 1541 (s, Amide II),
1254 (s, C=0-0OC(CHj)3), 1210 (s, C=0-0C(CH,)5),
1155 (s, C=0-OCHj;). UV-Vis(CHCl,), €,53=1638.3 L/
mol cm. Specific rotation [a]p,=—353.1° (2.5 g/100 mL,
DMSO). MS (ESI/Positive) M (C,,H,5sN;04) =331.368,
M/Z found(calc) =354.1633(354.1636) [M +Na't]. CHN:
(C,4H,5N;04) found(calc) %, C: 50.28(50.75), H: 7.11(7.60),
N: 13.86(12.68).

Asp(OC(CH;);)AlaGly(OCH,) 3

The protecting group Fmoc was removed using the same
as procedure used above. Fmoc-Asp(O'Bu)AlaGly(OMe)
(2.453 g, 4.443 mmol) (3a). The yield was 82%. 'H NMR
(400 MHz, CDCl5) 6 8.39-8.29 (d, J=6.7 Hz, 1H, NH,,,),
7.87 (t, J=5.9 Hz, 1H, NHg,,), 7.26 (CDCly), 4.58 (p,
J=7.0Hz, 1H, a-Hy,,), 4.50 (d, J=6.2 Hz, 1H, a-H,;), 3.98
(qd, J=17.8, 5.6 Hz, 2H, a-Hg,y), 3.71 (s, 3H, ROCH; g ).
3.11 (t, J=6.6 Hz, 2H, p-H,,), 1.42 (d, J=4.1 Hz, 13H,
RO(CH;); Asp, f-H,,,). °C NMR (101 MHz, CDCl;) &
172.75 (y-C=0,,), 170.77 (C=0,,,), 170.24 (C=0,,),
168.44 (C=0gy,), 82.93 (ROC(CHy); 5p), 52.30 (OCH; gy,
50.23 (0-Cpp), 49.95 (-Cyp), 41.04 (4-Cgyy ), 36.23 (B-Cayp),
28.00 (OC(CHy); pgp)> 17.59 (B-Chyy,)- IR (KBr, em™1) 3360 (b,
N-H, N-H,), 3235 (b, N-H, N-H,), 1755 (sh, C=0-OCH,),
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1728 (s, C=0-OC(CHy;)5), 1670 (s, Amide I), 1545 (s, Amide
II), 1249 (s, C=0-0C(CH;);), 1214 (s, C=0-OC(CH,)5),
and 1158 (s, C=0-OCHj;). UV-Vis(CHCl,), £54,=157.97 L/
mol cm. Specific rotation [a] =—1.4°(2.5 g/100 mL, DMSO).
MS (ESI/Positive) M (C,4H,5N;0,) =331.368, M/Z found(ca
lc)=332.1816(332.1816) [M+H™]. CHN (C,,H,5N;04)-1/2
H20 found(calc) %, C: 49.60(49.40), H: 7.58(7.70), N:
12.31(12.35).

y-Glu(OMe)Cys(SMe)Gly(OMe) 4

The methyl esterification of GSH(SMe) was completed
by adding GSH(SMe) (0.520 mg, 1.620 mmol) to distilled
MeOH (20 mL) along with trimethylchlorosilane (0.825 mL,
6.510 mmol) [51]. This mixture was stirred under N2 for
24 h. An additional 0.825 mL of Me;SiCl was added and the
reaction stirred for another 24 h. The solvent was removed
in vacuo, and the product stirred in diethylether. The ether
was decanted off, resulting in isolation of a white hydro-
scopic powder as the hydrochloride salt of 4. The yield was
0.514 g (82%). "H NMR (400 MHz, D,0) 8 4.52 (dd, J=8.7,
5.3 Hz, 1H, a-Hc,), 4.13 (t, J=6.7 Hz, 1H, a-Hg,,), 3.98 (d,
J=1.5Hz, 2H, a-Hg,y), 3.79 (s, 3H, ROCH; ), 3.69 (s, 3H,
ROCH; gyy), 2.99-2.91 (m, 1H, B-Hc,,), 2.80 (dd, J=14.1,
8.7 Hz, 1H, B-Hcy,), 2.62-2.45 (m, 2H, B-Hg,,), 2.27-2.12
(m, 2H, y-Hg,,), 2.08 (s, 3H, RSCH; ¢,). °C NMR
(101 MHz, D,0) & 174.15 (8-C=0g,,), 173.06 (C=0g,,).
171.76 (C=0cy,), 170.14 (C=0g,,), 53.65 (OCHsg,,),
52.79 (OCHjgyy), 52.62 (a-Cgy), 52.16 (a-Ceyy), 41.20
(-Cgyy)s 34.87 (B-Cyy), 30.65 (SCH,), 25.26 (B-C,), 14.63
(y-C=0g,,)- IR (KBr, cm™'): 3396(ms), 3257(ms) (N-H,
R,~-NH), 3059 (ms, N-H, R-NH;*), 1748 (s, C=0-OCH,),
and 1645 (s, Amide I). UV-Vis(H,0), ,55=30.8 L/mol cm.
Specific rotation [a],=—209.75° (2.5 g/100 mL, DMSO).
MS (ESI/Positive): M (C3H,4,N;04S) =349.40, M/Z found
(calc.)=350.1380(350.1370) [M+H].

Results and discussion

The synthesis and characterization of three new tripeptide
ligands (Fig. 1, 1-3) is reported here. Although the par-
ent tripeptides have been identified as fragments in protein
digestion, [59-61] the ligands 1-3 were not synthesized pre-
viously. The thioether of glutathione is reported [62] and
has been studied, [38—40] while the product of complete
methylation is reported here for the first time (Fig. 1, 4).

Synthesis
The synthesis of the tripeptides was achieved using solu-

tion phase peptide synthesis. Solution phase synthesis has
many benefits for short peptide synthesis, including larger
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scale synthesis and less consumption of materials [63—65].
Either Z- or Fmoc-protecting groups were used in coupling
reactions (Scheme 1), based on availability and cost of the
protected amino acid.

The choice to use both the methyl ester and #-butyl ester
on 2 and 3 presented itself with a variety of challenges in the
synthesis. The #-butyl ester was selected as a commercially
available protection on the Fmoc-protected aspartic acid, and
the methyl ester protection was chosen over the 7-butyl or
ethyl because of facile completion of the esterification reac-
tion for the methyl ester with quantitative yields. The reac-
tion scheme is shown in Scheme 1. Dipeptide AlaGly was
alkylated to AlaGly(OMe), and coupled with Z-(1) or Fmoc-
protected a- or f-Asp(O'Bu)(OH) (2,3) starting material in
a coupling reaction that was optimized for facile work-up.

Esterification reactions to produce #-butyl or ethyl esters
required long reaction times, and resulted in incomplete
esterification and loss of yields. Challenges presented them-
selves in the selection of a deprotection method for the Fmoc
or Z and work-up procedures to obtain pure compounds.
Methyl ester hydrolysis is catalyzed by basic conditions
above a pH of 10, whereas #-butyl esters are catalytically
hydrolyzed in acidic conditions below a pH of 2, and is
very sensitive to heating [66]. Complications arose during
work-up due to the common solubilities of the product and
side products, making separation difficult, this was solved
through selection of solvent and base for the reaction.

Standard Fmoc cleavage procedures in basic medium
could not be employed. Attempted deprotection of
Fmoc-Asp(O'Bu)AlaGly(OMe) and Fmoc-B-Asp(O'Bu)
AlaGly(OMe) using standard basic conditions resulted in
the formation of aspartimide. DMF solvent mediated Fmoc
cleavage worked well, although residual DMF content likely
contributed to very hygroscopic behavior of the crude com-
pounds. Dry, well-behaved, analytically pure compounds
were isolated after washing them thoroughly with dry sol-
vent after flash chromatography.

Attempts to precipitate out the HCI salt of 2 and 3 pro-
duced the partially hydrolyzed #-butyl ester species. Dry
reaction conditions under inert air were used to precipitate
the products using a HCI/Et,O solution. Synthesis and puri-
fication of 1, (Scheme 1) were straightforward using stand-
ard methods when employing the Z amine protecting group.
After isolation and purification, 1-3 were stored under nitro-
gen in the freezer.

Two possible synthetic routes were explored to achieve
complete alkylation of GSH to form 4 (Scheme 2).
S-alkylated GSH, (GSMe) is commercially available, while
fully methylated glutathione is not. For the desired experi-
mental quantity, GSH was used as a starting material and
both carboxylate esters and the thiol were alkylated to form
the methyl esters of glutathione. In Route 1, esterification
is followed by thiol methylation. Complete alkylation using
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Scheme 1 Synthesis scheme for
ligands 1-3
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Route 1 proved unsuitable, since the basic aqueous condi-
tions employed caused hydrolysis of the methyl esters. In
the second approach, (Route 2) the thioether is formed first,
followed by the esterification reaction. These successive
reactions showed complete alkylation forming the hydro-
chloride salt of 4.

All tripeptides were fully characterized using 'H, '*C,
COSY, and HSQC, NMR spectroscopy, as well as ESI-MS,
IR, UV-Vis, and elemental analysis. MS, 'H, and 3C are
provided in the supplementary information (Figures SI
6A-9C).

Binding motifs and coordination geometries were investi-
gated for compounds 1-4 in water with the metal ion [Pd(en)
(H,0),]*" employing 'H-NMR spectroscopy and potentio-
metric titrations.

|
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Y-Glu(OMe)Cys(SMe)Gly(OMe) 4

Potentiometric studies

Determination of the pK, of ligands using pH
titrations

Ligands 1-4 contain methyl esters on the C-terminus
of the tripeptides. With the #-butyl esters protecting the
side-chain of the aspartic acid residue on 2 and 3, and the
cysteinyl of 4 transformed into a thioether, only the amine
deprotonation needs to be determined. The experimentally
determined pK, values are listed in Table 1. The pH titra-
tion curves are shown in SI information Figure SI 1. Con-
ventionally, acid would be added to the mixture to ensure
that the entire pH range is covered. However, this was
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not possible here due to the acid hydrolytic sensitivity of
the 7-butylester. As a consequence, the titrations begin in
the mid-pH range. Amino acid titrations normally need to
cover the full pH value range to determine the pK, of the
carboxylate, which is observed below a pH of 3 [67]. How-
ever, in compounds 1-4, this moiety has been converted
to an ester, which should not affect the collection of data.

Ligand 1 has an amine and two amide groups as well as an
indole amine group. By itself, ligand 1 shows amine deproto-
nation at a pH of 9.25. The reported pK, of free tryptophan is
9.34 [67]. Again for 2, the amine group is the only measurable
pK,; this was found to be 8.78. For 3, the experimentally deter-
mined pK, was 8.56, where the pK, for aspartic acid is 9.66
[67]. Compound 2 amine being further away from the peptide
bond experiences less effects than 3. For compound 4, two
deprotonations seem to occur, one at 8.26 and another at 9.95.
The pK, value at 8.26 may correspond to deprotonation of the
partially hydrolyzed thioether, where the pK, for the thiol on
GSH is 8.75 [67]. The second pK, found is the amine depro-
tonation, where, for GSH, this value is 9.65. These differences
in the pK, values of the amino acid and the corresponding
peptides are due to peptide bond formation.

Titrations of the ligands with [Pd(en)(H,0),1**

Titrations of 1-4 with [Pd(er1)(H20)2]2Jr were performed in
three different ligand-to-metal ratios. The titration curves
are shown in Figure SI 1 along with the ligand titrations. As
[Pd(en)(H20)2]2+ is added to the ligand solution, there is a
drop in pH due to the Lewis acid nature of Pd(IT). When more
ligand is added, the shift to lower pH values is diluted for 2:1
ratio of ligand-to-metal and insignificant at a 4:1 ratio. This
observation suggests that the plots for a 2:1 ratio are a combi-
nation of the free ligand and the 1:1 ratio titration. This pattern
is also observed in the 4:1 titration data. It is clear from the
plots that the en successfully inhibits the formation of bis type
complexes, even with the addition of excess ligand. Therefore,
it is sufficient to study the species present in the 1:1 ratio to
identify all of the metal coordinated species in the mixtures.
As before, the initial pH was not adjusted with the addition
of acid, preventing observation of amine deprotonation, and
allowing only the observation of amide deprotonation. The
amide deprotonation takes place at significantly lower pH upon
coordination, in the range of 7.33 to 7.65, as the Pd(II) coordi-
nation drives the deprotonation at a lower pH. No discernible
deprotonation could be identified for solution 4 with [Pd(en)
(H0),**
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pH-dependent NMR studies

pH-dependent NMR studies were performed in D,0. A
stock solution of the ligands (1-4) (0.020 M) and a stock
solution of the Pd(II) (0.040 M) complex were mixed in
a 1:1 ratio, for final concentrations of 5.0x 107> M. The
ionic concentration was increased to 0.100 M with KCl
and the pH adjusted with NaOD. The reaction mixture was
monitored over a 48-h period using NMR spectroscopy.

pH-dependent coordination of [Pd(en)(H,0),1(NO;),
with 1

The initial pD of the mixture of [Pd(en)(HZO)Z]ZJr and 1
resulted in a pD value of 4.76. This resulted in the forma-
tion of two metal complex isomers, in approximately a
1:1 ratio (Fig. 2). One of the isomers shows a large down-
field shift for the a-C protons on the tryptophan residue,
indicating primary amine coordination, followed by amide
chelation, as indicated by the shift of the 3-CH on the ala-
nine residue. Furthermore, the en group is still present, as
seen by the presence of its bound singlet at 2.71 ppm, lead-
ing to proposed structure Pd-1A. The second isomer pre-
sent at this pH has a mono-coordinated ethylenediamine.

In a mono-coordinated ethylenediamine, the methylene
protons are no longer equivalent, and they split to form
three resonances [68]. For the second isomer, the multiplet
at 2.50 ppm integrates to two protons corresponding to the
distant CH, group of en. The multiplets at 2.14 ppm and
2.30 ppm integrate to one H each and represent the two
non-equivalent protons closer to the Pd ion.

Evidence for indole amine coordination is seen in the
doubling of all resonances for the entire indole moiety,
with downfield shifts ~0.10 ppm. The indole coordination
appears to be accompanied by both amides coordinating
as seen by the shift in the o, and p-C protons for the tryp-
tophan, alanine, and glycine residues. The correspond-
ing coordination geometry is shown for Pd-1B, where an
eight-membered ring has formed between the indole amine
and the alanine amide, which then continues to the gly-
cine amide, replacing one of the ethylenediamine donors
to form a tridentate species. As the pD is increased to 6.52,
this second isomer, Pd-1B, is the only species present in
the NMR spectrum.

Increasing the pD to 7.92 results in complete dissocia-
tion of en as evidenced by appearance of free en signals
at 2.77, leading to likely carboxylate ligation and suggests
Pd-1C as the best model for this pH. The disappearance
of the methyl ester signal (3.78 ppm) and the parallel
appearance of MeOD at 3.37 ppm confirms ~75% methyl
ester hydrolysis. Palladium catalyzed hydrolysis of methyl
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Fig.2 Possible coordination geometries of 1 (5 mmol LY with
[Pd(en)(HZO)Q]zJr (5 mmol L") (cker=100 mmol L") over the pD
range of 4.75-11.54, with hydrolysis values present after 1 h

esters for alanylglycine is known to occur at a pH of 4-5
[69, 70]; however, base catalyzed hydrolysis of methyl
esters tends to start at pH values greater than 10 [66],
indicating observed ester hydrolysis is Pd(II) catalyzed.

At pD of 11.54, the methyl ester is completely hydrolyzed
and a new minor species appears (Pd-1D), as indicated by a
shift in the methylene group of glycine. This new species is
tentatively a hydrolyzed Pd(Il), i.e., containing [71] a coor-
dinated hydroxo group rather than the carboxylate group. At
basic pH values, the fourth coordination site in Pd(II) peptides
complexes has been reported as occupied by hydroxide ions
[23]1[72,73].

Pd-2B

HOOR
/l >\‘i 0

X

OR’ OR’
Pd-2C Pd-2D

% Ester Hydrolysis

pD Species present
R (OMe) R’ (O'Bu)

5.01 A ~100% ~ ~10 ~8
6.93 B ~100% ~ ~20 ~20
9.21 C~100% ~ ~65 ~35
11.06 C~70% D ~30% 100 ~70

Fig.3 Possible coordination geometries of 2 (5 mmol LY with
[Pd(en)(H,0),]** (5 mmol L™Y) (cge;=100 mmol L71) over the pD
range of 5.01-11.06, with hydrolysis values present after 1 h

pH-dependent coordination of [Pd(en)(H,0),]1(NO;),
with 2

Initial pD of the [Pd(en)(H20)2]2+ and 2 solution was
5.01. Observed coordination geometry of 2 and [Pd(en)
(H,0),]** is shown in Fig. 3. Complexation was seen
immediately by the downfield shift of the a-C Asp pro-
tons as well as the $-C Asp protons and the broadening and
doubling of the en methylene protons of the [Pd(en)]*",
due to the trans effect. This suggests a monodentate bind-
ing geometry as as seen in Pd-2A. However, some methyl
ester hydrolysis (10%) and ¢-butyl hydrolysis (< 8%) are
also occurring. No evidence of bidentate coordination of
the peptide was observed at this pH.

At pD of 6.93, an upfield shift of the Asp a-CH and
hydrolysis of the Asp #-butyl ester was observed, as indi-
cated by the appearance of a r-butanol signal. Two species
appear to be present, both with the coordination geometry
Pd-2B; the majority (> 80%) showing probable k*(NH,,
O'Bu) binding and the other (<20%) showing KZ(NHZ, 0-)
binding due to ¢-butyl ester hydrolysis. Hydrolysis of the
methyl ester reaches ~20% as indicated by the growing
MeOH signal. Negligible change was associated with the
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chemical shifts of Ala and Gly moieties. No evidence of
amide chelation was present.

As many as four isomers were present at a pD of 9.61 due
to varying degrees of hydrolysis of the methyl and #-butyl
ester. The coordination geometry of all of the isomers is
represented by Pd-2C. This assignment is deduced by dis-
sociation of en and a concomitant shift of the Ala and Gly
protons signaling amide binding, suggesting a *(NH,, N, N,
O) coordination geometry. Methyl and #-butyl ester hydroly-
sis was estimated to be ~65%/35% respectively, where the
t-butyl ester hydrolysis was likely Pd-catalyzed, induced by
the proximity of the ester to the Pd-NH, group.

At highly basic conditions of pD at 11.20, complete
hydrolysis of the methyl ester was observed, and #-butyl
ester hydrolysis was ~70%, while the major species main-
tained the coordination geometry shown as Pd-2C. Another
minor species was observed via the shift of the Gly methyl-
ene protons suggesting dissociation of the Gly carboxylate
from the metal. This species exhibits probable formation of a
Pd-hydroxo species, as suggested by coordination geometry
Pd-2D.

pH-dependent coordination of [Pd(en)(H,0),1(NO;),
with 3

A mixture of [Pd(en)(H,0),]** with 3 at a pD of 3.77 did not
result in complexation judged by the fact that the resonances
from the [Pd(en)(HZO)z]zJr complex remained intact. The
amine protons shifted by 0.04 ppm, due to the change in
pH, but all other resonances remain unchanged. The overall
integration for ethylene diamine was low, due to precipita-
tion of [Pd(en)(HzO)2]2+ from solution. This precipitation
is consistent with reports stating that amine coordination to
the [Pd(en)]** fragment does not take place until a pH of 4
due to competitive binding to C1~ [23].

At a pD of 4.71, the formation of a new species, Pd-3A
(Fig. 4), was observed. The tripeptide formed a tridentate
species with Pd(II) that has a mono-coordinated ethylen-
ediamine occupying the fourth coordination site. Evidence
for this structure was seen in a significant shift of a- and
f-C protons of the three amino acid residues, along with the
doubling and broadening of the ethylene diamine resonance
at 2.77 ppm. Free tripeptide 3 was still present amounting to
about ~50% based on integrations. Convergence of the NMR
resonances at pD of 7.34 evidenced coordination geometry
Pd-3A becomes the major species. At this pD, the methyl
ester starts hydrolyzing, and after 8 h, about 35% of the ester
has been hydrolyzed.

After raising the pD to 11.20, the formation of tetraden-
tate species Pd-3B is evidenced by the upfield shift of the
a-C protons for glycine by 0.3 ppm and the complete disso-
ciation of coordinated ethylene diamine, which was observed
as free en at 2.78 ppm. At this pD, the methyl ester was

@ Springer

O 0
) < OR ) <
O 0]
N\Pd\/N\/l\\O N

pa”
Hap H, R O
07 OR! NH, O OR
Pd-3A Pd-3B
% Ester Hydrolysis
pD Species present
R(OMe) | R’'(O'Bu)
3.77 3 ~100% ~ ~0 ~0
4.71 A ~55% 3~45% ~12 ~5
7-34 A ~100% ~ ~35 ~5
11.20 B ~100% ~ 100 ~30

Fig.4 Possible coordination geometries of 3 (5 mmol L™ with
[Pd(en)(H,0),]** (5 mmol L™!) (cge;=100 mmol L71) over the pD
range of 3.75-11.25 with hydrolysis values present after 1 h

completely hydrolyzed, and the #-butyl ester was ~30%
hydrolyzed after 8 h.

pH-dependent coordination of [Pd(en)(H,0),1(NO;),
with 4

The reaction of [Pd(e:n)(H20)2]2Jr with 4 at a pD of 2.30,
observed via NMR, formed a species that appears to have
k%(S,N) coordination (Pd-4A, Fig. 5). Initially, glutathione
was bound to the metal through the thioether, as seen in the
downfield S-methyl shift from 2.18 to 2.46 ppm, as time pro-
gresses, the thioether hydrolyzes resulting in the formation
of MeOD. This hydrolysis started at~5%, and after 48 h, had
increased to~72%. The en remains coordinated but shifts
due to trans effects from 2.71 to 2.85 ppm, and this shift is
accompanied by broadening of the signal. The evidence for
cysteinyl amide coordination was seen in the downfield shift
of the a-CH by 0.38 ppm, as well as the downfield shift of
the p-C protons.

As the pD was raised to 3.06, Pd-4A only achieves ~50%
formation, and mono-coordinated complex Pd-4B accounts
for the other 50% speciation. Support for the formation
of this species is the upfield shift in the a-C Glu resi-
due to 3.8 ppm and the downfield shift of the Glu - and
y-methylene protons. This coordination was also supported
by the en resonance at 2.72 ppm. Here, the fourth coordina-
tion could be stabilized by a chloride ion, a water molecule,
or possibly by the formation of a dimer. The thioether is
hydrolyzed by approx. 55% after 1 h. Although challenging
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to integrate accurately, the esters appear intact at pH values
lower than 3.60.

At apD of 7.70, the Pd-4A species was no longer present.
The en group shifts to 2.78 ppm, signifying dissociation
from the metal center. The slight upfield shift of the methyl
ester protons of the Glu residue from 3.89 to 3.83 ppm
signifies chelation to the Glu carboxylate, forming a five-
membered chelate with the coordination geometry Pd-4C.
Methyl ester hydrolysis was quantified at 21% after 1 h form-
ing methanol. The thioether remains intact.

Pd-4C was still the major species at a pD value of 8.70,
but a new minor species with tetradentate K4(NH2,N,N,O)
was formed, as represented by Pd-4D. This observa-
tion was supported by a quadruplet observed at 4.19 ppm

corresponding to Cys a-C, and by a Glu a-C protons triplet
at 4.55 ppm. Further coordination was evidenced an upfield
shift of the Glu - (0.15 ppm), and y- (0.25 ppm) methylene
protons.

Once the basic pD of 11.30 is reached, the formation of a
third species was observed; the probable Pd-hydroxo species
(Pd-4E). At these basic conditions, the methyl esters were
fully hydrolyzed, while the thioether remains intact.

Mass spectra of Pd(ll) complexes with 1-4

The complexes were not amenable to isolation from aque-
ous solutions because of the multiple species present in
solution and separation of products proved a serious chal-
lenge. As identification of the species present, mass spectra
were obtained. The results summarized in Table 2 and SI
Figs. 10-19 show the found and simulated spectra for the
complexes. pH of 10.5 was chosen, assuming that molecular
peaks of the expected complexes could be identified in the
mass spectrum. At high pH, it is expected to see the car-
boxylate of the C-terminus amino acid as the fourth donor
to Pd(I) or alternatively, either CI~ or OH™ from the solu-
tion mixture.

The methyl ester hydrolysis is rapid and only ligand 1
showed peaks with the methyl ester intact. The t-butyl ester
was observed in spectra of 2 and 3. Ligand 4 confirmed an
intact thioether.

The complexes predicted by NMR did show their molecu-
lar ion peaks in the mass spectrum. Ligands 1 and 3 showed
the presence of ethylene diamine in minor peaks that could
be caused by incomplete removal of free ethylene diamine
during sample preparation.

Discussion

Coordination of [Pd(en)(H20)2]2+ with 1 through the indole
nitrogen led to an unusual eight-membered chelate. Predic-
tions could be made for 5-, 7-, or 8-membered chelates with
1, although 8-membered chelates are rare [74]. Formation

Table2 Summary of expected

. Ligand Species expected by NMR Species found by MS
and found molecular ion peaks
in the mass spectra of 1-4 1 Pd-1C Pd-1D - Pd-1C Pd-1D Pd-1B'
with [Pd(en)(H,0),]™" at pH major minor major minor minor
of~10.5 2 Pd-2C Pd-2D - Pd-2C Pd-2D -
major minor major minor
3 Pd-3B - - Pd-3B Pd-3A°
major major minor
4 Pd-4C Pd-4D Pd-4E Pd-4C/E Pd-4D -
One third One third One third major minor

1 hydrolyzed methyl ester, 2 with and without ester hydrolysis
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of an initial 5-membered ring via the amine and the Ala
amide was observed at the lowest pH (Fig. 2, Pd-1A). Five
membered chelate coordination of Trp with the [Pd(en)]**
fragment has been reported, from the indole C3 to the car-
boxyl O [47], as well as Pd(II) and Pt(II) bis-tryptophan
complexes, in which coordination proceeds through the
amine N and carboxyl O [75, 76].

The indole C2 proton is the most acidic proton and is
most likely to leave when interacting with a Lewis acid [45].
C2-indole coordination together with Ala amide would lead
to a less-strained 7-membered ring. Palladacycles with
indoles have been reported, where the Pd(I) center is
sigma bonded to the C2 carbon and the indole nitrogen is
functionalized to form a 6-membered chelate with the pal-
ladium [46]. One more possibility is an §-membered ring
with the indole nitrogen and the nearest amide. Examples
of h! coordination of Ru(II) with indole nitrogen show that
it is not deprotonated [44] in such coordination, and is in
that way comparable to amine coordination. The pK, of the
indole proton in [(cymene)Ru(hl-indoline)(CH3CN )2]2+ was
determined to be 5.2 or much lower than for free indole
[77]. An NMR spectrum of 1 and Pd(II) mixed with two
equivalences of base in DMSO-d, confirmed the loss of
the amide resonances, but the N1 proton was still present.
The C2 proton was located in the NMR spectrum of 1 with
[Pd(en)(H20)2]2+ leading to the conclusion that 1 formed
an 8-membered chelate with Pd*" at all pH values, albeit
a minor species at pH of 4.7. The k4[8,5,5] coordination is
dominant in the mixture at high pH, as well. An interesting
result here is that the indole nitrogen is a strong donor for
the Pd(II) center competing efficiently with the normally
dominating amine donor group in peptide coordination.

Ligands 2 and 3 were expected to form, respectively, six-
and five-membered chelates with the amine and the nearest
amide. This was achieved but in an unpredictable manner.
At moderate pH values, 2 preferred a 5S-membered chelate
with the amine and the side-chain ester carbonyl oxygen
(Fig. 3, Pd-2B) promoting ester hydrolysis. This coordina-
tion type (N,O) is well known for simple amino acids [78].
Ligand 3 shows significantly less Pd** promoted #-butyl ester
hydrolysis and formed a conventional 5-membered chelate.
This chelation begins with the amine and continues through
both amides, immediately rearranging the en ligand from
bidentate to a mono-coordinated mode. The en was com-
pletely dissociated by a pD of 11.20, at which point the free
carboxylate coordinates to form k*[5,5,5] chelate. Ligand
3 shows multiple isomers that represent various forms of
hydrolyzed ester combinations. Ligand 2 coordination is
more strongly pH driven, where the Pd-2B coordination pre-
vails until a pH of 7.33 (Table 1), at which point the amides
are deprotonated and the en dissociates completely, leading
to tetradentate k4[6,5,5] complexation of 2 with Pd**. No
mono-coordinated en was observed with 2. The importance
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of the five-membered chelate over the six-membered chelate
is only overcome at high pH where the amides are deproto-
nated regardless.

Considering both carboxylates and the thiol were
alkylated, ligand 4 showed coordination preferences that
were highly pH-dependent. At low pH, the amine/thioether
coordination prevails (Fig. 5, Pd-4A) forming five-mem-
bered x*(S,N) chelate, promoting Pd-catalyzed thioether
hydrolysis. This hydrolysis is analogous with the #-butyl
ester coordination and subsequent hydrolysis seen for 2.
The thiol group on GSH normally has strong influence on
GSH coordination chemistry [35, 38, 39, 53]; however, by
forming the thioether, this reactivity was curbed at neutral
and high pH values by preventing formation of the 5-mem-
bered k*(S,N) ring normally favored for GSH complexation.
Both being iso-peptides, ligands 2 and 4 show similar coor-
dination preferences at neutral and high pH values, where
coordination starts at the amine, but the chelation to the
carboxylate (Fig. 5, Pd-4C) is preferable to either 6- (2) or
7- (4) membered chelate formation with the nearest amide.
Only at high pH values for 4 does chelation proceed through
the amides and the formation of the k4[7,5,5] chelate was
observed.

Methyl ester hydrolysis (Fig. 6) significantly impacts
coordination preferences of 1-4 at high pH where the free
carboxylate competes to displace ethylenediamine and com-
plete tetradentate coordination around the Pd>* ion. At neu-
tral pH, methyl ester hydrolysis was more prominent for 1
compared to the other ligands (Fig. 6). The methyl ester
hydrolysis for 2 and 3 was comparable, while the #-butyl
ester for 2 experienced significantly more Pd(II) catalyzed
hydrolysis [17, 18] driven by the coordination preference of
2 to form a 5-membered ring at a pH lower than the pK, of
the ligand (Table 1; Fig. 5).

Conclusions

Three new alkylated tripeptides 1-3 were synthesized and
characterized fully using solution phase synthesis in high
yields. A synthetic route to fully alkylate GSH, 4, is reported
as well. The four tripeptides were explored as ligands for
Pd(II) in water at different pH using ethylenediamine com-
plex [Pd(en)(H,0),]** to explore stepwise coordination and
draw out differences in ligand properties.

The ligands 1-4 formed coordination geometries as
k*[n,5,5] (n=8,7,6,5) chelates. 1 and 3 formed k*[8,5,5]
and k4[5,5,5], respectively, at low pH values and this
chelation dominated at all pH values explored. The
observed coordination appears driven by different view-
points; Where 1 forms a strong bond as a neutral donor to
Pd(II) through the side-chain indole nitrogen and the near-
est amide, while 3 forms a traditional 5-membered chelate
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Fig.6 Percent ester hydrolysis as a function of pH

with N-terminus amine and the nearest amide. Compounds
2 and 4 chose the N-terminus amine with an ester to form
five-membered chelates preferably to the respective 6-
and 7-membered chelates of the N-terminus amine and
the nearest amide. These five membered chelates domi-
nated the coordination until the pH was sufficiently high
to deprotonate the amides, suggesting that 5S-membered
chelate stability is more important than the amine/amide
coordination even for a soft ion such as Pd(II).

The tripeptides chosen exhibited their maximum expected
chelating ring sizes at the N-terminus and confirmed that it
is possible to form complexes with k4[n,5,5] (n=8,7,6,5)
chelates that may be employed to adjust ligand frameworks
for bioinspired catalyst design in future work. The molecular
ions of the complexes were found and matched with their
simulated isotope patterns in the ESI MS of the complexes.

The esters showed significant hydrolysis that was both
pH-dependent and Pd(IT) catalyzed. The Pd(II) catalyzed
hydrolysis was significant for 2 and 4, where the coordinated
carboxylate esters and thioether hydrolyzed at lower pH than
the free functional groups. Despite the ester hydrolysis, the
study successfully drew out interesting differences in the
coordination of these ligands and directed coordination
geometries using pH manipulations were successfully car-
ried out. The 8-membered chelate with 1 was unexpected as
well as the differences in chelation amenability of 2 and 3.
Ligand 4 was expected to show k*[7,5,5] coordination when
fully alkylated and this was successfully achieved, but only
at highly alkaline conditions. The variety in coordination
behavior of 4 observed agrees with the notion that the GSH

amine and thiol moieties may be its most important donor
groups.
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SI Figure 3
Stacked NMR spectra for 2 at t=1h at different pH values.
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SI Figure 4
Stacked NMR spectra for 3 at t=1h at different pH values.
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SI Figure 5
Stacked NMR spectra for 4 at t=1h at different pH values.
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Figure 8A
13C NMR spectra for 3
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SI Figure 9B
13C NMR spectra for 4
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Synthesis, Characterization, and reaction
studies of novel Palladium tripeptide
complexes.

Abstract

Pd(II) complexes with the tripeptides, a-Asp(OR)AlaGly(OR), p-Asp(OR)AlaGly(OR), and
TrpAlaGly(OR) (R = H or alkyl) were synthesized and characterized. The ligands form tri
and tetradentate complexes with Pd(II). Ligand exchange reactions of the tridentate
complexes showed that sufficiently labile ligands may be removed to form the tetradentate
coordination mode. The complex coordination geometry was studied using DFT
calculations and reactivity with small molecules such as ethylene, acids, formate, and
episulfide was investigated. The complexes adopt a square planar geometry with the
tetradentae ligands and are rather inert towards ethylene coordination. They decompose
in acid and under acidic condition and in the presence of ethylene, acetaldehyde was
formed. The Pd(II) is a soft Lewis acid and thiophilic and the complex abstracts sulfur from
the episulfide at apparent modest catalytic rates. With formate the metal dissociates from
the ligand and reduces to Pd(0).

Introduction

Metallopeptide complexes are widely reported in the literature; Studies of these complexes
primaraly relate to metalodrugs and metal toxixicity. However, related classes of ligands, like
schiff base and cyclam derivatives are explored for their catalytic activation of small molecules.
These ligand system are similar in their amino-oxygen chelate coordination. In metal
complexes the amino-amide backbone forms stable 5-membered rings for a-amino acids.
When studying the coordination of amino acids or di- and tripeptides, complexation forms
through the carboxylic acid, in addition to the N-donor groups. This coordination effectively
closes coordination for palladium, which has strong favorability towards square planer
coordination geometry. One strategy is to form a weakly coordinated chelate to function as an
"on-off" switch. Modification of the carboxcylic acid to form as ester, should act in such a

manncr.

One problem encountered with this strategy is the ability of palladium to catalyze ester
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hydrolysis. In order to avoid this undesirable reaction, non-aqueous conditions must be

employed.

In previous work we described the synthesis of three new tripeptide ligands (Figure 1) and
investigated the effects of pH on their coordination to Pd(en)(H.0)?*. This work outlines the

synthesis, characterization, and reactivity studies of three new tetradentate Pd(Il) complexes.

Results and Discussion

Synthesis

The synthetic effort focused on the synthesis of a neutral complex with Pd(II) to maximize
organosolubility in reactions of the complex with various small molecules. Several different

synthetic routes were attempted to achieve this. Initial experiments used the ligand a-

Asp(OtBu)AlaGly(OMe) (1) (Figure 1) because it is the most economic for synthetic
optimization and its protecting group acid/base sensitivity renders the method to form its
complexes reproducible for less sensitive ligands. A summary of the synthetic routes employed

to synthesize neutral tripeptide complexes is shown in Figure 2.

3
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1 2 3

Figure 1. Tripeptide ligands used in synthesis

Aqueous Synthesis of 4. Starting with an aqueous synthesis strategy, KoPdCls was dissolved in
water, then added to an aqueous solution of the ligand. Coordination for this reaction is highly
dependent on pH!, where the degree of hydrolysis depends on reaction time. Using this
strategy, the pH was adjusted to ~6.5 which results in the formation of two isomers, one major
and one minor. The major product is the charged species K[Pd{Asp(OtBu)AlaGly(OMe)}Cl]
(4). The composition of 4 was confirmed by mass spectrometry along with the presence of the

Pd,L>Cl dimer. The coordination of 4 is x*-NH2,N,N. Support for this coordination mode was

determined by spectroscopic data.
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(4-6) and neutral (7-11) Pd(Il)

However, complex 4 can be synthesized with improved control in a non-aqueous environment.

Synthesis of Tridentate Pd complexes, 5-6. Using Pd(CH3CN):Cl; as the starting complex, and

substituting KOH for two molar equivalents of triethylamine results in the complex

(EzN)[Pd{Asp(OtBu)AlaGly(OMe)} Cl], 5. This product composition was also confirmed by

mass spectrometry. The NMR resonances for the ligand of these two different salts are



identical, whereas the latter has an organic cation, which can be tracked in the NMR spectra.
Excess EtzN* proved difficult to remove, but this was resolved by switching EtsN* out for
PPhs*. The cation exchange produced complex 6, which had no noticeable effect on the shifts
of the ligand resonances in the NMR however, this led to loss of yield and some decomposition.
After the cation exchange, integration of the PPhs" was ~1 mol equivalence, confirming 4-6
are mono-anionic. Although EtsN* was able to form the mono-ionic complex, separation form

the organic salts proved difficult.

Ligand Exchange Reactions on Tridentate Coordinated Pd to form 7 and 8. In order to form
the neutral complex, and increase organosolubility, attempts to exchange or remove the
chloride were explored. To that effect, pyridine (py) was added to the potassium salt 4 and the
results monitored with NMR (Table 1, 7). The spectrum shows new peaks in the 7-8 ppm region
indicating coordination of py. Integrating these peaks showed the chloride was successfully
replaced by the pyridine. When the py complex 7 was heated at 110 °C overnight, the py
remained coordinated. In a second reaction, 2,6-lutidine (Lu) was added to 4 and the reaction
monitored by NMR. Upon lutidine addition, integration of its peaks in the NMR showed
incorporation of about 0.5-0.6 mol eq of lutidine or incomplete replacement of the chloride.
Lutidine is a weaker nucleophile and is stericly more hindered than py, which explains why
incorporation of the lutidine was less than pyridine.

A neutral palladium complex with coordinated lutidine was synthesized directly using
Pd(OAc): and 2 equivalence of 2,6-Iutidine in dry THF (Figure 2, 8). Upon heating 8 overnight
at 110°C, tracking this reaction via NMR, a minor species started to form. NMR integration
suggests the new species is less than 30 % mol. Table 1 highlights the changes to the resonances
in the NMR. Formation of free Lu was also observed, confirming that lutidine’s labile
coordination may be controlled with heat. This reaction was able to form the desired
tetradentate complex Pd{Asp(OtBu)AlaGly(OMe)} (9).

Aqueous Synthesis of 9. The aqueous synthesis strategy also afforded the neutral palladium
complex 9. This was accomplished by adding an aqueous solution of KoPdCls to an aqueous
solution of the ligand, adjusting the pH to 10 and then immediately removing the solvent. The
NMR for this species matches the product formed by heating 8, which aided in the
identification of this product. Here again the use of aqueous medium proved difficult to
reproduce effectively for complex synthesis.

Synthesis of Neutral Complexes 9-11. A novel non-aqueous strategy for the formation of 9 was

developed. The ligand, along with “Proton Sponge” was dissolved in dry THF, Pd(OAc). was
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added to the solution and the reaction stirred under Ar. The proton sponge is a non-nucleophilic
base which allows the last coordination site on the Pd(II) to remain open for the C-terminal
ester to bind. The coordination of this complex is k*-NH2,N,N,=0. Composition of 9 was
confirmed by mass spectrometry as well as elemental analysis. This method established the
synthesis of neutral palladium tripeptide complexes with C-terminus methyl esters, and was

then applied to other ligands in the series (Figure 2, 10 and 11).
The tripeptide f-Asp(OtBu)AlaGly(OMe) (2) is an iso-peptide, meaning that it forms the

peptide bond through the side chain carboxylic acid. When coordinated to a metal center via
the N-terminal amine and the nearest amide, the peptide forms a 6-membered chelate. In

aqueous medium at neutral pH this system presents a competing coordination to the side chain

carbonyl forming the 5-membered chelate instead of the K>-NH>,N,N amide backbone!. The
k*-NH2,N,N,O chelated complex could be formed in basic aqueous conditions at a pH value of

~9. However, Pd(II) catalyzed hydrolysis at this pH value led to tert-butyl and methyl ester
hydrolysis of up to 35% and 65%, compared to ligand 1, which respectively only reached 5%
and 35% hydrolysis at pH 7.3. Considering that data, aqueous synthesis using 2 was not a viable
option, while using Proton Sponge as a base in dry THF yields the k*-NH2,N,N,=O species,
Pd{p-Asp(OtBu)AlaGly(OMe)} (10) in good yield. The composition of complex 10 was

confirmed by mass spectrometry and elemental analysis.
Aqueous coordination studies of the tripeptide TrpAlaGly(OMe) (3) with to Pd(en)(H.0)**
revealed that the tryptophan indole participates in coordination !. This conclusion was based

on the downfield shift of the indole moiety by ~0.11 ppm, whereas the shift associated with the

Trp a-C protons was relatively small. The NMR study revealed that at low pH the NH> would

coordinate as expected and chelation would continue to the Ala amide. However, as the pH
was increased to ~8 the k*-NHindote,N,N,O isomer was detected, forming an 8 membered ring.
This study also showed that the methyl ester is hydrolyzed up to 75% under these conditions.
Utilizing this information, 3 was complexed to Pd(OAc); in THF with Proton Sponge acting
as base. This yields the isomer k*-NH,,N,N,=O (Figure 2, 11). This complex was fully

characterized using elemental analysis and NMR, IR, and mass spectrometry.



Figure 3 DFT optimized structures of complexes 4, 8-11.

Characterization

Complexes 4-11 were characterized via NMR and IR spectroscopy, with quantum chemical
calculations at the DFT level used to aid the spectral interpretation. In order to correctly assign
coordination geometries, similarities and differences in the complex NMR chemical shifts, and
shifts in infrared frequencies of major bands were examined. Observed values were compared
to calculated chemical shifts and vibrational frequencies of the DFT-optimized structural

models.

DFT calculations with a continuum solvation model were employed to determine the lowest
energy structures in solution for complexes 4-11 which can be seen in Figure 3. Several
different conformational possibilities were explored computationally. As the Pd(I) complexes

are preferably square planar NH»,N,N coordination was expected and the lowest energy DFT-
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calculated conformers agreed. Due to the conformational flexibility of the tripeptide ligand, a
number of conformers for each complex are available (primarily due different orientations of
the Asp or Trp sidechains) but only the lowest energy conformer was considered in the

calculations of spectroscopic properties.

'H NMR Analysis.

General expected behavior. The coordinated amine/amide backbone is a commonality of 4-11;
this coordination was established in the proton NMR (Table 1) by the appearance of amino

protons as two triplets between ~5.0 and 3.8 ppm, while the amide protons, located ~8.40 —

8.10 ppm disappear. Generally, the a-C protons shift upfield whereas Ala a-C protons tend to

shift the most and have the largest shifting range. This behavior is expected considering the
Asp amide is trans to the fourth coordination sphere, and thus the magnetic environment of

these protons changes more significantly.

NMR of coordinated ligands in complexes 4-11. In the 'TH NMR spectrum for 4, the resonances
generally shift upfield the most compared to ligand 1, presumably owing to the fact that this is
the only negatively charged species in the series, and the chloride’s n-donation to palladium
effectively increases shielding around the ligand. Coordination of pyridine to 4 resulted in

downfield shifts of the amine, Asp and Ala a-C protons (Table 1, 7), which is explained by

pyridine z-back-bonding, resulting metal deshielding. However, the Gly a-C and methyl ester
protons shifted further upfield, one explanation for this is z-interactions with the pyridine.

Heating 7 overnight at 110 °C did not show any observable changes in the NMR. The complex
with coordinated Lu (8) has slightly different spectroscopic behaviors compared to 7. Notably,
a large upfield shift of the NH» protons (0.20 and 0.23 ppm). In 8 the Gly protons experience

the largest shielding effects of the series, appearing with a large coupling constant of ~ 96Hz

with resonances at 3.14, and 2.91 ppm. This is further evidence of z-interaction between the

lutidine and the glycine moiety. Upon heating 8 overnight at 110 °C a new species is observed,

where the Lu is is no longer coordinated. This new species matches the spectra of 9.



Table 1. Summary of NMR data from synthetic experiments to form neutral Pd(Il) complexes
with a~Asp(OtBu)AlaGly(OMe) (1), fAsp(OtBu)AlaGly(OMe) (2), and TrpAlaGly(OMe) (3)
where 4 is the species K[Pd(1)Cl, 7 = Pd(1)Py, 8 = Pd(1)Lu, 9 = Pd(1), 10 = Pd(2), 1] =
Pd(3). *Represents the minor species.

(F;;ggency 4 7 8 8+4* 9 0 1 1 2 3
N—Htpms  —  —  —  — 1090 —  — 1086
PY oo N N
Py/Lu ye 757 733 102 — —
Py/Lu pura 799 778 754 —  —
N—H aiy 834 839 832
N—H A - 816 824 812
CHrpm?  —  —  — 755 756
C—Hrpms  —  — — 737 - 1}
C Hipw  —  — 727 718
C—Hrpms  —  —  — 709 —  — 706
C—Hrpme  —  —  — 699 697
- 420 496 476 503 504 463 496
386 438 415 454 455 448 424
0-Cnl 354 366 366 368 368 389 378 431 431 434
o-Caly 364 352 200 386 387 362 396 384 383 383
0-Crpiasp 340 344 354 353 35 233 340 332 o 351
OCHj ay 350 334 334 355 355 355 355 362 363 3.63
Lu CH; 38 24— =
e 330222 3w 3 se 3
OC(CHs)s ap 140 140 141 142 142 144  — 138 139  —
B-Caa 115 123 123 120 120 108 124 123 121 116

Support for the coordination mode of 9 was established in part by examining the 'H NMR. The
appearance of the NH. protons at 4.76 and 5.03 ppm establish amine coordination. The Asp a-

C proton appears at about the same resonances as in 1. However, the Ala a-C protons

experiences a large upfield shift, supporting Asp amide coordination. The Gly protons only
shift by 0.03 ppm compared to 1, but the Gly coupling pattern changes from a doublet to a
quadruplet, signifying Ala amide coordination. The small change in resonances is explained

with carbonyl oxygen coordination. Carbonyl is a z-acceptor ligand, deshielding the metal. An



argument for a coordinated carboxylate ester oxygen is not supported given the small change

in the methyl ester chemical shift.

The NMR spectrum of 10 was poorly resolved owing to the lability of the 6 membered ring.
However, important information regarding coordination geometry can still be gleaned from the
2-D coupling patterns and discernible resonance positions. Elevated temperature NMR
experiments (330K) were performed to improve the spectral resolution. Coordination of the
amine is evidenced by the NH. resonances at 4.63 and 4.48 ppm. Side chain methylene protons
of the N-terminal amino acid (Asp or Trp) are a characteristic feature of the ligands 1-3. These
protons are distereotopic and, when recorded in DMSO-d6, appear as a doublet of quadruplets,
because they are in different magnetic environments with different vicinal coupling. For 4-9
these protons are outside a chelate ring and show similar coupling constants as the ligands.

However, 10 encloses the methylene protons in a 6-membered ring and they become an

apparent quadruplet (see Figure 3). Additionally, a large upfield shift of the a-C protons for

Asp (0.46 ppm), Ala (0.42 ppm), and Gly (0.21 ppm), confirms the amine/amide backbone

chelation.

In 11, the appearance of the NH. protons at 4.96 and 4.24 ppm confirms N-terminus amine

coordination, whereas the indole resonances are relatively unchanged suggesting N-terminal

amine coordination rather than via the indole amine. Respective shifts in the Ala (A0.56 ppm)

and Trp (A0.11 ppm) a-C protons shift downfield, are in agreement with 9-10.

3C NMR Analysis.

The *C NMR spectrum collected for the ligands (1-3) and complexes (4, 8-11) can be seen in
Table 2. Assignments for the carbon spectrum were aided by the 2-D NMR technique HSQC,

which reveals 1*C and 'H coupling. As expected, all of the a-carbons shifted downfield, while
the Ala a-carbons undergo the largest downfield shifts and have the broadest range.
The most significant and difficult assignments for 1*C belonged to the carbonyl carbons. In

order to confidently assign these signals, DFT calculations were used to elucidate coordination

modes and to calculate the *C chemical shifts. These calculations are based on the optimized



Table 2. Assigned "C NMR resonance for ligands 1-3 and complexes 4,8-11. *(Lutidine
resonances can be found in experimental section)

(Fggggency 4 8* 9 10 11 1 2 3

C=Orrp/asp 170.14  169.93  169.79  170.75 17293 17282 17299  173.84
C=Oala 18517 18545  177.03 17626 17824 17261 17273  172.68
y-C=Oayp 175.91 1759 172.89  172.58 — 17045 170.17 —

C=Ocy 17234 17171 186.47 ? 186.55  170.11 169.4  170.12
C=C Trpmm4 — — — — 136.37 — — 136.20
C=C Trp-in9 — — — — 127.11 — — 127.39
C—H Trpn2 — — — — 123.33 — — 123.94
C—H Trpns — — — — 121.11 — — 120.84
C—H Trpins — — — — 118.44 — — 118.46
C—H Trp1n7 — — — — 118.24 — — 118.19
C—H Tipin s — — — — 111.41 — — 111.28
C=C Trpin1 — — — — 109.47 — — 110.22
OC(CHs)s A 79.93 80.14 80.47 82.32 — 79.97 80.41 —

OCH3 aiy 50.52 50.79 50.96 50.92 50.93 51.68 51.67 52.69
a-Crp/asp 56.55 56.50 55.81 40.16 59.58 51.51 39.15 54.91
a-Cala 57.05 57.13 56.60 58.87 56.50 4778 47.85 47.52
a-Caly 46.49 45.84 46.79 44.73 46.86 40.48 40.48 40.48
B-Clipiasp 39.86 39.73 39.94 547 29.93 40.24 51.52 30.42
OC(CHs)s Ay 27.79 27.79 27.79 27.58 — 2775 27.61 —

B-Cata 19.43 19.78 19.80 20.64 19.92 18.50 18.18 18.64

geometries found in Figure 3. Table 3 shows a comparison of observed and calculated carbonyl
3C chemical shifts, which are adjusted for systematic differences in shielding values. For 4
and 8 there is decent agreement between the observed and calculated values for Gly and Asp
esters, and Asp amides however, the Ala amide shows stronger deshielding then calculations
suggest. Coordination of the ester carbonyl (C=Ogly), seen in 9 and 11, is accompanied by a
large downfield shift from ~170 (1-3) to ~186 ppm which is consistent with reported values?.
Due to the lability of 10, this peak was not observed, even in the high temperature NMR

experiment.
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Table 3. Assigned *C NMR resonance for complexes 4,8-11 compared to calculate values.

Frequency 4 4 8 8 9 9 10 10 11 11

(ppm) (obs) (calc) (obs) (calc) (obs) (calc) (obs) (calc) (obs) (calc)

C=Orpasp | 170.14 170.82 | 169.93 171.07 | 169.79 171.39 | 170.75 1653 | 17293  169.9

C=0Oan 185.17 181.86 | 18545 182.5 | 177.03 177.63 | 176.26 176.5 | 178.24 177.11

v-C=0asp | 17591 171.72 | 1759 17471 | 172.89 172.31 | 172.58 172.4 — —

C=Oaly 172.34 17134 | 171.71  173.3 | 186.47 186.23 ? 187.8 | 186.55 185.82
Infrared Data Analysis.

Infrared spectroscopic data was collected for ligands 1-3 and complexes 4, 8-11 and is detailed

in Table 4. Vibrational modes for the ligands and complexes were assigned with the aide of

DFT calculations, based on relative value sets. Comparative values for observed and calculated

carbonyl stretching bands for 9-11 are presented in Table 5.

For 4, 8-11, the low energy shift of the symmetric and asymmetric stretching modes for NH»

to ~3250 - 3100 cm™!, at energies typical of coordinated Namino®, confirm amine coordination.

Whereas low energy shifts of the Amide I band by 50-100 cm™, which combine with the Amide

II band, support amine/amide backbone chelation. Additionally, the palladium to nitrogen

vibrational energies appear consistent with reported values 3-°.

Table 4. Summary of infrared data from synthetic experiments to form Pd(Il) complexes 4, 8-
11 with ligands 1-3. *Denotes shoulder absorption.

(Fcr;?};ency 4 8 9 10 11 1 2 3
VIN_H)) 3234 3223 3245 3239 3286 3370  3375% 3370*
v(N—H) 3138 3100 3129 3121 3235 3314 3304 3297
v(C=0)

OtBu 1723 1732 1729 1732 — 1725 1743 —
OMe 1748%  1750% 1541 1551 1554  1759% 1757% 1749
B I e
v(C=C)

Aromatic — — — — 1668 — — 1673*
v(N—H)

Amide 1T — — — — 1546 1541 1517
v(C—0)

OtBu 1254 1250 1253 1258  — 1250 1254 = —
OMe 1210 1210 1205 1207 1207 1213 1212 1213
v(0—C)

OtBu 1148 1147 1145 1155  — 1155 1155  —
WM 2 Sas sas s e~~~
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Table 5. Comparative values for v(C=0) vibrational modes observed verses DFT calculated
for 4, 8-11 and ligands 1-3. The 4 values show the systematic error of the calculated DFT
values.

v(C=0) v(C=0) v(C=0) v(C=0)

Complex  “6ip,"  OMe  Amidel Amide
4 Obs 1723 1748 1585 1570
DET 1767 1782 1659 1639
A 4 34 74 69
8 Obs 1732 1750 1604 1582
DFT 1749 1790 1664 1642
A 17 40 60 60
9 Obs 17290 1541 1608 1584
DET 1757 1677 1666 1652
A 28 136 58 68
10 Obs 1732 1551 1590 1567
DET 1784 1674 1653 1653
A 52 123 63 86
11 Obs _ 1554 1598 1569
DFT . 1652 1677 1662
A . 08 79 93
1 Obs 1725 1759 1670 1670
DET 1758 1793 1745 1728
A 33 34 75 58
2 Obs 1743 1757 1659 1659
DET 1757 1787 1740 1730
A 14 30 81 71
3 Obs _ 1749 1655 1655
DFT . 1792 1747 1713
A . 43 92 58

For 4 and 8 the methyl ester carbonyl band is still present and ~1750 cm’!, indicating that the
carbonyl is uncoordinated. Lutidine coordination is confirmed for 8 with the appearance of an
aromatic v(C=C) band at 1471 cm! (free Lu 1481 cm!) and by the shift of the out-of-plane CH
band to higher frequency (787 cm!) compared to that of the free ligand (770 cm™') 3.
Unfortunately, Pd-Cl vibrations appear at far-IR frequencies and are not observable. Compared
to 4 and 8, the spectrum for 9 has a strong distinct band at 1541 ¢cm™'. Palladium complexes
with similar ester coordination have been synthesized and report a large shift of the ester
carbonyl stretching frequency to lower energies ’ upon coordination. This indicates that the
methyl ester carbonyl oxygen is coordinated to Pd, resulting in a lower energy shift of ~200

cm!. This assignment is supported by the calculated relative vibrational frequencies for this

12



complex; A similar band is present in the spectra collected for 10 and 11, suggesting 9-11 have
methyl ester carbonyl coordination. In addition the methyl ester v(C--O) for 9-11 appears to

have the same low energy shift of ~ 7 cm™!.

Reaction studies

Ethylene

To examine whether these complexes were good candidates for the catalysis, ethylene
reactivity studies were performed and monitored with NMR spectroscopy. The general
procedure was to dissolve the complexes in DMSO-d6 and record the spectrum, bubble
ethylene directly into the NMR tube and record the spectra again. The addition of ethylene
produced a peak at 5.14 ppm, since this is where the signal for free ethylene in DMSO-d6

should be, it was concluded there was no reaction. It was surmised that the addition of an a-

proton was needed in order to see reaction chemistry.
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Figure 4. Stacked 'H NMR spectra of 9 (1) with addition of: (2) 30uL TFA, (3) Ethylene, (4)

20 uL TFA and Ethylene, (5) 30 uL TFA and Ethylene, (6) 40 uL TFA and Ethylene, (7) 40 uL

TFMS and Ethylene, (8) Ligand 1, (9) Blank with Ethylene and TFA

Reaction Study: 9 with Ethylene

®

~N

o

w

N

AN

13



Trifluoroacetic acid (TFA) and Triflic acid (TFMS) were selected because one is a weak acid,
and the other a strong acid; Neiter TFA or TFMS have interfering proton resonances. Portions
ranging from ~10 to 20-fold excess of TFA or TFMS were added the spectra were recorded

again. These spectra are depicted in Figure 4.

Procedure: Complex 9 (10.1 mg, 0.023 mmol) was dissolved in 650 uL. of DMSO-d6, the

NMR recorded, then ethylene was bubbled in for 1 min, and the NMR recorded again. (Figure
4-4) TFA (~20 uL, 0.128 mmol; ~30 uL, 0.192 mmol; ~40 uL (0.256 mmol) was added to the

NMR tube and the spectrum recorded again. There were also some solvent impurities and

residual proton sponge present.

Results: After ethylene addition a singlet at 5.41 ppm representing free ethylene appeared
however, no coordinated ethylene was observed and there were no changes to the spectrum of

the complex. With the addition of ~20 uLL TFA to the sample, a few noticeable differences

were observed (Figure 4-3). Small proton sponge impurities capture the acidic proton, and the
resonance shifts from 2.74 to 3.13 ppm; This had little effect on the reaction chemistry since a
10 - 20-fold excess of TFA was added. A new doublet formed at 2.13 ppm that couples to a
quadruplet at 9.66 ppm in a 3:1 ratio. If the doublet represents 3 protons then this compound is
<5 % of the complex; This is accompanied by the loss of the H>O residue signal at 3.33 ppm.

Increasing the amount of TFA to ~30 L results in more changes to the recorded spectra (Figure

4-5). Three resonances form downfield at 8.65(d), 8.40(t), and 8.19(s) ppm, which couple with
small resonances at 4.38(t), 3.86(m) and 4.10(m), respectively. These are the amino/amide
protons and are presumably formed by dissociation of the Pd(II) from the ligand. Again, the
doublet at 2.13 ppm which couples to the quadruplet at 9.66 ppm in a 3:1 ratio, representing

~10 % proportional to the complex.

When ~40 uL. TFA was added to the sample, the spectrum changes significantly, as seen in

Figure 4-6. All of the signals shift downfield and Ala and Gly a-C protons couple with the

signals at ~8.20 — 8.65 ppm; These resonances suggest the complete demetalation and
protonation of the N functional groups in the presence of acidic protons. The resonances at
2.13 and 9.66 ppm increase proportionally with the quantity of TFA and now integrate to ~15
- 20 %. Comparing this spectra with the free ligand 1, there is little overlap in signal

14



positioning, this may likely be a function of pH.

The reverse order of reagent addition was performed, where TFA (~30 uL) was added (Figure

4-2), a spectrum recorded, then ethylene was bubbled in and these spectra were compared.

With just TFA addition, the Ala a-C protons shift downfield by ~0.10 ppm. However, the

doublet at 2.13 ppm, coupled with the triplet at 9.66 ppm, appears only after both TFA and
ethylene are present. These resonances are formed by the oxidation of ethylene to form
acetaldehyde (Scheme 1). This reaction is catalyzed by Pd(II) after dissociation of the ligand.
A blank spectrum of TFA and ethylene in DMSO (Figure 4-9) confirmed that this is not a
spontaneous reaction. The spectra produced a singlet at 5.41 ppm (free ethylene) and a broad

doublet at 7.03 ppm, which could be related to trace H.O interactions with TFA.

O
I
= +  H,0 Pd(ll) HZ)\H + H+
HH
Ethylene Acetyaldehyde

Scheme 1. Oxidation of ethylene to form acetaldehyde catalyzed by Pd(II)

Triflic acid (TFMS) was substituted for trifluoroacetic acid in order determine if a different

proton source produces the same product. Unlike TFA, TFMS is non-coordinating.

Procedure: For this experiment, an NMR tube was charged with 9 (10.0 mg, 0.023 mmol) and
ethylene was bubbled in, then TFMS was added (~40 uL, 0.443 mmol), and the sample was
collected (Figure 4-7).

Results: Comparing the 'H NMR of spectra 6 and 7 in Figure 4, many of the same signals are
present, including the downfield protons on the N-functional groups; Indicating excess of
TFMS also results in demetalation. Two new resonances are formed in this reaction, a triplet
at 1.29 ppm integrating to ~8 protons and a quadruplet at 4.30 ppm, integrating to ~5.5 protons.
This product is most likely ethyl trifluoromethanesulfonate (Scheme 2), which is known to
form from triflic acid in the presents of ethylene®’. The NMR had some Pd black precipitate

after three days but was still a yellow solution.
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Scheme 2. Spontaneous reaction between trifluoromethanesulfonate and ethylene to form ethyl
trifluoromethanesulfonate

Reaction Study: 9 with Ethylene
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Figure 5. Stacked 13C NMR 9 (1) with addition of: (2) 20 uL TFA and Ethylene, (3) 30 uL TFA
and Ethylene, (4) 40 uL TFA and Ethylene, (5) 40 ulL TFMS and Ethylene, (6) Ligand 1, (7)
Blank with Ethylene and TFA.

Examining the *C NMR for this experiment reveals the addition of 20-30uL TFA, does not

result in changes to the signals of 9 (See Figure 5). Although ~10 to 15-fold TFA excess was
added, the signature quadruplets at ~158 and ~115 ppm are not present in the spectrum. This
could be related to the volatility of this reagent and the length of 1*C experiments. When more
TFA (40 uL) or TFMS (40 uL) is added, the '3C signals are affected significantly. This supports
the findings that demetalation has occurred. Table 6 list the signals formed with the addition
of TFMS, along with the observed signals for 9 and 1. Conformation of Et-TFMS formation is

see in the corresponding '3C signals at 15.67 and 73.08, respectively. The formation of an

16



aldehyde signal at 201.25 ppm and the appearance of a peak at 31.10 supports the assertion
that acetaldehyde is formed.

The TFA experiment was also carried out on complex 10.

Procedure: An NMR tube was charged with 10 (9.7 mg, 0.022 mmol) and a spectrum recorded,
then TFA (~ 20 uL, 0.128 mmol) was added and the spectrum recorded; Ethylene was bubbled
in, and the NMR recorded again.

Results: With the addition of TFA the spectrum changes dramatically. Again, the three
downfield resonances are formed at 8.49(d), 8.24(t), and 8.20(d) ppm which couple to 4.37(t),
3.84(d) and 4.17(m) indicate that for part of the sample N amine/amide protonation and
demetallation has occurred. The Asp B-C protons shift from 2.34(q) to 2.76(d) and couple with
the Asp a-C protons at 3.44(t) ppm (shifted from 3.18 ppm); This proton couples with NH; at
5.01 and 4.73 ppm, indicating that the amine is still coordinated in some of the sample. After
ethylene addition the resonance at 2.13(d) and 9.66(q) ppm appear in a 3:1 ratio, where if the
doublet represents 3 protons, then this compound is ~10% of the complex. The *C for this

experiment is not very telling due to the lability of the complex.

Methyl formate

Carbonylation reactions are typically performed using CO in conjunction with various
monomers, including olefins and alcohols under high pressure to yield various carboxylic acid
derivatives. In order to avoid the use of carbon monoxide as C1-feedstock, which not only is
toxic and difficult to transport, but also requires a reactor set-up, CO-surrogates can be used.

Chief among these CO alternative are formic acid derivatives. '

In order to examine whether these complexes are candidates for carbonylation reactions, first
activation of methyl formate was investigated. A stock solution of methyl formate (0.100 mM)
in DMF was added to 40 mg of sample in a 1.1 : 1 ratio. However, upon mixing, the formation

and precipitation of Pd black occurred immediately.
Sulfur reagents

The reactivity of 9 and 10 toward catalytic sulfur atom transfer reaction was also investigated.

These studies were performed and monitored with NMR spectroscopy. Samples were prepared
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aerobically by mixing together thiirane and DMSO-d6 in a screw cap NMR tube. Initial 'H
NMR spectrum were recorded at ambient temperature and pressure to obtain a blank spectrum.
A pre-weighed amount of solid catalyst was added to the NMR tube and 'H NMR spectrum
was recorded. The progress of the reaction was monitored over the course of hour or days to
determine conversion of thiirane to alkene. Controlled reactions under the same conditions but
omitting the catalyst, showed no identifiable alkene formation over commensurate time periods

as the catalytic runs.
Catalytic study of 9 (3 mol %) with cyclohexene sulfide

Procedure: Cyclohexene sulfide (47 microL, 0.3833 mmol) was added to DMSO-ds (0.6 ml)
in screw-cap NMR tube and '"H NMR was recorded (blank). Complex 9 (5 mg, 0.0115 mmol)
was added to NMR tube and 'H NMR spectrum for recorded instantly.

Results: Complex 9 showed quick conversion of cyclohexene sulfide to cyclohexene (Scheme
1) reaching up to 20%, then leveling out after ~30%. Deactivation of the catalyst occurs after

~30 hours. Figure 6 outlines the percent conversion as a function of time.

Ojs Cat @ RS,

Cyclohexene Sulfide Cyclohexene

Scheme 3. Catalytic conversion of cyclohexene sulfide to cyclohexene

Catalytic study of 10 (3 mol %) with cyclohexene sulfide

Procedure: Cyclohexene sulfide (47 microL, 0.3833 mmol) was added to DMSO-ds (0.6 ml)
in screw-cap NMR tube and 'H NMR was recorded (blank). Complex 10 (5 mg, 0.0115 mmol)
was added to NMR tube and 'H NMR spectrum for recorded instantly.

Results:Complex 10 showed much higher conversion of cyclohexene sulfide to cyclohexene,

with conversion reaching > 50% after 24 hours before deactivation.

18



60

9+CsS

50
o 10+ C.S.
si 40
c
.0
2 30
(]
=
o 20
O

10

0

0 1000 2000 3000 4000 5000 6000

Time, min

Figure 6. Percent catalytic conversion of cyclohexene sulfide to cyclohexene with complexes 9
and 10, monitored via 'H NMR.

Approximately 1 mg of PdA{WAG(OMe)} was dissolved in 1.5 mL of solvent (DMF, CH3;CN,
DMSO) and 0.200 mL of propylene sulfide or 0.100 mL of cyclohexane sulfide was added to
the solution. The vials were capped and allowed to sit overnight. If solid precipitate formed it

was separated via centrifuge and UV-Vis spectroscopy of the solutions was taken.

In DMF complex 11 exhibits absorbance bands at 281, 290, 314(sh), 338(sh) and 458(sh) nm;
The addition of cyclohexene sulfide and propylene sulfide did not result in formation of a
precipitate. With the addition of cyclohexene sulfide, a hypsochromic shift from 458 to 390
nm was observed this was accompanied by a merger of the shoulder bands at 314 and 338 nm
to 328 nm. When propylene sulfide was added to complex 11 in DMF a strong absorption band
at 330 nm arises. This is also accompanied by the hypsochromic shift of 458 nm to a shoulder

band around 375 nm.

The complex did not fully dissolve in acetonitrile and the solubility of 11 was determined to
be about 1.5 mg in 20 ml of CH3CN. Due to the low solubility of 11 in acetonitrile, the addition
of propylene sulfide and cyclohexane sulfide turned the solution cloudy immediately. In
acetonitrile 11 has absorbance bands at 281, 290, 314(sh), 338(sh, and 458(sh) nm), mirroring
the bands in DMF. After the addition of propylene sulfide, the absorbances at 314 and 338 nm
converge into a shoulder peak at 326 nm, and there is a hypsochromic shift from 458 to 392
nm. This same hypsochromic shift can be seen in the cyclohexene sulfide solution, however

the excess cyclohexene sulfide masks the spectra under 360 nm.

The reaction of 11 with cyclohexene sulfide in DMSO resulted in the same hypsochromic shift
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at around 400 nm and the shoulder band at 327 nm, as seen in the DMF and acetonitrile. The
addition of propylene sulfide resulted in a clear solution with a white precipitate which is a

result of demetalation.

Discussion

Combining spectroscopic data from 'H and '*C NMR, infrared, and mass spectroscopy, along

with elemental analysis, the coordination geometry of five distinct complexes was elucidated.

It was soundly established that complexes 4-11 have coordinated amine/amide backbone
coordination and that the 4* coordination dramatically effected the spectroscopy of the

complex.

Complexes 4-6 were mono-anionic with coordinated chloride in the 4* coordination. This
resulted in the proton signals displaying large shielding effects from the charged metal ion.
However, this effect was muted in the 3C NMR. Complexes formed with pyridine (7) and

lutidine (8) exhibited z-interaction with the glycine moiety, resulting in upfield displacements
in the 'H and '*C spectra.

The most difficult assignment was the methyl ester carbonyl coordination for 9-11.
Establishing this coordination started with the collection of the mass spectroscopy data, which
gave the M+Na" species with error less than 2.0 ppm. The methyl esters in 9-11 experiences
the same degree of shielding in the "H NMR, and in the 13C NMR the methyl carbon has similar
shifts between 1-3 and 9-11 suggesting similar coordination for these three complexes. The
carbonyl carbon has a distinct downfield shift to ~187 ppm for 9 and 11, which was confirmed
by DFT calculations. The carbonyl carbon for 10 was not detected, because of lability, but the

comparative data of this common moiety indicate that it too has carbonyl coordination.

For ligand 3 there are distinct differences in the coordination behavior in non-aqueous versus
aqueous synthesis, where it was established that the indole amine competitively coordinated

with metal instead of the N-terminal amine.

The reactivity studies of 9 and 10 with ethylene show activation of the ethylene group only
with the addition of a proton source. The ethylene is oxidized to form the acetaldehyde. This
is a well-known mechanism, the Wacker Process (WP), with industrial applications. In the WP
olefins are converted to aldehydes via catalytic oxidation. The olefin is first coordinated to a

metal center (usually a Pd(II) salt), followed by and external attack by an oxidizing agent, then
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proton transfer, and finally dissociation. These reactions were stoichiometric when first studied
because of decomposition of PACl> to Pd(0), but the addition of CuCl, to oxidize Pd(0) gave

way for a bi-cyclic catalytic reaction with the overall reaction equation seen in Scheme 3.

02+ 2H+
vz Cu(l)

2 Cu(ll)

Pd(ll) _—
H,O x_
1

Pd(ll
Pd(0) " H,O

; :
OH"

o - s Qll)
Pd(II;\ |
)

H—Pd(Il

Scheme 4. Catalytic cycle for the palladium catalyzed oxidation of alkenes to aldehydes.

In the reaction studies carried out in this work, the acid causes demetalation after ~10-fold
excess acid added. As more acid is added, the degree of demetalation increases, and the amount
of converted acetaldehyde also increases. It is unclear if the formation of acetaldehyde is

limited by the amount of acidic protons or oxidizing agent, namely water.

Conclusion

The development of a non-aqueous synthesis strategy, using a non-nucleophilic base was
instrumental in the formation of neutral tetra-dentate palladium complexes with «*-
NH2,N,N,=0 coordination. The development of this class of complexes was meant to achieve
maximum organosolubility, in order to carry out reactions in non-coordinating solvents.
Despite 9 and 10 having multiple functional groups including the methyl and tert-butyl esters
and 11 with an indole, these complexes are relatively insoluble. These complexes were most
soluble in DMSO and DMF but were also slightly soluble in acetonitrile and alcohols.

However, they were insoluble in most organic solvents. As a consequence, characterization
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and reaction studies were carried out in coordinating solvents. The use of this synthetic strategy

offers the possibility to facilitate coordination of esters carbonyl oxygen to metals.

Complex 9 exhibited a mild ability to convert ethylene to acetaldehyde, but it is unclear if this

is due solely to Pd(II), as the ligand was demetalated in parallel with this reaction proceeding.

Both 9 and 10 are able to catalytically transfer sulfur atom however, 10 outperforms 9 in TOF

before deactivation.

Experimental

Instrumentation

Infrared spectra were recorded on a Nicolet Avatar 360 FT-IR (E.S.P.) spectrophotometer
using KBr pellets. 'H, COSY, and '3C nuclear magnetic resonance spectra were recorded at
ambient temperature on a Bruker Avance 400 MHz spectrometer at 400 and 101 MHz,
respectively. Solvents used were DO, DMSO-ds, and CDCl;. Mass spectra were recorded on
a micrOTOF-Q spectrometer, equipped with E-spray atmospheric pressure ionization chamber

(ESI).

Reagents used were purchased from Sigma Aldrich and used without further purification unless
otherwise stated. Alanylglycine, Fmoc-Asp(OtBu)-OH, Fmoc-Asp(OH)-OtBu, Z-Trp, and
EDC-Cl use in peptide coupling were purchased from Bachem. Solvents were purchased from
Sigma Aldrich and were distilled under nitrogen and dried using standard methods!'!.
Alanylglycine esterification was completed by reacting it with trimethylchlorosilane!?,

[Pd(CH3CN)CI,] was prepared according to the published procedures.

Quantum chemical calculations

Calculations were performed with a development version ORCA program'*!4. The density
functional theory based protocol consisted of the PBEO-D3BJ functional'*!” (including the D3
dispersion correction by Grimme and coworkers '%!° and the triple-zeta basis set def2-TZVP>.
The RIJCOSX?!2? approximation was used to calculate Coulomb and Exchange integrals,
using the def2/J auxiliary basis set by Weigend et al. and the GridX5 (ORCA keyword) grid
was used. Tighter grids for the exchange-correlation terms were also used (GridS, FinalGrid6

keywords in ORCA). The CPCM solvation model using a Gaussian pointcharge scheme and a
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scaled vdW surface was used to incorporate solvation effects. Vibrational frequencies were
calculated analytically, as implemented in ORCA. '3C NMR shieldings were calculated using
the same level of theory, except the pcSseg-2 basis sets were utilized on carbon and hydrogen
atoms. The calculated shieldings were converted into chemical shifts by calculating the
shielding difference with respect to tetramethylsilane at the same level of theory. Chemical

shifts were shifted by -15 ppm due to a systematic overestimation.

Ligand synthesis

The ligands were synthesized following published procedure. ! Coupling reactions were
executed by adding EDC-HCI (1.1 mol eq) to a solution with 1:1 molar equivalent of N-
protected amino acid and HOBt in chloroform (0° C). AlaGly(OMe)-HCI (1 mol eq) was added,
followed by addition of triethylamine (1.05 mol eq). The solution was stirred under slight N>
flow at ambient temperature for 24 h. Product was washed with water and dried with MgSO4
and the CHCl3 removed in vacuo. The Fmoc-protection group was removed 2* by stirring the
tripeptide in DMF at 110° C for 1 hour. Methanol was added to the DMF and then washed
with hexane. Solvent was removed in vacuo and purified with flash chromatography. The CBZ-
protection group was removed?* by catalytic hydrolysis with H, using 10% Pd/C in dry MeOH.

Product was collected by filtering through celite and removing the solvent in vacuo.

Complex synthesis
K[Pd{a-Asp(OtBu)AlaGly(OMe)}Cl] (4): K.PdCls (0.040 g, 0.136 mmol) and 1 (0.050 g,

0.136 mmol) were dissolved in H>O (5 mL) and KOH was added until pH=6.5. Solution was
stirred overnight under N>. The H>O was removed in vacuo and the product was isolated by
dissolving in EtOH and filtering. 'H NMR (400 MHz, DMSO-ds) 6 4.20 (dd, 1H, NHasp), 3.84
(d, 1H, NHasp), 3.69 — 3.57 (m, 2H, a-Haly), 3.56 — 3.51 (m, 1H, a-Ha), 3.50 (s, 3H, -OCH3
Gly), 3.43 — 3.36 (m, 1H, a-Hayp), 2.50 (DMSO), 2.48 — 2.42 (m, 1H, B-Hasp), 2.35 — 2.29 (m,
1H, B-Hasp), 1.40 (s, 9H, -O(CH3)3 ayp), 1.15 (d, 3H, B-Hau). IR (KBr) em™: 3315, 3234 (b,
v(N—H)), 1723 (s, v(C=0)), 1585 (s, v(C=0)), 1570 (s, v(C—N)), 1254 (s, v(C—0)), 1210 (s,
v(C—0)), 1148 (s, v(C—O0)). UVVis (H20): ex MS (ESI/Negative) MW: (C14H23N306PdClI)

= 471.2230, M/Z found(calc) = 472.0311(472.0313) [M'].

(EtsN)[Pd {a-Asp(OtBu)AGly(OMe)} Cl] (5): Pd(CHsCN),Cls (0.076 g, 0.297 mmol) and 1

23



(0.097 g, 0.297 mmol) were dissolved in dry THF (~20 mL) and triethylamine (0.08 mL, 0.585
mmol) was added. The reaction was stirred overnight under Ar. Solution was filtered through
celite and removed in vacuo. Excess yield due to EtzNCl salt. 'H NMR (400 MHz, DMSO-ds)
0 4.21 (dd, 1H, NHasp), 3.85 (t, 1H, NHasp), 3.69 — 3.56 (m, 2H, a-Haly), 3.56 — 3.51 (m, 1H,
a-Hat), 3.50 (s, 3H, -OCH3 aiy), 3.40 (d, 1H, a-Hasp), 3.08 (q, 14H, -CHz 1E4), 2.50 (DMSO),
2.44 (d, 1H, B-Hasp), 2.33 (dd, 1H, B-Hasp), 1.40 (s, 9H, -O(CH3)3 asp), 1.23 — 1.13 (m, 24H, -
O(CH3)3 ag-CH3 1EA). IR (KBr) cml: 3313, 3215 (b, v(N—H)), 1750 (s, v(C=0)), 1724 (s,
v(C=0)), 1601 (s, v(C=0)), 1583 (s, v(C—N)), 1250 (s, v(C—0)), 1210 (s, v(C—O0)), 1148 (s,
v(C—0)).

(PPh4)[Pd{a-Asp(OtBu)AlaGly(OMe)}Cl] (6): PPhsCl (0.128 g, 0.293 mmol) and 1b (0.220

g, 0.586 mmol) were dissolved in dry THF. The resulting precipitate was filtered. '"H NMR
(400 MHz, Chloroform-d) 6 7.98 — 7.91 (m, 4H, PPhyu4), 7.81 (td, 8H, PPhyer), 7.69 — 7.60
(m, 8H, PPhymo), 7.26(CDCI3), 4.01 — 3.85 (q, 2H, a-Haly), 3.96 (m, 1H, a-Hau), 3.64 (d, 1H,
o-Hasp), 3.58 (s, 3H, -OCH3 aiy), 2.82 (d, 1H, B-Hasp), 2.50 (dd, 1H, B-Hasp), 1.42 (s, 9H, -
O(CH3)3 agp), 1.35 (d, 3H, f-Hamn). IR (KBr) cm™': 3314, 3215 (b, v(N—H)), 1750 (s, v(C=0)),
1724 (s, v(C=0)), 1601 (s, v(C=0)), 1583 (s, v(C—N)), 1250 (s, v(C—O0)), 1194 (s, v(C—0)),
1138 (s, v(C—0))

Pd{D(OtBu)AG(OMe)}(Lu) (8): 1 (0.097 g, 0.293 mmol) and 2,6-lutidine (0.064 mL, 0.585

mmol) were dissolved in THF (20 mL). Pd(OAc). (0.066 g, 0.293 mmol) was added and the
reaction stirred under Ar overnight. The solution was filtered, the volume reduced in vacuo and
precipitated out and washed with Et,O. '"H NMR (400 MHz, DMSO-ds) 8 7.78 (t, 1H, Lupara),
7.33 (dd, 2H, Luper), 4.76 (dd, 1H, NHagp), 4.15 (t, 1H, NHasp), 3.71 — 3.60 (m, 1H, a-Hal.),
3.54 (q, 1H, a-Hasp), 3.34 (s, 3H, -OCH3 ayy), 3.18 (s, 6H, Lucns), 3.14 (d, 1H, a-Haly), 2.91
(d, 1H, a-Haly), 2.57 (dd, 1H, B-Hasp), 2.50 (DMSO), 2.45 — 2.34 (m, 1H, B-Hasp), 1.41 (s, 9H,
-O(CH3)3 ayp), 1.23(m, 3H, B-Hal). 3C NMR (101 MHz, DMSO) 8 185.45 (C=Oasp), 175.90
(C=0amn), 171.70 (C=Oqly), 169.93 (y-C=0asp), 160.12 (Luosmo), 159.69 (Luorio), 139.08
(Lupara), 122.72 (Lumera), 122.60 (Lumera), 80.14 (-OC(CH3)3 asp), 57.13 (OCH3 aiy), 56.50 (o
Casp), 50.79 (a-Cala), 45.84 (0-Caly), 39.73 (B-Casp), 39.52(DMSO), 27.79 ((-OC(CHs)s asp),
25.86 (Lucns), 25.77 (Lucns), 19.78 (B-Cat). IR (KBr) em™': 3303, 3223 (b, v(N—H)), 1750
(s, v(C=0)),1732 (s, v(C=0)), 1604 (s, v(C=0)), 1582 (s, v(C—N)), 1250 (s, v(C—0)), 1200
(s, V(C—0)), 1147 (s, v(C—O0)). MS (ESI/Positive) MW: (C21H32N4O06Pd) = 542.9290, M/Z
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found(calc) = 565.1254(565.1257) [M+Na™]

Pd{a-Asp(OtBu)AlaGly(OMe)} (9): 1 (0.331 g, 1.000 mmol) and Proton Sponge (0.536 g,

2.500 mmol) were dissolved in THF (20 mL). Pd(OAc). (0.224 g, 1.000 mmol) was added and
the reaction stirred under Ar for 5 h. The solution was concentrated in vacuo and precipitated
out with several additions of EtOAc and toluene. Product was recrystallize as a purple solid
from acetonitrile and EtOAc (0.295 g, 67.7%) '"H NMR (400 MHz, DMSO-ds) 6 5.04 (t, 1H,
NHasp), 4.55 (t, 1H, NHasp), 3.95 — 3.79 (m, 2H, a-Hayy), 3.68 (q, 1H, a-Hal), 3.56 (s, 1H, a-
Hasp), 3.55 (s, 3H, -OCHj3 aiy), 2.61 (dd, 1H, B-Hasp), 2.50 (DMSO), 2.48 — 2.42 (m, 1H, f3-
Hasp), 1.42 (s, 9H, -O(CH3)3 as), 1.20 (d, 3H, f-Hawn). *C NMR (101 MHz, DMSO) §
177.03(C=0asp), 172.89(C=0al1a), 169.79(y-C=0asp), 99.49(C=0acly), 80.47(-OC(CH3)3 asp),
56.59(0OCHs aly), 55.80(0-Casp), 50.93(a-Cala), 46.79(0-Caly), 39.94(B-Casp), 39.52(DMSO),
27.79(-OC(CH3)3 asp), 19.80(p-Can). IR (KBr) em': 3313, 3245 (b, v(N—H)), 1731 (s,
v(C=0)), 1588 (s, v(C=0)), 1541 (s, v(C—N)), 1253 (s, v(C—0)), 1206 (s, v(C—0)), 1145 (s,
v(C—O0)). UVVis (CH3CN): ex MS (ESI/Positive) MW: (C14H25sN306Pd) = 435.7730, M/Z

found(calc) = 458.0515(458.0520) [M+Na"]. CHN (Ci4H23N306Pd) found(calc) %: C:
38.36(38.59), H: 5.25(5.32), N: 9.64(9.64)

Route 2: a-D(OtBu)AG(OMe) (0.120 g, 0.362 mmol) dissolved in 10 ml H>,O was added to an

aqueous solution of K,PdCls (0.146 g, 0.362 mmol) in 20 mL H>O. The pH was increased to
10 with KOH and stir for 0.5 h. The water was removed, and the product was isolated by
dissolving in acetonitrile and filtering. Presence of 4 was confirmed spectroscopically, but

purification was unsuccessful.

Pd{p-Asp(OtBu)AlaGly(OMe)} (10): 2 (0.331 g, 1.000 mmol) and Proton Sponge (0.536 g,

2.500 mmol) were dissolved in THF (20 mL). Pd(OAc). (0.224 g, 1.000 mmol) was added and
the reaction stirred under Ar for 5 h. The solution was concentrated in vacuo and precipitated
out with several additions of EtOAc and toluene. Product was recrystallize as a red-orange
solid from acetonitrile and EtOAc (0.295 g, 67.7%) 'H NMR (400 MHz, DMSO-ds) § 4.62
(m, 1H, NHasp), 4.48 (m, 1H, NHasp), 3.95 (m, 1H, a-Haw), 3.72 — 3.52 (m, 2H, a-Hayy), 3.56
(s, 3H, -OCH3 aly), 3.18 (s, 1H, a-Hasp), 2.50 (DMSO), 2.44 — 2.22 (m, 2H, 3-Hasp), 1.44 (s,
9H, -O(CH3)3 asp), 1.08 (d, 3H, B-Haw). *C NMR (101 MHz, DMSO) § 172.88(C=0Oasp),
171.14(C=0a41a), 170.16 (y-C=Oasp), 99.49(C=0cly), 82.32 (-OC(CH3)3 asp), 51.26 (OCHj3 aiy),
54.70 (a-Casp), 59.14 (0-Cal), 46.20 (0-Caly), , 41.09 (B-Casp), 39.52(DMSO), 28.13 (-
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OC(CH3)3 asp), 21.07 (B-Cala). IR (KBr) ecm™': 3313, 3245 (b, v(N—H)), 1731 (s, v(C=0)),
1588 (s, v(C=0)), 1541 (s, v(C—N)), 1253 (s, v(C—0)), 1206 (s,v(C—0)), 1145 (s, v(C—0)).
UVVis (CH3CN): ex MS (ESI/Positive) MW: (C14H25N306Pd) = 435.7730, M/Z found(calc) =

458.0515(458.0520) [M+Na‘]. CHN (CisH2N3;06Pd) C: 38.28(38.59), H: 5.24(5.32), N:
9.69(9.64)

Pd{TrpAlaGly(OMe)} (11) TrpAlaGly(OMe) (0.143 g, 0.413 mmol) and Proton Sponge

(0.221 g, 1.032 mmol) were dissolved in THF (20 mL). Pd(OAc)> (0.093 g, 0.413 mmol) was
added and the reaction stirred under Ar for 5 h. The solution was concentrated in vacuo and
precipitated out with Et20. The orange solid was collected and washed with portions of EtOAc
and Et;0. Hot CH3CN was used to redissolve the product, product was filtered and
concentrated in vacuo. (0.169 g, 90.0%). 'H NMR (400 MHz, DMSO-ds) & 10.90 (d, 1H,
NHindote), 7.55 (d, 1H, Hindole-c7), 7.37 (d, 2H, Hindole-c4), 7.27 (d, 2H, Hindote-c2), 7.09 (ddd, 1H,
indole-5), 6.99 (ddd, 1H, Hindole-cs), 4.96 (t, 1H, NHrwp), 4.24 (t, 1H, NHryp), 3.96 (d, 1H, a-Haly),
3.83 (d, 1H, a-Hayy), 3.82 — 3.75 (m, 2H, a-Ha), 3.55 (s, 4H, ROCHj3 agiy), 3.40 (dt, 2H, o-
Hryp), 3.28 (dd, 1H, B-Hrrp), 2.87 (dd, 2H, B-Hrip), 1.24 (d, 3H, B-Hal). *C NMR (101 MHz,
DMSO) 6 178.24(C=0r1rp), 172.93(C=0Aa1a), 136.37(C3indote), 127.11(C8indote), 123.99(C2indole),
121.10(CSindole), 118.44(C6indote), 118.24(C7indote), 111.41(C4indote), 109.47(Clindole), 67.00,
59.58, 56.50(0OCHj3 giy), 50.93(a-Cala), 46.86(0-Caly), 39.52(DMSO), 29.93(B-Crrp), 19.92(-
Can). IR (KBr) cm!: 3370, 3286, 3235(b, v(N—H)), 1741(s, v(C=0)), 1569(sh)(s, v(C=0)),
1543(v(C—N)), 1333, 1070, 1010(v(C—N)), 1105(sh), 1025, 981(v(C—N)), 1207 (v(C—O0)),
1178 (s, v(C—O0)). UV Vis (CH3CN): ex MS (ESI/Positive) MW: (C17H20N4O4Pd) = 450.7910,

M/Z found(calc) = 437.0417(437.0419) [M+Na"]. CHN (C17H20N404Pd) found(calc) %: C:
44.51(43.55), H: 4.73(4.73), N: 11.47(11.95)
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Synthesis, Characterization, and
Electrochemistry of Ni(ll) Tripeptide
Complexes.

Lindsey J. Monger, Ragnar Bjrnsson, Sigridur G. Suman

Abstract

Ni(II) complexes with the ligands, a-Asp(OtBu)AlaGly(OMe), f-Asp(OtBu)AlaGly(Ome),
and TrpAlaGly(OMe) were synthesized and characterized using infrared and *H,*3C NMR
spectroscopy, mass spectra and microanalysis. The complex geometries were predicted
using DFT calculations of their optimized geometry as distorted square planar
complexes. The esters of these ligands proved highly pH sensitive and hydrolyze fully at
moderately basic conditions. The electrochemistry of the complexes was run in water to

reveal irreversible redox behavior of all three complexes.

Introduction

Metallopeptide complexes are widely reported in the literature; Studies of these complexes
primaraly relate to metalodrugs and metal toxixicity!*. However, Ni(Il) complexes of related
classes of ligands, including Schiff base and cyclam derivatives, have been explored for their
catalytic activation of small molecules. These ligand systems are similar in their amino-oxygen
chelate coordination. In metal complexes the amino-amide backbone forms stable 5S-membered
rings for a-amino acids. Complexation takes place through the N-donor groups primarally,
however if there are not enough nitrogens, as is the case with amino acids, di-, and tripeptides,
coordination can occur through the C-terminus carboxylate®. The resulting flat geometry and
[5,5,5] ring coordination geometry effectively closes coordination for Ni(Il), which strongly

favors a square planar coordination geometry.



Looking to expand on previous works, the coordination chemistry of Ni(II) with three
tripeptides was examined. The complexes were synthesized to form electron-rich Ni(II) centers

that could serve for n!-coordination of COs.

In previous work the synthesis of three alkylated tripeptide ligands (Figure 1) was described,
and the effects of pH on their coordination to [Pd(en)(H20)]** were investigated. This was
followed by synthesis and characterization of new neutral tetradentate Pd(II) complexes and
tridentate analogs. In this work the same ligands were employed to synthesize Ni(II) complexes

who were expected to be more amenable to CO; axial coordination than the Pd(II) analogues.

Results and Discussion

Synthesis

Several combinations of Ni(II) salts, bases and solvent system were attempted for synthesis of
Ni(I) complexes. The ligands chosen were shown to be susceptible to changes in pH when
coordinating to the Pd(I) ions under aqueous conditions. The methyl ester is labile under basic
conditions. Considering this, hydrolysis of the methyl ester at elevated pH values was expected
in an aqueous synthesis.

3
>L O NH» H O >}\ (0] H (6] . PN \2 NH, H O
O/LM\WN\‘%LHQ\H/O\ OMN%HWO\ . 51 b N%HQ\H/O\
o 0 NH, O o =% o 0

a-Asp(OtBu) Ala  Gly(OMe) p-Asp(OtBu) Ala  Gly(OMe) Trp Ala  Gly(OMe)
1 2 3

Figure 1. Tripeptide ligands used in synthesis

Using an aqueous synthesis strategy, in situ formation of Ni(OH). was achieved by the addition
of KOH and Ni(II) starting material. The ligands 1-3 were dissolved in H>O and the preformed
Ni(Il) hydroxide and tripeptide solutions were added together; The pH was increased to 10
with KOH, and the mixture was allowed to stir between 0.5-2 h. The reaction mixture was
filtered, the water removed, and the product isolated by dissolving in alcohol, filtering, then
precipitating out with ether and washing. Several factors determined what product formed,

including order of addition and the starting Ni(I) compound used.



Nickel Acetate as Starting Material

When using Ni(CH3CO»); as starting material, the di-hydrolyzed species [Ni{a-AspAlaGly}]*
was formed, which was confirmed by mass spectrometry. However, different preparations
revealed different "TH NMR spectra (Table 1). When the Ni(II) solution was added to the ligand
(aq), the species generated in Table 1, 4a is observed; But in a reversed addition procedure, the

product listed in Table 1 (4b) is formed. In both 4a and 4b, significant upfield shifts in the a-

C protons which are centralized between 3.50-3.30 ppm were observed. This is a strong
indication of coordination between nickel and the amine/amide nitrogens. C-terminus
carboxylate coordination is well known in tripeptide coordination and the emergence of a
quadruplet pattern with a large coupling constant (~20 Hz), from loss of free rotation for the

Gly a-C protons, suggests carboxylate coordination for both 4a and 4b.

Applying the synthetic condition by adding the Ni(II) solution to ligand 2, the dianionic
complex [Ni{B-AspAlaGly}]* (5a) is formed, along with a minor isomeric product (<5%).

Table 1. Summary of NMR data in D20 from synthetic experiments forming mono- and di-
anionic Ni(Il) complexes with a-Asp(OtBu)AlaGly(OMe) (1) and fAsp(OtBu)AlaGly(OMe)

(2), where 4a and 4b are [Ni(a-AspAlaGly)]*:, 5a is [Ni(£AspAlaGly)]*, 6 is K[Ni(a-
Asp(OtBu)AlaGly)], and 7 is K[Ni(f#Asp(OtBu)AlaGly)]

(F;;%ency 4a 4b 5a 6 7 1 2

0-Cnl 3.48 3.58 3.54 3.57 3.76 439 4.40
a-Cay 350330 3.55-338  3.57-340  3.63-331  3.65-321  4.02 4.06
0-Chsp 3.40 3.53 o 3.51 . 3.75 2.77
OCHs aiy — — — — — 3.75 3.80
B-Casp ol 2.71 3.50 2.61 3.57 2.71 3.82
QS(CH*‘” _ _ — 1.65 1.60 1.43 1.49
B-Ca 1.14 1.19 1.22 1.23 1.19 1.43 1.4

Examining the difference between 4a vs. 4b, and 5a vs. its minor isomer, it is unclear what
these structural isomers are. As these are dianionic species in aqueous solution, the

coordination preference is not obvious. The resonances which experience the largest change



are on the Asp a-C protons, which are closest to the carboxylate. These spectra were taken in

D>0 which could mean pH-dependent resonance shifts. Less likely is the formation of a five-
coordinate isomer with square pyramidal geometry. Figure 2 outlines possible isomers for the
dianionic species 4a, 4b and Sa. Due to the inconsistent behavior and difficulty in reproducing
the synthesis of these dianionic species, other approaches were tested, and a method developed

that consistently forms the monoanionic complexes.
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Ni(CHy,COO),+ 4H,0 + 1 or 2 /KOM/J
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NiCl,- 6H,0 + 1 —KOH/PH=10 N '\Oj\k
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Figure 2. Synthetic routes to form complexes 4-8 where 4a, 4b and 5a are possible isomers for
the dianionic complexes formed from 1 and 2.

Nickel Chloride as a Starting Material

With the same general procedure, but switching the metal starting material to NiClz, adding the

4



Ni(II) solution to the ligand solution resulted in hydrolysis of the methyl ester but preserved
the tert-butyl ester, forming the mono-ionic species K[Ni{a-Asp(OtBu)AlaGly}](See Table 1,
6). The synthetic method uses excess nickel where the Ni(OH) formed is only slightly soluble
leading to the ligand experiencing base concentration dependent on the rate of Ni(OH)2
formation. The difference in behavior may be related to the differences in the aqueous
dissociation constants for NiCl> versus Ni(CH3CO2)2, where NiCl; dissociates faster and the
Ni(OH), precipitates rapidly with excess base, and the ligand can coordinate immediately. The

ester hydrolysis at these conditions was minimal.

The monoanionic species also has a large upfield shift in the a-C protons, and a large coupling

constant for the Gly protons, indicating k*-NH2,N,N,O chelation. The aqueous synthesis using

NiCl, was then applied to ligands 2 and 3 to form the K[Ni{f-Asp(OtBu)AlaGly}] (7) and
K[Ni{a-TrpAlaGly}] (8) (Figure 2).

Attempts to form the neutral Ni-tripeptide complexes in non-aqueous conditions were
unsuccessful. Various non-coordinating starting complexes were used including Ni(F3CSOs3),

and [Ni(CH3CN)¢]*>" and several bases including “Proton Sponge”, which proved successful

for palladium.

Figure 3 DFT optimized structures of complexes 6-8.
Characterization
Complexes 4-8 were characterized via NMR and IR spectroscopy, with quantum chemical

calculations at the DFT level used to aid the spectral interpretation. In order to correctly assign

coordination geometries, similarities and differences in the complex NMR chemical shifts, and



shifts in infrared frequencies of major bands were examined. Observed values were compared
to calculated chemical shifts and vibrational frequencies of the DFT-optimized structural

models.
Structural Analysis: DFT Calculations

DFT calculations with a continuum solvation model were employed to determine the lowest
energy structures in solution for complexes 4-8 which can be seen in Figure 3. Several different
conformational possibilities were explored computationally. As the Ni(II) complexes are
preferably square planar, NH>,N,N coordination was expected and the lowest energy DFT-
calculated conformers agreed. Due to the conformational flexibility of the tripeptide ligand, a
number of conformers for each complex are available (primarily as a result of different
orientations of the Asp or Trp sidechains) but only the lowest energy conformer was considered

in the calculations of spectroscopic properties.
'H NMR Analysis.

The coordinated amine/amide backbone is a commonality of 4-8; this coordination is
established in the proton NMR (Table 1(D20), & 2(DMSO)). Throughout the series there is
large upfield shift to all the side chain protons. Which corresponds with previously established
Ni(Il) tripeptide complexes. As expected, the complexes are negatively charged and thus

experience more shielding. The Ala a-C protons tend to shift the most and have the largest ppm

range, which is expected considering the Asp amide is trans to the fourth coordination sphere,

which is occupied by the carboxylate.

Examining the 'H spectra for 6-8 in DMSO (Table 2), a better understanding of coordination
geometries can be ascertained. The appearance of the NH» protons at ~3.60 - 2.20 ppm confirms
amine coordination. The Gly a-C protons all shift a comparative value and appear as a
quadruplet with coupling constant of ~20 Hz, suggesting carbonyl coordination. However,
there is very little shift related to the tert butyl ester. This suggests 6-8 have the common k*-
NH2,N,N,O coordination modes.

Complex 8 exhibits a unique upfield shift on a coordinated amine proton at 2.20 ppm; This
strong shielding effect, coupled with a downfield shift of the indole C2 proton, is likely related
to strong H bounding.



Table 2. Summary of NMR data in DMSO from synthetic experiments to form mono-anionic
Ni(Il) complexes with ligands 1-3, where 6 is the species K[Ni(a-Asp(OtBu)AlaGly)], 7 =

K[Ni(f-Asp(OtBu)AlaGly)], 8 = K[Ni(TipAlaGly)]

Frequency 6 7 8 1 2 3
(ppm)
N—H Trpoin3 — — 10.89 — — 10.86
N—H ay — — — 8.34 8.39 8.32
N—H Al — — — 8.16 8.24 8.12
c—C Trp-In 7 — - 7.48 — — 7.56
C—H Trpns — — 7.34 — — 733
C—H Tipin2 — — 731 — — 7.18
C—H Tipins — — 7.06 — — 7.06
C—H Trpns — — 6.95 — — 6.97
3.57 3.37 3.62
N—H: 3.03 3.11 220 _ _ _
a-Cal 3.02 3.29 3.10 431 431 434
a-Cay 2.99 2.96 2.97 3.84 3.83 3.83
a-Crrp/asp 3.07 f:g; 2.96 3.52 g:gg 3.51
OCH: gy — — — 3.62 3.63 3.63
2.39 2.96 2.37 3.10
B-Cripiasp 221 2.90 272 235 3.64 278
OC(CH)s 141 139 _ 138 139 _
Asp
B-Cala 1.00 0.94 1.00 1.23 121 1.16
3C NMR Analysis.

The '*C NMR spectrum collected for the ligands (1-3) and complexes (6-8) in DMSO-d6 can
be seen in Table 3. Assignments for the carbon spectrum were aided by the 2-D NMR technique

HSQC, which reveals *C and 'H coupling. As expected, all of the a-carbons shifted downfield,

while the Ala a-carbons undergo the largest downfield shifts and have the broadest range.

The most significant and difficult assignments for 1*C belonged to the carbonyl carbons. In
order to confidently assign these signals, DFT calculations were used to elucidate coordination
modes and to calculate the '*C chemical shifts. These calculations were based on the optimized
geometries found in Figure 3. The resonance shifts for complex 7 differ slightly from 6 and 9.

This is presumably related to the six-membered ring formed in this complex. As a result, the



Gly C=0 signal for 7 only shifts downfield by ~ 1.5 ppm compared to 5.5 and 7.0 ppm seen in
6 and 8, respectively.

Table 3. Assigned >C NMR resonance for ligands 1-3 and complexes 6-8 in DMSO-d6.

R A R S S

C=Orrp/asp 182.19 182.23 182.20 172.82 172.99 173.84
C=0al 180.30 180.14 180.37 172.61 172.73 172.68
v-C=Oasp 170.17 170.61 — 170.45 170.17 —

C=0Ocly 175.71 171.02 177.09 170.11 169.40 170.12
C=C Trp-m4 — — 136.29 — — 136.20
C=C 1rp-m9 — — 127.39 — — 127.39
C—H 1pmn2 — — 123.87 — — 123.94
C—H tipme — — 120.91 — — 120.84
C—H tipns — — 118.38 — — 118.46
C—H 1ipm7 — — 118.23 — — 118.19
C—H 1pns — — 111.28 — — 111.28
C=C Trpm1 — — 110.06 — — 110.22
OC(CHs3)3 asp 79.93 80.80 — 79.97 80.41 —

OCHs aiy — — — 51.68 51.67 52.69
a-Crrp/asp 54.53 39.01 57.83 51.51 39.15 54.91
a-Cala 56.42 58.32 56.39 47.78 47.85 47.52
a-Caly 48.31 48.66 48.40 40.48 40.48 40.48
B-Crrprasp 39.02 52.79 28.86 40.24 51.52 30.42
OC(CHs3)3 asp 27.77 27.61 — 27.75 27.61 —

B-Cala 18.65 19.66 18.63 18.50 18.18 18.64

Infrared Data Analysis.

The infrared spectra were taken as KBr pellets and analyzed in the range of 4000 cm™ to 400
cm’!, Shifts of key bands upon coordination to the Ni(II) were monitored. Table 4 shows the
positions found for these bands. Vibrational modes for the ligands and complexes were
assigned with the aide of DFT calculations, based on relative value sets. Comparative values

for observed and calculated carbonyl stretching bands for 4-8 are presented in Table 5.

For 4-8, the low energy shift of the symmetric and asymmetric stretching modes for NH> to
~3400 - 3250 cm™, at energies typical Nickel coordinated Namino®, confirm amine coordination.
Whereas low energy shifts of the Amide I band by 50-100 cm™, which combine with the Amide
I band, support amine/amide backbone chelation. The v(Ni—N) is observed at values

consistent with literature values.



For 4a and Sa the tert butyl ester band does not shift to lower energy indicating hydrolysis to
form an acid (~1730-1700 ¢cm™), but rather shifts into the strong Amide I band. This is
accompanied by a strong absorption at ~1400 cm™!, which is characteristic of a carboxylate

anion.

Table 4. Summary of IR data from synthetic experiments to form Ni(Il) complexes with 1-3
where *-denotes shoulder bands and 1-denotes the hydrolyzed acid

Frequency

(cm™) 6 7 8 1 2 3
v(N—H>) 3401 3396 3396 3370 3375% 3370%*
v(N—H) 3308 3257 3292 3314 3304 3297
v(C=0)

OtBu 1722 1729 — 1725 1743 —

OMe 1653*+ 1656* 1651% 1759%* 1757* 1749

Amide [ 1597 }ggg 1593 1670 1659 1655
v(C=C)

Aromatic — — 1675%* — — 1673*
v(N—H)

Amide II — — — 1546 1541 1517
v(C—0)

OtBu 1254 1257 — 1250 1254 —

OMe 1289 1282 1290 1213 1212 1213
v(0—C)

OtBu 1146 1155 — 1155 1155 —
v(M—N) 466 470 469 — — —

The v(C=0) for the C-terminus carbonyl (OMe) shift to a lower energy upon hydrolysis and
coordination to frequencies of ~1650 cm!. This is consistent with calculated values shown in
Table 5. All carbonyl stretching frequencies are in good agreement with the comparative shifts

values calculated from the DFT optimized geometries shown in Figure 5.



Table 5. Comparative values for v(C=0) vibrational modes observed vs. calculated for 4-11
and ligands 1-3. The 4 values show the observed deviation between observed and calculated
vibrational frequencies. 1-Denotes the hydrolyzed acid

v(C=0) v(C=0) Vv(C=0) v(C=0)

Complex "By OMe  Amidel Amidel
4 Obs 15957 16537 1595 1595
DFT 1657 1681 1654 1652
A 62 28 59 57
5 Obs 16021 16487 1602 1560
DFT 1654 1683 1655 1612
A 52 35 53 52
6 Obs 1722 16531 1597 1597
DFT 1766 1684 1664 1656
A 44 31 67 59
7 Obs 1729 16567 1600 1562
DFT 1780 1687 1657 1622
A 51 31 57 60
8 Obs — 16517 1593 1593
DFT — 1674 1661 1654
A — 23 68 61
1 Obs 1725 1759 1670 1670
DFT 1758 1793 1745 1728
A 33 34 75 58
2 Obs 1743 1757 1659 1659
DFT 1757 1787 1740 1730
A 14 30 81 71
3 Obs — 1749 1655 1655
DFT — 1792 1747 1713
A — 43 92 58

UV-visible Spectroscopy.

The electronic spectra for complexes 6-8 are shown in Figure 3. The spectra display the CT
band at ~255 nm. Strong concentrations are needed to observe the d-d transitions(inlay). These

transitions are at ~430-450 nm.
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Figure 3. UV-Vis spectrum of 6-8 and ligand 1-3 in H>O taken at micromolar concentrations.
Inlay is close up of spectra for 6-8 taken at millimolar with higher concentrations.

Mass spectra. MS spectra were obtained using ESI-MS in the negative ion scan for anions and
the positive ion scan for neutral or positive ions. The found ion peaks were simulated with
expected isotope patterns to confirm the composition of the compound found compared to the
expected composition. The isolated compounds showed an excellent match with less than 2

ppm variation in simulated vs found values.

Physical Properties

Cyclic Voltammetry. The electrochemistry of the complexes was explored in water. The cyclic
voltammograms were run for 2 mM solutions of 4, 5, and 8 and 0.25 M in KNO; as supporting
electrolyte. Ag/AgCl, was used as the reference electrode. The data are summarized in Table
6.

In general the redox behavior is irreversible. The ligands show strong irreversible reduction
at values lower than -600 millivolts. The ligand 2 shows a single reduction wave at -616 mV
while ligand 1 has two at -634 mV and at -940 mV. The data for ligand 3 was not obtained but

complex 8 shows reduction similar to 4a at -661 mV that is likely the ligand based reduction.

11
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Figure 4. Electrochemical CV traces of Ni(Il) complexes 4, 5, and 8 and ligands 1-3 in water.

Table 6. List of potentials and peak currents for Cyclic Voltammetry experiments in aqueous
solution with 0.25 M KNO3 vs. Ag/AgCl>.
Potential Peak

Complex

(mV) current
4a 218 -0.118
643 -0.0092
794 0.787
911 0.595
-589 -0.689
5a 214 -0.166
875 0.781
607 -0.0046
-571 -0.665
8 794 0.828
929 0.927
691 0.092
-661 -0.504
1 -634 -0.742
-940 -1.53
2 -616 -0.672
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The complexes show irreversible oxidations. Traces of 4a and 5a are very similar except the
4a shows two irreversible oxidations and 5a only one. The 4a oxidations were observed at 794
and 911 mV, and 5a oxidation wave was observed at 875 mV. The 4a and 5a show irreversible
metal-based reduction at 218 and 214 mV respectively. Complex 8 exhibits two oxidation
waves at 794 and 929 mV, and a weak irreversible reduction at 691 mV that is presumed metal

based.

Discussion

Combining spectroscopic data from 'H and '*C NMR, infrared, and mass spectroscopy, along
with elemental analysis, the coordination geometry of three Nickel tripeptide complexes was
elucidated. It was soundly established that complexes 4-8 have coordinated amine/amide
backbone coordination and that the 4" coordination is occupied by the hydrolyzed carboxylate

on the C-terminus.

Complexes 4a, 4b and 5a were synthesized with Ni(CH3CO»), starting complex and are di-
anionic with k*-NH>,N,N,O chelation; However, the complete characterization of the isomers
was difficult to elucidate because of pH dependence. Changing the starting nickel complex to
NiCl: resulted in mono-anionic complexes 6-8. These too formed x*-NH2,N,N,O chelated

complexes.

For ligand 3 there are distinct differences in the coordination behavior in non-aqueous versus
aqueous synthesis, where it was established that the indole amine competitively coordinated

with metal instead of the N-terminal amine.

Various attempts to form the neutral Ni-tripeptide complexes in non-aqueous conditions,
including the use of “Protons Sponge” (previously discovered useful in the synthesis of neutral
palladium complexes) prove unsuccessful. These attempts resulted in multiple isomers forming
broad resonances in the NMR spectral and only miniscule patterns in mass spectroscopy.
Suspected reasoning for this is related to the strong Lewis acidity of Palladium(II) compared
to Nickel(II), allowing complexation between Pd(I) and the ester carbonyl lone pair, whereas

Ni(II) does not.
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Conclusion

The synthesis of di- and mono- anionic complexes based on the tripeptides a-
Asp(OtBu)AlaGly(OMe), -Asp(OtBu)AlaGly(OMe), and TrpAlaGly(OMe) were carried out
in aqueous solutions by in situ formation of Ni(OH)2, where the product was dependent on the
starting complex. Characterization of these complexes was aided by DFT calculations. These
complexes are air stable and water soluble. Further CV studies may show these complexes
useful for the electrochemical reduction of CO,, by lowering the overpotential of CO;

activation.

Experimental Synthesis

Instrumentation

Infrared spectra were recorded on a Nicolet Ava- tar 360 FT-IR (E.S.P.) spectrophotometer
using KBr pellets. 'H, COSY, and '*C nuclear magnetic resonance spectra were recorded at
ambient temperature on a Bruker Avance 400 MHz spectrometer at 400 and 101 MHz,
respectively. Solvents used were D,O, DMSO-ds, and CDCls. Electronic spectra were obtained
using either Varian Cary 100 Bio spectrophotometer or Perkin Elmer Lambda 25 UV/Vis
spectrophotometer. Cyclic voltammetric measurements were recorded on EC Epsilon
Eclipse™ Potentiostat/Galvanostat.  Mass spectra were recorded on a micrOTOF-Q
spectrometer, equipped with E-spray atmospheric pressure ionization chamber (ESI).
Elemental Analyses were obtained from Midwest Microlab, IN, USA.

Reagents used were purchased from Sigma Aldrich and used without further purification unless
otherwise stated. Alanylglycine, Fmoc-Asp(OtBu)-OH, Fmoc-Asp(OH)-OtBu, Z-Trp, and
EDC-Cl use in peptide coupling were purchased from Bachem. Solvents were purchased from
Sigma Aldrich and were distilled under nitrogen and dried using standard methods’.

Alanylglycine esterification was completed by reacting it with trimethylchlorosilane®,

Quantum chemical calculations

Calculations were performed with a development version of the ORCA program®!°. A density

functional theory based protocol was used, consisting of the PBE0-D3BJ functional'!-!?

13,14

(including the D3 dispersion correction by Grimme and coworkers and the triple-zeta basis
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set def2-TZVP!. The RIJCOSX!%!7 approximation was used to calculate Coulomb and
Exchange integrals, using the def2/J auxiliary basis set by Weigend et al. The CPCM solvation
model using a Gaussian pointcharge scheme and a scaled vdW surface was used to incorporate
solvation effects. Vibrational frequencies were calculated analytically, as implemented in
ORCA. 3C NMR shieldings were calculated using the same level of theory, except the pcSseg-
2 basis sets were utilized on carbon and hydrogen atoms. The calculated shieldings were
converted into chemical shifts by calculating the shielding difference with respect to
tetramethylsilane at the same level of theory. Chemical shifts were shifted by -15 ppm due to

a systematic overestimation.

Ligand synthesis

The ligands were synthesized following published procedure. '® Coupling reactions were
executed by adding EDC-HCI (1.1 mol eq) to a solution with 1:1 molar equivalent of N-
protected amino acid and HOBt in chloroform (0° C). AlaGly(OMe)-HCI (1 mol eq) was added,
followed by addition of triethylamine (1.05 mol eq). The solution was stirred under slight N>
flow at ambient temperature for 24 h. Product was washed with water and dried with MgSO4
and the CHCI3 removed in vacuo. The Fmoc-protection group was removed !° by stirring the
tripeptide in DMF at 110° C for 1 hour. Methanol was added to the DMF and then washed
with hexane. Solvent was removed in vacuo and purified with flash chromatography. The CBZ-
protection group was removed?® by catalytic hydrolysis with H, using 10% Pd/C in dry MeOH.

Product was collected by filtering through celite and removing the solvent in vacuo.

Complex synthesis
[Ni{a-AspAlaGly}]* (4a) Ni(OAc)-6H20 (xx g, xx mmol) and 1 (xx g, xx mmol) were

dissolved in H>O (5 mL) and KOH was added until pH=10. Solution was stirred for 0.5 h then
the H>O was removed in vacuo and the product was isolated by dissolving in iso-propyl alcohol
and filtering. '"H NMR (400 MHz, Deuterium Oxide) & 3.48 (s, 1H, a-Haun), 3.40 (d, 1H, a-
Hasp), 3.50 — 3.30 (m, 2H, a-Haly), 2.47 (dd, 1H, B-Hasp), 2.32 (dd, 1H, B-Hasp), 1.14 (d, 4H,
B-Hal). IR (KBr) ecm!: 3397, 3274 (b, v(N—H)), 1651 (sh, v(C=0)), 1593 (s, v(C=0)), 1397
(s, v(C—0)), 460 (w, v(Ni—N)) MS (ESI/Negative) MW: (CoH12N306Ni") = 316.9034, M/Z
found(calc) = 316.0096(316.0085) [M"].
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[Ni{B-AspAlaGly}]> (52) Ni(OAc)-6H,0 (0.250 g, 1.005 mmol) and KOH (0.085 g, 1.515

mmol) were dissolved and Ni(OH), was formed in situ, 1 (0.179 g, 0.540 mmol) was
dissolved in H2O (5 mL) the the Ni(II) solution was added to the ligand and the pH was
increased with 1 M KOH until a pH of 10 was achieved. Solution was stirred for 2 h then the
H>O was removed in vacuo. The product was redissolved in iso-propyl alcohol and filtered.
Product was precipitated out using a combination of EtOH and EtOAc. (0.144 g, 65%) 'H
NMR (400 MHz, Deuterium Oxide) 6 3.89 —3.73 (m, 1H, a-Hau), 3.69 (q, 1H, B-Hasp), 3.66
—3.39 (m, 2H, a-Haly), 2.55 (d, 1H, a-Hasp), 2.41 (dd, 1H, , a-Hasp), 1.42 (d, 3H, B-Haua).

IR (KBr) cm™: 3404, 3272 (b, v(N—H)), 1646 (sh, v(C=0)), 1602 (s, v(C=0)), 1561 (s,
v(C=0)), 1401 (s, v(C—0)), 4657 (w, v(Ni—N)) MS (ESI/Negative) MW: (CoH12N306Ni") =
316.9034, M/Z found(calc) = 316.0092(316.0085) [M].

K[Ni{a-Asp(OtBu)AlaGly}] (6) NiCl*6H,0 (0.250 g, 1.052 mmol) and KOH (0.100 g,

0.889 mmol) were dissolved in 20mL H»O, 1-HCI (0.231 g, 0.628 mmol) was dissolved in
H>O (5 mL) the the Ni(II) solution was added to the ligand and the pH was increased with 1
M KOH until a pH of 10 was achieved. Solution was stirred for 2 h then the H,O was
removed in vacuo. The product was redissolved in iso-propyl alcohol. Product was
precipitated out using a combination of EtOH and EtOAc . (0.203 g, 78%) 'H NMR (400
MHz, DMSO-ds) 6 3.57 (s, 1H, NHasp), 3.07 (d, 1H, a-Hasp), 3.03 (s, 1H, NHasp), 3.02 (s,
1H, a-Ha), 2.99 (d, 2H, a-Haly), 2.50 (DMSO), 2.39 (dd, 1H,B-Hasp), 2.21 (dd, 1H, B-Hasp),
1.41 (s, 9H, -O(CH3)3 asp), 1.00 (d, 3H, B-Hai). *C NMR (101 MHz, DMSO) &
182.19(C=0asp), 180.30(C=0ala), 175.71(C=0cly),170.17(y-C=0asp), 79.93 (-OC(CH3)3 asp),
56.42 (0-Cala), 54.53 (0-Casp), 48.31 (0-Caly), 39.52(DMSO0), 39.02 (B-Casp), 27.77 (-
OC(CH3)3 asp), 18.65 (B-Camn). IR (KBr) em™: 3401, 3308 (b, v(N—H)), 1722(s, v(C=0)),
1642(sh, v(C=0)), 1597(s, v(C=0)), 1550(sh, v(C=0)), 1254(s, v(C—O0)), 1289(s, v(C—O0)),
1146(s, v(C—0)). 466(w, v(Ni—N)). UV-Vis (H20): ex MS (ESI/Negative) (C13H20N306N1)

=373.0114, M/Z found(calc) = 372.0716(372.0711) [M"]. CHN (C13H20N306N1)*H>O
found(calc) %: C: 36.97(36.30), H: 4.99(5.16), N: 9.89(9.77)

K[Ni{B-Asp(OtBu)AlaGly}] (7) NiCla*6H>0 (0.500 g, 2.104 mmol) and KOH (0.200 g, 1.779

mmol) were dissolved in 20mL H>0, 2-HCI (0.367 g, 1.000 mmol) was dissolved in 10 mL of
H>0O. While monitoring pH add the Ni(II) solution to the ligand solution and adjust the pH to10
with 1M KOH solution, maintained a pH of 10 and stir for 2 hours. Excess Ni(OH), was filtered
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off and the solvent removed in vacuo. The product was redissolved in iso-propyl alcohol.
Product was precipitated out using a combination of EtOH and EtOAc. (0.168 g, 41%) 'H
NMR (400 MHz, DMSO-ds) 6 3.37 (s, 7TH, NHasp), 3.29 (q, 1H, a-Hala), 3.16 — 3.05 (m, 1H,
NHasp), 2.96 (q, 2H, a-Hgiy), 2.94 — 2.85 (m, 1H, B-Hasp), 2.01 (dd, 1H, a-Hasp), 1.87 (dt, 1H,
a-Hasp), 1.39 (s, 10H, -O(CH3)3 asp), 0.94 (d, 3H, B-Haia).NMR (400 MHz, DMSO-d¢) 6 3.37
(s, 7H, H20), 3.29 (q, 1H, 0-Haia), 3.16 — 3.05 (m, 2H, NHasp), 2.96 (s, 2H, a-Haiy), 2.94 —2.85
(m, 1H, a-Hasp), 2.01 (dd, 1H, B-Hasp), 1.87 (dt, 1H, B-Hasp), 1.39 (s, 10H, -O(CH3)3 asp), 0.94
(d, 3H, B-Han). *C NMR (101 MHz, DMSO) 8 182.23 (C=0axsp), 180.14 (C=0ar), 171.02
(C=0aqly), 170.61 (y-C=0asp), 80.80 (-OC(CH3)3 asp), 58.32 (0-Cala), 52.79 (0-Casp), 48.66 (0-
Caly), 39.52(DMSO0), 39.01 (B-Casp), 27.61 (-OC(CH3)3 asp), 19.66 (B-Cala). IR (KBr) cm:
3396, 3257(b, v(N—H)), 1729(s, v(C=0)), 1548(sh)(s, v(C=0)), 1601(s, v(C=0)), 1561(s,
v(C=0)), 1257(s, v(C—0)), 1282(s, v(C—0)), 1155(s, v(C—0)), 470(w, v(Ni—N)). UV-
Vis (H20): ex MS (ESI/Negative) MW: (Ci3H20N306N1) = 373.0114, M/Z found(calc) =

372.0713(372.0711) [M-]. CHN (C13H20N306Ni)*H,0 found(calc) %: C: 35.91(36.30), H:
5.13(5.16), N: 9.63(9.77)

K[Ni{TrpAlaGly}] (8) NiCl,*6H>0 (0.0.3 g, 1.262 mmol) and KOH (0.150 g, 1.334 mmol)
were dissolved in 20mL H>O. 3 (0.346 g, 1.000 mmol) was dissolved in 10 mL of H>O. While
monitoring pH add the Ni(II) solution to the ligand solution and adjust the pH to10 with IM
KOH solution, maintained a pH of 10 and stir for 2 hours. Excess Ni(OH)> was filtered off and
the solvent removed in vacuo. The product was redissolved in iso-propyl alcohol and filtered.
Product was precipitated out using a combination of EtOH and EtOAc. (0.206 g, 48%) 'H
NMR (400 MHz, DMSO-d¢) 6 10.89 (d, 1H, NHindole), 7.48 (d, 1H, Hindole-c7), 7.34 (dt, 1H,
Hindote-c4), 7.31 (d, 1H, Hindole-c2), 7.06 (ddd, 1H, Hindote-c5), 6.95 (ddd, 1H, Hindole-cs), 3.65 —
3.56 (m, 1H, NHrtyp), 3.10 (q, 1H, a-Haw), 3.01 (d, 2H, B-Hrwyp), 2.96 (d, 1H, B-Hrwp), 3.07 —
2.87 (m, 2H, a-Hay), 2.72 (dd, 1H, B-Hryp), 2.20 (dd, 1H, NHryp), 1.00 (d, 3H, B-Hauw). *C
NMR (101 MHz, DMSO) 6 182.20 (C=Oryp), 180.37 (C=0Oa1), 177.09 (C=Oaqyy), 136.29
(C3indole), 127.39 (CB8indote), 123.87 (C2indote), 120.91 (CSindole), 118.38 (C6indole), 118.23
(CTindole), 111.28 (C4indote), 110.06 (Clindote), 57.83 (a-Crrp), 56.39 (0-Cala), 48.40 (0-Caly),
39.52(DMSO), 28.86 (B-Crrp), 18.63 (B-Can). IR (KBr) em™: 3396, 3292,(b, v(N—H)),
1647(sh)(s, v(C=0)), 1593(s, v(C=0)), 1290(s, v(C—0)), 469(w, v(Ni—N)). UV-Vis (H20):
& MS (ESI/Positive) MW: (CicHi7KNsOsNi) = 426.0240, M/Z found(calc) =
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387.0610(387.0609) [M-]. CHN (Ci6HisN4O4Ni)*H,O found(calc) %: C: 43.56(43.07), H:
4.88(4.52), N: 12.49(12.54)
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