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ABSTRACT

Palladium(II) acetate and palladium(II) chloride react with amino acids in acetone/water
to yield cis or trans square planar bis-chelated palladium amino acid complexes. The naturally
occurring amino acids and some N-alkylated and substituted derivatives and homologs were
evaluated as ligands. Thirty-eight amino acids in total were investigated as ligands. The
formation of aquo complexes in water was observed and studied by "C NMR spectroscopy and
modeled by DFT calculations. Each class of amino acid ligand is catalytically active with
respect to the oxidative coupling of olefins and phenylboronic acids. Some enantioselectivity is
observed and the formation of products not reported in other Pd(II) oxidative couplings is seen.
Both activated and non-activated alkenes were oxidatively coupled to phenylboronic acids
incorporating both electron-donating and electron-withdrawing groups. The crystal structures of
nineteen catalyst complexes were obtained. The extended lattice structures arise from N-He*O
or O**(HOH)**O hydrogen bonding. NMR, HRMS, FTIR, single crystal XRD, and powder

XRD data are evaluated.
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Chapter 1. Background and Literature
Review

The study of transition metal complexes containing ligand sets that are biologically
relevant is an area that is rapidly expanding. Biologically relevant ligands include such species

as amino acids, peptides, and other inorganics (chloride ion, nitrous oxide, etc.). These types of

10-102

complexes show a variety of potentially useful properties, from catalysis'” to anti-cancer and

anti-microbial'-1%

activity. This dissertation describes the synthesis and structural chemistry of
bis(amino acid) complexes of palladium. Potential catalytic, anti-microbial, and anti-cancer

properties of these compounds are described.

1.1 Abbreviations Used Herein

NMG N-methylglycine
DMG N,N-dimethylglycine
PBA Phenylboronic acid

CF;-PBA 4-(trifluoromethyl)phenylboronic acid

OCH;-PBA | 4-(methoxy)phenylboronic acid

MT Methyl tiglate

Table 1. Abbreviations



1.2 Mono-(Amino Acid) Complexes of Pd(II)

The simplest of the mono-amino acid complexes of palladium is K[Pd(NH,CH,COO)Cl,]
(Figure 1) reported by Baidina.'*' This complex contains one (N,0) chelated glycine ligand, with
chloride ligands occupying the remaining two coordination sites. The complex is prepared by
reacting 1 equivalent of glycine with K,PdCl, and a stoichiometric amount of base. The crystal
structure was determined, with the complex crystallizing in the Pbca space group. Bond lengths
and angles were as expected for a square planar complex. No other chemical data was presented

for the compound.

Figure 1. General structure of a mono-(amino acid) Pd(II) anion.

Mono-(alanine) complexes reported by Chernova show both (N,0) chelated and

2

monodentate amino acid ligand coordination."> The dichloride and dibromide complexes,

K[Pd(NH,CH(CH;)COO)Cl,] and K[Pd(NH,CH(CH,)COO)Br,], are identical in structure to the
corresponding glycine complex reported by Baidina. The Pd(NH,CH(CH,)COOH),Cl, complex
was prepared by treating Pd(I) chloride with a two-fold excess of alanine.

Vicol has prepared K[Pd(Ala)Cl,] and K[Pd(Pro)Cl,] as precursors to ternary Pd(II)

143,144

amino acid complexes. Ternary complexes are those in which two different amino acid

ligands are coordinated to the metal and will be discussed later in this section.



McAuliffe' and Warren'* have prepared the mono-chelated methionine palladium
dichloride complex (Figure 2). Methionine coordinates in a bidentate (S,N) fashion through the
thioether sulfur atom and amine nitrogen forming a six-membered chelate ring. Infrared
spectroscopy shows a lower stretching frequency for the amine group, 3100-3250 cm™ versus
3270-3410 cm™ for the uncoordinated methionate. The carbonyl stretching vibration at 1720 cm®
" was given as evidence of non-coordination of the carboxylate group. Coordinated carboxylates
typically show an asymmetric carbonyl stretch at 1580-1660 cm™.'" The crystal structure was
solved by Warren and clearly shows that chelation occurs through the sulfur and nitrogen atoms.
Dimerization is noted to occur through intermolecular hydrogen bonding between the carboxyl

groups.

Cl

Cl
N/
AN

s NH,

OH

Figure 2. Dichloro-DL-methioninepalladium(II).

Two additional sulfur containing amino acids have been used to prepared mono-amino
acid chelated palladium complexes. pL-Ethionine and S-methyl-L-cysteine complexes of
palladium (Figure 3) were prepared.'”’ Once again chelation was noted to occur in a bidentate
fashion through the sulfur and nitrogen atoms. Infrared bands from 385-378 cm™ were attributed
to Pd-S stretching vibrations. As noted above, the carbonyl stretching frequency at 1737-1703

cm’ indicates that the carboxylate group is not coordinated.



OH
HO

Figure 3. Pd(II) complexes of S-methyl-L-cysteine (left) and DL-ethionine (right).

1.3 Bis(Amino Acid) Complexes of Pd(II)

Unless otherwise noted, all bis(amino acid) complexes reported herein were synthesized

according to the following general reaction scheme (Figure 4):

(e]
R
H R H i,
“, o]
- OH N/
KPACl,  + N water - 2 \/pd ~0 +2KCl+2 HCl
HoN
o) 2
R\\““C 0

H

Figure 4. General reaction scheme for bis(amino acid) Pd(II) complexes. Note that the formation of cis or trans isomers

is possible.

Baidina has reported the crystal structure of cis-Pd(Gly),. This complex crystallizes in
the C2/c space group. No structural irregularities were noted, with the amine protons of one
molecule hydrogen bonded to the carboxyl group of an adjacent molecule. Shestakova has
reported the powder diffraction spectra of both cis and trans isomers of Pd(Gly), (Figure 5),

showing that they are different and represent differing crystallographic habits.'**



O
/

p 0
HoN H,N
2 \Pd\o 2 ™SpPd__
/ / NH,
HZN\/& ’
o)
0

Figure 5. Cis and Trans isomers of Pd(Gly),.

In infrared spectral measurements of aqueous solutions of metal-amino acid chelates,

Nakamoto'*’

observed that the asymmetric carbonyl stretch of frans-Pd(Gly), increased and the
symmetric carbonyl stretch decreased in frequency as compared to glycine. This was taken as
evidence of chelation of the carboxylate group, however no synthetic details or other explanation
were given to account for their assignment of the trans isomer.

The crystal structure of cis-Pd(Val), was reported'” (Figure 6) with the molecule
crystallizing in the P2,2,2, space group. Hydrogen atom positions were not determined, thus no
intermolecular hydrogen bonding data are presented. The molecule is slightly distorted square
planar, with N-Pd-O bond angles of ~83 degrees and O-Pd-O and N-Pd-N bond angles of ~96

degrees. The isopropyl side chains on the amino acid ligands lie above and below the square

plane.



Figure 6. Cis-Pd(Val),.

The complex cis-Pd(Ser), (Figure 7) was reported as a possible antitumor candidate by
Vagg.”" The crystal structure shows the compound to belong to the P2,2,2, space group. The
molecular geometry is an irregular square planar arrangement with a small tetrahedral distortion
at the chiral carbon of one of the ligands. The O-Pd-O bond angle of 94.2 degrees is
significantly smaller than the N-Pd-N bond angle of 100.2 degrees, likely due to steric repulsion
of the cis amine groups. Additionally, one of the amino acid ligands is essentially planar while
the other is distorted from planarity. Intermolecular hydrogen bonding is quite evident in the
molecule, with the four amine protons hydrogen bonded to three carboxylate and one hydroxyl
oxygen atom on adjacent molecules and each hydroxyl proton hydrogen bonded to one

carboxylate oxygen on adjacent molecules.



OH

0
HoN o
Pd
0
HoN
o}
OH

Figure 7. Cis-Pd(Ser),.

The bis-tyrosine palladium(II) complex has been reported'” (Figure 8) and shows an
interesting direct metal-side chain interaction. The compound exists in the cis conformation and
crystallizes in the P2, space group. The phenol ring of one of the tyrosine ligands is directed in
towards the metal center and lies in a plane parallel to the chelate plane. The other phenol ring
of the second ligand is directed away from the metal center, however it does lie very close to the

metal center of the adjacent molecule. The authors propose'”*'

that the aromatic ring in the
tyrosine side chain appears to have some favorable interaction with the empty axial d-orbitals of

the metal center that results in stabilization of this geometry.



HO

0
HN o
Pd
0
HoN
o}

HO

Figure 8. Cis-Pd(Tyr),.

A second bis-tyrosine palladium(II) crystal structure was reported by Jarzab'*®, where there was
no evidence of the metal-side chain interaction. This structure also crystallized in the P2, space
group with cis square planar geometry. Unfortunately, no detailed synthetic details or
crystallization parameters were given that may account for the two different crystal structures
reported by these different groups.

Proline is an amino acid with the amine functionality contained in a five-membered ring.
The bis(prolinato)palladium(Il) complex (Figure 9) was first reported by Ito."”” The compound
forms with a cis arrangement of the amine groups and crystallizes in the B22,2 space group. The
pyrrolidine rings of the ligands are arranged such that one is above and one is below the square
plane of the complex. The rings are also puckered, with four of the five atoms lying in a plane
while the fifth is bent out of the plane. Hydrogen bonding is evident. The amine proton is

hydrogen bonded to the carboxyl oxygen of the adjacent molecule, resulting in parallel layers.



Figure 9. Cis-Pd(Pro),.

Chernova'™® has reported the crystal structure of bis(histidinato)Pd(II) (Figure 10).
Histidine is unique in that it has both an imidazole ring and the possibility of coordination
through any of three coordination sites: the amine group, the carboxylate group, and the nitrogen

atom in the 3-position of the imidazole ring.

Figure 10. Proposed structure for bis-Pd(His),.

The complex was prepared by reacting PAdCl, with two equivalents each of histidine and NaOH.
Elemental analysis confirms the composition to be [Pd(His),]. Infrared spectroscopy was
utilized to deduce the coordination geometry, however the data are not convincing. The lack of a
strong absorption for the non-ionized carboxylate group would tend to indicate that the carboxyl

group is ionized and is involved as one of the coordination sites. If this is the case, then the
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amine nitrogen is likely the other coordination site, as coordination through either of the
imidazole nitrogens would result in a seven or eight membered chelate ring.

A seven membered chelate ring is observed in bis(ornithinato)Pd(Il) (Figure 11).
Ornithine is an arginine derivative wherein the guanidinium group is replaced with an amino
group. Nakayama'” prepared bis(ornithinato)Pd(II) and obtained the crystal structure. In this
case coordination to the metal is through both nitrogen atoms. The compound crystallizes in the

P2,2,2, space group.

Figure 11. Bis(ornithinato)Pd(II), a unique seven membered chelate ring.

Bis(pL-isovaline)Pd(Il) (Figure 12) was prepared by Boudreau and characterized by
infrared spectroscopy.'® Elemental analysis confirmed the composition of the complex. In an
attempt to determine the stereochemistry of the complex, infrared absorption bands were
analyzed. The asymmetric carboxylate stretch shifts to higher frequency while the symmetric
stretch shifts to lower frequency, indicating that the carboxylate group is involved in chelation.
The amine stretch similarly moves to higher frequency as compared to the unbound ligand,
indicating coordination through the amine group. A band at 446 cm™ is assigned to a Pd-N

asymmetric stretch, and the lack of a symmetric stretch in this region leads the author to

10



conclude that the coordination geometry is frans. This does not seem unreasonable as steric

hindrance may prevent formation of the cis isomer.

o]
HN /0
Pd
/ SNH
o) 2
o]

Figure 12. Trans-Pd(isovalinate),.

Amino acid amides are amino acids that have replaced the hydroxyl group of the
carboxylic acid with an amine. Komorita'®''®® has prepared and characterized several bis(amino
acid amide) palladium complexes (Figure 13) , including: trans-bis(glycine-amidato)Pd(Il),
trans-bis(L-alanine-amidato)Pd(II), cis-bis(L-alanine-amidato)Pd(II), trans-bis(L-leucine-
amidato)Pd(Il), and cis-bis(L-leucine-amidato)Pd(II). These amino acid amide complexes were
prepared by stirring 1 equivalent of either palladium(Il) chloride or potassium
tetrachloropalladate(Il) in water followed by addition of 2 equivalents of the amino acid amide.
The products were a mixture of cis and frans isomers that were further separated by fractional

crystallization from methanol/ether.
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Figure 13. Cis (left) and Trans (right) isomers of a bis(amino acid amide) complex of Pd(II).

The circular dichroism (CD) spectra of the bis(amino acid amide) complexes were compared
with the CD spectra of similar coordination compounds of known stereochemistry. In the case of
cis stereochemistry there are four CD bands observed. The trans compounds show only three
CD bands, and from these correlations the stereochemistry of the bis(amino acid amide)
complexes was assigned. Infrared spectra were also obtained on these complexes. The intense
carbonyl stretching band observed at about 1600 cm™ indicated that coordination occurs through

both nitrogen atoms and that the amide was not hydrolyzed during synthesis/workup.

14 Ternary Amino Acid Complexes of Pd(II)

Ternary (from the Latin ternarius, “composed of three items”) amino acid complexes
refer to those complexes in which the two chelated amino acid ligands are different, and both are

coordinated to the same metal center (Figure 14).
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Figure 14. General structure of a ternary amino acid Pd(IT) complex.

Three unique complexes of palladium with glycine ligands were reported by Shestakova.'” In
these complexes glycine was used as both a monodentate and chelating ligand. K[Pd(N-
Gly),;(H,0)], K[Pd(N-Gly),(N,0-Gly)] and K,[Pd,(N-Gly),] were isolated. Infrared spectroscopy
was used to identify the coordinated and non-coordinated carboxylate groups, with elemental
analysis confirming the stoichiometry of the compounds. These compounds were prepared from
a water solution of K,PdCl,, 1 M KOH, and glycine in a 1:4:4 molar ratio. Addition of 2 mol of
HCI, cooling to 0 °C and filtering yielded K[Pd(N-Gly);(H,0)]. Acetone was added to the
remaining mother liquor, and K[Pd(N-Gly),(N,0-Gly)] was precipitated and filtered. Finally
dimethylglyoxime was added and K,[Pd,(N-Gly),] was isolated.

Baidina also reported a ternary glycine complex of palladium, frans-[Pd(Gly)(GlyH)CI]
in which the nitrogen atom of the non-chelated glycine is trans to the (N,0) chelated glycine
nitrogen atom.'®* The crystal structure was determined, clearly showing the arrangement of the
amino acid ligands around the metal center.

Following on to their previously discussed mono-amino acid complexes, Vicol has
synthesized [Pd(Ala)(Gly)], [Pd(Ala)(Val)], [Pd(Ala)(Pro)], and [Pd(Pro)(Val)].'"” The mono-

coordinated complex is reacted with one equivalent of the second amino acid to yield the ternary
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complexes. Elemental analysis confirms the composition of the complexes. Shifts in the IR
spectra of these complexes confirm that chelation occurs through the carboxylate and amine
moieties resulting in the formation of five-membered rings. UV-Vis spectroscopy was utilized to
study the d—d transitions of these compounds, yielding the conclusion that they are indeed
square planar d° complexes.'®

Sullivan prepared dipeptide complexes of palladium and examined the CD spectra of
each.'” Complexes were synthesized by CsCO, neutralization of a solution containing a 1:1
molar ratio of PdCl, and either (Gly-S-Ala) or (S-AlaGly). Precipitation and recrystallization
from ethanol, acetone and water yielded Cs[Pd(Gly-S-Ala)Cl] and Cs[Pd(S-AlaGly)Cl]
respectively. The circular dichroism spectra show three spin-allowed circular dichroism bands
corresponding to the A and E electronic transitions. The circular dichroism spectra showed
remarkable consistency between the complexes, and the authors note that the use of circular

dichroism to investigate metal coordination in chiral metal compounds required extreme caution.

1.5 Hydrogen Bonding Interactions of Pd(II) Amino Acid
Complexes

There is comparatively little information in the open literature regarding the
intermolecular hydrogen bonding of bis(amino acid)palladium(Il) complexes. Yamauchi'® has
studied the ligand-ligand interactions of ternary amino acid complexes of palladium by circular
dichroism and '"H NMR spectroscopy. They report that the circular dichroism Ae values for these
compounds are additive with respect to the individual Ae values for the component amino acids.

These values can be calculated and the observed differences between Ag,,.,-A¢€.,. are indicative
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of the degree of ligand-ligand interaction. Examining the 'H NMR coupling constants also
yields data on ligand-ligand interactions. There are three staggered rotational isomers about each
C.-C, bond (Figure 15). If hydrogen bonding interactions are present, there should be a preferred

conformation which can be predicted based on the coupling constants.

NH, ' NH, '«—NH,
HN—"Pd pN—""P1 HN—""Pd
H_, OH/ HC. H / HO CHa/
H COO0 H COO" H COO"
CHs OH H

Figure 15. Newman projections of the three rotational isomers of a hypothetical Pd(Ser)(Thr) complex.

Odani'® used similar analyses to determine the hydrogen bonding interactions between
palladium complexes of histidine with glycine, alanine, valine, serine, threonine, homoserine,
asparagine, or glutamine as the second amino acid ligand. The observed differences in Ag,,.,-

Ag,, for histidinate complexes with a non-polar secondary amino acid ligand (glycine, alanine,

valine) are small, indicating that side chain interactions are small. On the other hand, Ag,,-
Ae . differences for polar side-chain amino acid ligands (serine, threonine, homoserine,
asparagine, glutamine) are larger, indicating that side chain interactions between the histidine
carboxylate and the amine or hydroxyl groups of the secondary amino acid ligand are present. If

L-histidine methyl ester is substituted in these complexes for histidine, the carboxylate group is

then blocked from participating in ligand-ligand interactions and the Aeg,,-A¢,. differences are

meas

again small. This is taken as direct evidence that the carboxylate group is involved in the ligand-
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ligand interactions and that these interactions are responsible for the magnitude of the differences

seen in Ae.

1.6 Biological Activity of Pd(I) Amino Acid Complexes

Cisplatin (cis-diamminedichloroplatinum(II)) has long been regarded as one of the best
anti-tumor compounds available. There is considerable interest in determining if analogous

10:6466-102 or - antimicrobial % activity,

palladium complexes might provide similar anti-tumor
with well over 100 peer-reviewed papers published in the scientific literature in the last 5 years
alone.

With respect to Pd(II)-amino acid complexes in particular, several examples from the
literature show that these types of complexes are also active against a variety of microorganisms
and cancer cell lines.'™ In 1977, Charleston reported the antitumor activity of several amino acid

chelates of palladium. Induction of filamentous growth in E. coli was taken as a measure of

antitumor activity, with the L-glutamic acid and L-serine complexes noted as more effective than

1 172,173

the glycine complex.'”" Puthraya prepared several ternary amino acid complexes with

Pd(bipy)Cl, and tested their activities against L1210 lymphoid leukemic, P388 lymphocytic
leukemic, Sarcoma 180, and Ehrlich ascites tumor cells, with ID50 values lower than those
reported for cisplatin. This group has also studied similar compounds that utilize the
phenanthroline ligand in place of bipyridine, with cisplatin-like activity against P388
lymphocytic cells reported for the [Pd(phen)(Gly)]* and [Pd(phen)(Val)]* complexes.™ Also

5

reporting on [Pd(phen)(AA)]" complexes is the Lin group.'”” They show antitumor activities

against the S-180 animal tumor line for the [Pd(phen)(lys)]CIl, [Pd(phen)(arg)]Cl and
16



[Ph(phen)(pro)]Cl complexes. Paul'” reports the synthesis, cytotoxicity, and DNA binding
ability of [Pd(dipy)(Gly)]Cl and [Pd(dipy)(Ala)]Cl, where dipy is 2,2’-dipyridylamine. The
complexes were tested for cytotoxicity against P388 lymphocytic leukemia cells. The alanine

complex shows an IDs, value (10.5 uM) that is lower than that of cisplatin, however the IDj,

value for the glycine complex (>100 uM) was higher than that of cisplatin. DNA binding studies
were carried out using calf-thymus DNA. A decrease in the UV absorption maximum at 315 nm
indicated binding of the complex to DNA. DNA binding is reversible and is therefore non-
covalent in nature. Changing the ionic strength of the buffer medium results in recovery of the
complex and implies that ionic and/or hydrogen bonding interactions are responsible for the
DNA binding ability of these complexes. Diaminosuccinic acid and its diethyl ester derivative
have been complexed with Pd(IT) and the resulting compounds show anti-tumor activity.'”” Both
complexes chelate to the metal center in a cis fashion with two chloride ligands. Structural
characterization was carried out by X-ray crystallography. Anti-tumor activity was tested
against MDA-MB468 (breast carcinoma) and HL-60 (leukemia) cancer cell lines. In both cases,
the IDs, values for both complexes was approximately 4 uM (range 3.93 to 4.72 uM). Both
complexes showed slightly better activity against the MDA-MB468 cell line. The proposed
mechanism of action for these complexes is that they induce conformational changes in the DNA
structure of the cell. The chemotherapeutic agent levamisole ((S)-6-Phenyl-2,3.5,6-
tetrahydroimidazo[2,1-b][1,3]thiazole) has been used to prepare ternary Pd(II) complexes with
L-alanine, L-phenylglycine, L-phenylalanine, L-valine, L-methionine, and L-proline.'” The
methionine and proline complexes were noted to induce new cell forms in Saccharomyces
cerevisiae cells. Offiong has prepared palladium(II) complexes of glycine derivatized by imine

9

formation with o-hydroxyacetophenones.'” These complexes show powerful activity against
y y p p p y ag
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Ehrlich ascites tumor cells. Azomethines prepared by the condensation of 2-acetylfluorene and
4-acetylbiphenyl with glycine, alanine, valine, and leucine have been used as ligands for Pd(II)
complexes and their antibacterial, antifungal, and insecticidal activities have been determined.'
These complexes were active against both gram-positive and gram-negative bacteria as well as
fungi from Aspergillus, Fusarium, and Rhizopus genera. Interestingly, these compounds also
show insecticidal activity against Helicoverpa armigera, a major pest towards cotton. Amino
acid dianions generated by tosylation of the amino acid amine terminus have been prepared by
Li'"®" and have shown cytotoxicity against HL-60, Bel-7402, BGC-823, and KB cell lines. The
cytotoxicity of these compounds is less than that of cisplatin. Al-Fregi'® has reported two amino
acid Pd(II) chelates that shows significant antibacterial activity. The complexes, (cyclohexane-
1 4-diyldimethanamine)Pd(Il)glutamate and (cyclohexane-1 4-
diyldimethanamine)Pd(Il)aspartate were tested against eight gram positive bacterial strains.
Both complexes showed cytotoxic activity, with the aspartate complex the better of the two. In
both cases the amino acid ligand contains a dicarboxylic acid moiety and chelation to the metal
center is via an (0,0) attachment. Minimum inhibitory concentrations were on the order of 500
ug/mL. The cell membranes of these bacteria contain mucopolysaccharides and proteins with a
lesser amount of phospholipids, and the authors conclude that the cell wall makeup allows for

enhanced permeability of the complexes into the cell.

1.7 Catalytic Activity of Palladium Complexes

Palladium-catalyzed C-C couplings are ubiquitous in modern synthetic chemistry, and

there are many fine reviews describing both the significance and scope of these reactions."” The
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2010 Nobel Prize in Chemistry was awarded to Heck, Nigishi, and Suzuki for their efforts in this
area."™ Some of the more significant examples are briefly discussed below.

The Heck' reaction (Figure 16) is the coupling of an aryl halide with an alkene to form a

substituted alkene.

HBr

Figure 16. Mechanism of the Heck Reaction between bromobenzene and methyl acrylate. [“Heck Reaction Mechanism,”
Axel Miiller, Wikimedia Commons, used under a CC BY 3.0 de. Retrieved from http://tinyurl.com/haqcgxs on
03/27/2016.]

The Heck reaction is stereoselective, with trans selectivity most commonly seen. The reaction is
used in the synthesis of polymers, natural products, pharmaceuticals, and many asymmetric
syntheses. Part of its versatility stems from the fact that the reaction is extremely tolerant to the

presence of various functionalities on the substrate materials, such as amino, hydroxy, aldehyde,

ketone, carboxy, ester, cyano and nitro groups.
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The Suzuki'® reaction (Figure 17) is similar to the Heck reaction, and is the coupling

between an aryl- or vinyl-boronic acid with an aryl- or vinyl-halide.

R?—X
2
d(]
Reductive Oxidative
Elimination Addition
® R,—Pd'- R1 R —pd'-X
Na™ Y NaO'Bu
'BuO—?—OtBu
Y
7 Transmetalation \ R,—P d“OBU
Y
R1 t |
L M. R1—B—O‘Bu
Y/ \Y Y|
5 6

Figure 17. Mechanism of the Suzuki coupling reaction. [“Suzuki Coupling Full Mechanism 2,” Wikimedia Commons,
used under a CC BY-SA 3.0. Retrieved from http://tinyurl.com/jdqgswk3 on 03/27/2016.]

The reaction is widely used to synthesize poly-olefins, styrenes, and substituted biphenyls, and
has been extended to incorporate alkyl bromides. The reaction also works with triflates (OTf)
instead of halides. Boronic esters and organotriflates may be used instead of boronic acids.

The Sonogashira'® cross-coupling forms a carbon—carbon bond between a terminal
alkyne and an aryl or vinyl halide, and differs from the above examples in that copper(I) iodide is

used as a co-catalyst. It is amenable to mild conditions: room temperature, aqueous media, and
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mild bases are not uncommon. It has been employed in pharmaceuticals, natural products,

organic materials, and nanomaterials.

Some other less well-known palladium catalyzed cross couplings include the Stille'’

coupling of organohalides and organotin reagents, the Hiyama'*® coupling of organohalides and

190

organosilicons, the Buchwald-Hartwig'® amination, and the Heck-Matsuda'® reaction of

arenediazonium salts with alkenes.

1.7.1 Oxidative Coupling via Pd(II) Species

Oxidation reactions are some of the most utilized reactions in modern synthetic
chemistry, and transition metal catalyzed oxidations are well known."”' Palladium(II) oxidative
catalysis is a growing field"”'"*°, and some of the more recent developments are discussed in this
section.

Reactions such as the Heck, Suzuki, and Sonogashira couplings are known to proceed via
Pd’ species, with oxidative addition/reductive elimination yielding the desired products.
Oxidative palladium(II) catalysis differs in that it utilizes molecular oxygen to regenerate the
active catalyst in palladium(Il) catalyzed coupling reactions. There are two proposed
mechanisms for the catalytic cycle. In the first (Figure 18, Pathway A) reductive elimination of
HX from complex 1 yields a Pd’ species which is then oxidized by 1’-molecular oxygen. An
initial protonation yields the Pd" hydroperoxide species 4, and a second protonation generates
H,0, and regenerates the catalyst. In the second proposed mechanism (Figure 18, Pathway B),
molecular oxygen directly inserts into the palladium-hydride bond to generate the Pd"

hydroperoxide species 5. Protonation again yields H,O, and regenerates the catalyst. Note that
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between the two proposed pathways, species 4 and S are indistinguishable, the difference
between the two pathways being whether molecular oxygen inserts directly into a Pd-H bond or
instead re-oxidizes the metal after a reductive elimination. Experimental evidence suggests that
both pathways are possible and that the pathway observed for a catalytic system is dependent on

catalyst structure and/or substrate conditions."""

Pathway A
Lo~ e N HX b X
P 5 PG | 5 DL
L, L, o) L, OOH
2 3 4
l/~ HX
HX
L X g L x Oz L x  HX
n im. n ~ n ~
>Pd" — >Pd”\ BN >Pd”\ N s LPd"X, + Hy0,
L, R L, H L, OOH
1 5
Pathway B

Figure 18. Proposed mechanistic pathways for Pd(II) oxidative catalysis.

There are many different types of coupling reactions noted to proceed via palladium(II) oxidative

catalysis. There are hundreds of examples in the current literature of carbon-carbon'®*'*>!%520+22!

222-229 229-237

carbon-oxygen , carbon-nitrogen , carbon-sulfur?****¥

and carbon-phosphorous®
couplings that are catalyzed by palladium(Il) oxidative catalysis. These coupling reactions are
used in the manufacture of many pharmaceuticals, natural products, fine chemicals, and
polymers. In addition, palladium catalysts are known for their functional group tolerance, mild

reaction conditions, and their low sensitivity to air and water. Pairing these advantages with an
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abundant and easily accessible oxidant source shows the great utility and economic benefit that

these systems can provide.

1.7.2 Base-free Heck-type Oxidative Coupling

Typical palladium-catalyzed cross-coupling reactions employ a base to facilitate the
reaction. The role of the base is complex, with recent evidence suggesting that it is integral to

several steps in the overall mechanism. Amatore**’

has shown that OH™ plays a positive role in
the transmetalation step by formation of the reactive trans-[ArPd(OH)(PPh,),] species over the
non-reactive trans-[ArPdX(PPh,),] intermediate. Hydroxide ion also promotes the reductive
elimination of the biaryl product from [PdL,Ar,]. On the other hand, the presence of base can
also have a negative impact on the cross-coupling of arylboronic acids. The Ar-(B(OH),)" anion
is unreactive toward transmetalation, and as a result the base concentration must be carefully
adjusted and controlled to balance the positive and negative influences on the overall reaction

mechanism. Lima?*!

found quite the opposite with non-aromatic boronic acids, whereby the R-
(B(OH),)" anion was more reactive towards transmetalation. The examples cited here serve to
display the complex and sometime competing role that the base plays in these cross-coupling
reactions.

Given the complexity of the base’s influence on the reaction mechanism and the fact that
a stoichiometric amount of base must be added (compared to the alkyl/aryl halide used) it is clear
that a base-free palladium-catalyzed cross-coupling system would be of great utility. There are
several examples of base-free systems in the literature. Some of these systems merely utilize a
boronate salt as the starting material, effectively moving the formation of the Ar-(B(OH);) anion

242

required for transmetalation outside of the catalytic cycle. By far the more interesting
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examples utilize a nitrogen-containing moiety on the ligand which can act as a base during the
reaction. Iranpoor”* reports a Pd(I) system that is base-free and utilizes a diazadiphosphetidine
ligand to couple aryl halides in water. Wang®* developed a polystyrene-imobilized Pd(II)
catalyst with a phenanthroline ligand for the cross-coupling of arylboronic acids with olefins.

Suleiman®*

has investigated a dinuclear Pd(II) complex with chelating diimine ligands and
bridging diphosphines for the base-free coupling of arylboronic acids and olefins. Kantam**® and
Lindhardt**’ have opted for a slightly different approach. These groups use simple Pd(II) salts as
the palladium source to cross-couple heteroaromatic halides with aryl olefins and disubstituted

alkynes with electron-deficient alkenes, respectively. Taken as a whole, it is clear that base-free

coupling conditions can be achieved with careful consideration of both substrate and/or ligand

types.

1.7.3 Homocoupling in Palladium Catalysis

In the palladium-catalyzed cross coupling of aryboronic acids and olefins, one of the
possible reaction products is the coupled biaryl. This reaction is known to occur and, depending
on the goal of the synthetic methodology, may be viewed as either the desired reaction or an
undesired side reaction. The mechanism of biaryl formation'”® involves formation of a peroxo
complex (n*-O,)PdL, that forms an adduct with one equivalent of arylboronic acid (Figure 19).
A second arylboronic acid molecule enters the cycle and results in the formation of an
ArPd(OH)L, species, which is in turn transmetalated by yet another arylboronic acid to the
Ar,PdL, species. Reductive elimination of the biaryl followed by coordination of n’-O,
regenerates the original peroxo complex and starts the cycle anew. This catalytic cycle holds

true for nucleophilic arylboronic acids and requires the presence of an oxidant, in this case

24



dioxygen. This methodology has proven successful for many biaryl couplings, including indole

248

boronic acids®', halogenated boronic acids**®, as well as many “normal” aryl and alkyl boronic

aCidS 211,248-252
In some cases the formation of homocoupled products is undesirable. In this case there
are two major ways to eliminate homocoupling. The first, and perhaps simplest, is to exclude

dioxygen from the reaction and run the reaction anaerobically.*”

This can be problematic in
practice, as the dioxygen is catalytic in the mechanism and its total exclusion is often
unachievable. In the case of an oxidative coupling, exclusion of dioxygen is obviously not
feasible and a second method must be considered. Proper ligand selection and/or design can be
employed to prevent formation of the n’-peroxo intermediate. Successful suppression of
homocoupling has been observed by Hsu™* by utilizing chelated bipyridine ligands to suppress
the formation of the peroxo intermediate. Abnormal N-heterocyclic carbine ligands were

* to cross-couple aryl halides with aryl boronic acids. It is suggested

prepared and used by Xu
that abnormal NHC ligands sterically inhibit the formation of the peroxo species. Yu®° has
successfully cross-coupled aryl silanes and aryl boronic acids in high yield with a simple

palladium acetate/BINAP catalyst system (3% BINAP) that significantly reduces the formation

of homocoupled products.
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Figure 19. Mechanism of Pd(II) catalyzed Arylboronic Acid Homocoupling. [Reprinted (adapted) with permission from
“Mechanism of the Palladium-Catalyzed Homocoupling of Arylboronic Acids: Key Involvement of a Palladium Peroxo
Complex”, Adamo, C.; Amatore, C.; Ciofini, I.; Jutand, A.; Lakmini, H. Copyright (2006) American Chemical Society.]

1.7.4 Multiple Insertion Reactions in Palladium Catalysis

The Heck-type cross-coupling of an arylboronic acid with an alkene results in the
formation of a substituted alkene as the product. It is conceivable that the product alkene can
itself undergo a further coupling reaction with another arylboronic acid molecule to generate a
second product species. Despite this possibility, there are an extremely limited number of these
multiple couplings reported in the literature. Pryjomska-Ray>’ has reported such a second
coupling product in the cross coupling reaction between butyl acrylate and bromobenzene. The
reaction system is base-free and conducted in molten tetrabutylammonium bromide. The
primary product, butyl cinnimate, undergoes a second arylboronic insertion at the alkene to

generate butyl-3,3-diphenyl acrylate (Figure 20).
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Figure 20. Multiple Insertion of Bromobenzene to Butyl Acrylate
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Chapter 2. Bis-Glycinato Complexes of
Palladium(II): Synthesis, Molecular
Structure, and  Hydrogen  Bonding
Interactions

2.1 INTRODUCTION

This chapter discusses the palladium(II)-amino acid chelates where glycine, N-
methylglycine, and N,N-dimethylglycine were used as the chelating ligands. Subsequent
chapters will discuss the chiral palladium(II) amino acid chelates, with an eye toward ultimately
using those complexes for asymmetric catalysis. This chapter details the syntheses, structural
and spectroscopic characterization of palladium glycine complexes that clarify some earlier
studies and add new information on structures, both solid state and in solution. Also examined
here are the series of N-methylated glycines and the effect of methyl substitution on structures
and isomer formation.

Palladium(II) amino acid complexes are known although only a few of the possible
amino acid complexes have been made and their properties have not been studied in great depth.'
Prior to beginning a study of the catalytic and biological activity of transition metal amino acid
complexes,” it became apparent that there was still much to be learned about the bis-glycine

palladium(II) complexes and those findings are reported in this chapter. The simplest amino
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acid, glycine, affords some advantages in terms of analytical simplicity for a beginning of a
broader, more detailed study of these complexes.

Pinkard reported the first syntheses of cis and trans palladium(II) glycine complexes.'
Ley’ and Grundberg® had earlier reported analogous platinum complexes. Assignment of cis and
trans isomers was based on differing crystal habits and on differing reaction products with
aqueous thiourea. Saraceno’ and Lane® made detailed assignments of infrared bands for the trans
and cis isomers, respectively. Further infrared spectral analysis was reported by Condrate,” and
far-infrared peak assignments of these complexes were made by Walter.® The electronic spectra
and photochemical behavior of palladium(II)-amino acid complexes were investigated by
Balzani.” Balzani reported that trans-Pd(gly), undergoes decomposition resulting from electron-
transfer transitions when irradiated with ultraviolet radiation at 254 nm yet suffered no
decomposition when irradiated at 313 nm, which corresponds to the d—d transition seen in the
UV-vis spectrum. Zhang reported on the photoacoustic spectrum.'” Thermal isomerization (ca.
100°C) of trans-Pd(gly), to cis-Pd(gly), was reported by Coe along with the first-order rate
constant for the isomerization."! Farooq studied the formation of palladium(II)-glycine
complexes by titrating the [H'] liberated during the reaction of glycine and Na,PdCl, and
calculated their stability constants.”” The X-ray crystal structures of the cis and trans
palladium(II)-glycine complexes were reported by Baidina."'* Nuclear magnetic resonance data
on "N labeled glycinate complexes of palladium(Il) were reported by Appleton.” Two
resonances were observed at § 55.7 and 47.4 ppm indicating a mixture of cis and frans isomers
of Pd(”N-gly),. The "C NMR spectral data also shows a slight upfield shift of the methylene
carbon resonance as compared to the free ligand. "C NMR data reported by Krylova'® is in

excellent agreement with that reported by Appleton; 'H NMR data is reported as well with two
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distinct resonances reported for —NH, and —CH,- moieties. Electrochemical properties of

Pd(gly), complexes have been reported by Chornenka'” and Kublanovsky."®

2.2 EXPERIMENTAL DETAILS

All reagents used in the preparation of the following compounds were purchased from
commercial suppliers and used as-received. Palladium(Il) acetate was obtained from Pressure
Chemical, Pittsburgh, PA. Palladium(Il) chloride was purchased from Alfa Aesar, Ward Hill,
MA. Glycine was purchased from Qiagen Sciences, Germantown, MD. N,N-dimethylglycine
was purchased from Spectrum Chemical, Gardena, CA. N-methylglycine and reagent grade
solvents (ether, acetone) were purchased from Sigma-Aldrich, St. Louis, MO. Deuterated
solvents for NMR spectroscopy were obtained from Cambridge Isotope Laboratories,
Tewksbury, MA. Commercially available isotopically labeled glycines were provided by an
anonymous donor.

'H NMR spectra were collected on a Varian MR-400 NMR spectrometer or a Bruker
Avance III 600 MHz NMR spectrometer. C and "N NMR spectra were collected on a Bruker
Avance III 600 MHz NMR spectrometer. High Resolution Mass Spectra (HRMS) were
collected on an Agilent 6220 Accurate Mass TOF MS with an ESI source. Ultraviolet-Visible
(UV-vis) spectra were collected on a Hewlett-Packard 8453 spectrophotometer with quartz
cuvettes. Solid-state Fourier Transform Infrared (FTIR) spectra were collected on a Midac
M2000 FTIR spectrometer equipped with a DuraScope diamond ATR accessory. X-ray
crystallographic data were collected at 100 K on an Oxford Diffraction Gemini diffractometer

with an EOS CCD detector and Mo Ko radiation. Data collection and data reduction were
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performed using Agilent’s CrysAlisPro software.”” Structure solution and refinement were
performed with ShelXL, and Olex2 was used for graphical representation of the data.”’ Powder
X-ray diffraction data were collected on a Rigaku MiniFlex 600 powder X-ray diffractometer.
Chromatographic data were collected on either an Agilent 7890A GC with a 5979C MSD or on a
Hewlett-Packard 5890 GC-FID. Columns employed were either an Agilent HP5-MS (30m x
0.25mm, 0.25um) or a J&W Cyclosil-B (30m x 0.25mm, 0.25um).

All molecular modeling calculations were performed using Gaussian 09°* on the Virginia
Tech Chemistry Department Cluster, “Cerebro”, using the WebMO interface. Full geometry
optimizations and single-point energy calculations of all structures in water were performed via
density functional theory (DFT) with the Becke-3-parameter exchange functional” and the Lee—
Yang—Parr correlation functional ***° Because palladium is not covered in the cc-pVDZ basis set
used, computations involving Pd employed  Stuttgart/Dresden  quasi-relativistic
pseudopotentials.*

A total of eight distinct palladium(II)-glycine complexes were synthesized during this
study. Their structures and corresponding compound numbers, as referenced in this chapter, are

summarized in Figure 21 with syntheses described in the following sections.
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Figure 21. Structures and Corresponding Compound Numbers of Pd(II)-glycine Complexes

2.2.1 Svynthesis of trans-bis(glycinato)palladium(II) (1,5, 6)

A four dram vial was fitted with a magnetic stir bar and charged with 32.2 mg of palladium(II)
acetate (0.1430 mmol) and 3.0 mL of 50/50 (v/v) acetone/water. The mixture was stirred until
all solids had dissolved. To this solution was added 27.1 mg of glycine (0.3610 mmol), and the
mixture was stirred overnight. The reaction solution turned from a clear red-orange to a clear

pale-yellow supernatant with a pale-yellow precipitate. The supernatant was transferred via
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pipette to a clean vial and allowed to evaporate to give clear yellow needles. The pale-yellow
precipitate was washed with water and dried under vacuum. The combined yield of crystals and
precipitate was 33.2 mg (0.1304 mmol, 91% yield). The same procedure was used to prepare the
“N-enriched (5) and the doubly “C-enriched (6) variants, using "N and "C labeled glycine,
respectively. Trans-Pd(C,H,NO,), (1, S, 6) were identified on the basis of the following data:
'H NMR (400 MHz, 95/5 H,0/D,0) & 3.55 (t, J = 6.4 Hz), 3.53 (t, J = 6.9 Hz) ppm. "“C NMR
(126 MHz, 95/5 H,0/D,0) & 189.66 (d, J = 57.5 Hz), 188.04 (d, J = 57.3 Hz), 17526 (d, J =
53.1 Hz), 50.39 (d, J = 57.3 Hz), 48.84 (d, J = 57.5 Hz),44.49 (d, J = 53.3 Hz) ppm. "N NMR
(61 MHz, 95/5 H,0/D,0, ref. to urea) 6 -34.89, -26.52 ppm. HRMS/ESI+ (m/z): [M+H]+ calcd
for Pd(C,H,NO,),, 254.9597; found, 254.9593. Anal. Calcd. for C,H;N,O,Pd: C, 18.80%; H,
3.55%; N, 11.01%. Found: C, 19.09%; H, 3.19%; N, 11.06%. FTIR (solid state): 3234, 3106,

1592 cm™. UV-VIS (H,0): A,,=194 nm, £=26793 M'cm™; A, =323 nm, e=244 M'cm™".

max

2.2.2 Svynthesis of trans-bis(N,N-dimethylglycinato)palladium(II) (2)

A four dram vial was fitted with a magnetic stir bar and charged with 33.7 mg of palladium(II)
acetate (0.1500 mmol) and 2.5 mL of 2/1 (v/v) acetone/water. The mixture was stirred until all
solids had dissolved. To this mixture was added N,N-dimethylglycine (31.2 mg, 0.3000 mmol)
and stirred overnight. The reaction solution changed from a clear red-orange to a clear pale-
yellow supernatant with a pale yellow precipitate. The supernatant was transferred via pipette to
a clean vial and allowed to evaporate to give clear yellow needles which were used for X-ray
diffraction. The precipitate was washed with water and dried under vacuum. The combined
yield of crystals and precipitate was 43.3 mg (0.1394 mmol, 93% yield). Trans-Pd(C,H{NO,),

(2) was identified on the basis of the following data: 'H NMR (400 MHz, Deuterium Oxide) &
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341 (s,2H), 2.46 (s, 6H) ppm. HRMS/ESI+ (m/z): [M+H]+ calcd for Pd(C,H{NO,),, 311.0223;

found, 311.0216. Anal. Calcd. for Pd(C,H;NO,),: C, 30.93%; H, 5.19%; N, 9.02%. Found: C,

31.05%; H, 523%; N, 903%. FTIR (solid state): v 1636 cm ' UV-VIS (H,0): A=

C=0

205 nm, €= 22899 M'em™; A_..=316 nm, e= 285 M'cm™.

max

2.2.3 Svynthesis of trans-bis(N-methylglycinato)palladium(II) (3)

A four dram vial was fitted with a magnetic stir bar and charged with 35.2 mg of palladium(II)
acetate (0.1570 mmol) and 3.0 mL of 50/50 (v/v) acetone/water. The mixture was stirred until
all solids had dissolved. To this mixture was added 31.3 mg of N-methylglycine (0.3510 mmol)
and stirred overnight. The mixture changed from a clear red-orange solution to a clear pale-
yellow supernatant with a pale yellow precipitate. The supernatant was transferred via pipette to
a clean vial and allowed to evaporate to give clear yellow needles. The precipitate was washed
with water and dried under vacuum. The combined yield of crystals and precipitate was 41.3 mg
(0.1461 mmol, 93% yield). Trans-Pd(C;HNO,), (3) was identified on the basis of the following
data:  'H NMR (600 MHz, D,0) 1: 83.58(d,J=13.3 Hz 1H),3.55(d,J = 13.3 Hz, 1H), 3.33
(d,J=11.8 Hz, 1H), 3.31 (d, J = 11.8 Hz, 1H), 2.34 (d, J = 0.9 Hz, 6H) ppm; 2:83.77(d,J =
15.0 Hz, 1H), 3.20 (d, J = 8.8 Hz, 1H), 2.47 (s, 3H) ppm;  3: 6 3.80 (d, J = 14.8 Hz, 1H), 3.22 (d,
J=8.6Hz, 1H),2.52(s,3H) ppm. “C NMR (151 MHz, Deuterium Oxide) 6 18438, 183.02,
182.75,58.44,58.19, 56.89, 41.28, 40.46, 39.55, 39.52 ppm. HRMS/ESI+ (m/z): [M+H]+ calcd
for PAd(C;H{NO,),, 282.9910; found, 282.9930. Anal. Calcd. for Pd(C;H,NO,),: C, 25.50%; H,
4.28%;N,9.91%. Found: C,25.56%; H,4.34%; N, 9.91% .FTIR (solid state): 3107, 1625 cm.

UV-VIS (H,0): A,,=202 nm, e=37605 M'cm™; A, =321 nm, e=373 M'cm".
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2.2.4 Svynthesis of cis-bis(glycinato)palladium(I) (4,7, 8)

A 10-mL Erlenmeyer flask was fitted with a magnetic stir bar, glycine (0.5573 g, 7.424 mmol)
and water (3.0 mL). The mixture was stirred until solids had completely dissolved then heated in
a 70 °C water bath. To this mixture was added palladium(II) chloride (0.3061 g, 1.726 mmol).
Stirring was continued for 30 minutes. The reaction solution changed from a red-brown
suspension to a clear, pale orange-red solution. The reaction was cooled in an ice water bath (0
°C) and then placed in a refrigerator at 4 °C overnight to give clear yellow needles with an
orange-red supernatant. The supernatant was decanted and the crystals were washed with cold
water (2 x 1 mL), cold ethanol (2 x 1 mL), and followed by diethyl ether (2 x 1 mL) and dried
under vacuum to yield the product (0.3911 g, 1.5365 mmol, 89% yield). The same procedure
was utilized to prepare the "N-enriched (7) and the doubly "*C-enriched (8) variants, using °N
and "C labeled glycine respectively. Cis-Pd(C,H,NO,), (4, 7, 8) was identified on the basis of
the following data: 'H NMR (400 MHz, 95/5 H,0/D,0) 6 3.55 (t, J = 6.4 Hz), 3.52 (t,J = 6.5
Hz) ppm. “C NMR (126 MHz, Deuterium Oxide) & 189.65 (d, J = 57.5 Hz), 188.04 (d,J = 574
Hz),174.62 (d,J = 552 Hz),50.39 (d, J = 572 Hz),48.85 (d, J = 579 Hz),44.10 (d, J = 54.8
Hz). "N NMR (61 MHz, 95/5 H,0/D,0, ref. to urea) & -34.85, -26.50 ppm. HRMS/ESI+ (m/z):
[M+H]+ calcd for C,H{N,O,Pd, 254.9597; found, 254.9592. Anal. Calcd. for C,H,N,O,Pd: C,
18.80%; H, 3.55%; N, 11.01%. Found: C, 19.09%; H, 3.19%; N, 11.06%. FTIR (solid state):
3221, 3118, 1625 cm™. UV-VIS (H,0): A,,.<190 nm, 21108 M'cm™; A,,=324 nm, =182

M'em™.
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2.2.5 Attempted syntheses of cis-bis(N-methylglycinato)palladium(II) and cis-bis(V,N-

dimethylglycinato)palladium(II)

Attempts to synthesize the cis isomers of the N-methylglycine and N,N-dimethylglycine
complexes using the same procedures outlined above for the cis-bis(glycinato)palladium(II)

complex (Compounds 4, 7, and 8) were unsuccessful. No reaction was noted in either case.

2.2.6 General Oxidative Coupling of Phenylboronic Acid and Methyl Tiglate

A 10 mL roundbottom flask was charged with 51.8 mg (0.4248 mmol) of phenylboronic
acid, 153.1 uL of methyl tiglate (1.2745 mmol), 5.4 mg of cis-bis(glycinato)palladium(II)
(0.0212 mmol), 3 mL of DMF, and a micro stir bar. The flask was purged with oxygen gas and
an oxygen balloon fitted. The reaction was then stirred under O, for 48 hours to ensure complete
consumption of the phenylboronic acid substrate. The reaction was diluted with 10 mL of ethyl
acetate and washed twice with 10 mL of water. The organic layer was retained, dried over
anhydrous MgSO,, filtered and concentrated under vacuum. A portion of the residue was re-
dissolved in chloroform and separated chromatographically by GC-MS or GC-FID. The
remaining residue was chromatographed on silica gel (hexanes/ethyl acetate @ 40:1). The cross-
coupled products were characterized by comparing their NMR and/or mass spectral data to that

previously reported in the literature.

2.3 RESULTS AND DISCUSSION

In the following discussions, the frans bis amino acid complexes 1, 2, 3, S and 6 were

synthesized via the following general reaction scheme (Figure 22):

45



H H RRN 0
%, 50/50 HoO/Acetone o
P s 3 PN +6 CH;COOH

NRR'

Figure 22. General reaction scheme for the synthesis of trans-palladium(II)-glycinate complexes.

The cis complexes 4, 7 and 8 were synthesized in a slightly different manner, as shown in

Figure 23, below.

o)
H H HoN o
H,0, 70 C Np”
PdCl, +2 ' - NG +2 HCI
H,oN COOH HaN
o

Figure 23. General reaction scheme for the synthesis of cis-palladium(II)-glycinate complexes.

2.3.1 Trans-bis(glycinato)palladium(II)

The simplest Pd(Il)-amino acid complexes are those of the bis-glycinato chelates.
Glycine, being achiral, is limited to the formation of only the cis or the frans isomers of the
complex. Compounds 1, S, and 6 were prepared as the trans isomer via the scheme shown in

Figure 2 and confirmed by X-ray crystal structure analysis (Figure 24).
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Figure 24. Thermal ellipsoid plot of the molecular structure of crystalline frans-Bis(glycinato)palladium(II), 1. Thermal

ellipsoids are shown at the 50% probability level.

The complex crystallizes in the P2,/n space group. Pd-N and Pd-O bond lengths are 2.033 A and
1.997 A, respectively. N-Pd-O bond angles are 83.959 degrees for each chelate ring and 96.041
degrees between the chelate rings. All bond lengths and angles are within the ranges reported for

similar d® metal chelates*?

, and this newer 100 K data offers significant improvement in
precision over that reported by Baidina at room temperature.'* In addition, the current structure
was refined in P2,/n, as opposed to P2,/c, in which the unit cell has the recommended smaller
oblique value of 3. Molecular modeling calculations place the trans isomer 0.56 kJ/mol lower in

energy than the cis isomer.”” Intermolecular hydrogen bonding is observed between the amine

protons and the non-coordinated carboxyl oxygen atoms (Figure 25).

47



Figure 25. Crystal packing diagram of (1) as viewed along [100] showing the intermolecular hydrogen bonding motif.

The 'H NMR spectrum in 95/5 H,0/D,0 shows two inequivalent triplets for the
methylene protons at & 3.55 and 3.53 ppm, which are shifted upfield from the non-coordinated
ligand at 3.57 ppm, indicating that these protons are slightly more shielded upon coordination.
Interestingly both resonances collapse to singlets in D,0O, indicting that proton exchange does
occur at the coordinated nitrogen atom. Krylova reported resonances for both —-NH, (& 4.85 and
4.51 ppm, singlets) and —CH,- (3.09 ppm, multiplet) groups in a mixture of the cis and trans
glycinate isomers in DMSO-d6."® The amine resonances disappeared on addition of D,O,
confirming what we observed with respect to amine proton exchange. They report that the
methylene protons resolved into two singlets at 6 3.14 and 3.04 ppm on addition of D,O and use
this as evidence of the two isomers, providing a proposed pathway for cis-frans isomerization
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through a DMSO-coordinated trigonal-bipyramidal intermediate. Our data show no evidence of
cis-trans isomerization in H,O or D,O, which is expected given that free water is not likely to
coordinate strongly to a chelated square planar palladium(II) center and displace a chelate. An
intriguing possibility however, is the formation of aquo complexes upon solvation and this
theory is examined in detail below. 'H NMR spectra of the ’N-enriched trans complex 5 were
also obtained and showed the same triplets for the methylene protons. The amine protons were

not observed, however two-bond Ji15,; coupling of 0.9 Hz was observed for the trans glycine

complex. “C NMR spectra of the doubly "“C enriched complex show three peaks each for the
carbonyl (189.7, 188.0, and 175.3 ppm) and methylene carbons (50.4, 48.9, and 44.5 ppm), and
'H-"N HSQC (Heteronuclear Single Quantum Coherence) NMR spectroscopy shows two
resonances for the amine nitrogens at -34.89 and -26.52 ppm. The typical isotopic splitting
pattern for palladium was observed in the HRMS spectrum with peaks at 252.960, 253.961,

256.962, and 258.962 amu.

2.3.2 Agquo Complex Formation

As mentioned above, there is an intriguing possibility of aquo complex formation that can
occur with these bis-chelate complexes. The C NMR data for the trans-bis(glycinate) complex
clearly shows the presence of three ligand environments. Taken alongside the observation from
powder X-ray diffraction that the bulk material does not undergo cis-trans isomerization in
solution (see below, Section 2.3.9) we are left with the formation of aquo complexes as the most
likely explanation for the observed spectroscopy. There is no evidence of free ligand in the
NMR spectra, nor were any species other than a single crystal of the complex and D,O solvent

present for the NMR experiment. If cis/trans isomerization is not occurring and the ligands are
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not de-coordinating from the metal, the only plausible explanation for different ligand
environments is the formation of aquo complexes. This possibility is also critical to the potential
catalytic activity of these complexes, as one end of the chelate must be able to de-coordinate in
order to generate open cis reactive sites on the square planar metal center. The resulting
geometries are depicted in Figure 26 (below) for the frans-bis(glycinate) complex. Although not
shown, this scheme holds true for the frans-bis(N,N-dimethylglycinato) complex as well.
Inversion at the nitrogen atom has no effect on the stereochemistry as the nitrogen atoms in these
cases are symmetrically substituted. Asymmetric alkylation of the nitrogen atom, as seen for N-

methylglycine, does affect the stereochemistry and will be discussed in turn.

Hy

T ;K T Jk Ney Jk%
(€] Pd®
N/ \

bis-chelate mono-aquo
1 ligand environment 2 ligand environments bis-aquo
1 ligand environment

Figure 26. Aquo complex formation and ligand environments for symmetrically N-substituted amino acid complexes.

Starting with the bis-chelate, there is only one ligand environment for each carbon. The complex
is C, symmetric, therefore the carbonyl carbons are related by symmetry as are the methylene
carbons. In the "C NMR spectrum we would expect to see one resonance for each carbon type.
The mono-aquo complex exhibits two ligand environments for each type of carbon. The
chelated ligand will have one set of resonances, different from those of the bis-chelate, as the
magnetic field environment has changed with decoordination of one of the ligands. The

decoordinated ligand will also have a distinct set of resonances. We should therefore see two
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sets of signals for each carbon type if the mono-aquo complex is present. Finally, in the case of
the bis-aquo complex we return to a C, symmetric molecule and will observe one set of
resonances for each type of carbon.

The bis-chelate and bis-aquo complexes are both C, symmetric and both will have one set
of resonances for each type of carbon. In the case of trans-bis(glycinato)palladium(Il) there are
three ligand environments observed in the "*C (doubly enriched) NMR spectrum (Figure 27,

Figure 28).

—189.88
—189.43
188.27
187.81
—175.47
—175.05

b AR Y A o

193 192 191 190 189 188 187 186 185 184 183 182 181 180 179 178 177 176 175 174
f1 (ppm)

Figure 27. *C (doubly enriched) NMR spectrum of trans-bis(glycinato)palladium(II) showing three ligand environments
for the carbonyl carbon.
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Figure 28. *C (doubly enriched) NMR spectrum of trans-bis(glycinato)palladium(II) showing three ligand environments
for the methylene carbon.

This necessitates that there is mono-aquo complex in solution along with either the bis-chelate or
the bis-aquo. We turn to DFT calculations in order to predict which species is the more stable
and most likely observed. DFT calculations performed on each of the aforementioned

complexes yields the following order of stability in water:
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Trans-Pd-(GLY), AE from bis-chelate in
isomer (Fig. 26) water, kJ/mol
Bis-chelate 0

Mono-aquo -4.0

Bis-aquo -8.5

Table 2. DFT calculated energies of aquo complex species of trans-bis(glycinato)palladium(II) in water.

From this data it is apparent that the three ligand environments observed in the "C NMR
spectrum arise from the presence in solution of the mono-aquo and bis-aquo complexes. Their

DFT optimized geometries are shown below (Figure 29, Figure 30).
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Figure 29. DFT calculated structure of trans-bis(glycinato)palladium(II) mono-aquo complex.
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Figure 30. DFT calculated structure of trans-bis(glycinato)palladium(II) bis-aquo complex.

A lingering discrepancy with this analysis, that remains unexplained at this time, is the fact that
the mono-aquo complex requires both two separate ligand environments and that the relative
peak intensities of those signals be the same. In the case of frans-bis(glycinato)palladium(II) the
three carbon signals for each type of carbon are all of differing intensities. This remains an
unsolved issue and bears further study and clarification.

In the case of an asymmetrically substituted nitrogen atom, as is the case for N-
methylglycine, we must take into account the diastereomeric differences that arise from

inversion at the nitrogen atom.
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Figure 31. Aquo complex formation for asymmetrically N-substituted amino acid complexes.

Isomers A and A’ are C, and C; symmetric, respectively, and each have one ligand environment.
The methylene protons in the 'H NMR spectrum will be observed as a pair of doublets with a
singlet for the N-methyl protons, and three carbon peaks in the "C NMR. The remaining
isomers (B, B’, C, C’) pose a more complicated situation in that they all generate diastereomers.
In each case there are two chiral nitrogen centers per molecule resulting in a possible four
diastereomers for each aquo complex. This is somewhat simplified by the fact that the four
diastereomers exist as two enantiomeric pairs. For the mono-aquo complex this will result in
four pairs of doublets for the methylene protons and two singlets for the N-methyl protons. The
"C NMR should then have a total of six carbon resonances. The bis-aquo complex re-
establishes C,/C; symmetry and like the bis-chelate will show a pair of doublets for the

methylene protons, a singlet for the N-methyl protons, and three peaks in the *C NMR spectrum.
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2.3.3 Trans-bis(N,N-dimethylglycinato)palladium(II)

An analogous complex (Compound 2) in which the amine protons were both replaced
with methyl groups was synthesized in an effort to understand the effects of N-alkylation on the

formation of Pd(II)-AA complexes. When N,N-dimethylglycine was used as the ligand, trans-
bis(N,N-dimethylglycinato)palladium(II) is formed (Figure 32).
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Figure 32. Thermal ellipsoid plot of the molecular structure of crystalline trans-bis(N,N-dimethylglycinato)palladium(II)

hydrate, 2. Thermal ellipsoids are shown at the 50% probability level.

X-ray crystallographic analysis confirmed formation of the frans isomer, which would be

expected based upon considerations of the steric bulk about the nitrogen atoms and that using
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Pd(OAc), usually yields the frans isomer. Placing the fully methylated amine nitrogens adjacent
to one another results in such a degree of steric crowding that formation of the cis complex is not
favorable. The trans complex, 2, crystallizes in the P2,/c space group. Pd-N and Pd-O bond
lengths are 2.0481 A and 2.0010 A, respectively. N-Pd-O bond angles are 83.474 degrees in the
chelate ring and N-Pd-O bond angles between the chelate rings are 96.531 degrees. All bond

232 Molecular

lengths and angles are within the ranges reported for similar d* metal chelates
modeling calculations identify the frans isomer as the most stable isomer, the exact value
depending upon the use of water solvent or no solvent in the calculations.” In the presence of
water, the cis complex is less stable by 17.3 kJ/mol but in the absence of water, the difference
increases greatly to 58.8 kJ/mol.

In the crystal lattice no intermolecular complex-to-complex hydrogen bonding is present;

however, water is incorporated into the lattice and hydrogen bonding between water molecules in

the crystal lattice and the carboxylate oxygen atom was observed (Figure 33).
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Figure 33. Crystal packing diagram of (2) as viewed along [101] showing the hydrogen bonding motif.

The 'H NMR spectrum in D,O shows a singlet for the methylene protons at 8 3.56 ppm, which is
shifted upfield from the non-coordinated ligand at 3.71 ppm. The methyl groups resonate at §
2.60 ppm versus 2.91 ppm in the free ligand indicating that these protons are more shielded on

coordination to the metal center. Based on the proton NMR data, there is no evidence to suggest
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that multiple aquo species exist in solution. DFT calculations place the bis-chelate 3 kJ/mol
lower in energy than the bis-aquo, suggesting that the observed species is in fact the bis-chelate.
Again, the typical isotopic splitting pattern for palladium is observed in the HRMS spectrum

with peaks at 309.0217,310.0231,313.0219, and 315.0230 amu.

2.3.4 Trans-bis(N-methylglycinato)palladium(II)

In an effort to more fully understand the effects of N-methylation on hydrogen bonding,
on molecular geometry and on crystal packing, trans-bis(N-methylglycinato)palladium(II) was

synthesized (Compound 3, Figure 34) using N-methylglycine as the ligand.
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Figure 34. Thermal ellipsoid plot of the molecular structure of crystalline trans-bis(N-methylglycinato)palladium(II), 3.

Thermal ellipsoids are shown at the 50% probability level.

N-methylglycine allows a degree of hydrogen bonding and steric control about the amine
nitrogen atom in between that of glycine and N,N-dimethylglycine. There are seven different
isomeric forms possible with this complex (Figure 35). The complexes can be cis or trans. The
cis isomer can have three possible stereoisomers: the meso compound (3a) and the enantiomeric
pair cis-(S,S) (3b) and cis-(R,R) (3¢). The trans isomer has four possible stereoisomers: trans-

(R,R) (3d), trans-(S,S) (3e), trans-(S,R) (3f), and trans-(R,S) (3g).
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Figure 35. The seven possible isomers of bis(N-methylglycinato)palladium(II). Clockwise from upper left: cis-meso, cis-

(S,S), cis-(R,R), trans-(R,S)= trans-(S,R), trans-(S,S), and trans-(R,R).

X-ray crystallography indicates that compound 3 crystallizes as the trans-(R,S) isomer, 3f. The
complex crystallizes in the P2,/n space group with Pd-N and Pd-O bond lengths of 2.0341A and
1.9921A, respectively. N-Pd-O bond angles are 84.639 degrees in the chelate ring and N-Pd-O
bond angles between the chelate rings are 95.361 degrees. All bond lengths and angles are

232 DFT calculations carried out on a

within the ranges reported for similar d* metal chelates
water solution show that the trans-(R,S)/(S,R) isomers have the lowest calculated steric energy
of all the isomers with the next lowest energy isomer set, the trans-(S,S)/(R/R) being +0.52
kJ/mol higher in energy; space filling models suggest that the cis-meso isomers may be

unfavorable, however the calculated energy values are not unreasonable (Table 3).* The isomers
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are ranked in the following order based on calculated molecular energy: trans-(R,S)/(S/R) <

trans-(R,R)/(S.,S) < cis-(R,R)/(S.S) < cis-meso.

Pd-(NMG), isomer AE from lowest AE from lowest

. energy isomer, kJ/mol | energy isomer, kJ/mol
(Fig. 33) )

in water no solvent

3b,3c +13.7 +55.2
3a +6.5 +49.9
3d, 3e +0.52 +0.38
3f 0.0 0.0

Table 3. DFT energies for PdA(NMG), isomers.

The amine proton forms an intermolecular hydrogen bond with the carboxylate oxygen of an

adjacent molecule (Figure 36).
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Figure 36. Crystal packing diagram of (3) as viewed along [100] showing the intermolecular hydrogen bonding motif.

The '"H NMR spectrum of a single crystal of 3 in D,O (Figure 37) shows a complex mixture of
products. Three peaks at § 2.34, 2.47 and 2.52 ppm correspond to the amine methyl groups and

suggest that there are three diastereomers present in solution. The peak at 2.34 ppm appears as a
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barely resolved doublet at 600 MHz, and at 400 MHz is a true singlet with a slightly broadened
line width. The ratio of these peaks is approximately 4.67:1.21:1.00, which would correspond to
a 67.9/17.6/14.5 percent isomeric distribution. The methylene protons in the chelate backbone

give rise to a complicated set of resonances from 3.1-3.9 ppm.
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Figure 37. '"H NMR spectrum of a single crystal of bis(N-methylglycinato)palladium(II) in D,O.

In order to assign the methylene resonances a 1D NOESY (Nuclear Overhauser effect
spectroscopy) experiment was performed. Irradiation of the methyl resonance at & 2.34 shows a

corresponding response in the peaks at & 3.31, 3.33, 3.55 and 3.58 ppm, which correspond to
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four pairs of doublets. Integration of these resonances yields peaks areas of 3:1:1. Irradiation at
d 2.47 ppm yields a methylene response at 8 3.20 and 3.77 ppm corresponding to a pair of

doublets. Integration again shows a ratio of 3:1:1. Finally, irradiation at 8 2.52 ppm shows that
the resonances at 3.22 and 3.80 correspond to another pair of doublets with area ratios of 3:1:1.
A peak at 282.9930 amu in the HRMS corresponds to the [M+H]+ parent ion, and the typical
isotopic splitting pattern for palladium is observed with peaks at 280.9977, 281.9975, 284.9935,
286.9947.

Per the prior discussion of aquo complex formation in asymmetrically N-substituted
complexes, the proton and carbon NMR data allow us to postulate what species are present in
solution. In the case of frans-bis(N-methylglycinato)palladium(II) we observe four N-methyl
resonances and eight pairs of methylene doublets in the proton NMR spectrum. In the carbon
NMR spectrum we observe four N-methyl signals, four methylene signals, and three carbonyl
signals. We have previously shown that the mono-aquo complex should show four pairs of
methylene doublets and two methyl singlets. The remaining four pairs of methylene doublets
and two methyl singlets can be explained by slightly modifying the case for the bis-aquo
complex. The bis-chelate is rigidly C, symmetric, however the bis-aquo complex allows for
some relaxation of that rigidity. If the carboxylate end of each ligand is free it is conceivable
that the bis-aquo complex adopts a configuration with C, symmetry. In this case we would
expect to see four pairs of 'H methylene doublets and two N-methyl carbon peaks. The fact that
eight methylene 'H signals are observed rather than six, and that four N-methyl carbon signals
are seen rather than three is a strong indication that the solution species present are the mono-
and bis-aquo. DFT calculations place the mono-aquo and bis-aquo complexes 3.0 and 5.4

kcal/mol lower in energy than the bis-chelate, respectively, further supporting the conclusion that
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these are the species present in solution. Given the preceeding discussion, the “singlet” at 2.34
ppm and the four pairs of doublets at 3.31, 3.33, 3.55, and 3.58 ppm are assigned to the bis-aquo
complex. The singlet at 2.47 and the doublets at 3.20 and 3.77 ppm are assigned to the de-
coordinated NMG ligand of the mono-aquo complex. Finally, the singlet at 2.52 and the
doublets at 3.22 and 3.80 ppm are assigned to the coordinated NMG ligand of the mono-aquo
complex.

A further possibility that must be entertained is that all three species are present in
solution. This premise requires the invocation of coincidental overlap of the carbonyl-carbon *C
NMR signals. The interpretation of the proton NMR spectrum in this case changes so that the N-
methyl singlets at 2.47 and 2.52, and their corresponding methylene doublets, are assigned to the
rigidly C, symmetric bis-chelate and bis-aquo complexes. The N-methyl doublet at 2.34 ppm
and its corresponding methylene doublets are then assigned to the mono-aquo complex. De-
coordination of one carboxylate changes the ligand environment just enough to result in an
observable shift in the proton resonances. The “C NMR spectrum shows four ligand
environments for each of the methyl and methylene carbons, yet only three ligand environments
for the carbonyl carbons. The bis-chelate clearly has only one ligand environment for the
carbonyl carbon. The mono-aquo complex clearly has two distinct ligand environments. If the
doubly de-coordinated carboxylates in the bis-aquo complex are indistinguishable by NMR from
the de-coordinated carboxylate of the mono-aquo complex, then we would be left with only three
ligand environments for the carbonyl carbons. This is what is observed in the “C NMR
spectrum. The larger carbonyl carbon peak then is assigned to the de-coordinated carboxyl
group of the mono- and bis-aquo complexes, with the smaller two carbonyl resonances assigned

to the bis-chelate and coordinated carboxylate of the mono-aquo complex. The non-equivalent
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integrated peak areas of the N-methyl protons does lend support to the argument that all three
species are present in solution. If the N-methyl singlets at 2.47 and 2.52 were due to the mono-
aquo complex they should be present in a 1:1 ratio, and they are not. However, there is little
other hard evidence in the NMR data that tends to favor one argument over the other so we must

therefore conclude that either case is equally valid and bears further investigstion.

2.3.5 Cis-bis(glycinato)palladium(II)

To complete the picture, the cis glycine complexes (Compounds 4, 7, 8, Figure 40) were
prepared following the procedures set forth by Chornenkba et al."” In this case palladium(II)
chloride was used. Trans-effect theory predicts that a PACI, precursor would be favored to yield
the cis complex. If palladium has a higher affinity for nitrogen than oxygen, based on hard/soft
acid-base theory, then the two chlorine ligands direct the incoming amine nitrogen atoms to
positions frans to the chlorine atoms. This places the two nitrogen atoms cis to each other.
Dissociation of the chloride ligand then opens up the adjacent coordination site, and formation of

the chelate ring occurs with coordination of the carboxylate oxygen (Figure 38).
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Figure 38. Proposed pathway for cis glycinate complex formation.
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Indeed, molecular modeling calculations confirm that the cis-(/N)-monodentate glycine dichloride
complex is favored by approximately 4.92 kcal/mol over the trans isomer.”> As discussed above
for compound 1, when utilizing palladium(II) acetate as the starting material we observe
formation of the trans isomer. In this case coordination of the first amine nitrogen (N1) directs
the second amine nitrogen to a position trans to N1. The carboxylate oxygen atoms coordinate to

form the chelate ring resulting in the trans complex (Figure 39).
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Figure 39. Proposed pathway for trans glycinate complex formation.
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Figure 40. Thermal ellipsoid plot of the molecular structure of crystalline cis-Bis(glycinato)palladium(II) trihydrate, 4.

Thermal ellipsoids are shown at the 50% probability level.

X-ray crystallography confirms formation of the cis isomer from PdCl, starting material.
The complex crystallizes in the C2/c space group. Pd-N and Pd-O bond lengths are 2.006A and

2.017A, respectively. N-Pd-O bond angles are 84.21 degrees in the chelate ring. The N-Pd-N
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bond angles between the chelate rings are 96.156 degrees and the O-Pd-O bond angles between
the chelate rings are 95.418 degrees. There are three water molecules in the lattice; two are
hydrogen bonded between the amine protons and non-coordinated carboxylate oxygen atoms in
adjacent molecules, and one is hydrogen bonded to the coordinated oxygen atoms of a single
molecule (Figure 41). As before with the frans complex 1, these newer 100 K data provide
greater precision when compared with the room temperature data reported by Baidina.” One
other key difference is that hydrogen atom positions are reported for the structure whereas

Baidina did not report these.

Figure 41. Crystal packing diagram of (4) as viewed along [0 2/3 -1/3] showing the intermolecular hydrogen bonding

motif.
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As in the case for the trans complex, the 'H NMR spectrum in 95/5 H,O/D,0 shows two triplets
for the methylene protons at 0 3.55 and 3.52 ppm. Both resonances appear as singlets in D,O.
The 'H NMR spectrum of the ""N-enriched cis complex 7 was also obtained and showed the
same triplets for the methylene protons. The amine protons were again not observed; two-bond

Ji5yen coupling of 0.7 Hz was observed for the cis glycine complex. The range of Ji5yy

couplings reported in the literature span from 0.6-1.4 Hz.* The difference observed of 0.2 Hz
between cis and trans isomers may therefore lend itself as another tool for the determination of
chelate geometry in solution. "C NMR spectra again show three peaks each for the carbonyl
(189.65, 188.04, and 174.62 ppm) and methylene carbons (50.39, 48.85, and 44.10 ppm), and the
'H-"N HSQC NMR spectrum shows two resonances for the amine nitrogens at -34.85 and -
26.50 ppm. Taken as a whole, the NMR data of the cis-bis(glycinate) complex once again

strongly suggests the formation of an aquo complex in solution (Figure 42).

0 o}
0 0
OH, OH,
HoN \Pd/ HoN \Pd/
7/ o /" T OH,
H2N\/& H2N
© o)

(o)X

Figure 42. Proposed structures of the mono-aquo (left) and bis-aquo (right) cis-Pd(GLY)2 complexes.

As a further probe to rule out cis/trans isomerization in favor of aquo complex formation,

a variable-temperature, NOE-suppressed "C NMR experiment was performed on the cis-
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bis(glycinato) complex 8 in order to confirm that the three species present are aquo complexes
and not due to isomerization in solution. *C NMR data were collected at 25 °C, 50 °C, and 75

°C, and again at 25 °C. The integrated peak ratios are summarized in Table 4, below.

Temperature, °C BC C=0 Peak Ratios
25 1.00:4.36:1.16
50 1.00:3.86:1.42
75 1.00:2.62:1.04
25 1.00:4.16:1.19

Table 4. 3C VT-NMR C=0 Peak Ratios

The data clearly show that isomerization is not occurring and that generation of the aquo
complex is favored at higher temperatures. It was previously shown that the trans isomer is
approximately 0.56 kcal/mol lower in energy than the cis. If cis/trans isomerization were
occurring at higher temperature, the major:minor peak ratio would not return to its initial value
on cooling from higher temperature. Molecular modeling calculations were performed in an

attempt to model the various aquo complexes; those data are summarized below in Table 5.
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Complex AE from bis-chelate
Bis-chelate | O
Mono-aquo | -4.2 kcal/mol

Bis-aquo -7.0 kcal/mol

Table 5. Calculated Energy Values for cis-glycinate aquo species

The calculated energy differences show that dissociation of the carboxylate to generate the aquo
complexes is plausible. When the carboxylate dissociates the carbonyl carbon moves further
away from the metal center, effectively deshielding it more than a coordinated carbonyl carbon.
This is borne out in the NMR data by a downfield shift in the carbonyl resonance for the major
bis-aquo species. Similar shifts are observed for the amine nitrogen and methylene carbon
resonances. As stated earlier, the ability of these complexes to form aquo complexes may hold

significant importance to their catalytic activity.

2.3.6 Catalytic Activity of Glycinate Complexes

A simple oxidative coupling reaction™ between phenylboronic acid and methyl tiglate

(Figure 43, below) was carried out to determine the suitability of these complexes as catalysts.
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2)
5 mol% Pd(AA)7

CHg
/OH CO5CHg —
HaC CO,CH
+ 3! padic]
OB\ = CO,CH, o2 DMF, RT, 48 hrs
OH
H

Figure 43. Model oxidative coupling reaction

Interestingly, the cis-bis(glycinato)palladium(II) isomer shows catalytic activity for the
formation of the coupled products, whereas the trans-bis(glycinato)palladium(Il) isomer does
not. This is not surprising as two cis reactive sites are required for catalytic activity. At 48 hours
reaction time complete consumption of the phenylboronic acid is observed in the presence of a 3-
fold excess of methyl tiglate. The product ratios are 96:2:2 of the R/S product to the Z alkene to
homocoupled biphenyl, respectively. Enantiomeric selectivity was not determined, since
enantioselectivity is not expected due to the lack of a chiral center on the ligand. Catalytic
asymmetric coupling is a key focus of our research group and later chapters will expand and

expound upon these interesting results.

2.3.7 Structural Trends

Several observations can be made pertaining to the effects of N-alkylation on the ligand
properties of glycines. From the crystallographic data, a lengthening of the Pd-N bonds is noted

for the trans complexes as alkylation of the nitrogen atom progresses (Table 6).

74



Compound | Pd-N, A Pd-0O, A
1 2.0333) | 1.997(3)
2 2.043(1) | 2.000909)
3 2.033(1) | 1.991(1)
4 2.006(3) 2.017(3)

Table 6. Pd-N and Pd-O bond lengths for Compounds 1-4.

The addition of methyl groups onto the coordinated nitrogen atom results in sufficient steric bulk

such that the nitrogen atoms are prevented from being drawn closer in to the metal center. The

cis-Pd(GLY), isomer has considerably shorter Pd-N bonds and longer Pd-O bonds than any of

the frans complexes. In the case of the trans isomers, so long as there is at least one amine

hydrogen atom remaining then no water molecules are incorporated into the crystal lattice. All

of the trans isomers contain a 2, screw axis in the unit cell. A summary of selected single crystal

X-ray diffraction data is shown in Table 7, below.
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1 2 3 4
0 ) 0 )
HN__ /0 /'N\ /0 /N\ /0 N /O
Pd__ Pd__ _aH Pd__ Pd__
/" NH, / N /N 7/ Do
0 0 w, o) “w, HaN
(4 (4 \/<
w w w 0
0 0 0
Space Group | P2;/n P2i/n P2,/c C2/c
a, A 5.6671 5.21929 5.87120 18.6605
b, A 8.9795 10.14699 8.68080 8.0056
c, A 6.9077 8.91248 12.7612 6.7424
a, deg 90 90 90 90
B, deg 105.158 104.336 94.8310 110.415
Y, deg 90 90 90 90
vV, A’ 339.287 457.308 648.086 943.973
Z 2 2 2 4

Table 7. Selected single crystal X-ray crystallographic data for Compounds 1-4

2.3.8 UV-vis and FTIR Spectroscopy

UV-vis spectrometric data shows two major electronic transitions for each complex. An
ultraviolet absorption corresponding to a T—7 transition from the carbonyl group of the amino
acid ligand occurs at approximately 190-205 nm, with the A, shifting to higher wavelengths
with increasing alkylation of the amine. Molar absorptivities (¢) for this transition are in the
range of 21,000-38,000 M'cm™. A visible absorption corresponding to a d—d transition is

observed at 316-324 nm, with the A, shifting to lower wavelengths with increasing amine

X

alkylation. Molar absorptivities (¢) for this transition are in the range of 180-375 M'cm™. This
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d—>d transition can be assigned to a HOMO—LUMO transition from the d,’ to the d,’,’ orbitals
based on molecular modeling calculations.

Fourier transform infrared spectra of these chelates show the expected absorption bands
for carboxylate and amine stretching, and in the case of the cis and trans glycine isomers agree
with previously published data. The cis isomer (Compound 4) shows both symmetric and
asymmetric stretching carbonyl bands at 1624 and 1576 cm™. The symmetric and asymmetric
N-H stretches are evident at 3219 and 3118 cm™. Compound 1 shows a carbonyl stretch at 1612
cm™ with a shoulder at 1592 cm™. Compound 3’s carbonyl stretch is also centered at 1624 cm™,
with a shoulder at 1587 cm™. Compound 2 displays a carbonyl stretch at 1636 cm™ with a
shoulder at 1607 cm™. Evident from this progression is the fact that, for the trans isomers, the
carbonyl stretch is shifting to lower wavelengths as the Pd-O bond is shortened. The N-H
stretches for Compound 1 absorb at 3234 and 3106 cm™; for Compound 3 at 3106 cm™; and for

Compound 2 the N-H stretches are no longer observed.

2.3.9 Single Crystal vs. Powder XRD

The issue of how well a single crystal structure reflects the bulk constitution of a material
is a perennial problem. For the cis and frans glycinate complexes, 1 and 4, the calculated energy
difference between them was small enough, approximately 0.13 kcal/mol, that it seemed
plausible that isomerization in solution might occur and that single crystal structures do not
necessarily represent the bulk. To address that issue powder X-ray diffraction spectra were
collected on compounds 1, 3, and 4 and compared to the powder patterns calculated from the
single-crystal X-ray diffraction data. If the bulk consisted of both cis and trans isomers, we

would expect to see evidence of that mixture in the powder pattern. Comparison of the
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calculated versus observed powder X-ray diffraction data shows extremely good correlation in

each case (Figure 44, Figure 45), indicating that the isolated product is in fact a single isomer.
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Figure 44. Calculated versus observed powder X-ray pattern for cis-Bis(glycinato)palladium(II) (4)
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Figure 45. Calculated versus observed powder X-ray pattern for trans-Bis(glycinato)palladium(II) (1)

For the N-methylglycinate complex 3 the range of calculated molecular energies is also small,
and the NMR data does suggest that a mixture of products exists in solution. The calculated
powder pattern (Figure 46) is again in extremely good agreement with the observed powder
pattern. This seems to indicate that the crystalline product is a single isomer but that generation

of aquo complexes in solution is possible.
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Figure 46. Calculated versus observed powder X-ray pattern for trans-Bis(N-methylglycinato)palladium(II) (3)

24 CONCLUSIONS
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Alkylation of the coordinated nitrogen atom in palladium(II) bis-glycinates leads to the
formation of only frans isomers. Attempts to prepare the cis isomers of the N-alkylated glycine
complexes from PdCl,, as was done for the non-N-alkylated glycine complexes, were
unsuccessful. There is a lengthening of the Pd-N and shortening of the Pd-O bonds as alkylation
proceeds from n=0 to n=2, where n is the number of methyl groups on the nitrogen. The
electronic spectra show a shift of the UV absorption to longer wavelength with increasing
alkylation, with a corresponding shift of the visible absorption to shorter wavelengths.
Compelling evidence of the formation of a palladium-amino acid-aquo complex has been
presented and catalytic activity confirmed for the cis complex. New X-ray crystal structures and
NMR data on the N-methyl and N,N-dimethyl bis-glycinate complexes have been reported.
Additionally, improved X-ray crystal structures and NMR data on the cis and trans bis-glycinate
complexes of palladium(Il) are reported, as well as confirmation of the previously reported
infrared and electronic absorption spectra. Powder X-ray diffraction has been used to verify
formation of a single isomer in the crystalline phase for the glycinate and N-methylglycinate
complexes. Subsequent chapters will describe the synthesis, characterization, and catalytic and
biological activity of palladium(II)-amino acid complexes possessed of chiral R-groups on the
amino acid ligand. This chapter has appeared in press as “Bis-glycinato complexes of
palladium(II): Synthesis, structural determination, and hydrogen bonding interactions,” by
Hobart, David B.; Berg, Michael A. G.; Merola, Joseph S.; Inorganica Chimica Acta (2014),

423, (Part_A), 21-30, doi:10.1016/j.ica.2014.07.024.
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Chapter 3: Synthesis, Structure, and
Catalytic Reactivity of Pd(II) Complexes of
Proline and Proline Homologs

3.1 INTRODUCTION

Oxidative coupling reactions are some of the most utilized reactions in modern synthetic
chemistry, and transition metal catalyzed oxidations are well known." Palladium(Il) oxidative
coupling catalysis is a growing field,® and some of the more recent developments are discussed
in this section.

Reactions such as the Heck, Suzuki, and Sonogashira couplings are known to proceed via
a Pd’ species, with oxidative addition/reductive elimination yielding the desired products.
Oxidative palladium(Il) catalysis differs from these in that it utilizes molecular oxygen to
regenerate the active catalyst in palladium(II) catalyzed coupling reactions. There are two
proposed mechanisms for the catalytic cycle. In the first (Figure 47, Pathway A) reductive
elimination of HX from complex 1 yields a Pd’ species which is then oxidized by 1°-molecular
oxygen. An initial protonation yields the Pd" hydroperoxide species 4, and a second protonation
generates H,0O, and regenerates the catalyst. In the second proposed mechanism (Figure 47,
Pathway B), molecular oxygen directly inserts into the palladium-hydride bond to generate the
Pd" hydroperoxide species 5. Protonation again yields H,0, and regenerates the catalyst. Note
that between the two proposed pathways, species 4 and S are indistinguishable, the difference

between the two pathways being whether molecular oxygen inserts directly into a Pd-H bond or
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instead re-oxidizes the metal after a reductive elimination. Experimental evidence suggests that
both pathways are possible and that the pathway observed for a catalytic system is dependent on

catalyst structure and/or substrate conditions.”"

Pathway A
Lo~ e N HX b X
_Pa . PG | 5 DL
L, L, o) L, OOH
2 3 4
HX
HX
L X g L x Oz L x  HX
n im. n ~ n ~
>Pd" — >Pd”\ BN >Pd”\ N s LoPd"X, + H50,
L, R L, H L, OOH
1 5
Pathway B

Figure 47. Proposed reaction pathways for Pd(II) oxidative catalysis.

There are many different types of coupling reactions noted to proceed via palladium(II) oxidative

catalysis. There are hundreds of examples in the current literature of carbon-carbon,>>'**

33-40 40-48 35,49,50

carbon-oxygen,” ™ carbon-nitrogen,” " carbon-sulfur, and carbon-phosphorous’' couplings
that are catalyzed by palladium(Il) oxidative catalysis. These coupling reactions are used in the
manufacture of many pharmaceuticals, natural products, fine chemicals, and polymers. In
addition, palladium catalysts are known for their functional group tolerance, mild reaction
conditions, and low sensitivity to air and water. Pairing these advantages with an abundant and

easily accessible oxidant source shows the great utility and economic benefit that these systems

can provide.
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Two particularly interesting phenomena associated with our bis-chelated amino acid-
palladium(II) catalyst systems are (1) the formation of symmetric biaryls and (2) the observation
of reaction products that indicate that multiple phenylboronic acid additions to the olefin
substrate are occurring. The formation of biaryl products from palladium catalyzed cross

22435256 that demonstrate that

couplings is well known, and there are examples from the literature
these biaryls can be formed as the desired reaction products or as undesired side products. Our
palladium(II)-amino acid catalysts show a wide range in their ability to catalyze this coupling,
with the degree of biaryl formation dependent on the nature of the R-group of the amino acid
ligands.

Our catalyst systems also show the ability to catalyze multiple phenylboronic acid
additions to an olefinic substrate. In this case the first coupling product undergoes a second PBA
coupling to generate a second insertion product, and this second product can subsequently
undergo a third PBA addition to yield a third product, a result previously unreported in the
literature.

This chapter describes a study of palladium(II) complexes of proline, N-methylproline, 4-
fluoroproline, 4-hydroxyproline, 2-benzylproline, azetidine-2-carboxylic acid, and pipecolinic
acid. We have previously discussed the simpler glycine complexes, and these proline and
proline homologs represent another unique subset of amino acid ligands where the R-group of
the amino acid is a cyclic ring moiety. Subsequent chapters will discuss the beta-amino acid
complexes and amino acids where the R-group is a linear substituent. This chapter presents our
results on the syntheses, structural and spectroscopic characterization of palladium proline

complexes, and their homologs, as well as the unique catalytic activity associated with these

complexes.
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3.2 EXPERIMENTAL DETAILS

All reagents used in the preparation of the following compounds were purchased from
commercial suppliers and used as-received. Palladium(Il) acetate was obtained from Pressure
Chemical, Pittsburgh, PA. Proline, N-methylproline, azetidine, and pipecolinic acid were
purchased from Sigma-Aldrich, St. Louis, MO. 4-fluoroproline, 4-hydroxyproline, and 2-a-
benzylproline were purchased from Chem-Impex International, Inc., Wood Dale, IL. Reagent
grade solvents (ether, acetone, ethyl acetate, DMF) were purchased from Sigma-Aldrich, St.
Louis, MO. Deuterated solvents for NMR spectroscopy were obtained from Cambridge Isotope
Laboratories, Tewksbury, MA.

'H and ""C NMR spectra were collected on either a Varian MR-400 or a Bruker Avance
IIT 600 MHz NMR spectrometer. High Resolution Mass Spectra (HRMS) were collected on an
Agilent 6220 Accurate Mass TOF LC-MS. X-ray crystallographic data were collected at 100 K
on an Oxford Diffraction Gemini diffractometer with an EOS CCD detector and Mo Ko
radiation. Data collection and data reduction were performed using Agilent’s CrysAlisPro
software.”” Structure solution and refinement were performed with ShelXL,”® and Olex2 was
used for graphical representation of the data.”

All molecular modeling calculations were performed using Gaussian 09% on the Virginia
Tech Chemistry Department Cluster, “Cerebro”, using the WebMO interface. Full geometry
optimizations and single-point energy calculations of all structures in water were performed via
density functional theory (DFT) with the Becke-3-parameter exchange functional® and the Lee—

Yang—Parr correlation functional.”*** Because palladium is not covered in the cc-pVDZ basis set
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used, computations involving Pd employed Stuttgart/Dresden  quasi-relativistic

pseudopotentials.*

Synthesis of cis-bis(prolinato)palladium(II) (1)

A four dram vial was fitted with a magnetic stir bar and charged with 55.7 mg of palladium(II)
acetate (0.2481 mmol) and 3.0 mL of 50/50 (v/v) acetone/water. The mixture was stirred until
all solids had dissolved. To this was added 57.1 mg of L-proline (0.4960 mmol) and stirred
overnight. The reaction solution turned from a clear red-orange to a clear pale-yellow
supernatant with a pale-yellow precipitate. The supernatant was transferred via pipette to a clean
vial and allowed to evaporate to give clear yellow needles. The pale-yellow precipitate was
washed with water and dried under vacuum. The combined yield of crystals and precipitate was

79.3 mg of product (0.2369 mmol, 96% yield). Cis-Pd(C;H;NO,), (1) was identified on the basis

of the following data: 'H NMR (400 MHz, D,0) 6 4.08 — 3.63 (m, 1H), 3.37 — 2.73 (m, 2H),
228 — 1.52 (m, 4H). "“C NMR (101 MHz, D,0) § 186.49, 64.89, 52.58, 29.31, 24.68.

HRMS/ESI+ (m/z): [M+H]+ calcd for Pd(C;HgNO,),, 335.0218; found, 335.0224. Anal. Calcd.

for Pd(C;HgNO,),: C,35.89%; H,4.82%; N, 8.37%. Found: C,35.98%;H, 4.83%; N, 8.35%.

Synthesis of trans-bis(N-methyl-L-prolinato)palladium(II) (2)

A four dram vial was fitted with a magnetic stir bar and charged with 35.2 mg of palladium(II)
acetate (0.1568 mmol) and 3.0 mL of 50/50 (v/v) acetone/water. The mixture was stirred until
all solids had dissolved. To this mixture was added N-methyl-L-proline (42.7 mg, 0.3306 mmol)
and stirred overnight. The reaction solution changed from a clear red-orange to a clear pale-

yellow supernatant with a pale yellow precipitate. The supernatant was transferred via pipette to
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a clean vial and allowed to evaporate to give clear yellow prisms which were used for X-ray
diffraction. The precipitate was washed with water and dried under vacuum. The combined
yield of crystals and precipitate was 53.6 mg of product (0.1477 mmol, 94% yield). Trans-
Pd(CH,,NO,), (2) was identified on the basis of the following data: 'H NMR (400 MHz, D,0)
6 3.28 (dd, J = 104, 7.0 Hz, 1H), 3.12 (ddd, J = 10.9, 7.0, 2.8 Hz, 1H), 2.71 (s, 3H), 2.61 —
247 (m, 1H), 2.42 — 2.13 (m, 3H), 1.99 (dtt, J = 129, 6.7, 3.4 Hz, 1H). HRMS/ESI+ (m/z):
[M+H]+ caled for Pd(CH,NO,),, 363.0531; found, 363.0532. Anal. Caled. for
Pd(CsH,,\NO,),:2H,0: C, 36.15%; H, 6.07%; N, 7.03%. Found: C, 37.61%; H, 5.85%; N,

7.29%.

Synthesis of cis-bis(trans-4-hydroxyprolinato)palladium(II) (3)

A four dram vial was fitted with a magnetic stir bar and charged with 59.4 mg of palladium(II)
acetate (0.2646 mmol) and 2.0 mL of 50/50 (v/v) acetone/water. The mixture was stirred until
all solids had dissolved. To this mixture was added 77.1 mg of 4-hydroxy-L-proline (0.5880
mmol) and stirred overnight. The mixture changed from a clear red-orange solution to a clear
pale-yellow supernatant with a pale yellow precipitate. The supernatant was transferred via
pipette to a clean vial and allowed to evaporate to give clear yellow prisms. The precipitate was
washed with water and dried under vacuum. The combined yield of crystals and precipitate was
94.3 mg of product (0.2572 mmol, 97% yield). Cis-Pd(C;HNO,), (3) was identified on the basis

of the following data: '"H NMR (400 MHz, D,0) & 4.41 (s, 1H),4.10 (t,J = 9.1 Hz, 1H), 3.35 -

3.28 (m, 1H), 3.27 - 3.15 (m, 2H), 3.10 (d, J = 12.7 Hz, 1H), 2.22 — 2.06 (m, 2H). HRMS/ESI+
(m/z): [M+H]+ caled for Pd(C;HgNO;),, 367.0116; found, 367.0130. Anal. Calcd. for
Pd(C;HgNO,),: C,32.76%; H,4.40%. Found: C, 32.88%;H,4.42%.
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Synthesis of cis-bis(trans-4-fluoroprolinato)palladium(II) (4)

A two dram vial was fitted with a magnetic stir bar and charged with 49.6 mg of palladium(II)
acetate (0.2209 mmol) and 3.0 mL of acetone. The mixture was stirred until all solids had
dissolved. To this mixture was added 64.6 mg of trans-4-fluoro-L-proline (0.4853 mmol) and
stirred overnight. The mixture changed from a clear red-orange solution to a clear yellow
supernatant with a pale yellow precipitate. The supernatant was transferred via pipette to a clean
vial and allowed to evaporate to give clear yellow prisms. The precipitate was washed with
acetone and dried under vacuum. The combined yield of crystals and precipitate was 78.1 mg of

product (0.2107 mmol, 95% yield). Cis-Pd(C;H,FNO,), (4) was identified on the basis of the
following data: 'H NMR (400 MHz, Deuterium Oxide) 6 5.24 (dddt, J = 4.1,3.3,2.5,0.8 Hz,
1H), 5.11 (tdd, J = 3.9, 2.9, 0.7 Hz, 1H), 4.13 (dd, J = 9.3, 8.8 Hz, 1H), 4.07 - 3.98 (m, 1H),
3.47 - 3.10 (m, 4H), 2.50 - 2.34 (m, 2H), 2.25 - 2.15 (m, 1H), 2.14 - 2.05 (m, 1H). "C NMR
(101 MHz, D,0) 6 186.80 (s), 185.40 (s), 92.58 (d, 'Jor = 174 Hz), 92.46 (d, 'Joz = 174 Hz),
63.20 (s), 61.70 (s), 57.51 (d, *Jo = 22 Hz), 56.19 (d, *J = 22 Hz), 36.23 (d, *J = 21 Hz),
35.94 (d, *Joz =22 Hz). "F NMR (471 MHz, D,0) 6 -179.33 (d, J = 140.9 Hz). HRMS/ESI+

(m/z): [M+H]+ caled for Pd(C;H,FNO,),, 371.0029; found, 371.0036. Anal. Calcd. for

Pd(C,H,FNQO,),: C,32.41%;H,3.81%;N,7.56%. Found: C,32.99%;H,3.92%;N,7.53%.

Synthesis of trans-bis(2-benzylprolinato)palladium(II) (5)

A two dram vial was fitted with a magnetic stir bar and charged with 21.2 mg of palladium(II)
acetate (0.0944 mmol) and 3.0 mL of 50/50 (v/v) acetone/water. The mixture was stirred until

all solids had dissolved. To this mixture was added 50.2 mg of 2-benzylproline hydrochloride
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(0.2077 mmol) and stirred overnight. The mixture changed from a clear red-orange solution to a
clear yellow supernatant with an off white precipitate. The supernatant was transferred via
pipette to a clean vial and allowed to evaporate to give clear yellow prisms. The precipitate was
washed with cold water and dried under vacuum. The combined yield of crystals and precipitate
was 44.7 mg of product (0.0868 mmol, 92% yield). Trans-Pd(C,,H,,NO,), (4) was identified on
the basis of the following data: 'H NMR (400 MHz, D,0) 6 7.32 —7.15 (m,5H),342 (d, J =
14.6 Hz, 1H), 3.36 — 3.23 (m, 2H), 3.00 (d, J = 14.6 Hz, 1H), 2.48 — 2.37 (m, 1H), 2.09 — 1.96
(m, 2H), 1.87 (pd, J = 9.7, 88, 3.6 Hz, 1H). HRMS/ESI+ (m/z): [M+H]+ calcd for
Pd(C,H,,NO,),, 515.1157; found, 515.1175. Anal. Calcd. for Pd(C,,H,,NO,),: C, 55.98%; H,

548%;N,5.44%. Found: C,55.95%;H,5.52%; N, 5.37%.

Synthesis of trans-bis(L-azetidine-2-carboxylato)palladium(II) (6)

A two dram vial was fitted with a magnetic stir bar and charged with 49.9 mg of palladium(II)
acetate (0.2223 mmol) and 2.0 mL of 50/50 (v/v) acetone/water. The mixture was stirred until
all solids had dissolved. To this mixture was added 51.2 mg of L-azetidine-2-carboxylic acid
(0.5064 mmol) and stirred overnight. The mixture changed from a clear red-orange solution to a
clear yellow supernatant with a pale yellow precipitate. The supernatant was transferred via
pipette to a clean vial and allowed to evaporate to give clear yellow prisms. The precipitate was
washed with cold water and dried under vacuum. The combined yield of crystals and precipitate
was 66.7 mg of product (0.2175 mmol, 98% yield). Trans-Pd(C,H,NO,), (6) was identified on

the basis of the following data: 'H NMR (400 MHz, Deuterium Oxide) 6 4.44 (dt,J = 8.8, 8.2
Hz,2H), 3.69 (ddd, J = 15.7,10.5, 8.0 Hz, 4H), 2.81 - 2.56 (m, 4H). "*C NMR (101 MHz, D,0)

6 187.86, 186.59, 63.36, 61.42,50.32,48.79, 24.61,24.58. HRMS/ESI+ (m/z): [M+H]+ calcd
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for Pd(C,H,NO,),, 515.1157; found, 515.1175. Anal. Calcd. for Pd(C,H,NO,),: C, 55.98%:; H,

548%;N,5.44%. Found: C,55.95%;H,5.52%; N, 5.37%.

Synthesis of cis-bis(L-pipecolinato)palladium(II) (7)

A two dram vial was fitted with a magnetic stir bar and charged with 107.5 mg of palladium(II)
acetate (0.4788 mmol) and 3.0 mL of 50/50 (v/v) acetone/water. The mixture was stirred until
all solids had dissolved. To this mixture was added 126.6 mg of L-pipecolinic acid (0.9802
mmol) and stirred overnight. The mixture changed from a clear red-orange solution to a clear
yellow supernatant with a pale yellow precipitate. The supernatant was transferred via pipette to
a clean vial and allowed to evaporate to give clear yellow prisms. The precipitate was washed
with cold water and dried under vacuum. The combined yield of crystals and precipitate was
152.4 mg of product (0.4202 mmol, 88% yield). Cis-Pd(C,H,,NO,), (7) was identified on the
basis of the following data: 'H NMR (400 MHz, D,0O) 6 3.78 — 3.57 (m, 1H), 2.96 — 2.63 (m,
2H), 1.94 — 1.08 (m, 6H). HRMS/ESI+ (m/z): [M+H]+ caled for Pd(C,H,,NO,),, 363.0531;
found, 363.0543. Anal. Calcd. for Pd(C(H,\NO,),*4H,0: C, 33.15%; H, 6.49%; N, 6.44%.

Found: C, 33.30%; H, 6.50%; N, 6.45%.

Synthesis of cis-bis(D-prolinato)palladium(II) (8)

A two dram vial was fitted with a magnetic stir bar and charged with 50.2 mg of palladium(II)
acetate (0.2236 mmol) and 2.0 mL of 50/50 (v/v) acetone/water. The mixture was stirred until
all solids had dissolved. To this mixture was added 58.7 mg of D-proline (0.5099 mmol) and
stirred overnight. The mixture changed from a clear red-orange solution to a clear yellow

supernatant with a pale yellow precipitate. The supernatant was transferred via pipette to a clean
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vial and allowed to evaporate to give clear yellow prisms. The precipitate was washed with cold
water and dried under vacuum. The combined yield of crystals and precipitate was 71.1 mg of
product (0.2124 mmol, 95% yield). Cis-Pd(C;H{NO,), (8) was identified on the basis of the
following data: 'H NMR (400 MHz, D,0O) 6 3.79 (dd, J = 9.1, 7.6 Hz, 1H), 3.10 — 2.96 (m,
2H), 2.17 - 206 (m, 1H), 1.99 - 1.78 (m, 2H), 1.67 — 1.54 (m, 1H). HRMS/ESI+ (m/z):
[M+H]+ calcd for Pd(C;HgNO,),, 335.0218; found, 335.0222. Anal. Calcd. for Pd(C;HgNO,),:

C,35.89%; H,4.82%; N, 8.37%. Found: C,36.10%; H,4.72%; N, 8.45%.

Synthesis of cis-bis(D-pipecolinato)palladium(II) (9)

A two dram vial was fitted with a magnetic stir bar and charged with 112.8 mg of palladium(II)
acetate (0.5024 mmol) and 2.0 mL of 50/50 (v/v) acetone/water. The mixture was stirred until
all solids had dissolved. To this mixture was added 132.2 mg of D-pipecolinic acid (1.0235
mmol) and stirred overnight. The mixture changed from a clear red-orange solution to a clear
yellow supernatant with a pale yellow precipitate. The supernatant was transferred via pipette to
a clean vial and allowed to evaporate to give clear yellow prisms. The precipitate was washed
with cold water and dried under vacuum. The combined yield of crystals and precipitate was
151.9 mg of product (0.4188 mmol, 83% yield). Cis-Pd(C,H,,NO,), (9) was identified on the

basis of the following data: 'H NMR (400 MHz, D,0) 6 3.75 — 3.56 (m, 1H), 2.97 — 2.66 (m,

2H), 2.08 — 1.08 (m, 6H). HRMS/ESI+ (m/z): [M+H]+ calcd for Pd(C,H,,NO,),, 363.0531;
found, 363.0520. Anal. Calcd. for Pd(C(H,\NO,),*4H,0: C, 33.15%; H, 6.49%; N, 6.44%.

Found: C, 35.09%; H, 6.02%; N, 6.85%.
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3.3 CHARACTERIZATION AND HYDROGEN BONDING
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Figure 48. Compound structures and numbering scheme for proline and proline homolog complexes.

In the following discussions, compounds 1-9 (Figure 48, above) were synthesized via the

following general reaction scheme (Figure 49):
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Figure 49. General reaction scheme for the synthesis of cis and frans palladium(II) proline/cyclic complexes.

The most common of the cyclic amino acids is L-proline and is one of the 20 naturally
occurring oi-amino acids. Compound 1 was prepared as the cis isomer via the scheme shown in

Figure 2 and confirmed by X-ray crystal structure analysis (Figure 50).

Figure 50. Thermal ellipsoid plot of the molecular structure of crystalline cis-bis(L-prolinato)palladium(II), 1. Thermal

ellipsoids are shown at the 50% probability level.

The complex crystallizes in the C222, space group. Pd-N and Pd-O bond lengths are 2.0105A

and 2.0193A respectively. N-Pd-O bond angles are 82.65 degrees for each chelate ring and
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96.27 degrees between the chelate rings (O-Pd-O). All bond lengths and angles are within the
ranges reported for similar d* metal chelates. Intermolecular hydrogen bonding is observed

between the amine protons and the non-coordinated carboxyl oxygen atoms (Figure 51).

Figure 51. Crystal packing diagram viewed along [001] showing the intermolecular hydrogen bonding motif.
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The '"H NMR spectrum in D,O shows three multiplets at 6 4.08 — 3.63,3.37 —2.73, and 2.28 —

1.52, with integrated ratios of 1:2:4 respectively. As previously discussed for the palladium(II)-
glycine complexes there is evidence of aquo-species formation in solution.”” The “C NMR
spectrum of cis-bis(prolinato)palladium(Il) shows the expected five carbon resonances,
suggesting one ligand environment in solution. This requires that either the bis-chelate or the
bis-aquo species is the observed one. As we will discuss later, the proline complex is
catalytically active which requires open cis sites on the metal. This alone suggests that the bis-
aquo is the species present in solution, and is confirmed by DFT calculations which place the
bis-aquo 9 kcal/mol lower in energy than the bis-chelate. The typical isotopic splitting pattern for
palladium was observed in the HRMS spectrum with peaks at 333.0223, 334.0236, 335.0224,

337.0224, and 339.0236 amu (Figure 52).
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Figure 52. High-resolution time-of-flight mass spectrum of (1) showing the typical isotopic splitting pattern seen for

palladium compounds.

D-proline was wused to prepare cis-bis(D-prolinato)palladium(Il), Compound 8.
Characterization data for 8 was the same as that seen for 1, with the stereochemistry of the chiral
carbon reversed.

In N-methylproline the amine proton in proline is replaced with a methyl group. The
resultant complex formed with this ligand is trans-bis(N-methylprolinato)palladium(II) (Figure

53), and this is confirmed by X-ray crystallographic analysis.
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Figure 53. Thermal ellipsoid plot of the molecular structure of crystalline frans-bis(N-methylprolinato)palladium(II)

dihydrate, 2. Thermal ellipsoids are shown at the 50% probability level.

As with the glycine complexes, replacement of the amine hydrogen atom with a methyl group
results in a degree of steric crowding that disfavors formation of the cis isomer.”” Similarly, all
attempts to synthesize the cis isomer from PdCl, were unsuccessful. Complex 2 crystallizes in
the P2,2,2, space group with Pd-N and Pd-O bond lengths of 2.051A and 1.9900A, respectively.
N-Pd-O bond angles are 83.90 degrees in the chelate ring. N-Pd-O bond angles between the
chelate rings are 95.42 degrees. All bond lengths and angles are within the ranges reported for

similar d® metal chelates.’®”!

There is no intermolecular hydrogen bonding between complex
molecules in the lattice, however there is hydrogen bonding between water molecules and

complex molecules (Figure 54). Intermolecular hydrogen-bonded water molecules are observed
99



to bridge between the coordinated carboxylate oxygen atom of one complex molecule and the
carbonyl oxygen of an adjacent complex molecule. It is also interesting to note that both of the
pyrrolidine rings are turned down in the same direction such that they are oriented away from the
chelate plane. This places the N-methyl groups on the opposite face of the chelate plane (Figure

55).
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2) as viewed along [010] showing the intermolecular hydrogen bonding motif.

Figure 54. Crystal packing diagram of (
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Figure 55. ORTEP plot of (2) showing the orientation of the pyrrolidine rings and N-methyl groups in relation to the

chelate plane. Only selected atoms are labeled for clarity.

The "H NMR spectrum in D,0 shows the expected singlet for the methyl protons at & 2.71 ppm.
The remaining proton resonances are present in the expected ratios, however the splitting
patterns are complex. The typical isotopic splitting pattern for palladium is observed in the
HRMS spectrum with peaks at 361.0526, 362.0542, 363.0532, 365.0531, and 367.0541 amu.
Hydroxyproline and fluoroproline are more electron-withdrawing than their unsubstituted
analogues, and this influence was probed by synthesizing their respective complexes 3 and 4.
Cis-bis(trans-4-hydroxyprolinato)palladium(II) was synthesized (Compound 3, Figure 56) using

trans-4-hydroxyproline as the ligand.
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Figure 56. Thermal ellipsoid plot of the molecular structure of crystalline cis-bis(trans-4-hydroxyprolinato)palladium(II)

trihydrate, (3). Thermal ellipsoids are shown at the 50% probability level.

Complex 3 crystallizes in the P2, space group with 3 hydrogen bonded water molecules in the
lattice. There is intermolecular hydrogen bonding between one of the 4-hydroxyl group
hydrogen atoms and the carbonyl oxygen of an adjacent molecule. The hydroxyl oxygen atom is
hydrogen bonded to a lattice water molecule that in turn hydrogen bonds to a coordinated
carboxylate oxygen of the adjacent molecule. The other 4-hydroxyl group is hydrogen bonded to
two lattice water molecules that also hydrogen bond to carbonyl oxygens on adjacent complex

molecules in the lattice (Figure 57). The amine hydrogens are hydrogen bonded to lattice waters.
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Figure 57. Extended hydrogen-bonding network of cis-bis(trans-4-hydroxyprolinato)palladium(II) (3).

Pd-N and Pd-O bond lengths are 2.0153A and 2.0006A, respectively. N-Pd-O bond angles are
83.92 degrees in the chelate ring with N-Pd-N bond angles between the chelate rings are 97.84
degrees. All bond lengths and angles are within the ranges reported for similar d* metal chelates.
The '"H NMR spectrum in D,O shows a singlet at 4.41 ppm, indicating that the hydroxyl proton
does not exchange, or exchanges very slowly. All other resonances are as expected. The typical
palladium isotopic pattern is observed in the HRMS.
Cis-bis(trans-4-fluoroprolinato)palladium(Il) (Figure 58) crystallizes in the C2 space
group. There are no water molecules in the lattice, and the hydrogen bonding arrangement is

quite different from that seen with the hydroxyproline complex. For the fluoroproline complex
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there is hydrogen bonding from each amine hydrogen atom to a carbonyl oxygen atom on
separate, adjacent complex molecules in the lattice (Figure 59). The fluorine atoms do not

participate in a hydrogen bonding interaction.

oY

Figure 58. Cis-bis(trans-4-fluoroprolinato)palladium(II), (4).
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Figure 59. Crystal packing diagram of cis-bis(frans-4-fluoroprolinato)palladium(II) (4).

The Pd-N and Pd-O bond lengths in compound 4 are 2.006A and 2.017A respectively. The N-
Pd-O bond angle in the chelate ring is 82.092 degrees, with the N-Pd-N bond angle between the
chelate rings at 98.544 degrees. As with the previous complexes, these values are in good
agreement with other square planar palladium N,O chelates.

The proton NMR spectrum of 4 shows a complicated set of multiplets due to 'H-"’F

coupling; however integration does show the expected ratios of protons (Figure 60). The
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methine proton signals are fairly well resolved into two triplets, suggesting two different ligand

environments.
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Figure 60. '"H NMR spectrum of cis-bis(trans-4-fluoroprolinato)palladium(II) (4).

The "C NMR (Figure 61) is somewhat easier to interpret, showing ten carbon resonances
with F coupling observed. This once again suggests two ligand environments. The 'H-
decoupled ""F NMR spectrum (Figure 62) shows two singlets at -179.18 and 179.48 ppm,
providing further evidence that there are two ligand environments present. A non-'H-decoupled

"F NMR spectrum was obtained. Careful integration of the slightly overlapped signals yields a

107



1:1 ratio for these peaks. The NMR data strongly suggests that there are two species present in
solution. Turning to DFT calculations once again, the calculated stabilities of the fluoroproline
complex are as follows: mono-aquo > bis-chelate > bis-aquo. This then suggests that the two
species present are bis-chelate and bis-aquo, however it is far more plausible that the lower
energy bis-aquo complex is the actual species in solution and that, like the N-methylglycine
complex, it adopts C, symmetry in solution. HRMS shows the expected palladium isotopic

pattern.

230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O -10
f1 (ppm)

Figure 61. *C NMR spectrum of cis-bis(trans-4-fluoroprolinato)palladium(II) (4).
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Figure 62. F NMR spectrum of cis-bis(trans-4-fluoroprolinato)palladium(II) (4).

2-Benzylproline adds additional steric and electronic density to the proline ligand.
Compound 3, trans-bis(2-benzylprolinato)palladium(Il) (Figure 63), was prepared using 2-

benzylproline hydrochloride as the ligand.
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Figure 63. Thermal ellipsoid plot of the molecular structure of crystalline frans-bis(2-benzylprolinato)palladium(II), 5.

Thermal ellipsoids are shown at the 50% probability level.

Crystallizing in the P2,2,2, space group, frans-bis(2-benzylprolinato)palladium(Il) has Pd-N
bond lengths of 2.024A and 2.037A. Pd-O bond lengths are 2.006A and 2.004A. The chelate
rings are slightly twisted out of the square plane. The N-Pd-O angles between the chelate rings
are 98.3 and 97.2 degrees. The N-Pd-O angles in the chelate rings are 82.6 degrees. The benzyl
groups on the ligands are oriented up and away from the proline ring, with one of the benzyl
groups laying over the square plane. This is the same arrangement reported by Sabat™ for the
palladium(II)-tyrosine complex, however in the case of S the second benzyl group does not lie
over an adjacent metal center, but rather in the lattice space between complex molecules. This

arrangement does suggest that there is a m-d interaction occurring between the metal and the
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aromatic ring of the ligand. Two of the carbon atoms in the benzyl ring lie closer to the metal
center than their calculated Van Der Waals radii. The Pd-C(19) contact distance is 3.452 A and
the Pd-C(24) contact distance is 3.472 A. The calculated Van Der Waals radius’ for a Pd-C
bond is 3.91 A, or approximately 0.45 A more than what is observed in the crystal structure.
This reduction in the Pd-C contact distances suggests an energetically favorable interaction
between the  electron cloud of the benzyl ring and the empty dxz_y2 orbital on the metal center.
The other Pd-C contact distances within the benzyl ring are in the range of 4.009-4.565 A.
Hydrogen bonding is noted between the amine hydrogen atoms and the coordinated carboxylate
oxygen atom of the adjacent molecule (Figure 64). There are no water molecules in the lattice,

which is not surprising given the hydrophobicity of the benzyl groups.
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Figure 64. Crystal packing diagram of trans-bis(2-benzylprolinato)palladium(II), (5).

The 'H NMR spectrum is somewhat complicated. The aromatic benzyl protons show a multiplet
at 7.25 ppm with the benzyl methylene protons each resonating as a doublets at 3.42 and 3.00

ppm. The integrated ratio of the benzyl protons is the expected 5:2. The pyrrolidine ring protons
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show multiplets at 3.29, 2.43,2.02, and 1.87 ppm in a ratio of 2:1:2:1. The expected mass and
isotopic splitting pattern is once again observed in the HRMS for complex 5 with the [M+H]*
peak at 515.1175 amu.

The proline ring is a 5-membered moiety, and both four- and six-membered ring
homologs are known. The 4-membered ring homolog, L-azetidine-2-carboxylic acid, was used

to prepare trans-bis(L-azetidine-2-carboxylato)palladium(II) (Compound 6, Figure 65).
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Figure 65. ORTEP plot of trans-bis(L-azetidine-2-carboxylato)palladium(II), (6). Thermal ellipsoids are shown at the

50% probability level.

The immediately obvious and unique aspect of this structure is that it crystallizes as an apparent
dimer, with a Pd-Pd bond distance of 3.2479 angstroms at 100 K. At room temperature,
however, the crystal structure was solved by Voureka” and reported as a monomer. To probe
this difference, a variable temperature X-ray diffraction study was carried out on this complex

and it was determined that a temperature induced phase change occurs between 200-220K.
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Cryogenic differential scanning calorimetry was carried out on the complex and was able to

confirm a thermal transition at 204K (Figure 66).

Sample: dh1-139 File: E:\dh1-139 DSC data\dh1-139.002
Size: 6.1000 mg DSC Operator: JD
Method: Heat/Cool/Heat Run Date: 24-Apr-2013 15:33

Instrument: DSC Q100 V9.9 Build 303
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Figure 66. Cryo-DSC plot obtained on trans-bis(L-azetidine-2-carboxylato)palladium(II) showing a temperature induced

phase change at 204 K.

This apparent phase change is in actuality a simple distortion of the lattice at low temperature.
The high-temperature phase crystallizes in the space group P6, with V = 1450 A®. The low-
temperature phase crystallizes in the space group P6; with V = 2840 A®. The doubling of the
volume upon cooling is caused by the loss of the 2-fold symmetry in P6,, which generates the

space group P6s with a doubled c-axis. Figure 67 (below) shows an overlay plot of the two
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halves of the dimer structure at 100 K, illustrating how the azetidine ring distortion breaks the

P6, symmetry seen at higher temp.

Figure 67. Overlay plot of the dimer halves of frans-bis(L-azetidine-2-carboxylato)palladium(II) (6) at 100 K illustrating

the ring distortion that accounts for the apparent temperature-induced phase change below 204 K.

The 'H NMR data shows the expected ratios of integrated resonances, and the "C NMR
spectrum again shows evidence of aquo complex formation. As seen with the glycine
complexes® discussed previously, the carbon NMR data for 6 shows two peaks for each carbon.
The HRMS is as expected for a palladium complex.

The six-membered ring homolog, L-pipecolinic acid, was used to prepare cis-bis(L-
pipecolinato)palladium(Il) (Compound 7, Figure 68). This complex crystallizes in the C2 space
group. Pd-N and Pd-O bond lengths are approximately equivalent at 2.01-2.03A, comparable to
the other complexes discussed within. The piperidine ring adopts the classic “chair” formation

seen in cyclohexyl ring systems.
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Figure 68. ORTEP plot of cis-bis(L-pipecolinato)palladium(II), (7). Thermal ellipsoids are shown at the 50% probability

level.

There are four hydrogen bonded water molecules in the lattice that form a pentagonal ring
structure with a carbonyl oxygen of the complex. One amine hydrogen atom is hydrogen bonded
to the opposite carboxyl oxygen of the adjacent molecule in the lattice. The other amine
hydrogen is hydrogen bonded to one of the water molecules within the pentagonal water

structure (Figure 69).
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Figure 69. Packing diagram of cis-bis(L-pipecolinato)palladium(II) hydrate (7) as viewed along [010].

As with the proline complexes, D-pipecolinic acid was used to prepare cis-bis(D-
pipicolinato)palladium(II), Compound 9. Characterization data for 9 was the same as that seen

for 7, again with the stereochemistry of the chiral carbon inverted (Figure 70).
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Figure 70. ORTEP plot of cis-bis(D-pipicolinato)palladium(II), (9). Lattice water molecules have been removed for

clarity. Thermal ellipsoids are shown at the 50% probability level.

34 CATALYTIC ACTIVITY

Asymmetric carbon-carbon bond formation is one of the most useful transformations in
synthetic chemistry.”**
A palladium(II) catalyzed coupling reaction between phenylboronic acid and methyl

tiglate was chosen as a model to evaluate the catalytic reactivity of these new palladium(II)-

amino acid complexes (Figure 71).
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Figure 71. Bis(amino acid)Pd(II) catalyzed cross coupling of phenylboronic acid and methyl tiglate.

The couplings were carried out as previously described in the experimental section of
Chapter 2. Substrate/catalyst ratios were maintained at 1:3:0.5 mmol for boronic acids, olefins,
and catalysts, respectively. GC-MS was used to initially confirm the products and determine
retention times on a chiral Cyclosil-B column. That column was then installed in a GC-FID and
product ratios were determined directly from the peak areas on the chromatograms. As the
products of interest are all positional isomers of each other and therefore have the same effective
carbon number and calculated relative response factors, no further correction was applied to the

chromatographic peak areas.

3.4.1 Oxidative Coupling of Phenylboronic Acids and Alkenes

The standard coupling reaction that was used to evaluate the catalytic potential for each
of the catalyst complexes was the aforementioned oxidative coupling between phenylboronic

acid and methyl tiglate.””'

All of the complexes described in this chapter, except the N-
methylproline complex, were observed to catalyze this reaction and those data are summarized in

Table 8 below. We have previously postulated that only the cis complexes are catalytically

active, based on our observations with the glycine complexes described in Chapter 2. We see
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here, however, that the azetidine complex catalyzes the reaction even though it exists as the trans
isomer. This suggests that N-alkylation, and not cis/trans geometry, may be the limiting factor in
the catalytic ability of these complexes. Conversely, we must also acknowledge the possibility
of cis/trans isomerization occurring in solution, although direct evidence of this has not been
observed.

Some general observations regarding product distributions and catalyst structure can be
made. The presence of an electronegative group, -F or —OH, on the proline ring leads to a
decrease in the formation of the E/Z products. The presence of purely alkyl functionality on the
proline ring leads to an increase of the E/Z yield with corresponding loss of R/S product. The
exception here is with the pipecolinic acid complex. This complex generates almost all R/S
product, albeit with no selectivity, and very little E/Z or homocoupled product. These general
observations not withstanding, there is still a great deal of variability in the product distributions
that does not seem to follow any general trend. This suggests that the particular steric
environment about the metal center during the catalytic cycle likely plays an important role in

determining which products will form.
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Complex

R/S yield, %

%ee

E/Z yield, %

Biaryl, %

Higher Couplings

28

24

19

20

33

NO REACTION OBSERVED

79

11

11

76

14

13

31

63

54

11

14

29

73

24
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34.1.1 Proposed Mechanism of Pd-AA, Oxidative Coupling

The following mechanism is proposed for the palladium(Il)-amino acid complex
catalyzed oxidative coupling of phenylboronic acids to olefins (Figure 72, below). Step 1
involves the transmetallation of phenylboronic acid onto the palladium center. This is
accomplished by an associative mechanism whereby the carboxylate group of one of the ligands
de-coordinates to maintain a 4-coordinate intermediate. The now-free carboxylate acts as a base
towards the free boronic acid group, thus no addition of a base is required as is seen in a typical

Suzuki coupling.
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Figure 72. Proposed mechanism of the palladium(II)-amino acid complex catalyzed oxidative coupling of phenylboronic

acids to olefins.

DFT calculations show that the transmetallated intermediate has a geometry such that the metal
center is completely occluded with the exception of a lobe of an empty d-orbital that lies above

the palladium atom (Figure 73).
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Figure 73. DFT-optimized geometry of the transmetallated intermediate. The non-occluded lobe of the d-orbital projects

out of the page towards the reader.

The dissociated carboxylate of the ligand wraps under the metal and covers the other d-orbital
lobe. The remaining empty d-orbital lobe is then free to coordinate a neutral olefin, maintaining
charge neutrality. Insertion of the phenyl group into the olefin double bond, followed by [3-
hydride elimination, yields the observed products. There are two possible pathways for beta-
hydride elimination. Hydride elimination from the methyl carbon yields the R/S product, while
hydride elimination from the methine carbon yields the E/Z product. To regenerate the catalyst
and begin the cycle again, molecular oxygen abstracts the hydride, generating a peroxide.
Qualitative peroxide test strips do indicate the presence of minute quantities of peroxide in the O-

25 ppm range.

125



3.4.2 Biaryl Formation

Biaryl formation was noted to occur for every catalyst, however the degree of biaryl
formation varied greatly. Biaryl formation results from the coupling of two phenyl boronic acid
substrates. Steric considerations about the metal center must therefore allow for both of these
groups to orient themselves cis to each other. The mechanism proposed above can be slightly
modified to allow for this possibility. If we consider a second transmetallation step to occur
rather than olefin coordination, the two phenyl groups are oriented cis to each other. Elimination

of the biaryl yields a Pd” center which is then oxidized by molecular oxygen back to a Pd" center.

3.4.3 Multiple Insertions

A unique aspect of this coupling/catalyst system is the ability for the products to undergo
additional coupling cycles. The initial alkene products of the coupling reaction can in turn enter
the catalytic cycle again and undergo an additional phenylboronic acid addition. This second
product can also re-enter the cycle for a third phenylboronic acid addition. We have observed
one, two, and three phenylboronic acid addition products for these catalyst systems; however a
fourth addition product has not been observed for any catalyst. This is likely due to steric
concerns whereby the third coupling product is simply too bulky to coordinate to the metal
center. In the GC-MS of these coupling reactions, we observe three peaks of mass 190.2, six
peaks of mass 266.3, and two peaks of mass 342.4; the fourth coupling product would have a

mass of 418.5 if formed (Figure 74).
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Figure 74. Postulated structures of multiple phenylboronic acid additions to the products of the bis(amino acid)Pd(II)

catalyzed coupling of phenylboronic acid and methyl tiglate. First addition = black, second addition = red, third addition

= blue.
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3.4.4 Temperature Effects

Temperature has a significant effect on the enantioselectivity of the coupling reaction.
The coupling reaction was run with the standard set of reaction conditions using the bis-proline
complex as the catalyst at temperatures of 0, 25, and 65 degrees C. Enantioselectivities were

noted to significantly increase with decreasing temperature as shown in Table 9, below.

Reaction Temperature, degrees C | %ee

65 ~1
25 20
0 41

Table 9. Enantioselectivity versus Temperature for the bis(amino acid)palladium(II) catalyzed oxidative coupling of

phenylboronic acid to methyl tiglate.

3.4.5 Solvent Effects

The standard coupling reaction was carried out in N,N-dimethylformamide, toluene,
dichloromethane, and water solvents using the bis-proline complex as the catalyst. By far, DMF
proved to be the superior solvent for this system. As a polar aprotic solvent, DMF has a
hydrogen bond acceptor which greatly facilitates dissolution of the catalyst, which has unusually
poor solubility in most common solvents. Subsequent trials were then made with DMSO and
acetonitrile as the solvents, but neither of these solvents gave appreciable product formation. As
strongly coordinating solvents, it is highly likely that solvent coordination to the complex blocks
the active sites on the metal center required for reactivity. DMF, as a weakly coordinating

solvent, does not suffer this effect. No reaction was noted for either the dichloromethane or

128



toluene systems. DCM is a very slightly polar aprotic solvent but lacks a hydrogen bond
acceptor/donor, and toluene is a non-polar solvent. Neither of these solvents were observed to
dissolve the catalyst, therefore the lack of any observed reactivity is not surprising. Water
proved to be an interesting solvent choice. The catalyst is soluble in water, as is the
phenylboronic acid substrate, and biphenyl formation was noted as the only reaction product.
Methyl tiglate is extremely water-insoluble and the lack of PBA-MT cross coupling products can
be attributed to the lack of alkene solubility in water. This suggests that water may indeed be a
“green” solvent choice for these systems so long as appropriate water soluble substrates can be

identified.

3.4.6 Pd(I)-Amino Acid complexes as polymerization catalysts

Given the observation that these catalysts facilitate multiple substrate additions, it was
hoped that they might also serve as novel polymerization catalysts. A suitable monomer
containing both alkene and phenylboronic acid moieties, 4-(trans-3-methoxy-3-oxo-1-propen-1-
yl)benzene boronic acid, was identified (Figure 75) and obtained for study.

OH

B

o) ™ oH

07 X

Figure 75. 4-(trans-3-methoxy-3-oxo-1-propen-1-yl)benzene boronic acid monomer

The polymerization reaction was run under identical conditions to the normal phenylboronic

acid-methyl tiglate coupling using the cis-bis(L-pipecolinato)palladium(II) complex as the
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catalyst. This complex was chosen due to the fact that it exhibited the least amount of
homocoupling. While high molecular weight polymer was not isolated from the reaction, high-
resolution time-of-flight mass spectrometric analysis of the reaction provides compelling
evidence of oligomer formation. Mass spectral peaks (Figure 76) corresponding to oligomer
masses where n=2, 3,4, 5, and 6 were observed (n = number of monomeric repeat units) (Figure
77). The cis-bis(L-pipecolinato)palladium(II) catalyst once again showed no formation of

homocoupled monomer.
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Figure 76. High-resolution time-of-flight mass spectrum of the polymerization reaction of 4-(trans-3-methoxy-3-oxo-1-

propen-1-yl)benzene boronic acid catalyzed by cis-bis(L-pipecolinato)palladium(II).
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B(OH),

/ Ny _-OCOCH;
OH

OCOCH, OCOCH;
Exact Mass: 322.1205 Exact Mass: 484.1693
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Exact Mass: 806.2898 Exact Mass: 966.3423

Figure 77. Proposed oligomer structures corresponding to HR-TOF MS data. From top left,n=2, 3,4, 5, and 6 where n =

number of monomer units in the oligomer.

3.4.7 Other Coupling Substrates

There are many possible boronic acid/olefin combinations that could be studied with our
palladium(II)-amino acid catalytic systems. In an effort to probe some of the other possibilities
of these systems, several substituted phenyl boronic acids and olefins were also examined as
substrates for the coupling reaction.

An electron-withdrawing group on the phenyl boronic acid was introduced in the form of
4-(trifluoromethyl)phenylboronic acid. The coupling reaction between this boronic acid and

methyl tiglate was carried out as before with the bis(L-prolinato)palladium(Il) catalyst. The
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reaction proceeded smoothly with complete consumption of the phenylboronic acid substrate
within the 48 hour reaction time. Product distributions were as follows: 71% R/S product with
an enantiomeric excess of 11%, 24% homocoupled biaryl, 1% of the Z-alkene, and 4% of the

secondary addition product (Figure 78).

CHy 5 mol% PA(AA),

/OH HeC
HsC —
F304©75\ ¥ oo, O DMERT, 48 hrs
OH

H

2
i
HsC
COCHy CO.CHy

T1%,11%ee 1% 4% 24%

Figure 78. Reaction scheme and product distributions of the coupling reaction between 4-(trifluoromethyl)phenylboronic

acid and methyl tiglate.

The same coupling reaction was also carried out with a phenylboronic acid with an electron
donating group in the para position. In this case 4-methoxyphenylboronic acid was used (Figure

79).

5 mol% Pd(AA),

/OH
HaC —
+ 3
HsCOOB\ / CO,CH, Oz DMFE,RT, 48 hrs
OH

OCH,

100%, 6%ee

Figure 79. Reaction scheme and product distributions of the coupling reaction between 4-methoxyphenylboronic acid

and methyl tiglate.
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In this case, as before, complete consumption of the phenylboronic acid was observed.
Interestingly, there was no evidence of homocoupling, alkene formation, or multiple
phenylboronic acid additions noted for this reaction. The only product detected was the R/S
product with an enantiomeric excess of 6%.

Methyl tiglate is considered to be an activated alkene, and it was hoped that our catalysts
would also be useful for coupling non-activated alkenes. To this end cis-cyclooctene, 1,5-
cyclooctadiene, and 1,5-hexadiene were evaluated with phenylboronic acid in the standard
coupling reaction. To our delight, all three alkenes coupled with phenylboronic acid when the
reaction was catalyzed by the cis-bis(L-prolinato)palladium(Il) catalyst. The cis-cyclooctene
coupling can generate four possible products (Figure 80), and four product peaks of the correct
mass are observed in the GC-MS analysis of the reaction. The 1,5-cyclooctadiene coupling has
two possible products (Figure 81), and here again we see two peaks of appropriate mass in the
GC-MS trace. Finally, the 1,5-hexadiene coupling also has two possible products (Figure 82)

and two peaks of correct mass are observed by GC-MS.
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(E)-1-phenylcyclooct-1-ene  (Z)-3-phenylcyclooct-1-ene  (Z)-4-phenylcyclooct-1-ene (Z)-5-phenylcyclooct-1-ene

Figure 80. Possible product structures for the coupling reaction between phenylboronic acid and cis-cyclooctene.

(1E5Z)-1-phenylcycloocta-1,5-diene (125 Z)-3-phenylcycloocta-1,5-diene

Figure 81. Possible product structures for the coupling reaction between phenylboronic acid and 1,5-cyclooctadiene.

?/\/\ (E)-hexa-1,5-dien-1-ylbenzene

(Z2)-hexa-1,5-dien-1-ylbenzene

Figure 82. Possible product structures for the coupling reaction between phenylboronic acid and 1,5-hexadiene.
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3.5 CONCLUSIONS

Nine palladium(II) bis-amino acid chelates with aliphatic ring structures for their R-group
have been synthesized, characterized, and tested for catalytic activity for the oxidative coupling
of phenylboronic acid with olefins. The amino acids employed include L-proline, D-proline, N-
methylproline, azetidine, L-pipecolinic acid, D-pipecolinic acid, 2-o-benzylproline, 4-
hydroxyproline, and 4-fluoroproline. The N-methylproline, 2-a-benzylproline, and azetidine
complexes exist as the trans isomer, with all other complexes being cis. All of these complexes
are square planar, C, symmetric molecules that exhibit varying degrees of intermolecular
hydrogen bonding. All complexes are catalytically active with respect to the oxidative coupling
of phenylboronic acids to olefins, with the exception of the N-methylproline complex.
Enantioselectivities are modest with the best example, cis-bis(prolinato)palladium(II), yielding
an enantiomeric excess of 24%. These complexes couple a wide variety of both electron-rich

and electron-deficient phenylboronic acids and activated and non-activated olefins.
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Chapter 4: Synthesis, Characterization,
and Catalytic Activity of Bis-Chelates of
Palladium(II) with Amino Acid Ligands

4.1 INTRODUCTION

The preceeding two chapters have dealt with the simplest amino acids, the glycines, and
the cyclic amino acids, the prolines, respectively. In this chapter we will explore the synthesis,
characterization, catalytic and biological activity of the palladium(II) complexes of the remaining
naturally occurring amino acids. Containing aliphatic R-groups, these amino acids are perhaps
less unique, but no less important than their previously discussed counterparts. As we move
through a discussion of these complexes they are grouped according to the chemical nature of the
R-group of the amino acid ligand into the following five catagories: aliphatic hydrophobic,
aromatic hydrophobic, polar neutral, charged acidic, and charged basic.

Most of the palladium(II) complexes of the remaining naturally occurring alpha amino
acids have been described to some extent in the literature dating back to the 1960s and 1970s.
Many of these syntheses are from institutions in the former Soviet-bloc and eastern European
countries, and their characterization data are fairly incomplete. A goal of our research from the
outset has been to completely characterize these complexes to a degree not previously seen or
reported in the literature. To this end we have obtained 'H NMR data, MS data, elemental
analyses, and "C NMR and X-ray crystal structures where possible. We have also evaluated

these complexes as to their catalytic and biological activities.

139



Among the aliphatic hydrophobic amino acids, bis(alanino)palladium(II) was first
reported by Sharma in 1964' and characterized solely by infrared spectroscopy. Farooq’
prepared the complex in 1973, characterizing the product only by potentiometric titration. In
1976 Chernova’ reported a synthesis characterized by elemental analysis and molar conductance
measurements. Bis(isoleucinato)palladium(II) was prepapred by Patel in 1996 and characterized
only by elemental microanalysis. The bis(leucinato) and bis(valinato) complexes were prepared
by Farooq®. Once again, potentiometric titration was the only method of characterization
reported. Jarzab® reported a room-temperature crystal structure of the bis(valinato) complex in
1973, however no hydrogen atom positions were included in the refinement, nor was any other
characterization data presented in the paper.

The aromatic hydrophobic amino acid-containing palladium(Il) complexes previously
reported in the literature include the bis(phenylalaninato) and bis(tyrosinato). The crystal
structure of bis(tyrosinato)palladium(II) was reported by Jarzab’ with no other characterization
data. As before, the structure was obtained at room temperature and with no hydrogen atom
positions reported. Chernova’, using the same methods mentioned above with the alanine
complex, reported the bis(phenylalaninato) complex in 1976.

All of the complexes formed from polar neutral amino acid ligands were originally
reported in the 1970s, however the trend of sparse characterization data continues. The
palladium(II) bis-chelates of asparagine, methionine, and serine were reported by Farooq®, who
again used a potentiometric titration of ligand concentration to characterize the complexes. Vagg
followed up with a room temperature crystal structure of the bis(serinato) complex in 1979.
Hydrogen atom positions were not reported, nor were any other data were given. Kollmann®

reported on the synthesis of gold(Ill), palladium(Il) and platinum(Il) complexes of threonine;
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only melting point data were provided. Krylova’ recently added to the data available for
bis(threoninato)palladium(Il) with 'H and "C NMR data for both the cis and trans isomers, as
well as room temperature crystal structures. Evidence of aquo complex formation was observed
in their "C NMR spectra. Bis(glutaminato)palladium(I) and bis(cysteinato)palladium(II) were
both reported in 1979 by Graham® and Pneumatikakis’, respectively. Graham relied solely on
elemental analysis for the characterization of bis(glutaminato)palladium(Il) whereas
Pneumatikakis relied on infrared spectra, elemental analysis and solution conductivity
measurements to characterize the bis(cysteinato) complex. There is one other possible member
of this group of complexes, the bis-chelate of cystine. Cystine is a derivative of cysteine, formed
by the oxidation of cysteine to generate a disulfide bond (Figure 83). The complex has not been
reported in the literature but may exhibit some interesting reactivity given its ability to crosslink
multiple metal centers into clusters or nanoparticles.

o N _OH

R | H
‘,
HN "/CH,

Figure 83. Molecular structure of L-cystine, (R,R)-3,3’-Dithiobis(2-aminopropionic acid).

Aspartic acid and glutamic acid comprise the group of amino acids with charged acidic
R-groups. The bis-chelates of these amino acids were both reported by Spacu'™'' in 1966 and

1962 respectively. Bis(glutamic acid)palladium(II) was characterized by elemental analysis and
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on the basis of titration stoichiometry against ethylenediamine to form the [Pd(en),]** cation and

against thiourea to form the [Pd(thio),]**

cation.  Bis(aspartic acid)palladium(II) was
characterized in an identical manner.

The last of the groupings of amino acids, those with charged basic R-groups, is
comprised of arginine, histidine, and lysine. Of these, only bis(histidinato)palladium(II) has

been reported in the literature by Chernova. Elemental analysis and the carboxylate symmetric

and asymmetric infrared stretching vibrations are reported to confirm the product.

42 AMINO ACIDS WITH ALIPHATIC HYDROPHOBIC R-
GROUPS

The first class of amino acid ligands investigated were those that possess a hydrophobic,
aliphatic R-group. Alanine, valine, isoleucine, fert-leucine, and leucine fall into this category.
Containing only aliphatic R-groups, this grouping of amino acid ligands is solely capable of N,O-
chelation (Figure 84). 'H NMR data are consistent with a coordinated amino acid ligand,
showing varying degrees of resonance shifting as compared to the free ligand. These complexes
are extremely sparingly soluble in common solvents; as a result "C NMR spectra were
unobtainable. In every case, high-resolution time-of-flight mass spectrometry verified formation

of the complex.
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Figure 84. Pd(II) complexes of (I to r) alanine (1), L-valine (2), D-valine (3, not shown), isoleucine (4), tert-leucine (5), and

leucine (6).

Crystals suitable for X-ray diffraction were obtained for the alanine, valine, and
isoleucine complexes. The alanine complex adopts a frans geometry (Figure 85) much like the
glycine complex when prepared from palladium(II) acetate.'” This suggests that the nature of the
R-group exerts some influence on the coordination geometry of the complex. If the R-group is a
very weakly electron-donating species the complex forms the frans isomer. This is born out
experimentally from the glycine and alanine complexes where the R-group is a hydrogen atom or
methyl group, respectively. Once the R-group takes on more of an electron-donating nature the
complex tends to form the cis isomer upon coordination. Valine, with an isopropyl R-group, has
the next highest electron donating R-group and forms the cis isomer. All of the complexes that
follow valine in order of increasing electron donating power of their R-group, for which we have

X-ray crystal structures, adopt the cis geometry as well.
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Figure 85. Thermal ellipsoid plot of trans-bis(alaninato)palladium(II) (1). Thermal ellipsoids are shown at the 50 %

probability level.

Trans-bis(alaninato)palladium(Il) (1) crystallizes in the P1 space group with no water
molecules in the lattice. Pd-N and Pd-O bonds are 2.038 and 1.996 Angstroms, respectively. N-
Pd-O bond angles within a chelate ring are 81.903 degrees, and the N-Pd-O bond angles between
chelate rings are 98.097 degrees. These values compare favorably with other palladium(II)

d 45,12-16

amino acid chelates previously reporte Intermolecular hydrogen bonding is observed

between an amine proton and a carbonyl oxygen on adjacent molecules in the lattice (Figure 86).
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Figure 86. Intermolecular hydrogen bonding interactions observed in the crystal lattice of trans-bis(alaninato)palladium

In @.

Cis-bis(L-valinato)palladium(Il) (2) crystallizes in the P2,2,2, space group with one
water molecule in the lattice (Figure 87). The Pd-N bonds are 2.0057 and 2.0103 Angstroms and
the Pd-O bonds are 2.0052 and 2.0173 Angstroms. The O-Pd-O bond angle is 96.026 degrees
and the N-Pd-N bond angle is 96.896 degrees. These values are comparable to values reported

4,5,12-16

for other square planar palladium(Il) chelates. Intermolecular hydrogen bonding is

observed in the crystal lattice (Figure 88). An amine proton on each of the nitrogen atoms of one
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complex molecule is hydrogen bonded to a carbonyl oxygen and a chelated carboxylate oxygen
on the adjacent molecule. Both of these amine hydrogen atoms lie on the same side of the
chelate plane. Additionally, the water molecule in the lattice is hydrogen bonded between two
carbonyl oxygen atoms on adjacent complex molecules and also between the other two amine

protons on yet a third complex molecule in the lattice.

Figure 87. Thermal ellipsoid plot of cis-bis(valinato)palladium(II) (2). Thermal ellipsoids are shown at the 50%

probability level.

146



Figure 88. Intermolecular hydrogen bonding interactions observed in the crystal lattice of cis-bis(valinato)palladium (II)

.

The last complex from this group for which a crystal structure was able to be determined
was cis-bis(isoleucinato)palladium(II) (4) (Figure 89). Crystallizing in the P2,2,2, space group,
it has Pd-N bond lengths of 2.009 and 2.005 Angstroms and Pd-O bond lengths of 2.015 and
1.996 Angstroms. As before, these values compare favorably with the literature.*>'*'® There is
one water molecule in the lattice. The R-groups are oriented such that one lies on either side of

the chelate plane.
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Figure 89. Thermal ellipsoid plot of cis-bis(isoleucinato)palladium(II) (4). Thermal ellipsoids are shown at the 50%

probability level.

The extended lattice observed for this complex is similar to that seen for the valine
complex and involves hydrogen bonding between amine protons on both nitrogens of one
complex molecule to both oxygen atoms in one chelate ring on an adjacent molecule in the
lattice (Figure 90). The water molecule in the lattice is hydrogen bonded between the two
carbonyl oxygen atoms on adjacent complex molecules and in this case is not hydrogen bonded
to the remaining amine hydrogen atoms.

Bis(tert-leucinato)palladium(Il) (5) and bis(leucinato)palladium(Il) (6) were also
prepared, and although crystals were not able to be grown the HRMS and NMR data are

consistent with formation of the bis-chelates.
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Figure 90. Intermolecular hydrogen bonding interactions observed in the crystal lattice of cis-bis(isoleucinato)palladium

an @.

A representative member of this group, cis-bis(isoleucinato)palladium(Il) (4), was tested
for catalytic activity and was shown to catalyze the oxidative coupling of phenylboronic acid and
methyl tiglate (Figure 91). The R/S:Z product ratio was 1.1:1 and homocoupled phenylboronic

acid accounted for 63% of the coupling yield. Enantioselectivity was low at 3% ee.
o 5 mol% Pd(AA),

CO.CHg — ‘
I + COCHy  +
VA oH,
\ CO,CH; O3 DMF, RT, 48 hrs
OH

Figure 91. Oxidative coupling reaction between phenylboronic acid and methyl tiglate catalyzed by Pd(II)-AA complexes.

149



43 AMINO ACIDS WITH AROMATIC HYDROPHOBIC R-
GROUPS

Tryptophan, phenylalanine, and tyrosine comprise the group of amino acids with

aromatic R-groups; their proposed palladium bis-chelates are shown in Figure 92.

OH
o) o) o)
HN /
o) o}
< e \Pd/ " \Pd/
/ o / o
H,N HoN
i ;o i ;o
OH

Figure 92. Pd(II) complexes of tryptophan (7), phenylalanine (8), and tyrosine (9).

Phenylalanine and tyrosine can only chelate in an N,O manner, as they lack another coordinating
moiety on their R-groups. An argument could be made for 0,0 chelation with tyrosine, but that
is extremely unlikely. O,O chelation would result in an 9-membered chelate ring which would
be considerably less stable than the 5-membered chelate formed via N,O chelation. Additionally,
the incorporation of a planar phenyl ring into the chelate ring is sterically very unfavorable.
Tryptophan, on the other hand, does present an intriguing option for N,N chelation resulting in a

7-membered chelate ring. While not as stable as the 5S-membered N,O chelate, it is nonetheless
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possible as evidenced by Nakayama’s preparation of the ornithine complex."” In this case we can
turn to an interpretation of the infrared spectra of the chelated and free ligand to determine the
coordination mode (Figure 93). The FTIR spectrum of the free ligand shows an asymmetric CO,
stretch at 1573 cm™ and a symmetric CO, stretch at 1406 cm™. This is expected when the
carboxylate is in the zwitterionic state. When the carboxylate coordinates to the metal center its
two-fold symmetry is lost resulting in different C-O and C=0 stretches. This is exactly what is
observed with bis(tryptophanato)palladium(Il) (7). The FTIR spectrum of the complex shows
that the asymmetric and symmetric stretching vibrations are absent and a new carbonyl stretch is
present at 1647 cm™. In addition, the indole N-H stretch at 3407 cm™ is unchanged between the
free ligand and complex. Were tryptophan to coordinate through the indole nitrogen atom, a
change in the indole N-H stretch would be observed. On the basis of this evidence we can say
with some certainty that bis(tryptophanato)palladium(Il) (7) is a 5-membered N,O chelate,
however the cis-trans geometry of the ligands about the metal center remains undetermined.
NMR and HRMS data for these compounds are as expected and unremarkable. They are

summarized for each compound in Section 4.7.
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Figure 93. FTIR spectral comparison of tryptophan free ligand (top, in red) and the bis(tryptophanato)palladium(II)

complex (7) (bottom, in blue).

Bis(phenylalininato)palladium(Il) (8) was tested for catalytic activity against the
aforementioned phenyl boronic acid-methyl tiglate oxidative coupling reaction. The R/S:Z
product ratio was 3.5:1 and biphenyl accounted for 46% of the coupling yield. Enantioselectivity

was again low at 2%ee.

44 AMINO ACIDS WITH POLAR NEUTRAL R-GROUPS
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Neutral, polar side groups characterize the next grouping of Pd-AA catalysts (Figure 94).

These amino acids include asparagine, glutamine, cysteine, methionine, serine and threonine.
HoN
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Figure 94. Pd(II) complexes of asparagine (10), glutamine (11), cysteine (12), methionine (14), serine (15) and threonine
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(16). The complex of cystine (13) is not shown.

Bis(asparaginato)palladium(Il) (10) and bis(glutaminato)palladium(Il) (11) both contain an
amide group on the R-group terminus and differ only by one methylene unit in the side chain.
HRMS confirms the formation of the bis-chelate in both instances, and the NMR data for each
complex are as expected. As neither of these techniques speaks to the chelation geometry, we

must again turn to the FTIR data to determine whether chelation is N,N or N,O in nature. Free
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asparagine shows a symmetric CO, stretch at 1394 cm™ and an asymmetric stretch at 1495 cm™.
Both of these vibrations are missing in the spectrum of the complex with a new CO stretch
appearing at 1688 cm™'. Furthermore, the amide carbonyl stretching vibrations at 1601 and 1642
cm’' remain unchanged in the spectrum of the complex. This is indicative of N,O chelation for
bis(asparaginato)palladium(Il) (10). This trend is seen as well for bis(glutaminato)palladium(II)
(11) with symmetric and asymmetric CO, stretching vibrations at 1445 and 1572 cm’,
respectively, disappearing from the spectrum of the chelate. A new CO stretch at 1636 cm™ is
observed in the spectrum of the complex. The amide CO stretching vibrations at 1327 and 1408
cm’' remain unchanged in both the free ligand and the complex. Once again this is indicative of
N,O chelation for bis(glutaminato)palladium(Il) (11).

Serine and threonine both contain hydroxyl group functionality in their R-groups that
lead to extended hydrogen bonded networks in the solid phase. Cis-bis(serinato)palladium(II)
(15) (Figure 95) crystallizes in the P2,2,2, space group. Pd-N bond lengths are 2.0177 and
2.0124 Angstroms with a N-Pd-N bond angle of 100.28 degrees. Pd-O bond lengths are 2.0177
and 1.9989 Angstroms with an O-Pd-O bond angle of 94.22 degrees. These values are

comparable to other square planar palladium(II) chelates reported in the literature.*”>'*"'®
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Figure 95. ORTEP plot of cis-bis(serinato)palladium(II) (15). Thermal ellipsoids are shown at the 50% probability level.

The extended lattice of 1S is extremely well ordered, with ten hydrogen bonding
interactions present for each molecule. Each molecule in the lattice is hydrogen bonded to six

other molecules within the lattice (Figure 96).
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Figure 96. Hydrogen bonding interactions of cis-bis(serinato)palladium(II) (15) as viewed down [0 1 0]. Oxygen atoms =
red, nitrogen atoms = blue, carbon atoms = grey, palladium atoms = silver. Thermal ellipsoids are shown at the 50%

probability level.

Cis-bis(threoninato)palladium(Il) (16) (Figure 97) differs from the serine complex by the
replacement of one side-chain methylene hydrogen atom with a methyl group. This complex
also crystallizes in the P2,2,2, space group with 2 complex molecules and 3 water molecules in
the unit cell. Pd-N bond lengths are 2.015 and 2.014 Angstroms. Pd-O bond lengths are 2.014
and 2.031 Angstroms. Bond angles are 98.623 degrees for the N-Pd-N angles and 96.04 degrees
for the O-Pd-O angles. Once again, these values are in line with other square planar
palladium(II) chelates reported in the literature.*”'*'® As seen with the serine complex, there is a
very well ordered hydrogen bonding network present within the extended lattice for this complex
(Figure 98). Each complex molecule in the lattice is involved in one intermolecular hydrogen
bond from the side chain hydroxyl hydrogen atom to the coordinated carboxylate oxygen atom of
another complex molecule. There are an additional 3 hydrogen bonds to water molecules in the
lattice that bridge to three other distinct complex molecules in the lattice.
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Figure 97. X-ray crystal structure of cis-bis(threoninato)palladium(II) (16). Thermal ellipsoids are shown at the 50 %

probability level.
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Figure 98. Hydrogen bonding interactions of cis-bis(threoninato)palladium(II) (16) as viewed along [% 10].

Of the six amino acid ligands in this group, methionine and cysteine contain a sulfur atom
in their molecular structure. A cysteine derivative, cystine, contains a disulfide group and will be
discussed here as well. Sulfur containing ligands are an interesting choice for palladium(II)
chemistry in that palladium has a noted affinity for sulfur over nitrogen and oxygen groups.'
Incorporation of the sulfur moiety into an amino acid ligand structure provides one method of
forming multi-dentate network structures. The first sulfur-containing amino acid complex of

palladium(Il) that was attempted to be synthesized was bis(methioninato)palladium(Il) (14). It
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was hoped that the thioether side chain would be less likely to coordinate than the thiol group
present in cysteine. High-resolution time-of-flight mass spectrometry performed on a sample
taken directly from the reaction mixture clearly showed the formation of the bis-chelate (Figure

99).
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Figure 99. High-resolution TOF mass spectrum of bis(methioninato)palladium(II) (14).

Frustratingly, all subsequent attempts to isolate the bis-chelated product failed. NMR spectra
were unable to be obtained, as were single crystals for X-ray diffraction. FTIR spectra were
inconclusive and appeared to show a mixture of methionine ligand and palladium(II) acetate.

The reaction of cysteine with palladium(Il) acetate to yield bis(cysteinato)palladium(Il)
(12) also failed to yield an isolatable product, however the HRMS data from the reaction mixture
show a series of products whose masses correspond exactly to discreet ratios of ligand and metal.

In these proposed structures (Figure 100) each palladium center is N,O chelated by the ligand,
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with the thiol group and the non-coordinated carboxylate carbonyl oxygen coordinated to another

palladium center.
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Figure 100. Proposed molecular structures of cysteinato-linked palladium(II) network.

In this case di-, tri-, and tetra-nuclear palladium(I) complexes were detected. The synthesis of
bis(cystinato)palladium(II) (13) was also attempted from cystine and palladium(II) acetate, and
once again failed to yield an isolatable product. Palladium cluster aggregation is a noted

120 and likely accounts for the lack of product

phenomena with thioethers and disulfides
formation in the cases of methionine and cystine.
For this group of amino acid catalysts, cis-bis(serinato)palladium(Il) (15) was chosen as

the representative catalyst for study. The oxidative coupling of phenylboronic acid to methyl

tiglate was again successful, with enantioselectivity of 3% ee. Cis-bis(serinato)palladium(II)
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(15) showed the lowest level of homocoupling of any of the tested catalysts with biphenyl

accounting for 27% of the product distribution.

4.5 AMINO ACIDS WITH CHARGED ACIDIC R-GROUPS

Aspartic acid and glutamic acid comprise the ligand set composed of acidic R-groups
(Figure 101). Here again we see the possibility of multiple coordination modes. N,O chelation
forms the more-stable 5-membered chelate ring, however O,0 chelation is possible and would
yield 6-membered and 7-membered chelate rings respectively. Studies on donor atom
preferences for palladium have clearly established that palladium prefers ligands containing
sulfur over nitrogen, and nitrogen over oxygen (S>N>0)."* On this reasoning alone we would
expect the palladium complexes of aspartic and glutamic acids to adopt the 5-membered N,O
chelate ring. Fortuitously, the crystal structure of cis—bis((nz—N,O)—aspartate)palladium(H) a7
was obtained (Figure 102) and clearly shows that the chelation mode is N,0. It is not

unreasonable to expect that glutamic acid would behave in the same manner.
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Figure 101. Pd(II) complexes of aspartic acid (17) and glutamic acid (18).

Figure 102. ORTEP plot of the crystal structure of cis-bis((n>-N,0)-aspartate)palladium(II) (17).

Cis-bis((n>-N,0)-aspartate)palladium(II) (17) crystallizes in the P2, space group and

exhibits an extensive hydrogen bonding network (Figure 103). Two amine protons that lie on
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one side of the chelate plane are each hydrogen bonded to separate coordinated carboxyl oxygen
atoms on an adjacent molecule. The two amine protons on the other side of the chelate plane are
hydrogen bonded to the R-group aspartate carboxyl group of another adjacent molecule.
Additionally there are three hydrogen bonded water molecules in the lattice that bridge the
coordinated carbonyl oxygen atom on one molecule to the coordinated carbonyl oxygen atom on

another molecule.

Figure 103. Hydrogen bonding interactions observed in the crystal lattice of cis-bis((n>-N,0)-aspartate)palladium(II) (17).

Cis-bis((n>-N,0)-aspartate)palladium(II) (17) was successfully employed as the catalyst

in the oxidative coupling of phenylboronic acid to methyl tiglate. The R/S:Z product ratio was
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1.2:1 and biphenyl accounted for 60% of the coupling yield. Low enantioselectivity was

obtained, with ee’s of 4%.

4.6 AMINO ACIDS WITH CHARGED BASIC R-GROUPS

Basic R-groups are present in the palladium(II) complexes of histidine, arginine, and

lysine (Figure 104).
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Figure 104. Pd(II) complexes of histidine (19), arginine (20), and lysine (21).

N,N chelation modes are possible for all of these complexes. For
bis(lysinato)palladium(II) (21) N,N chelation would result in an unlikely 8-membered chelate
ring. This leaves N,O chelation as the only possible and most favored coordination mode. Due
to the complexity of the fingerprint region (1500-500 cm™) of the FTIR spectrum for this

complex a definite assessment based on the carboxylate stretching vibrations cannot be made,
164



and attempts to grow crystals for X-ray diffraction were unsuccessful. The 'H and "C NMR
spectra are consistent with a coordinated lysine ligand, and HRMS confirms the formation of
bis(lysinato)palladium(II) (21).

Bis(argininato)palladium(II) (20) contains a guanidine group on the terminus of the
amino acid R-group that could form either a 7-membered or 9-membered chelate ring. The 9-
membered ring is not likely to form, however as discussed above for tryptophan the possibility of
a 7-membered ring cannot be dismissed out of hand. Fortunately the FTIR spectrum of the
guanidine side chain of arginine is well-characterized®' and there are several characteristic C-N
stretches that indicate the presence of an un-coordinated guanidine group. Infrared absorptions
at 920, 1180, 1614, and 1670 cm™ have been assigned to various C-N stretching modes of the
free guanidine group. These absorptions are present in both the free ligand and the complex
(Figure 105) and support the premise that the arginine side chain is not involved in coordination
to the metal. Proton NMR data are consistent with a coordinated arginine ligand and HRMS

confirms formation of the bis-chelate.
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Figure 105. FTIR spectral comparison of the free arginine ligand (top, in blue) and bis(argininato)palladium(II) (20)

(bottom, in red) showing the presence of characteristic guanidine C-N stretching vibrations in both molecules.

Histidine (Figure 106) provides an opportunity for N,N chelation with the formation of a

6-membered ring. The R-group terminus of the histidine molecule is an imidazole group.

Figure 106. Molecular structure of histidine. The imidazole group is numbered for clarity.
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Coordination through N-1 is unlikely as the lone pair of electrons on this nitrogen atom are
involved in the aromatic 5 system of the imidazole ring. Coordination through N-3 is possible
and would result in the formation of a 6-membered N,N chelate. Turning again to the FTIR
spectrum of the free ligand versus the complex, the symmetric CO, stretch in the free ligand at
1449 cm™ disappears and is not observed in the complex. The asymmetric CO, stretch at 1628
cm™ in the free ligand is shifted to 1588 cm™ in the complex (Figure 107). This is compelling
evidence of the lack of free carboxylate functionality in the complex and strongly indicates the

formation of the N,O chelate.
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Figure 107. FTIR spectral comparison of histidine free ligand (red) and bis(histidinato)palladium(II) (blue).

HRMS confirms the formation of bis(histidinato)palladium(Il) (19). Interestingly, the
NMR data indicate the presence of two distinct complexes in D,O solution. Each of the expected
six carbon resonances in the "C NMR spectrum appears as a pair of resonances. Similarly, the

'H NMR spectrum shows two sets of resonances for the methine and aromatic protons that each
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integrate to a 1:1:1 ratio. The methylene protons show significant overlap and cannot be
resolved, but they integrate to a total of 4 protons. It is very likely that we are seeing an aquo-
complex formation in solution as we observed for the glycine complexes discussed in Chapter
1.

Catalytic activity of this group of amino acid complexes was successfully tested with the
bis(lysinato)palladium(II) (21) complex against the oxidative coupling of phenylboronic acid and
methyl tiglate. The R/S:Z product ratio was 2.6:1 and biphenyl accounted for only 32% of the
coupling yield. The trend of low enantioselectivity was continued, with ee’s of 5% for this

catalyst.

4.7 CONCLUSIONS

Twenty-one palladium(I) amino acid bis-chelates were synthesized, characterized, and
assessed for catalytic activity against the oxidative coupling of phenylboronic acid and methyl
tiglate. The amino acids employed came from five general classes based on the chemical nature
of their R-groups: aliphatic hydrophobic, aromatic hydrophobic, polar neutral, charged acidic,
and charged basic. Each complex coordinates via N,O chelation to the metal center. Six crystal
structures were determined. Each class of amino acid complex shows catalytic activity as
evidenced by a successful oxidative coupling of phenylboronic acid and methyl tiglate.

Enantioselectivity was low across the range of catalysts tested with %ee’s in the range of 2-5%.

4.8 EXPERIMENTALS
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4.8.1 Synthesis of bis(alaninato)palladium(II) (1)

A four dram vial was charged with 0.0532 grams of palladium(II) acetate (2.37x10* mol) and 3.0
mL of 50/50 (v/v) acetone/water. The mixture was stirred until completely dissolved. To this
was added 0.0464 grams of alanine (5.21x10™ mol, 2.2 equivalents) and left to stir overnight.
The reaction solution turned from a dark red-orange to a clear yellow with a pale yellow-white
precipitate on overnight stirring. An odor of acetic acid was noted when the vial was opened.
The supernatant was transferred via pipette to a clean vial and allowed to evaporate to give clear
yellow needles. The pale-yellow precipitate was washed with cold water and dried under
vacuum. The combined yield of crystals and precipitate was 63.3 mg of product (0.2240 mmol,
95% yield). Pd(C;H,NO,), was identified on the basis of the following data: 'H NMR (400

MHz, Deuterium Oxide) 0 3.63 (q, J = 7.2 Hz, 1H), 1.33 (d, J = 7.3 Hz, 3H). HRMS/ESI+

(m/z): [M+H]+ calcd for Pd(C;H(NO,),, 282.9905; found, 282.9916.

4.8.2 Synthesis of bis(L-valinato)palladium(II) (2)

A four dram vial was charged with 0.0256 grams of palladium(II) acetate (1.14x10* mol) and 2.5
mL of 2:1 (v/v) acetone:water. The mixture was stirred until completely dissolved. To this was
added 0.0294 grams of L-valine (2.51x10™ mol, 2.2 equivalents) and left to stir overnight. The
reaction solution turned from a dark red-orange to a clear yellow with a pale yellow precipitate
on overnight stirring. An odor of acetic acid was noted when the vial was opened. The
supernatant was transferred via pipette to a clean vial and allowed to evaporate to give clear
yellow plates. The pale-yellow precipitate was washed with cold water and dried under vacuum.
The combined yield of crystals and precipitate was 36.6 mg of product (0.1081 mmol, 95%

yield). Pd(CsH,,NO,), was identified on the basis of the following data: '"H NMR (400 MHz,
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Deuterium Oxide) 0 347 (d,J = 44 Hz, 1H), 2.14 (pd, J = 7.0,44 Hz, 1H),091 (d,J = 7.0

Hz, 3H), 0.86 (d, J = 7.0 Hz, 3H). HRMS/ESI+ (m/z): [M+H]+ caled for Pd(C;H,(\NO,),,

339.0531; found, 339.0549.

4.8.3 Synthesis of bis(D-valinato)palladium(II) (3)

A four dram vial was charged with 0.0188 grams of palladium(II) acetate (8.37x10 mol) and 2.5
mL of 2:1 (v/v) acetone:water. The mixture was stirred until completely dissolved. To this was
added 0.0216 grams of D-valine (1.84x10* mol, 2.2 equivalents) and left to stir overnight. The
reaction solution turned from a dark red-orange to a clear yellow with a pale yellow precipitate
on overnight stirring. An odor of acetic acid was noted when the vial was opened. The
supernatant was transferred via pipette to a clean vial and allowed to evaporate however no
crystals formed. The pale-yellow precipitate was washed with cold water and dried under
vacuum to yield 27.1 mg of product (0.0800 mmol, 96% yield). Pd(CsH,,NO,), was identified
on the basis of the following data: 'H NMR (400 MHz, Deuterium Oxide) 6 3.47 (d,J = 4.4
Hz, 1H), 2.14 (pd, J = 7.0, 44 Hz, 1H), 091 (d, J = 7.0 Hz, 3H), 0.86 (d, J/ = 7.0 Hz, 3H).
HRMS/ESI+ (m/z): [M+H]+ calcd for Pd(C;H,,NO,),, 339.0531; found, 339.0557. Anal. Calcd.
for Pd(C;H,(\NO,),*H,0: C, 33.67%; H, 6.22%; N, 7.85%. Found: C, 33.83%; H, 6.29%; N,

8.01%.

4.8.4 Svynthesis of bis(isoleucinato)palladium(II) (4)

A four dram vial was charged with 0.1638 grams of palladium(II) acetate (7.30x10* mol) and 4.0
mL of 2:1 (v/v) acetone:water. The mixture was stirred until completely dissolved. To this was

added 0.2105 grams of isoleucine (1.61x10” mol, 2.2 equivalents) and left to stir overnight.
g q g
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Reaction solution turned from a dark red-orange to a pale, clear yellow with pale yellow
precipitate on overnight stirring. An odor of acetic acid was noted when the vial was opened.
The supernatant was transferred via pipette to a clean vial and allowed to evaporate to give clear
yellow prisms which were used for X-ray diffraction. The remaining precipitate was washed
with cold water and dried under vacuum. The yield of precipitate was 254.9 mg of product
(0.6950 mmol, 95% yield). Pd(C,H,,NO,), was identified on the basis of the following data: 'H
NMR (500 MHz, DMSO-d,) 6 5.15 (dd, J = 10.5, 7.6 Hz, 1H), 4.72 (t, J = 8.9 Hz, 1H), 4.37
(dd, J = 10.6,5.5 Hz, 1H), 3.84 (dd, J = 10.7, 5.2 Hz, 1H), 3.16 — 3.02 (m, 2H), 1.76 (m, 2H),
1.57-1.31 (m,2H),1.04 (d,J = 6.9 Hz,4H),0.89 (t, J = 7.4 Hz, 3H), 0.84 (t, / = 7.4 Hz, 3H).

HRMS/ESI+ (m/z): [M+H]+ caled for Pd(CH,,NO,),, 367.0844; found, 367.0871.

4.8.5 Synthesis of bis(tert-leucinato)palladium(II) (5)

A four dram vial was charged with 0.0325 grams of palladium(II) acetate (1.45x10 mol) and 2.5
mL of 2:1 (v/v) acetone:water. The mixture was stirred until completely dissolved. To this was
added 0.0418 grams of tert-leucine (3.18x10™ mol, 2.2 equivalents) and left to stir overnight.
The reaction solution turned from a dark red-orange to a clear yellow with a pale yellow
precipitate on overnight stirring. An odor of acetic acid was noted when the vial was opened.
The supernatant was transferred via pipette to a clean vial and allowed to evaporate however no
crystals formed. The pale-yellow precipitate was washed with cold water and dried under
vacuum to yield 50.6 mg of product (0.1378 mmol, 95% yield). Pd(C¢H,,NO,), was identified

on the basis of the following data: 'H NMR (400 MHz, Deuterium Oxide) 6 3.16 (s, 1H), 0.94

(s, 9H). HRMS/ESI+ (m/z): [M+H]+ calcd for Pd(C,H ,NO,),, 367.0844; found, 367.0877.
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Anal. Caled. for PA(C;H,,NO,),: C, 39.30%: H, 6.60%; N, 7.64%. Found: C, 39.47%; H,

6.59%; N, 7.70%.

4.8.6 Synthesis of bis(leucinato)palladium(II) (6)

A four dram vial was charged with 0.0517 grams of palladium(II) acetate (2.30x10* mol) and 2.5
mL of 2:1 (v/v) acetone:water. The mixture was stirred until completely dissolved. To this was
added 0.0665 grams of leucine (5.07x10™ mol, 2.2 equivalents) and left to stir overnight. The
reaction solution turned from a dark red-orange to a clear yellow with a pale yellow precipitate
on overnight stirring. An odor of acetic acid was noted when the vial was opened. The
supernatant was transferred via pipette to a clean vial and allowed to evaporate however no
crystals formed. The pale-yellow precipitate was washed with cold water and dried under
vacuum to yield 82.1 mg of product (0.2239 mmol, 97% yield). Pd(C;H,,NO,), was identified
on the basis of the following data: 'H NMR (400 MHz, Deuterium Oxide) 6 3.63 — 3.53 (m,
1H), 1.65 — 1.55 (m, 1H), 1.60 — 1.44 (m, 2H), 0.90 — 0.72 (m, 6H). "“C NMR (101 MHz, D,0)
0 17570, 53.57, 39.94, 2430, 22.16, 21.02. HRMS/ESI+ (m/z): [M+Na]+ calcd for

Pd(C,H,,NO,),, 389.0663; found, 389.0692.

4.8.7 Synthesis of bis(tryptophanato)palladium(II) (7)

A four dram vial was charged with 0.0799 grams of palladium(II) acetate (3.56x10™* mol) and 2.5
mL of 2:1 (v/v) acetone:water. The mixture was stirred until completely dissolved. To this was
added 0.1599 grams of tryptophan (7.83x10™ mol, 2.2 equivalents) and left to stir overnight. The
reaction solution turned from a dark red-orange to clear with a white precipitate on overnight

stirring. An odor of acetic acid was noted when the vial was opened. The supernatant was
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transferred via pipette to a clean vial and allowed to evaporate however no crystals formed. The
precipitate was washed with cold water and dried under vacuum to yield 178.2 mg of product
(0.3475 mmol, 98% yield). Pd(C,H,;N,0,), was identified on the basis of the following data:
'H NMR (400 MHz, DMSO-d6) 6 7.49 (d,J = 7.8 Hz, 1H),7.30 (d,J = 7.8 Hz, 1H), 7.15 (d, J
=24Hz, 1H),7.03 (ddd, J = 8.1, 7.0, 1.2 Hz, 1H), 6.93 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 4.60
(dd, J = 100, 6.5 Hz, 1H), 3.83 (dd, J = 9.6, 7.7 Hz, 1H), 3.47-3.33 (m, 1H). HRMS/ESI+
(m/z): [M+H]+ caled for Pd(C,,H,,N,O,),, 513.0749; found, 513.0700.  Anal. Calcd. for
Pd(C,,H,N,0,),*H,0: C, 49.77%; H, 4.56%; N, 10.55%. Found: C, 49.00%; H, 4.51%; N,

10.41%.

4.8.8 Synthesis of bis(phenylalaninato)palladium(II) (8)

A four dram vial was charged with 0.1067 grams of palladium(II) acetate (4.75x10* mol) and 2.5
mL of 2:1 (v/v) acetone:water. The mixture was stirred until completely dissolved. To this was
added 0.1727 grams of phenylalanine (1.05x10” mol, 2.2 equivalents) and left to stir overnight.
The reaction solution turned from a dark red-orange to clear with a white precipitate on
overnight stirring. An odor of acetic acid was noted when the vial was opened. The supernatant
was transferred via pipette to a clean vial and allowed to evaporate however no crystals formed.
The precipitate was washed with cold water and dried under vacuum to yield 190.1 mg of
product (0.4373 mmol, 92% yield). Pd(C,H,,NO,), was identified on the basis of the following
data: '"H NMR (400 MHz, Deuterium Oxide) 6 7.34 — 7.14 (m, 5H), 3.85 (dd, J = 8.0, 5.3 Hz,
1H), 3.15 (dd, J = 14.5, 5.2 Hz, 1H), 298 (dd, J = 14.5, 8.0 Hz, 1H). HRMS/ESI+ (m/z):

[M+H]+ caled for Pd(C,H,,NO,),, 435.0531; found, 435.0538.
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4.8.9 Svynthesis of bis(tyrosinato)palladium(II) (9)

A four dram vial was charged with 0.0511 grams of palladium(II) acetate (2.28x10* mol) and 2.5
mL of 2:1 (v/v) acetone:water. The mixture was stirred until completely dissolved. To this was
added 0.0907 grams of tyrosine (5.01x10* mol, 2.2 equivalents) and left to stir overnight. The
reaction solution turned from a dark red-orange to clear with a white precipitate on overnight
stirring. An odor of acetic acid was noted when the vial was opened. The supernatant was
transferred via pipette to a clean vial and allowed to evaporate however no crystals formed. The
precipitate was washed with cold water and dried under vacuum to yield 92.1 mg of product
(0.1973 mmol, 87% yield). Pd(C4H,,NO;), was identified on the basis of the following data:
'"H NMR (400 MHz, Deuterium Oxide) 6 7.11 — 7.04 (m, 2H), 6.83 — 6.73 (m, 2H), 3.82 (dd, J
= 78,52 Hz, 1H), 3.09 (dd, J = 14.7, 5.2 Hz, 1H), 294 (dd, J = 14.7, 7.8 Hz, 1H).

HRMS/ESI+ (m/z): [M+H]+ calcd for Pd(C,H,,NO,),, 467.0429; found, 467.0448.

4.8.10 Synthesis of bis(asparaginato)palladium(II) (10)

A four dram vial was charged with 0.0259 grams of palladium(II) acetate (1.15x10 mol) and 2.5
mL of 2:1 (v/v) acetone:water. The mixture was stirred until completely dissolved. To this was
added 0.0335 grams of asparagine (2.54x10* mol, 2.2 equivalents) and left to stir overnight. The
reaction solution turned from a dark red-orange to clear with an off-white precipitate on
overnight stirring. An odor of acetic acid was noted when the vial was opened. The supernatant
was transferred via pipette to a clean vial and allowed to evaporate however no crystals formed.
The precipitate was washed with cold water and dried under vacuum to yield 39.7 mg of product

(0.1077 mmol, 93% yield). Pd(C,H,N,O;), was identified on the basis of the following data:

'H NMR (400 MHz, Deuterium Oxide) 6 3.93 — 3.79 (m, 1H), 2.88 — 2.63 (m, 2H).
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HRMS/ESI+ (m/z): [M+H]+ calcd for Pd(C,H;N,O,),, 369.0021; found, 369.0050. Anal.
Calcd. for Pd(C,H,N,O,),: C,26.06%; H, 3.83%; N, 15.20%. Found: C, 26.20%; H, 3.72%; N,

15.28%.

4.8.11 Synthesis of bis(glutaminato)palladium(II) (11)

A four dram vial was charged with 0.0218 grams of palladium(II) acetate (9.71x10” mol) and 2.5
mL of 2:1 (v/v) acetone:water. The mixture was stirred until completely dissolved. To this was
added 0.0312 grams of glutamine (2.14x10* mol, 2.2 equivalents) and left to stir overnight. The
reaction solution turned from a dark red-orange to clear with an off-white precipitate on
overnight stirring. An odor of acetic acid was noted when the vial was opened. The supernatant
was transferred via pipette to a clean vial and allowed to evaporate however no crystals formed.
The precipitate was washed with cold water and dried under vacuum to yield 34.7 mg of product
(0.0877 mmol, 90% yield). Pd(C;H,N,O;), was identified on the basis of the following data:
'H NMR (500 MHz, Deuterium Oxide) 6 3.50 (dt,J = 14.5,6.5 Hz, 1H),2.47 (dt, J = 15.3, 8.3,
7.6 Hz, 1H),2.38 (ddd, J = 15.5,8.8,6.4 Hz, 1H), 2.10 (dq, J = 14.6,7.1,6.7 Hz, 1H), 1.94 (dq,
J =150,74 Hz, 1H). HRMS/ESI+ (m/z): [M+Na]+ calcd for Pd(C;HyN,0O,),, 419.0153; found,
419.0193. Anal. Calcd. for Pd(C;HyN,O,),: C, 30.28%; H, 4.57%; N, 14.12%. Found: C,

30.55%; H, 4.55%; N, 14.27%.

4.8.12 Synthesis of bis(cysteinato)palladium(II) (12)

A four dram vial was charged with 0.0466 grams of palladium(II) acetate (2.08x10* mol) and 2.5
mL of 2:1 (v/v) acetone:water. The mixture was stirred until completely dissolved. To this was

added 0.0553 grams of cysteine (4.57x10™ mol, 2.2 equivalents) and left to stir overnight.
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Reaction solution turned from a dark red-orange to a yellow-red suspension. An odor of acetic
acid was noted when the vial was opened. HRMS/ESI+ of the supernatant shows masses of

573.8426,798.7509, and 1024.6613 amu. No further characterization was possible.

4.8.13 Synthesis of bis(cystinato)palladium(II) (13)

A four dram vial was charged with 0.0349 grams of palladium(II) acetate (1.55x10* mol) and 3.0
mL of 2:1 (v/v) acetone:water. The mixture was stirred until completely dissolved. To this was
added 0.0822 grams of cystine (3.42x10* mol, 2.2 equivalents) and left to stir overnight.
Reaction solution turned from a dark red-orange to a rust-red suspension. An odor of acetic acid
was noted when the vial was opened. HRMS/ESI+ of the supernatant was inconclusive for

Pd(II) species. No further characterization was possible.

4.8.14 Synthesis of bis(methioninato)palladium(II) (14)

A four dram vial was charged with 0.0203 grams of palladium(II) acetate (9.04x10” mol) and 2.5
mL of 2:1 (v/v) acetone:water. The mixture was stirred until completely dissolved. To this was
added 0.0297 grams of methionine (1.99x10* mol, 2.2 equivalents) and left to stir overnight.
Reaction solution turned from a dark red-orange to a very pale yellow with a rust-red precipitate.
An odor of acetic acid was noted when the vial was opened. HRMS/ESI+ (m/z): [M+H]+ calcd

for Pd(C;H,,NO,S),, 402.9972; found, 402.9998. No further characterization was possible.

4.8.15 Synthesis of bis(serinato)palladium(II) (15)

A four dram vial was charged with 0.1063 grams of palladium(II) acetate (4.73x10* mol) and 3.0

mL of 50/50 (v/v) acetone:water. The mixture was stirred until completely dissolved. To this
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was added 0.1095 grams of serine (1.04x10” mol, 2.2 equivalents) and left to stir overnight.
Reaction solution turned from a dark red-orange to a clear yellow with yellow precipitate on
overnight stirring. An odor of acetic acid was noted when the vial was opened. The supernatant
was transferred via pipette to a clean vial and allowed to evaporate to give clear yellow prisms
which were used for X-ray diffraction. The remaining precipitate was washed with cold water
and dried under vacuum. The combined yield of crystals and precipitate was 144.9 mg of
product (0.4606 mmol, 97% yield). Pd(C;H(NO,), was identified on the basis of the following
data: 'H NMR (400 MHz, Deuterium Oxide) 6 3.77 (d, J = 5.3 Hz, 1H), 3.74 (d, J = 5.3 Hz,
1H),3.65(d,J =3.7Hz,1H),3.62 (d,J =3.7Hz, 1H),3.57 (t,J =49 Hz, 1H),3.53 (t,J = 4.1

Hz, 1H). HRMS/ESI+ (m/z): [M+H]+ calcd for Pd(C;H,NO,),, 314.9803; found, 314.9818.

4.8.16 Synthesis of bis(threoninato)palladium(II) (16)

A four dram vial was charged with 0.0236 grams of palladium(II) acetate (1.05x10* mol) and 3.0
mL of 50/50 (v/v) acetone:water. The mixture was stirred until completely dissolved. To this
was added 0.0275 grams of threonine (2.31x10” mol, 2.2 equivalents) and left to stir overnight.
Reaction solution turned from a dark red-orange to a clear yellow with yellow precipitate on
overnight stirring. An odor of acetic acid was noted when the vial was opened. The supernatant
was transferred via pipette to a clean vial and allowed to evaporate to give clear yellow prisms
which were used for X-ray diffraction. The remaining precipitate was washed with cold water
and dried under vacuum. The combined yield of crystals and precipitate was 35.0 mg of product
(0.1021 mmol, 97% yield). Pd(C,H;NO,), was identified on the basis of the following data: 'H

NMR (400 MHz, Deuterium Oxide) § 4.11 —4.03 (m, 1H),3.41 (dd,J =4.9,1.9 Hz, 1H), 1.14
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(dd, J = 6.6, 1.9 Hz, 3H). HRMS/ESI+ (m/z): [M+H]+ calcd for Pd(C,H,NO,),, 343.0116;

found, 343.0152.

4.8.17 Synthesis of bis(aspartic acid)palladium(II) (17)

A four dram vial was charged with 0.1233 grams of palladium(II) acetate (5.49x10* mol) and 3.0
mL of 50/50 (v/v) acetone:water. The mixture was stirred until completely dissolved. To this
was added 0.1608 grams of aspartic acid (1.21x10” mol, 2.2 equivalents) and left to stir
overnight. Reaction solution turned from a dark red-orange to a clear yellow with yellow
precipitate on overnight stirring. An odor of acetic acid was noted when the vial was opened.
The supernatant was transferred via pipette to a clean vial and allowed to evaporate to give clear
yellow prisms which were used for X-ray diffraction. The remaining precipitate was washed
with cold water and dried under vacuum. The combined yield of crystals and precipitate was
192.4 mg of product (0.5191 mmol, 95% yield). Pd(C,HNO,), was identified on the basis of the

following data: 'H NMR (400 MHz, Deuterium Oxide) 6 3.94 (dd,J = 7.0,4.6 Hz, 1H),2.93 —

2.80 (m, 2H). HRMS/ESI+ (m/z): [M+H]+ caled for Pd(C,H/NO,),, 370.9701; found,

370.9739.

4.8.18 Synthesis of bis(glutamic acid)palladium(II) (18)

A four dram vial was charged with 0.0194 grams of palladium(II) acetate (8.64x10° mol) and 2.0
mL of 2:1 (v/v) acetone:water. The mixture was stirred until completely dissolved. To this was
added 0.0280 grams of glutamic acid (1.90x10™ mol, 2.2 equivalents) and left to stir overnight.
The reaction solution turned from a dark red-orange to pale yellow with an off-white precipitate

on overnight stirring. An odor of acetic acid was noted when the vial was opened. The
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supernatant was transferred via pipette to a clean vial and allowed to evaporate however no
crystals formed. The precipitate was washed with cold water and dried under vacuum to yield
32.1 mg of product (0.0805 mmol, 93% yield). Pd(C;H{NO,), was identified on the basis of the
following data: '"H NMR (400 MHz, DMF-d7) 6 3.47 (s, 1H), 2.96 — 2.88 (m, 2H), 2.79 — 2.70
(m, 2H). HRMS/ESI+ (m/z): [M+H]+ calcd for Pd(C;HNO,),, 399.0014; found, 399.0044.
Anal. Calcd. for Pd(C;HNO,),: C, 30.13%; H, 4.05%; N, 7.03%. Found: C, 30.29%; H,

4.01%;N,7.12%.

4.8.19 Synthesis of bis(histidinato)palladium(II) (19)

A four dram vial was charged with 0.0188 grams of palladium(II) acetate (8.37x10° mol) and 2.0
mL of 2:1 (v/v) acetone:water. The mixture was stirred until completely dissolved. To this was
added 0.0286 grams of histidine (1.84x10™* mol, 2.2 equivalents) and left to stir overnight. The
reaction solution turned from a dark red-orange to pale yellow with an off-white precipitate on
overnight stirring. An odor of acetic acid was noted when the vial was opened. The supernatant
was transferred via pipette to a clean vial and allowed to evaporate however no crystals formed.
The precipitate was washed with cold water and dried under vacuum to yield 32.9 mg of product
(0.0793 mmol, 95% yield). Pd(C¢H;N,0,), was identified on the basis of the following data:
'H NMR (500 MHz, Deuterium Oxide) 6 7.77 (d, J = 1.4 Hz, 1H), 747 (d, J = 1.3 Hz, 1H),
6.99 (s, 1H), 697 (d,J = 1.3 Hz, 1H), 345 (t, J = 4.5 Hz, 1H), 3.38 (dd, J = 5.6, 3.7 Hz, 1H),
3.22 - 3.00 (m, 4H). "C NMR (126 MHz, Deuterium Oxide) 6 175.88,175.73, 136.81, 135.80,
132.77,132.72, 114.58, 114.28, 52.33, 52.23, 30.41, 30.30. HRMS/ESI+ (m/z): [M+H]+ calcd
for Pd(C,H¢N,0,),, 415.0341; found, 415.0327. Anal. Calcd. for Pd(C(HgN,O,),: C, 33.31%;

H,4.19%; N, 19.42%. Found: C,33.19%;H,4.25%; N, 19.21%.

179



4.8.20 Synthesis of bis(argininato)palladium(II) (20)

A four dram vial was charged with 0.0323 grams of palladium(II) acetate (1.44x10* mol) and 3.0
mL of acetone. The mixture was stirred until completely dissolved. To this was added 0.0599
grams of arginine (3.44x10™* mol, 2.39 equivalents) and left to stir overnight. The reaction
solution turned from a dark red-orange to a clear yellow on overnight stirring. An odor of acetic
acid was noted when the vial was opened. The solvent was allowed to evaporate naturally.
After all solvent had evaporated, an opaque yellow varnish was observed that was washed with
3x2mL of ice-cold deionized water. Upon drying overnight on a high-vacuum line 59.3 mg
(0.1310 mmol, 91% yield) of a clear yellow varnish was obtained. Pd(C,H;N,O,), was
identified on the basis of the following data: 'H NMR (400 MHz, Deuterium Oxide) & 3.30 —
2.79 (m, 3H), 1.69 — 1.21 (m, 4H). HRMS/ESI+ (m/z): [M+2H]+2 caled for Pd(C¢H,;N,0,),,

227.0629; found, 227.0646.

4.8.21 Synthesis of bis(lysinato)palladium(II) (21)

A four dram vial was charged with 0.1393 grams of palladium(II) acetate (6.20x10* mol) and 3.0
mL of 50/50 (v/v) acetone:water. The mixture was stirred until completely dissolved. To this
was added 0.1996 grams of lysine (1.37x10” mol, 2.2 equivalents) and left to stir overnight.
Reaction solution turned from a dark red-orange to a clear yellow with a pale yellow precipitate
on overnight stirring. An odor of acetic acid was noted when the vial was opened. The
supernatant was transferred via pipette to a clean vial and allowed to evaporate however no
crystals formed. The precipitate was washed with cold water and dried under vacuum to yield

228.4 mg of product (0.5756 mmol, 93% yield). Pd(C,H,;N,O,), was identified on the basis of
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the following data: '"H NMR (400 MHz, Deuterium Oxide) & 3.24 (td, J = 7.4, 4.5 Hz, 1H),
232(dtd,J =4.4,22,10Hz,2H),220 (d,J = 1.0 Hz,2H), 1.31 (d, J = 1.1 Hz,2H), 129 (d, J
= 1.1 Hz, 2H). BC NMR (101 MHz, D,0) & 177.77, 109.99, 66.24, 26.64, 22.23, 22.04.

HRMS/ESI+ (m/z): [M+H]+ calcd for PA(CH,3N,0,),, 397.1062; found, 397.1068.
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Chapter 5. Conclusions

5.1 CONCLUSIONS

This body of work represents the first systematic study of the bis-amino acid complexes
of palladium(Il). The synthesis, structural characterization, and catalytic activity and hydrogen
bonding behavior of several new complexes of palladium(Il) with amino acid ligands has been
successfully undertaken. In most cases, high quality NMR, mass spectral, and microanalytical
data have been added to the existing, yet incomplete, literature on these compounds.
Additionally, several new X-ray crystal structures of these complexes have been determined that
were heretofore not in the crystallographic literature. Several interesting trends have been
identified based on the structural factors, catalytic activity, and hydrogen bonding interactions

observed in these complexes.

5.1.1 Structural Conclusions

Palladium(II) amino acid chelates form cis and frans isomers depending on the starting
palladium compound used. Alkylation of the coordinated nitrogen atom in palladium(II) bis-
chelates leads to the formation of only frans isomers. Thus, complexes made with N-
methylglycine, N,N-dimethylglycine, and N-methylproline all formed the frans isomer. Attempts
to prepare the cis isomers of the N-alkylated glycine complexes from PdCl,, as was done for the

non-N-alkylated glycine complexes, were unsuccessful.
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Compelling evidence of the formation of palladium(II) amino acid aquo complexes has
been presented. Carbon-13 NMR spectroscopy is a powerful tool for elucidating the number of
ligand environments and has been used to show that multiple aquo species are present in
solution.

Improved X-ray crystal structures and NMR data on the cis and trans bis-glycinate
complexes of palladium(Il) are reported, as well as confirmation of the previously reported
infrared and electronic absorption spectra. Powder X-ray diffraction has been used to verify
formation of a single isomer in the crystalline phase for the glycinate and N-methylglycinate

complexes.

5.1.2 Conclusions on Catalytic Activity

All of the cis complexes reported herein were determined to be catalytically active with
respect to the oxidative coupling of phenylboronic acids to olefins. Trans complexes, with the
exception of frans-bis(azetidine-2-carboxylato)palladium(Il) are not catalytically active.
Enantioselectivities were modest with the best example, cis-bis(prolinato)palladium(II), yielding
an enantiomeric excess of 24%. One unique feature of these catalyst systems are the generation
of coupled products not reported for other similar palladium(II) catalyzed systems. Selectivity
for these additional products was low, and the concomitant formation of homocoupled products
leads to the conclusion that these catalysts lack the chiral ridigity required to achieve high
product selectivity and enantioselectivity. This is likely a consequence of aquo-complex
formation, whereby the chiral ligand is partially de-coordinated and as such cannot direct the
incoming substrates in a highly selective fashion. A second unique feature to these systems was

the observation that the coupled products themselves can undergo further oxidative couplings.
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The same lack of chiral rigidity responsible for poor selectivity/enantioselectivity has the benefit
of not sterically restricting the coupled products from themselves participating in the reaction.
This is almost certainly a steric control argument and bears further investigation. Nonetheless,
this work represents a sound scientific starting point for the further study and optimization of
such systems.

Some trends in product distribution are evident from the data reported here. The best
catalyst, cis-bis(prolinato)palladium(II) was used to oxidatively couple methyl tiglate with
phenylboronic acid, 4-(trifluoromethyl)phenylboronic acid, and 4-(methoxy)phenylboronic acid.
A definite steric trend was observed with these substrates, whereby the larger group in the para
position correlates with a higher percentage of the R/S product formation. In this series the para
group size increases from —H to —CF; to —OCH;. Conversely, the enantioselectivity decreases
with increasing steric size of the para position group, as does the formation of the Z-alkene and

homocoupled product (Table 10).

Product PBA PBA-CF; | PBA-OCHj;
R/S, % 42 71 100
%ee 24 11 6
Z-alkene, % 28 1 0
Biphenyl, % 30 24 0

Table 10. Substrate steric trends in the product distributions of the cis-bis(prolinato)palladium(II) catalyzed coupling of
methyl tiglate with various substituted phenylboronic acids.

Within the series of catalysts with fused ring R-groups, no definite trends were observed
in terms of product formation when the substrates were held constant. Steric bulk, substituent
electronegativity, and ring strain all were considered and have no obvious effect on product

distribution ratios. R/S product yields vary from 28-79% with enantioselectivities of 1-24%. Z-
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alkene and biaryl formation are similarly non-specific. Temperature did have a correlatable
trend with respect to enantioselectivity, with lower reaction temperatures resulting in increased
enantioselectivity.

The non-cyclic palladium(II) amino acid catalysts showed the same non-specificity in
terms of product distribution ratios. The isoleucine, phenylalanine, serine, lysine and aspartic
acid complexes were tested for catalytic oxidative coupling. R/S yields ranged from 22-58%.
Enantioselectivities were uniformly low at 2-5%. Z-alkene yields were consistently in the 12-
19% range. Comparing the fused ring systems to the acyclic systems, it is apparent that
enantioselectivities are, on average, higher for the fused ring systems.

Finally, it was clearly demonstrated that both activated and non-activated olefins are

capable of being coupled by the best of the catalysts employed, cis-bis(prolinato)palladium(II).

5.1.3 Conclusions on Hydrogen Bonding Interactions

The hydrogen bonding motifs observed in these palladium(Il) amino acid complexes are
extensive, various, and in some cases fascinating. These complexes adopt varied cis/trans
geometries, with different degrees of internal symmetry. There are some trends that can be
discerned from an analysis of the extended lattices. The fully N-alkylated complexes seen for
ligands like N,N-dimethylglycine and N-methylproline incorporate water molecules into the
lattice in each instance. Lacking amine protons, these complexes cannot form hydrogen bonded
networks as they contain no hydrogen bond donor. The lattice water molecules act as bridging
hydrogen bond donors between complex molecules in the lattice.

All of the other complexes for which crystal structures were able to be obtained have at

least one amine proton that acts as an intermolecular hydrogen bond donor. Water molecules are
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also incorporated into some of these lattices, and again act as bridging hydrogen bond donors.
The incorporation of water into the lattice in these cases appears to be solely a function of
minimizing packing forces as the crystals form. There appears to be no discernable pattern that
governs water incorporation into the lattice. Cis/trans geometry has no correlation to lattice
water incorporation. There is a qualitative observation that complexes with asymmetric steric
bulk tend to incorporate water more than those that do not. The cis and trans bis(glycinato)

complexes offer an example of this phenomena.

Figure 108. Cis-bis(glycinato)palladium(II) viewed edge-on to the chelate plane.
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Figure 109. Trans-bis(glycinato)palladium(II) viewed edge-on to the chelate plane.

Note the asymmetric steric bulk in the cis complex (Figure 108) versus the more balanced
case for the trans isomer (Figure 109). The cis complex incorporates water in the lattice whereas
the trans does not. This is a pattern that is seen frequently with these complexes.

A final trend that is observed in these complexes is a lengthening of the Pd-N bonds as
the amine nitrogen is alkylated. The greater electron donating power of the methyl group versus
a hydrogen atom is postulated to be responsible for this trend. There is a simultaneous
shortening of the Pd-O bonds as the more electronegative oxygen atoms draw this extra electron

density onto itself.
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Appendix A

Data for Selected Compounds



Compound 1

trans-bis(glycinato)palladium(II)



dh1-185, trans-Pd-GLYZ In H20

'H NMR (400 MHz, Deuterium Oxide) & 3.55 (t, J= 6.4 Hz, 2H), 3.53 (1, = 6.6 Hz, 2H).
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Compound 2

trans-bis(N,N-dimethylglycinato)palladium(II)
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Compound 3

trans-bis(N-methylglycinato)palladium(II)



[Userslhokiedave92/Documents/Dissertation StuffiFigures and Data/Hobart NMR_Data/DH1-137C/1/fid

38 37 36 35 34 33 32 31 30 2
1 {ppm)

9

28

50000

45000

40000

35000

30000

25000

20000

15000

10000

5000

'"H NMR spectrum oftrans-bis(N-methylglycinato)palladium(II)



[Userslhokiedave92/Documents/Dissertation StuffiFigures and Data/Hobart NMR_Data/DH1-137C/2/fid

180 170 160 150 140 130 120 110

1 {ppm)

80

700

650

600

550

500

r450

r400

350

r300

250

r200

150

100

BCNMR spectrum oftrans-bis(N-methylglycinato )palladium(II)



x104

—_

Cpd 1: C6 H12 N2 O4 Pd: +ESI Scan (0.785-1.090 min, 20 scans) Frag=75,0V DH_I_31A_esi_2u.d,,

282.9930
(MH)»

o__Ju_m.L

bl AL

I\

566.9765
(2M+H)+
m

280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600

Counts vs, Mass-to-Charge (m/z)

HRMS of trans-bis(N-methylglycinato)palladium(II)



Atlantic Microlab, inc.

trans-bis-N-methylglycinato Pd(ll)

1

:

]

Sample No. dh1-137b A :
Virginia Tech

6180 Atlantic Bivd. Suite M C°mpa“g§;mﬂtry :

Norcross, GA 30071 Dept. !

www.atlanticmicrolab.com Address Hahn Hall North '

City, State, zip Blacksburg, VA 24061 :

Professor/Supervisor: Merola Name Dave Hobar Dalg 01/08/2013 !

pPO#/ ccit_P2343956 Phone (540) 231-4713 .

N - i

Element | Theory Found Single Duplicate [ ] :

Elements 1

C 25.50 &% Present: C,H.N,0,Pd '

Analyze I

H 428 44 or. O N :

Hygroscopic[X]  Explosive [] )

929 M.P. o BP !

N 991 To be dried: Yes [X] No [] :

Temp. BT ___Vac best “Time 1hr !

Rush Sonioo L] oozt |

onihe day the samplo s received by 11 AN, i

Include Email Address or FAX # Below X

dhobart@vt.edu X

- ]

! .

Date Received IAN-Q-8.0043 Date Completed JAN 1 O QQU !

Remarks: JAR B IR :

1

i

t

Microanalysis oftrans-bis(N-methylglycinato)palladium(II)



WPy [ 10000

- 80.00

70,00

T

- 80.00

" 50,00

- 40,00

- 30,00

- ' ' - - - 20,00
3750.00 3250.00 2750.00 2250.00 1750.00 1250.00 750.00

-1

—N-Megly —t-Pd-NMG

FTIR overlay oftrans-bis(N-methylglycinato)palladium(Il) and N-methylglycine



Compound 4

cis-bis(glycinato)palladium(II)



dh1-161, cis-Pd-CLY2 In H20
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HRMS of cis-bis(glycinato)palladium(II)
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Microanalysis of cis-bis(glycinato)palladium(II)
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Compound 5

cis-bis(prolinato)palladium(II)
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Compound 6

cis-bis(trans-4-fluoroprolinato)palladium(II)
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GC Traces of the Oxidative Coupling
of Phenylboronic Acid to Methyl Tiglate



Abundance

440000

420000

400000

380000

360000

340000

320000

300000

280000

260000

240000

220000

200000

180000

160000/

140000

120000

100000

80000

60000

40000

200001

R

38.142

39.161

al

40.278

TIC: DH-1-814.D\data.ms

e Vi)

biphenyl

47.342

49.792

[T T T T[T TTT]

L L B

Time--> 36.00 37.00 %% 39.00 mw M% 4200 4300 4400 4500 4600 4700 4800 49.00 5000 51.00

Typical GC-MS trace of the oxidative coupling of phenylboronic acid
with methyl tiglate. PeaksR, S, Z, E have masses of 190.2 amu.



Abundance TIC: dn1-2xx_3.D\data.ms
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Typical GC-MS trace of the second oxidative coupling products of phenylboronic
acid with methyl tiglate. Peaks shown have masses 0f266.3 amu.
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Typical GC-MS trace of the third oxidative coupling products of phenylboronic
acid with methyl tiglate. Peaks shown have masses 0f342.4 amu.
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