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ABSTRACT 

 A group of ligands were designed based on a minimalist reduction of the structure 

of metalloproteins.  It was thought that a modular design with facile synthesis could lead 

to a new family of privileged ligands.  Towards this goal a series of tri-, tetra, and penta-

dentate ligands were synthesized.  The ligands had a common chiral core based on 

inexpensive amino acid starting materials.  A modular diamine backbone was adjusted to 

control the size, bite angle and electronic nature of the binding pocket.  The ligands were 

capped with Schiff base imines to provide an initial binding point for the metal and to 

create steric bulk at one face of the complex. 

 The tetra-dentate ligands were shown to efficiently bind zinc(II), copper((II), 

nickel(II), and palladium(II).  In the case of the penta-dentate ligands the series was 

extended to cobalt(II), manganese(II) and iron(II).  The tri-dentate ligands did not form 

isolated metal complexes.  The structures of these complexes were confirmed by 
1
H NMR, 

ESR and X-ray crystallography.  The chiral copper complexes were applied to a model 

asymmetric acylation reaction.  The results were disappointing as the reactions showed 

no stereoselectivity. 
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1  LIGAND DESIGN 

1.1  Catalysis 

 The focus of this dissertation was to create a family of chiral catalysts to effect 

asymmetric catalytic conversions.  The field of catalysis, although well established, is the 

center of a lot of research into new methodologies as well as in understanding existing 

systems.  Though many advances have been made, the majority of catalysts are still 

reaction/substrate specific.  Few design strategies exist to create a catalyst system and the 

approaches taken parallel those of drug design.  The first method is to make (and test) as 

many examples as possible in a combinatorial fashion – brute force methodology.  The 

second method is more common and correlates to ‘structure activity relationship’ (SAR) 

design.  A lead compound is chosen and the results obtained from the testing drive the 

next round of experiments.  This is a trial and error approach.  Another approach is to 

learn from nature and try to mimic its activity with simpler systems.  The amount of 

research in catalysis (and especially asymmetric catalysis) has increased over the last 

couple of decades as evidenced by the vast amount of literature available in the area.1  

However, the field is rooted in the early days of chemistry 

In the early 19th century, while studying the decomposition of hydrogen peroxide 

into water and oxygen, Berzelius observed that the reaction could be accelerated by the 

addition of different substances.  He also noted that these substances remained unchanged 

and determined that they had an ‘inherent force’.2  This ‘force’ was called the catalytic 

force of the substance and decomposition by the ‘force’ was termed catalysis.  The word 
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catalysis is derived from the Greek word meaning dissolution, destruction or end, which 

is an interesting derivation given that catalysts promote reactions and are not destroyed in 

the process.   

The general feature of catalysis is that the activation energy of the reaction is 

smaller than in an uncatalyzed system.  By lowering the activation energy the reaction 

can occur faster or at lower temperatures or even generate products not accessible 

without a catalyst.   

 
Figure 1.1:  General energy diagram for catalyzed and uncatalyzed processes. 
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1.2  Asymmetric Catalysis 

One of the major driving forces toward the development of asymmetric catalytic 

methodologies was the need for pharmaceutical companies to generate single 

stereoisomer compounds for FDA testing and approval.  A particularly infamous example 

of a racemic drug that was not tested in its single isomer forms was thalidomide.  

Thalidomide was prescribed to pregnant women in the 1950’s and 60’s to deal with 

morning sickness.  It was not known at the time that while the (R)-enantiomer was a 

sedative the (S)-enantiomer was teratogenic and caused birth defects in many children.   

 

 
Figure 1.2:  Racemic (R/S)-thalidomide 

 The alternatives to chiral catalysis are chiral resolution (crystallization, 

enrichment), the use of chiral auxillaries (expensive), starting from the chiral pool 

(carbohydrates, amino acids, terpenes, steroids – limited pool, can be expensive, both 

stereoisomers not always available). 

 The generation of chirality during a reaction is determined by the formation of 

asymmetric transition state intermediates.  In the absence of a chiral catalyst the transition 

states are equivalent and form racemic mixtures of products (Figure 1.3).  If a chiral 

catalyst is used that can lower the energy of one transition state more than the other then 

the product will become enriched in one enantiomer.  Enantiomeric excess (or % ee) is a 

measure of the optical purity.  The objective of any asymmetric reaction is to form an 
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enantiopure product, i.e. with a % ee of 100%, a single stereoisomer.  At room 

temperature if the difference between the transition states is about 12 kJ mol-1, then one 

enantiomer will be formed exclusively.  

 
Figure 1.3:  Energy diagrams for chiral and achiral (Lewis Acid) catalyzed reactions. 
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1.3  Enzymes 

The ideal situation for a synthetic chemist to perform a chiral or achiral 

transformation would be to use a natural catalyst - an enzyme - to facilitate the reaction.  

Although a large amount of research has gone into the use of biocatalysts over the last 20 

years especially,3 the use of enzymes is still subject to several limitations – real or from 

chemistry folklore.  However the overwhelming perception exists that there are two 

classes of efficient asymmetric catalysts – synthetic metal catalysts and enzymes.4 

 Enzymes have several advantages over transition metal catalytic system.  The 

largest point of difference is in efficiency.  Enzymes can increase reactivity by a factor of 

108-1010 over uncatalyzed reactions.  In the process only 10-3 – 10-4 mole percent of the 

enzyme catalyst is required.  Not only is the amount of material used small, but it is also 

environmentally friendly, unlike metal catalysts that constantly battle leaching, disposal 

and their effect on the environment.  Also from a green outlook the reaction conditions 

required for an enzymatic process are generally mild, which saves in energy input. 

 Enzymes can carry out reactions not possible for regular organic catalysts, for 

example functionalization at non-activated positions.  They have also been shown to be 

compatible with each other, and one can carry out sequential, one-pot reactions.3 

 There are also several limitations to the use of enzymes.  Although many isolated 

enzymes are now commercially available, the selection is still limited and the cost can be 

high.  Only one enantiomeric form may be accessible.  The maintenance and handling for 

enzymes requires more care than for most organic catalysts.  The advantageous use of 

mild reaction conditions is also a disadvantage, as very narrow ranges for temperature; 
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pressure and solvent are tolerated by most enzymes.  This can be a large limitation when 

dealing with hydrophobic substrates, as the enzymes reactivity is generally at its peak in 

aqueous conditions.  As mentioned earlier, catalytic systems can be very substrate 

dependent.  Enzymes are not immune to this and the range of suitable reactants is usually 

unknown.  In fact in some cases the substrate (or product) can actually inhibit the 

enzyme’s activity.   

 Attempts have been made to mimic or understand the action of enzymes (or 

metalloproteins).  The binding pocket for the metal co-factor is defined by a small 

number of amino acids, which are held in place by the remaining portion of the peptide 

chain.5  Tetraaza molecules that can imitate the binding seen in metalloporphyrins are 

considered to be good models for metalloproteins.   

 

1.4  Privileged structures 

The concept of privileged structures originates from scientists working at Merck 

in the early 1980s.6  It refers to a particular motif or molecular scaffold that shows a 

preference for a number of different biological targets simply by changing the functional 

groups.7  The concept of privileged structures also applies to ligands for asymmetric 

catalysis.  There are several ligand systems that can control the chirality in different types 

of organic transformations (Figure 1.4).   
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Figure 1.4:  Some examples of privileged ligands and their range of activity. 

 It is interesting to note that many of these ligands provide chiral environments for 

reactions that are mechanistically unrelated.8 

 

1.5  C2 Symmetry 

 Several of the ligands described later in this dissertation have a degree of 

symmetry.  This is not uncommon for chiral auxiliaries.  A review of the literature of 

chiral catalysis shows that the many ligands are C2-symmetric.  The first significant 
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example, DIOP (Figure 1.5), was developed by Dang and Kagan for use in 

enantioselective rhodium catalyzed hydrogenation reactions.9 

 

 
Figure 1.5:  Kagan’s C2-symmetric DIOP. 

While it would seem that introducing symmetry into a ligand is counterintuitive to 

trying to induce chirality in a substrate, this is not the case.  The selectivity between 

enantiomeric faces that determines asymmetric induction, in most cases, requires the 

ligand to be dissymmetric (i.e. lacking a mirror plan or inversion point) and not 

necessarily asymmetric (without any symmetry elements).10  The universal use of C2-

symmetry is not surprising as increasing the symmetry reduces the number of different 

binding modes to a metal.  This symmetry also reduces the number of reaction 

intermediates, as there are less ways for the metal, ligand and substrate to interact with 

each other.  A reduction in the number of diastereomeric reaction pathways, which may 

compete with each other, is beneficial for stereocontrol during an enantioselective metal 

catalyzed reaction. 

In many cases the design of symmetric ligands can have a practical purpose.  The 

number of synthetic steps or complexity of the synthesis may be reduced.  In the case of 

combinatorial arrays of ligands the total number of molecules to synthesize is much 

smaller.  This approach can also be advantageous in reducing the complexity of 

mechanistic studies.11 
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 While C2-symmetry has obvious benefits, it is not essential.  C1-symmetric (non-

symmetric) ligands with sterically and electronically divergent coordinating units can 

also provide excellent stereocontrol. 

 

1.6  Ligand Design 

 Organometallic catalysts for asymmetric synthesis generally consist of a chiral 

ligand bound to a metal center.  Chiral ligands alter the reactivity and selectivity of the 

attached metal to bias a reaction towards the formation of one enantiomeric product 

preferentially.  Therefore the structure of the ligand is integral to the function of the 

complex.   

In the cases where reaction mechanisms are well understood it is possible to 

rationally design a catalyst.  However, the complexity of most catalytic reactions does not 

allow a clear picture of the mechanism.  So the majority of catalysts are still found by 

experimentation.11  The performance of a catalyst in one reaction or with one substrate 

does not necessarily transfer to another system.1  Due to this there is no clear roadmap or 

guide to rational chiral catalyst design.   

Ease of synthesis is an important factor.  The staring materials must be readily 

available and the synthetic route must be concise.  Ligands with complicated syntheses 

are not cost efficient.  From this point of view nitrogen containing ligands have several 

advantages.  N-containing starting materials are very available and their chemistry is well 

defined.  Although chirality on the nitrogen atom is not easily obtained, there are many 

molecules where the nitrogen is close to a stereocenter.   
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One aspect to consider is the spatial distance between the source of chirality and 

the reaction center.  The chiral ligand must be able to transfer its optical activity to allow 

the metal to differentiate energetically between enantiomeric transition states in the 

substrate. 

With the concept of privileged ligands in mind the scaffold should be as easy to 

modify as possible without losing the identity of the molecule.  A modular system in 

which pieces could be chosen and ‘snapped’ together would give a high degree of 

flexibility for tailoring the ligand for different reaction types.   
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2  DESIGN AND SYNTHESIS OF LIGANDS 

2.1  Ligand structure 

To facilitate the easy synthesis of libraries of ligands a modular approach to the 

design was adopted.12  The ligands consist of a diamine coupled to two amino acids and 

capped with O’Donnell Schiff Bases13 (Figure 2.1).  Each part of the molecule may be 

varied without changing the chemistry involved in assembling the molecule.  Amino 

acids were chosen as an inexpensive chiral source, which also had the added benefit that 

well defined peptide reactions could be used to synthesize the molecule.   

 

 

Figure 2.1:  General structure of metal-ligand complex. 

To mimic the secondary and tertiary structural effects seen in peptides, it was 

postulated that the diamine backbone would create a scaffold.  It could be as rigid or 

flexible as desired based on the identity of the molecule.  By investigating aliphatic 

(cyclic and acyclic) and aromatic systems of different sizes, the shape of the chiral pocket 

could be manipulated.  The electronic nature of the ligand could also be modified by 

adding electron donating or withdrawing groups to the diamine backbone or the Schiff 

base groups.  The bulky benzophenone imine Schiff base capping groups create a steric 

hindrance to the approach of small molecules from that side.  The phenyl rings are forced 
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to overlap in the metal complex and the stereochemistry of the overlap is determined by 

the chirality of the amino acid.  Thus the chiral pocket surrounding the metal is enhanced. 

The general synthetic scheme for the ligands is shown in Scheme 2.1.  To 

summarize the diamine was coupled to a protected amino acid, followed by deprotection 

of the amine and capping with benzophenone imine Schiff base.14  The reactions will be 

discussed in more detail in the following sections. 
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Scheme 2.1:  General synthetic route 

 

2.2  Acylation 

The coupling reaction involved the standard reaction of an N-protected amino 

acid with a primary amine with a carbodiimide coupling agent.  The initial reactions were 

carried out using Fmoc protected amino-acids.  The coupling efficiencies were very poor, 

probably due to steric hindrance of adding two Fmoc protected amino acids in close 
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proximity.12  After switching to Boc-amino acids the reactions yields improved 

considerably.  A further improvement was switching from using DCC as the coupling 

reagent to BOP (Castro’s reagent).15  The reagent was more expensive, but the overall 

reactions were cleaner and more efficient.  

 

 
Figure 2.2:  DCC and BOP 

Symmetrical ligands were synthesized in one-pot by the addition of slightly 

greater than 2 equivalents of amino acid.  The reactions were generally complete within 

18 hours.  The reaction progress was monitored by TLC, and it was possible to see the 

initial mono-acylation and the subsequent bis-acylation. 

 

 
Scheme 2.2:  Diamine acylation of o-phenyldiamine. 
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Table 2.1:  Yields for bifurcated Boc protected dipeptides of o-phenylenediamine. 

2.1a-m 
Amino 

Acids 
R

1
 R

2
 

Yield 

(%) 

     
a Gly, Gly -H -H 92 
b Gly, Phe -H -CH2Ph 99 
c Ala, Ala -CH3 -CH3 97 
d Ala, Phe -CH3 -CH2Ph 85 
e Val, Val -CH(CH3)2 -CH(CH3)2 90 
f Phe, Phe -CH2Ph -CH2Ph 98 
g Ser(OBn), Ser(OBn) -CH2OBn -CH2OBn 98 
h Phe, Ser(OBn) -CH2Ph -CH2OBn 93 
i Phe, Cys(S-Trt) -CH2Ph -CH2STrt 88 
j Phe, His(N-DNP) -CH2Ph -CH2ImDNP 93 
k Phe, His(N-Bn) -CH2Ph -CH2ImBn 73 
l Ala, His(N-Bn) -CH3 -CH2ImBn 68 

m Ala, PyrAla -CH3 -CH2Pyr 86 
     

 

The synthesis of the unsymmetrical, bifurcated amino-acid coupled compounds 

was carried out using either one or two pot methodology.  The control of mono- versus 

di-acylation was facile in these cases.  The initial coupling of the symmetrical diamine to 

the boc-protected amino acid was complete within 30-45 minutes at 0°C.  At this point 

the mono-acylated product could be isolated and characterized, before coupling the 

second amino acid.  If isolation was not required, the second amino acid and additional 

coupling reagent could be added to give a one-pot procedure.  The second coupling took 

up to 16 hours at room temperature.  Simply by controlling the stoichiometry of the 

reaction and time the amino acid couplings proceed in excellent yield.12 

The difference between the coupling times between the mono- and di- acylation 

was thought to be controlled by hydrogen bonding effects in the o-phenylenediamine.  

The unsubstituted diamine has a favorable H-bond that increases the nucleophilicity of 
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the amine (Figure 2.3).  After the coupling reaction, the remaining primary amine has a 

H-bond which reduces the nucleophilicity of the amine and makes the reaction less 

favorable and slower.  When a more flexible diamine backbone, such as propane-1,3-

diamine or cyclohexyl-1,2-diamine was used the intermediate mono-acyl compound was 

not observed and the reaction proceeds to completion in a shorter time.12 

 

N
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H
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O

HH
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involved in H-
bond

 
Figure 2.3:  Favorable and unfavorable H-bond for coupling reactions. 

Predictably, variation of the amino acids showed little difference in the reaction 

yield or time.  Although it should be noted that when making an unsymmetrical ligand, 

the coupling was more efficient if the smaller amino acid component (by molecular 

weight) was added first.  This also leads to a second possible explanation of the 

differences in coupling times that may simply be due to sterics because of the bulk of the 

first coupled amino acid. 

 

2.3  Deprotection Strategies 

2.3.1  Amine deprotection 

The cleavage of the Boc groups was carried out under acidic conditions.  The 

method chosen was to generate HCl in situ by the addition of acetyl chloride to chilled 
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methanol.  This solution was then added to the protected bifurcated ligand.  This inverse 

addition was used to produce anhydrous HCl and reduce the risk of racemizing the chiral 

centers.  The HCl salts formed were stable for extended periods of time if stored in a 

desiccator at room temperature.  If desired, the free base amines could be generated by 

deprotection of the Boc groups with BF3.OEt2.  In general they were much less stable 

than the salts and needed to be used quickly after their preparation.   

 

 
Scheme 2.3:  General amine deprotection. 

Table 2.2:  Boc cleavage 

2.2a-m 
Amino 

Acids 
R

1
 R

2
 

Yield 

(%) 

     
a Gly, Gly -H -H 99 
b Gly, Phe -H -CH2Ph 92 
c Ala, Ala -CH3 -CH3 98 
d Ala, Phe -CH3 -CH2Ph 98 
e Val, Val -CH(CH3)2 -CH(CH3)2 98 
f Phe, Phe -CH2Ph -CH2Ph 99 
g Ser, Ser -CH2OH -CH2OH 99 
h Phe, Ser -CH2Ph -CH2OH 99 
i Phe, Cys -CH2Ph -CH2SH 93 
j Phe, His -CH2Ph -CH2Im 88 
k Phe, His(N-Bn) -CH2Ph -CH2ImBn 80 
l Ala, His(N-Bn) -CH3 -CH2ImBn 91 

m Ala, PyrAla -CH3 -CH2Pyr 80 
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2.3.2  Amino acid side chain deprotection 

Dependent on the identity of the amino acid side chain, different protecting group 

strategies were employed.  The serine –OH groups were protected as the O-benzyl (OBn) 

and deprotected by hydrogenation.16  Cysteine was trityl (Trt) protected and removed 

with trifluoroacetic acid.16  Histidine was protected in two forms, either the dinitrophenyl 

(DNP) derivative or the N-benzyl (N-Bn).  The DNP group was removed by treatment 

with thiophenol.17  The N-Bn group was not removed.   

 

2.4  Schiff Base Capping 

The ligands were capped with benzophenone imine Schiff base13 which created a 

binding point for metals and also a steric interaction to enhance the chirality (Scheme 

2.4).  The advantage of working with the amine salts (2.2a-m) was that no catalyst was 

needed for the trans-imination reaction with benzophenone imine.  In the cases where the 

free amine base was used, then trace amounts of a mild acid (e.g. camphor sulphonic acid 

(CSA)) were required.   

 

 
Scheme 2.4:  Schiff base formation from HCl salt. 
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Table 2.3:  Schiff base capping 

2.3a-n 
Amino 

Acids 
R

1
 R

2
 

Yield 

(%) 
[αααα]D 

(c=1, CHCl3) 

      
a Gly, Gly -H -H 49 — 
b Gly, Phe -H -CH2Ph 23 (-) 104° 
c Ala, Ala -CH3 -CH3 45 (+) 50° 
d Ala, Phe -CH3 -CH2Ph 73 (-) 22°† 
e Val, Val -CH(CH3)2 -CH(CH3)2 69 (-) 20° 
f Phe, Phe -CH2Ph -CH2Ph 72 (-) 159° 
g Ser, Ser -CH2OH -CH2OH 98 (+) 11° 
h Phe, Ser -CH2Ph -CH2OH 92 (-) 90° 
i Phe, Cys -CH2Ph -CH2SH 58 (-) 38° 
j Phe, His -CH2Ph -CH2Im 79 (-) 109° 
k Phe, His(N-Bn) -CH2Ph -CH2ImBn 79 (-) 80° 
l Ala, His(N-Bn) -CH3 -CH2ImBn 68 (+) 2.1° 

m Ala, PyrAla -CH3 -CH2Pyr 67 ND 
n

††
 Ser(OAc), Ser(OAc) -CH2OAc -CH2OAc 98 (+) 41° 

      
*Unoptimized yields for 2.3a-2.3k.  †Measured in CH3CN.  ††Via acylation of 2.3g. 

 

Ligand 2.3n (with an acetate protected serine) was synthesized by the acylation of 

the free serine of ligand 2.3g.  The reaction was very slow and required a large excess of 

acylating agent to get reasonable yields.  This was thought to be due to the formation of 

an oxazolidine ring in the unprotected serine ligand18 (Scheme 2.5). 
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Scheme 2.5:  Acylation of ligand 2.3g. 

 

2.4.1  Reduced form of Schiff Base ligand 

To address the question of how involved the imine was in metal binding the 

reduced form of the ligand was synthesized by borohydride reduction of the imines.   

 

 
Scheme 2.6:  Reduced form of ligand. 
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2.5  Variation in backbone 

The synthesis of the ligands has been previously described and several analogues 

other than the o-phenylenediamine backbone were also synthesized.12,14  These included 

1,2-ethylenediamine (2.5), 1,3-propylenediamine (2.6), 1,8-naphthalene diamine (2.7) 

backbones and also a tridentate ligand based on the mono-acylation of o-

phenylenediamine (2.8). 

 

 
Figure 2.4:  Other diamine analogues. 

 While the ligands with an o-phenylenediamine backbone (2.3a-m) formed metal 

complexes, as will be discussed in the next chapter, none of these ligands shown in 

Figure 2.4 showed the ability to form isolatable metal complexes.12  The lack of success 

in forming metal complexes with these ligands led to a need to synthesize other analogs 

with different backbones and coordinating abilities to explain these results. 

 A number of possible backbones were considered.  The evidence that constrained 

aromatic 1,2-diamines were effective ligands, while flexible aliphatic diamines were not 

prompted the hypothesis that rotational freedom in the backbone would lead to the 

sterically less encumbered conformation and increase the entropic barrier to metal 

insertion.   



 
 
 

37 
 

 

 
Scheme 2.7:  Conformers of aliphatic ligand 2.6 with propane-1,3-diamino backbone. 

 A second hypothesis involved the effect of the backbone on the acidity of the 

amide proton.  By synthesizing ligands with different electronic demands, the effect of 

acidity could be tested.  

 

2.5.1  Cyclohexyl ligands 

A cyclohexane-1,2-diamine backbone ligand was prepared to give an aliphatic 

system with a constraint on the conformational isomers.  The synthetic scheme was the 

same as described for the aromatic diamines (Scheme 2.8). 

The racemic trans-cyclohexane-1,2-diamine (2.9(R,R + S,S)) was coupled with 

two equivalents of Boc-phenylalanine to give the bifurcated dipeptide (2.10(R,R,S,S + 

S,S,S,S)), as an inseparable mixture of diastereomers.  The yield of 45% was quite low in 

comparison to other diamine systems.  After Boc deprotection and Schiff base capping of 

the amines the two diastereomers (2.12) could be resolved by flash chromatography.  

Unexpectedly, a diastereomeric ratio of 10:1 was obtained, not the 1:1 that would be 

predicted.  This indicates that the initial coupling of the diamine and amino acids was 

kinetically resolved to give a majority of one diastereomer. 
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Scheme 2.8:  Synthesis of cyclohexane-1,2-diamine based ligands. 

  The absolute stereochemistry was defined by repeating the synthesis with 

a pure sample of trans-(R,R)-cyclohexane-1,2-diamine that was resolved from its 

enantiomer by reaction  with enantiopure tartaric acid and recrystallization.19  The optical 

rotations and 1H NMR spectra were compared and the stereochemistry of the 

diastereomers assigned   
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Figure 2.5:  Comparison of ABX portion of 1H NMR and optical rotations for 

diastereomers. 

2.5.2  Dichlorophenylenediamine 

To make an analogous ligand system to the o-phenylenediamine with electron 

withdrawing groups on the backbone, 4,5-dichloro-1,2-phenylenediamine (2.13) was 

chosen as the scaffold.  The same synthetic scheme was followed as described previously 

(Scheme 2.9). 

Although the conditions were not optimized, the initial coupling reaction did not 

go to completion, unlike previous examples.  Even with the addition of extra equivalents 

of coupling reagent and Boc-amino acid the reaction did not go to completion.  The 

amine deprotection also proceeded in poor yield.  This appeared to be due to the 

instability of 2.15 to air, when the salt precipitate was filtered the outer edges could be 

seen to visibly color and decompose.  The benzophenone imine capped ligand 2.16 was 

isolated in poor yield (37%) possibly due to solubility problems.  Unlike ligands 2.3a-n 

which were freely soluble in THF and methanol, 2.16 was only partially soluble in either. 
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Scheme 2.9:  Synthetic scheme for 4,5-dichloro-1,2-phenylenediamine. 

 

2.6  Tridentate ligands 

In addition to the tetradentate ligands described, a number of tridentate ligands 

were also synthesized.  The major driving force was to create a set of ligands that did not 

require as many coordination sites around the metal center.  For the late transition metals 

this would allow electronically unsaturated complexes to form, which one would expect 

to be more catalytically active.   

2.6.1  Phenylenediamine 

The initial approach was simply to isolate the mono-acylated precursor to 2.1a-m 

before the second coupling reaction.  In this manner a tridentate analog of the o-

phenylenediamine ligands (2.3a-n) was prepared.  The yields for the reactions were not 
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optimized and proceeded as expected.  During the formation of the di-imine the terminal 

amine was capped prior to the aryl amine and the intermediate may be isolated. 

 

 
Scheme 2.10:  o-Phenylenediamine tridentate ligand synthesis. 

Table 2.4:  o-Pheneylene diamine tridentate ligands. 

Cpd 
Amino 

Acid 
R 

2.17a-c 

Yield 

(%) 

2.18a-c 

Yield 

(%) 

2.19a-c 

Yield 

(%) 

      
a Phe -CH2Ph 76 95 33 
b His(N-Bn) -CH2ImBn 80 80 73 
c PyrAla -CH2Pyr 67 - - 
      

 

 The di-imine ligands 2.19a-c formed bright yellow crystals upon isolation.  The 

color coming from the conjugation between the newly formed imine group on the 

aromatic amine of the o-phenylenediamine.  In the crystal structure the two imine 

nitrogens and one amide nitrogen appeared to define a binding pocket for a metal atom 
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(Figure 2.6).  The pre-organized center also places the distal phenyl ring of the side chain 

immediately over the binding pocket, thereby shielding one face.  

Table 2.5:  X-ray crystallographic data for 2.19a. 

  

unique reflections (total) 7515 (28537) 

θmax (deg) 24.455 

empirical formula C41H33N3O 

Mr 583.7 

cryst system orthorhombic 

space group P212121 

a (Å) 9.7799(6) 

b (Å) 17.6968(10) 

c (Å) 18.0760(10) 

α (deg) 90 

β (deg) 90 

γ (deg) 90 

Vc (Å
 3) 3128.5(3) 

Dc (Mg/m3)  1.239 

Z 4 

µ (Mo Kα) (mm-1) 0.075` 

R1 [I ≥ 2σ(I) data] 0.0432 

wR2 0.0728 

GOF 0.881 

larg diff peak, hole (e Å -3) +0.193, -0.155 
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Figure 2.6:  Ortep representation of crystal structure of tridentate ligand 2.19a. 

 

2.6.2  8-Aminoquinoline 

An alternative route to tridentate analogs involved the use of 8-aminoquinoline as 

backbone scaffold.  The compound 8-hydroxyquinoline has been used as a mono-protic, 

bidentate ligand.20  The major use for modified 8-aminoquinolines has been as anti-

malarial drugs,21,22 but not as ligands for transition metals.  The final ligand included a 

binding pocket formed from the imine nitrogen, amide nitrogen and the nitrogen of the 

quinoline ring. 
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Scheme 2.11:  Synthesis of 8-aminoquinoline tridentate ligands. 

Table 2.6:  8-Aminoquinoline tridentate ligands. 

Cpd 
Amino 

Acid 
R 

2.21a-b 

Yield 

(%) 

2.22a-b 

Yield 

(%) 

2.23a-b 

Yield 

(%) 

      
a Phe -CH2Ph 84 98 42 
b Ala -CH3 58 99 61 
      

 

 The deprotected amines 2.22a-b were quite air sensitive and were filtered under a 

stream of dry argon.  They were quickly converted to the final ligands 2.23a-b, as 

decomposition occurred even when stored in a desiccator. 

 

2.6.3  2-Aminophenol 

A third tridentate backbone was 2-aminophenol.  This formed a ligand with a 

binding site similar to salicylaldehyde derived ligands. 
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Scheme 2.12:  2-aminophenol tridentate ligands. 

Table 2.7:  2-Aminophenol tridentate ligands. 

Cpd 
Amino 

Acid 
R 

2.25a-b 

Yield 

(%) 

2.26a-b 

Yield 

(%) 

2.27a-b 

Yield 

(%) 

      
a Ala -CH3 85 100 65 
b Val -CH(CH3)2 58 94 53 
      

 

2.7  Conclusions 

The goal of designing a modular ligand system with a facile, reproducible 

synthetic scheme was achieved.  The starting materials, in most examples, are 

inexpensive and readily available.  The chiral sources are available in both enantiomers – 

although the D-amino acids are much less cost efficient – to access both enantiomers of 

the ligand.  A range of chiral molecules with binding pockets of different sizes, shape and 

electronic nature were synthesized with the ability to occupy three to five coordination 

sites on a metal center. 
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3  METAL COMPLEXES 

3.1  Approaches to metal insertion 

The complexation of a transition metal by a chiral ligand achieves two goals.  It 

provides an active catalytic center for the ligand to perform chemical transformations that 

can produce large quantities of material by repeating the catalytic cycle.  It also holds the 

chiral ligand in a fixed space and creates a chiral pocket around the metal.  After 

synthesizing the ligands described in chapter 2 the next step was to generate their metal 

complexes.  As part of the synthetic study some interesting questions based on the 

structure of the ligand were addressed.  The effect of the diamine backbone on bite angle, 

flexibility of the ligand and acidity of the amide protons were investigated, as well as the 

overall coordination sphere of the ligand.  A number of approaches to generating the 

metal complexes were studied. 

 

3.1.1  Ligand exchange 

 The initial conditions explored for metal complexation by ligand were simple 

ligand exchange from commercially available transition metal salts.  The transition metal 

salt and the ligand were dissolved in a 1:1 ratio and two equivalents of an organic base 

were added to initiate the reaction.14  A determining factor in the exchange was the 

chelate effect.23  The kinetics of the first binding event may be slow, but the remaining 

coordinations are enhanced by the close proximity of the ligand groups and the greater 

thermodynamic stability of the complex versus a non-chelating system.   
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Scheme 3.1:  General metal insertions. 

 The first metal complexes isolated were obtained with the ligand containing the 

phenylene diamine backbone.12  It was found that stable complexes could be obtained 

with nickel(II) and copper(II).  Nickel(II) halide salts and the ligand, in refluxing 

methanol or THF with an amine base, formed deep red crystals upon workup.14  

Copper(II) halides underwent insertion at room temperature in DMF or methanol with an 

amine base to give a deep brown powder.14  Zinc(II) complexes were also generated with 

diethyl zinc, but were not stable enough to be isolated.24  Evidence for the structure was 

obtained by 1H NMR and also based on their reactivity.  From this point forward ligands 

based on the phenylene diamine backbone were the model compounds examined.   

A selection of the conditions examined for the insertion reactions are summarized 

in Table 3.1.  The identity of the solvent was influenced by a number of factors.  The 

solubilities of the ligand and transition metal sources, the identity of the base (non-protic 

solvents for sodium hydride and lithium/potassium hexamethyldisilazide) and the 

temperature the reaction was carried out at.  The reaction yields varied with the different 

amino acids in the ligand, although in most cases the isolated yields were greater than 

75% for nickel(II) and copper(II).   
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Table 3.1:  Complex formation via ligand exchange. 

 

HNNH

N N

OO

R1 R2

NN

N N

OO

R1 R2

M

MX2
Base

Solvent
Temp

2.3a-n 3.1a-n-M  

Metal 

Source 
Base Solvent Temp Result 

     

ZnEt2 N/A THF Reflux 
Insertion, 
yield ND 

     
CuCl2 NEt3, DBU MeOH, THF, DMF rt 70-95% 

     
NiBr2 NEt3, DBU MeOH, THF Reflux 70-95 % 

     

CoCl2, CoBr2 DBU, Li/KHMDS 
DMF, MeOH, 

CH3CN 
rt - reflux No reaction 

     
Mn(OAc)2, 

MnCl2 
NEt3, DBU, NaH MeOH, DMF, THF rt - reflux No reaction 

     
CrCl2 NEt3 THF rt - reflux No reaction 

     
Ru(NO)Cl3 DBU DMF rt - reflux No reaction 

     
Mo(O)2(OAc)2 DBU MeOH rt - reflux No reaction 

     
R1, R2 = CH2Ph, CH2OH, CH(CH3)2, H, CH2SH, or CH2OAc. 

 

 The reactions were monitored in a number of ways.  The most obvious sign of a 

successful insertion was a change in color of the reaction mixture due to the change in 

coordination around the transition metal.  The nickel reactions became a deep burgundy 

and the copper reactions a deep brown.  The insertion was also evident in a change in Rf 



 
 
 

49 
 
when monitoring by TLC – even in the case of the non-isolatable zinc(II) complexes.  

The metal complexes were much more polar.  The reactions involving diamagnetic 

transition metals were taken crude and examined by 1H NMR to get an estimate of 

reaction progress.  The copper(II) and nickel(II) complexes were robust and could be 

purified by flash chromatography or recrystallization.   

Table 3.2:  Group eight metal insertions. 

 

HNNH

N N

OO

R R

NN

N N

OO

R R
M

MX2
Base

Solvent
Reflux

2.3a/c/f 3.1a/c/f -Ni/Pd/Pt  
Entry MX2 Ligand R Base Solvent Result 

       

3.1f-Ni NiBr2 2.3f -CH2Ph NEt3 MeOH 83% 

       

3.1f-Pd PdCl2.xH2O 2.3f -CH2Ph DBU MeOH 74.3 

3.1a-Pd PdCl2(PhCN)2 2.3a -H DBU MeOH 26.7 

3.1c-Pd PdCl2(PhCN)2 2.3c -CH3 NEt3 MeOH 45.0 

       

3.1a-Pd K2PtCl4 2.3a -H DBU CH2Cl2 NR 

3.1c-Pd K2PtCl4 2.3c -CH3 NEt3 MeOH NR 
       

 

However for the other transition metals initially examined no reaction was 

observed.25  Moving across the period of transition metals gave little success (Co, Mn, 

Cr) under a variety of different reaction conditions. 
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The group eight metals nickel, palladium and platinum are known to form square 

coplanar complexes.  As the insertion of nickel was reproducible the remainder of the 

group was examined (Table 3.2).  Palladium(II) complexes were formed, with different 

palladium(II) salts as the starting materials.  The reactions became bright yellow upon 

insertion and yellow crystals were formed after workup and recrytallization (the crystal 

structure will be discussed later in the chapter).  The reaction yields however were quite 

low and inconsistent.  Most gave yields from 25-40% and only isolated examples gave 

yields in excess of 70% (3.1f-Pd).  Though several reactions were tried the conditions 

were not optimized any further and the low yields were thought to be due to 

inconsistencies in the quality of the palladium starting materials.  Any reactions involving 

platinum(II) did not form any observable product. 

 

3.1.2  Transmetallation 

 As an alternative means to generating new metal complexes transmetallation was 

explored.  This involved pre-forming a metal complex and then adding another metal salt 

to displace the first metal.  As the zinc(II) complex was not stable enough to isolate, it 

was thought that the zinc would be easily displaced and be an ideal reactive intermediate.  

With nickel(II) and copper(II) the zinc was displaced to generate the tetracoordinate 

nickel and copper species.  The same products were formed as in the ligand transfer 

reactions, but the overall yields were vastly decreased in comparison (Table 3.3).  

However, reactions with other metal salts (such as cobalt(II) salts) did not generate any 

products, only the free ligand was isolated in each case. 
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To test if this methodology could be generally applied, a more stable metal 

complex was also chosen as the intermediate.  This also functioned as a quick stability 

test of the nickel(II) complex.  Ligand 3.1c-Ni was refluxed in the presence of copper(II) 

to see if nickel could be displaced.  No copper(II) complex was formed; in fact the only 

thing that occurred was decomposition of the starting materials.   

Table 3.3:  Transmetallation 

 

N N

OO NN

MB
MBX2

N N

OO NN

MA

R RR RSolvent

3.1c/f-Zn/
i 3.1c/f-
i/Cu  
MAL R MBX2 Solvent Temp Result 

      

[3.1f-Zn] -CH2Ph NiBr2 THF 65 46% 

[3.1f-Zn] -CH2Ph CuCl2 THF 65 13% 

[3.1f-Zn] -CH2Ph CoCl2 THF 65 No reaction 

      

3.1c-Ni -CH3 CuCl2 THF rt - 65 No reaction 

      
 

 The transfer of the ligand from one metal to another was feasible with a reactive 

intermediate such as zinc(II), but not with more stable metal complexes.  The range of 

metals inserted was not any different to that obtained by direct ligand exchange and the 

yields (although not optimized) were poor. 
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3.1.3  Templating 

 By combining the Schiff base formation and metal complexation into one reaction 

two questions were explored.  Would reaction be effective enough to reduce the number 

of synthetic steps to form a metal complex and streamline the process?  If the metal was 

pre-templated with the free amines, prior to imine formation could the range of metals be 

expanded?  Schiff base condensation reactions around a metal template have previously 

been exploited to generate macrocycles.23,26 

 

 
Scheme 3.2:  Combination of two steps into one. 

 If copper(II) or nickel(II) salts were chosen the metal complex was isolated in < 

20% yield.  With cobalt(II) or manganese(II) salts no reaction took place.  The results 

showed that the steps could be combined to give product, although the overall yields 

were poor.  A major by-product of the reaction was the metal complex of the mono-

Schiff base (3.2-Ni), identified by 1H NMR and mass spectrometry evidence.  Once again 

the only metals successfully inserted were nickel and copper.   
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Figure 3.1:  By-product of the template reaction. 

 

3.2  Variation in backbone 

 While the tetradentate ligands based on an o-phenylenediamine scaffold 2.3a-n 

were able to form complexes with Zn(II), Cu(II), Ni(II), Pd(II); other ligands (Figure 

2.4) did not form any metal complexes.  A number of hypotheses were suggested.  

a) For aliphatic systems (2.5, 2.6) with 1,3-propylenediamine or 1,2-

ethylenediamine backbones the ligands were too flexible and the entropy to metal 

complexation was too high. 

b) For aliphatic systems (2.5, 2.6) the acidity of the amide proton was not sufficient. 

c) The 1,8-naphthalene diamine ligand (2.7) had a bite angle that was too small. 

More generally, the restriction on bite angle in the less flexible systems was thought to be 

a limitation when it came to complexing larger metal ions.12  To investigate each of these 

theories different model ligands were designed. 
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3.2.1  Acidity 

 The electron withdrawing or donating nature of the diamine backbone was 

considered to have an effect on the acidity of the amide proton.  A model ligand was 

designed in which the o-phenylenediamine backbone was replaced with the dichloro 

analog 2.13.  The overall shape of the ligand was unaffected, but the chlorine atoms 

would inductively withdraw electron density from the amide-proton bond.   

Table 3.4:  4,5-Dichloro-1,2-phenylendiamine ligand 2.16 metal insertions. 

 

 
Entry MX2 Base Solvent Temp Result 

      

3.3-Ni NiBr2 NEt3 MeOH Reflux 87% 

3.3-Co CoCl2 DBU THF rt - Reflux No reaction 

3.3-Mn Mn(OAc)2 NaN(SiMe3)2 THF -78°C - Reflux No reaction 

      

 

 The results for the metal insertion reactions are summarized in Table 3.4.  Once 

again Ni(II) was inserted, but not Co(II) or Mn(II).  While the nickel complexation gave a 

good yield, the reaction still required heat to proceed at a reasonable rate.  Obviously the 

effect of the chlorine atoms on the acidity was not sufficient to greatly enhance the rate of 
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reaction.  The complex 3.3-Ni also shows different solubility characteristics from 3.1c-

Ni, the non-chlorinated analog.  Whereas 3.1c-Ni was freely soluble in chloroform and 

methanol, 3.3-Ni was only partially soluble in chloroform, insoluble in methanol and 

benzene and soluble in dichloromethane.  

 

3.2.2  Flexibility – aliphatic systems 

 To probe the theory that aliphatic systems were too flexible, a constrained 

aliphatic system was designed with a trans-1,2-diaminocyclohexane backbone 2.12.  The 

two diastereomers were exposed to the standard conditions used to make the metal 

complexes (Table 3.5). 

Table 3.5:  Cyclohexane ligand 2.12 metal insertions. 

 

NN

N N

OO

M

MX2
Base

Solvent
Temp

Ph Ph

3.4-M2.12
(R,R,S,S) or (S,S,S,S)

N

NH

O

N

O

H

N

Ph

Ph

Ph

Ph

Ph

Ph

 
Entry MX2 Base Solvent Temp Result 

      

3.4-Ni NiBr2 NEt3 or NaH MeOH or THF rt No reaction 

3.4-Cu CuCl2 DBU 
MeOH or 
CH3CN 

rt - Reflux No reaction 

3.4-Zn ZnEt2 - THF Reflux No reaction 

3.4-Mn Mn(OAc)2 NaOAc MeOH rt - Reflux No reaction 
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 The results show that removing the flexibility from the aliphatic system did not 

lead to metal insertion.  To confirm that no transient metal complexes were formed in 

solution a diethyl zinc mediated addition to benzaldehyde was performed with 2.12 

(R,R,S,S) as the chiral ligand.12  No alcohol product was obtained, further indicating that 

zinc was not coordinated during the reaction.   

 

3.3  Pentacoordinate systems 

Several of the tetradentate ligands described 2.3a-n have an amino acid side chain 

that could act as a ligating group and form a pentadenate system.  Copper(II) insertions 

with cysteine containing ligands 2.3i formed a brown complex similar to the ligand with 

non-coordinating distal groups.  The first evidence of extra coordination was observed 

with ligand 2.3k that contained a benzyl protected histidine side chain (Scheme 3.3). 

 

NN

N N

OO

Cu

CuCl2
DBU

MeOH
rt

Ph

3.1k-Cu2.3k

N

NH

O

N

O

H

N

Ph

Ph

Ph

Ph

Ph

N

N

Bn

N
N

Bn

 
Scheme 3.3:  Formation of copper(II) pentadentate complex. 

When the copper(II) complex of 2.3k was prepared under the same conditions 

described in section 3.1.1 the solution immediately turned green in color, as opposed to 

the brown color observed for the tetradentate complexes 3.1a-h-Cu.  The change in color 

and in Rf of the reaction indicated that complexation had occurred.  The difference in 
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color from previous examples suggested that the copper ion was in a new coordination 

environment.  The structure of complex 3.1k-Cu will be discussed in more detail later in 

the chapter. 

As expected for a ligand that formed a copper complex, the nickel complex was 

also easily prepared.  The color of the complex 3.1k-Ni remained the same (brick 

red/burgundy) as the tetracoordinate ligands.  As the nickel(II) complex with a 

tetradentate ligand fulfilled the 18-electron rule, it was not surprising that evidence 

suggested that the histidine did not remain coordinated.  The same was true for the 

palladium(II) complex 3.1k-Pd, which did not require heat to form although the yields 

were poor, as mentioned earlier.  The palladium complex was yellow, consistent with the 

tetradentate ligands  

The coordination change in the copper complex prompted exploration of other 

metal ions (Table 3.6).  The cobalt(II) complex 3.1k-Co formed in 80% yield under the 

same conditions as used for copper(II).  It formed a purple solution after addition of the 

base which resulted in a deep navy-blue solid after isolation.  The formation of the 

manganese(II) complex was not as facile.  A number of combinations of base, 

temperature and solvent were tested before it was discovered that the brown complex 

3.1k-Mn formed with lithium hexamethyldisilazide (LiHMDS) as the base.  The increase 

in strength of base required for the reaction from DBU (pKa ~ 12) to LiHMDS (pKa ~ 

30) indicated the limits of the general applicability of the extra coordinating arm on the 

ligands.  Iron(II) and chromium(II) salts were explored under the same reaction 
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conditions, but did not form any isolable products.  Nitrogen complexed iron(II) was 

visible by EPR techniques, along with free iron(II) in the crude reaction mixture.   

Table 3.6:  Pentacoordinate metal complexes. 

 

NN

N N

OO

M

MX2
Base

Solvent
Temp

Ph

3.1k-M2.3k

N

NH

O

N

O

H

N

Ph

Ph

Ph

Ph

Ph

N

N

Bn

N
N

Bn

 
Entry MX2 Base Solvent Temp Result 

      

3.1k-Cu CuCl2 DBU MeOH rt 95% 

3.1k-Ni NiBr2 NEt3 MeOH Reflux 86% 

3.1k-Co CoCl2 DBU MeOH rt 80% 

3.1k-Mn Mn(OAc)2 LiN(SiMe3)2 MeOH 0°C - rt 61% 

3.1k-Fe FeBr2 LiN(SiMe3)2 MeOH rt 
Not isolated, 
evidence by 

EPR 

3.1k-Cr CrCl2 LiN(SiMe3)2 MeOH rt No reaction 

3.1k-Pd 
PdCl2-

(PhCN)2 
DBU MeOH rt 30% 

      
 

 An analogous ligand in which the histidine amino acid was replaced with a 3-(2-

pyridinyl)alanine 2.3m was synthesized to confirm the effect seen in the histidine ligands.  

A second reason to replace the histidine was to decrease the polarity of the molecule.  

Complexes 3.1k-Mn/Co were very difficult to purify by flash chromatography and did 
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not recrystallize well.  The putative iron(II) complex 3.1k-Fe observed by EPR did not 

move on silica gel and could not be isolated.   

Table 3.7:  3-(2-Pyridinyl)alanine ligand 2.3m insertions.  

 

NN

N N

OO

H3C

M

MX2
Base

Solvent
Temp

3.1m-M2.3m

N

NH

O

N

O

H

CH3

N

Ph

Ph

Ph

Ph

N

N

 
Entry MX2 Base Solvent Temp Result 

      

3.1m-Cu CuCl2 DBU MeOH rt 87% 

3.1m-Ni NiBr2 NEt3 THF Reflux 80% 

      
 

 The ligand 2.3m formed complexes with copper(II) and nickel(II) as expected.  

The copper(II) complex 3.1m-Cu was green in color, which supported the hypothesis that 

the distal pyridine group was coordinated to the copper.   

Table 3.8:  Comparison of polarities of pentadentate complexes. 

 Rf in 100% Ethyl Acetate 
 2.3k 2.3l 2.3m 

    
H2 0.58 0.50 0.83 
Cu 0.38 - 0.20 
Ni 0.30 - 0.69 
Co 0.0 (0.2)* - - 
Mn 0.0 (0.0)* - - 

    
* Rf in 10/90 MeOH/EtOAc 
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 While the free, uncomplexed ligand 2.3m was much less polar than its histidine 

analog 2.3l, the copper complex was still quite polar on silica gel.  Surprisingly the nickel 

complex was less polar.  This line of study was discontinued due to the inconsistent 

results and the fact that the Boc-3-(2-pyridinyl)alanine was expensive in comparison to 

the natural amino acids.   

 

3.4  Tridentate systems 

 The tridentate ligands described in chapter 2 (Figure 2.2) were also investigated 

to see if they would form discrete, isolable metal complexes.  Ligand 2.19b contained a 

histidine and 2.19c a 2-pyrdinylalanine that had the possibility of forming tetrahedral four 

coordinate complexes. 

 

 
Figure 3.2:  Tridentate ligands. 

 However, no combination of metal salts, base, solvent or temperature tested gave 

an observable metal complex. 
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3.5  Characterization of complexes 

 The metal complexes formed were subjected to the normal characterization 

techniques for organic compounds – 1H NMR, 13C NMR, UV-Vis, IR, Mass 

Spectrometry, optical rotation, X-ray crystallography, EPR/ESR.  Some of the more 

interesting results are discussed in the following sections.   

3.5.1  NMR 

 The diamagnetic metal complexes were analyzed by NMR and gave clean spectra.  

As expected the metal insertion was easily observed by the disappearance of the amide 

proton observed in the uncomplexed ligand (~ 9 ppm in the ligands 2.3a-n).  An 

unexpected effect was the large chemical shifts observed for the alpha and beta protons of 

the amino acid side chains in the metal complex. 

 
Figure 3.3:  Alpha proton shifts in the 1H NMR of 2.3a, 3.1a-Ni and 3.1a-Pd. 
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 A striking example of this is shown in Figure 3.3.  The ligand 2.3a comprised of 

two glycine amino acids showed one peak in the 1H NMR for the four equivalent alpha 

protons.  After formation of the C2 symmetric metal complex the alpha protons within 

each glycine subunit were no longer equivalent.  They were held in different electronic 

environments, one is deshielded and one is shielded relative to the free ligand.  As the 

protons were no longer electronically equivalent, a strong J2 coupling was observed (J = 

17 Hz) and the singlet became a doublet of doublets.25   

 
Figure 3.4:  ABX system shifts in the 1H NMR of 2.3f, 3.1f-Ni and 3.1f-Pd. 

 The same effect was observed for many of the nickel(II) and palladium(II) 

complexes (Table 3.9).25  The alpha and the beta protons of ABX systems in ligands 

containing other amino acids show large changes in chemical shift.  The C2 symmetric 



 
 
 

63 
 
phenylalanine ligand 2.3f (Figure 3.4) shows one of the methylene protons was shifted > 

1ppm after complexation with palladium.  The conformational freedom of the ligands is 

restricted after binding the metal.  The X-ray structure (described in section 3.5.2) shows 

that the alpha proton and one of the beta protons are arranged above the face of different 

phenyl rings from the Schiff base.  The ring currents cause the protons to be more 

shielded than in the free ligand. 

Table 3.9:  Changes in chemical shifts and coupling constants after metal binding. 

Compound 
H(β) 

(δ) 

H(β’) 

(δ) 

H(α) 

(δ) 

Jβα 
(Hz) 

Jβ’α 
(Hz) 

Jββ’ 
(Hz) 

       

2.3a — — 4.09 — — — 

3.1a-Ni — — 4.30, 3.56  — — 16.9 (Jαα’) 

3.1a-Pd — — 4.69, 4.10 — — 17.4 (Jαα’) 

2.3c 1.38 — 4.13 7.0 — — 

3.1c-Pd 1.93 — 4.13 6.8 — — 

2.3d 
3.14 
1.33 

3.35 
— 

4.29 
4.05 

9.7 
6.8 

3.0 
— 

12.9 
— 

3.1d-Ni 
3.76 
1.69 

2.65 
— 

3.91 
3.62 

9.1 
6.8 

4.9 
— 

13.2 
— 

2.3f 3.12 3.29 4.23 9.2 3.3 13.1 

3.1f-Ni 3.89 2.46 3.97 9.3 4.8 13.2 

3.1f-Pd 3.74 2.84 4.48 8.1 5.8 13.5 

2.3g* ~4.2-4.1 ~3.8-3.7 ~3.9 n.d.* n.d.* n.d.* 

3.1g-Ni 4.08 3.72 3.60 4.7 4.5 11.2 

2.3n 4.44 4.29 4.26 6.8 6.4 13.1 

3.1n-Ni 4.50 4.32 3.87 5.2 5.4 11.4 

       
*Oxazolidine—β-Hydroxyimine tautomerism causes severe overlap in the case of 6g.   
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3.5.2  X-Ray Crystallography 

 The nickel(II) complexes formed brick-red / burgundy crystals suitable for X-ray 

structure determination.  These structures have been previously reported,12 and the data is 

summarized in Table 3.10.12,25 

Table 3.10:  X-ray crystallographic data for nickel(II) complexes.  

  3.1b-Ni 3.1f-Ni 3.1g-Ni 3.1n-Ni 

          

unique reflections (total) 8500 (23421) 15136 (15136) 10774 (12178) 17022 (22997) 

θmax (deg) 29.32 24.97 27.23 28.338 

empirical formula C43H34N4NiO2 C50H40N4NiO2 C38H32N4NiO4 C42H36N4NiO6 

Mr 697.45 787.572 667.39 751.47 

cryst system orthorhombic orthorhombic triclinic triclinic 

space group P212121 P212121 P1 P1 

a (Å) 9.3318(7) 17.259(4) 8.6240(10) 8.629(2) 

b (Å) 15.6129(12) 14.290(3) 10.1739(12) 9.665(3) 

c (Å) 23.3240(18) 34.939(7) 18.951(2) 23.136(6) 

α (deg) 90 90 94.644(2) 79.747(9) 

β (deg) 90 90 99.792(2) 88.743(9) 

γ (deg) 90 90 91.997(2) 89.707(7) 

Vc (Å
 3) 3398.2(4) 8617(3) 1631.2(3) 1898.3(9) 

Dc (Mg/m3)  1.363 1.282 1.359 1.463 

Z 4 4 2 2 

µ (Mo Kα) (mm-1) 0.616 0.499 0.642 0.708 

R1 [I ≥ 2σ(I) data] 0.0457 0.068 0.0339 0.0486 

wR2 0.0654 0.933 0.0658 0.0933 

GOF 0.808 0.994 0.955 0.953 

larg diff peak, hole (e Å -3) +0.741, -0.383 +0.336, -0.214 +0.513, -0.228 +0.708, -0.771 
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 As one would expect for d8 nickel(II) complexes the geometry was square planar 

in all cases.  The Ni-Namide covalent bonds were ~ 1.83-1.85 Å in length, while the Ni-

Nimine dative bonds were ~ 1.93-1.97 Å in length.  In the cases examined the amino acid 

side chains were axial and protruded over the face of the metal center.12  This strengthens 

the case that in the complexes 3.1k-Cu and 3.1m-Cu the histidine and 2-pyrdinylalanine 

side chains behaved as axial ligands for the metal center.  The positions of the amino acid 

side chains over the metal further define the chiral pocket around the metal.   

 
Figure 3.5:  An Ortep representation of a side view of the crystal structure of 3.1g-Ni.  
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Figure 3.6:  An Ortep representation of an end view the crystal structure of 3.1g-Ni. 

 The palladium(II) complexes were also crystalline in nature and the structure of 

complex 3.1f-Pd was confirmed by X-ray crystallography.  The compound crystallized in 

a chiral space group with one molecule of CDCl3 per palladium complex.  The overall 

crystal quality was poor and led to weak diffraction (R1 = 0.0914, wR2 = 0.2146) (Table 

3.11).  The binding was essentially square planar with an rms deviation of 0.0466 from 

the plane defined by the palladium and nitrogen atoms.  The palladium – nitrogen bonds 

were approximately 0.1 Å longer than in the nickel complexes, as expected for the larger 

palladium atom.  The Pd-Namine bonds were 1.91-1.95 Å in length while the Pd-Nimine 

bonds were 2.05 Å.   
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Table 3.11:  X-ray crystallographic data for 3.1f-Pd.  

    

unique reflections (total) 6252 (18052) 

θmax (deg) 24.8 

empirical formula C50H40N4O2Pd 

cryst system monoclinic 

space group P21 

a (Å) 8.908(17) 

b (Å) 22.28(3) 

c (Å) 11.060(19) 

α (deg) 90 

β (deg) 97.78(3) 

γ (deg) 90 

Vc (Å
 3) 2174(6) 

Dc (Mg/m3)  1.458 

Z 2 

µ (Mo Kα) (mm-1) 0.658 

R1 [I ≥ 2σ(I) data] 0.0914 

wR2 0.2146 

GOF 0.943 

larg diff peak, hole (e Å -3) +0.607, -0.673 

    

 

 The overall structure was very similar to the nickel complexes, with axial amino 

acid side chains.  However the pendent phenyl rings of the phenylalanines are orientated 

away from the axial faces of the palladium, unlike the nickel case where they are directly 

above the metal. 
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Figure 3.7:  An Ortep representation of a side view the crystal structure of 3.1f-Pd. 

 

3.5.3  Electron paramagnetic/spin resonance (EPR/ESR) 

 The paramagnetic d9 copper(II) complexes 3.1f-Cu and 3.1k-Cu were studied by 

EPR to determine the mode of ligand binding.25  This work was carried out by Arnold 

Raitsimring and Andrei Astashkin in the EPR facility at the University of Arizona.  The 

formation of different colored copper(II) complexes, described in section 3.4, led to the 

theory that one complex was tetracoordinate and the other pentacoordinate.  The 
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complexes were analyzed in a frozen solution of dichloromethane at 77 K by continuous 

wave ESR (CW-ESR).  By comparing the hyperfine coupling and g-values obtained to 

literature examples of similar square planar tetra-aza complexes it was possible to 

confirm that each complex contained a N4 core bound to copper(II) (Figure 3.8).27-29  The 

values obtained were g⊥ = 1.97, g|| = 2.19, AZZ ~ 500 MHz for 3.1f-Cu and g⊥ = 2.01, g|| 

= 2.22, AZZ ~ 400 MHz for 3.1k-Cu.  However, the superhyperfine couplings observed 

for 3.1f-Cu for the coupling of the copper ion to the nitrogen ligands was not observed 

for 3.1k-Cu. 

 

Figure 3.8:  CW-ESR first derivative spectra of 3.1f-Cu and 3.1k-Cu. 

 Next, pulsed ENDOR (Electron-Nuclear Double Resonance) was performed to 

determine the distance and orientation of strongly coupled 14N ligands to the 

paramagnetic metal center.  The arrows in Figure 3.8 show the position in Gauss where 

the measurements were obtained for each complex.  The ENDOR spectra were measured 

2750 3000 3250 3500 

3.1k-Cu

3.1f-Cu

Magnetic Field (G) 
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at a single low field position (g||, mI = -3/2), the field position was chosen to ignore the 

disorder due to molecular orientation and concentrate on the hyperfine details.  The 

spectra for each complex are spread between 10-25 MHz and have 4-5 peaks.   

 
Figure 3.9:  Pulsed ENDOR spectra of complexes 3.1f-Cu and 3.1k-Cu. 

 In each complex there are two distinct groups of nitrogens with equivalent 

parameters (A ~ 39-41 Hz and A ~ 28-30 Hz) (Table 3.12).  Thus the N4 cores of the 

complexes are similar by this measurement.  Furthermore it has been shown that 

hyperfine interactions in the range 38-48 MHz are due to sp2 nitrogens and those in the 

range 27-33 MHz are from sp3 nitrogens.30  This corresponds to the two imine and two 

amide nitrogens in the tetraza binding pocket.   

3.1f-Cu 
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Table 3.12.  Hyperfine and quadrupole parameters of 14N (14NAZZ and 14NPZZ) evaluated 

from ENDOR spectra at g||, mI = -3/2. 

3.1f-Cu 
    

A1 = 41 MHz A2 = 39.2 MHz A3 = 31.2 MHz A4 = 30.6 MHz 

    
P1 = 1.06 MHz P2 = 1.06 MHz P3 = 0 MHz P4 = 0 MHz 

    
3.1k-Cu 

    

A1 = 40.5 MHz A2 = 38.5 MHz A3 = 29 MHz A4 = 28 MHz 
    

P1 = 1.2 MHz P2 = 1.2 MHz P3 = 0.5 MHz P4 = 0.82 MHz 
    

 

 To measure the presence of weakly coupled 14N another technique was applied.  

ESEEM – electron spin echo envelope modulation – was carried out at the field position 

marked by the dashed line in Figure 3.8.  The technique measures the modulation arising 

from the interference between pairs of excited EPR transitions, e.g. the remote 14N 

coupling to copper.  The ESEEM measurement for 3.1f-Cu does not show any lines 

related to a weakly coordinated nitrogen atom (Figure 3.10).  The 3.1k-Cu spectrum has 

4 lines and a hyperfine interaction constant of 1.5-2.0 MHz can be determined.31  Thus 

the histidine complex 3.1k-Cu has a weak coordination to the distal nitrogen of the 

imidazole ring. 
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Figure 3.10:  FT ESEEM of complexes 3.1f-Cu and 3.1k-Cu. 

 

3.6  Copper(III) complex formation 

The most common oxidation states for copper are +1 and +2.  However, 

copper(III) compounds have been reported, including several stabilized by imines or 

peptide amides.32-34  Copper(III) is a d8 ion and is isoelectronic to nickel(II).  In a low-

spin, square-planar system the copper is diamagnetic.   

Cyclic voltammetry experiments carried out on complex 3.1f-Cu(II) showed the 

oxidation of copper(II) to copper(III) occurred at + 0.44 V.24  Many different oxidants 

were tested to carry out the oxidation of copper(II) (Table 3.13).  The reactions were 



 
 
 

73 
 
monitored by TLC to observe the formation of a polar copper (III) salt and also by 1H 

NMR to see diamagnetic copper(III) complexes. 

Table 3.13:  Oxidation of 3.1f-Cu(II) to [3.1f-Cu-(III)]
+. 

 

 

[Oxidant] (eq) Solvent E
o
 (V)

35 
Result 

    

I2 (0.6)36 CD2Cl2 +0.54 Decomplexation of Cu(II) 

Br2 (0.6)36,37 CH2Cl2 +1.07 Decomposition 

KIO4 (5)38 
0.05M AcOH 

in CH2Cl2 
+1.7 Decomplexation of Cu(II) 

Na2S2O8 (5)39 H2O +2.0 No reaction 

PbO2 (10)38 EtOH +1.46 No reaction 

AgNO3 (1.5)40 EtOH +0.8 Brown precipitate 

AgNO3(1.7) / 
NaOH (0.2)40 

EtOH +0.8 Decomposition 

AgF (1.7)40 EtOH +0.8 No reaction 

AgSbF6 (1.7)40 EtOH +0.8 Brown precipitate 

Ag2CO3 (1.7)40 EtOH +0.8 No reaction 

Ag2SO4 (1.7)40 EtOH +0.8 No reaction 

AgBF4 (1.7)40 EtOH +0.8 Brown precipitate 

AgBF4 (2.0)40 CD3CN +0.8 No reaction 
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 Many of the oxidants used resulted in either the decomplexation of copper(II) or 

the decomposition of 3.1f-Cu(II).  Conversion of 3.1f-Cu(II) to the copper(III) analog 

was achieved with silver salts, specifically AgSbF6 and AgBF4.  A brown precipitate 

immediately formed and that compound was more polar than 3.1f-Cu(II) and showed 

complete conversion of starting material by TLC.  1H NMR of the crude reaction mixture 

indicated that the complex was diamagnetic (Figure 3.11). 

 
Figure 3.11:  Crude 1H NMR of [3.1k-Cu(III)][BF4]. 

 Comparison of the chemical shifts of the alpha and beta protons of the ABX 

system show that they are shifted in comparison to the parent ligand 2.3f (Figure 3.14).  

This corresponds to the results obtained for the d
8 complexes of palladium(II) and 
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nickel(II) (Section 3.5.1).  This was strong evidence for the formation of a d8 copper(III) 

complex. 

 
Figure 3.12:  Comparison of 1H NMR of ABX system of ligand 2.3f (top) and [3.1k-

Cu(III)][BF4] (bottom). 

 The oxidation of the pentacoordinate copper(II) complex 3.1k-Cu(II) was also 

examined (Table 3.14).  Oxidation was again observed with silver(I) salts (AgSbF6 and 

AgBF4).  In this case the green copper(II) complex was converted to a brown copper(III) 

complex.   

The copper(III) complexes were isolated, without purification, by vacuum 

filtration under argon.  The complexes were sparingly soluble in acetonitrile and acetone, 

but upon exposure to moisture the copper(III) complexes were immediately reduced to 

copper(II).   

 

EtOH 

αααα    ββββ    ββββ’ 
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Table 3.14:  Oxidation of 3.1k-Cu(II) to [3.1k-Cu(III)]

+. 

 

 

[Oxidant] (eq) Solvent E
o
 (V)

35 
Result 

    

I2 (0.6)36 CH2Cl2 +0.54 Color change 

AgSbF6 (1.1)40 EtOH +0.8 Brown precipitate 

AgBF4 (1.1)40 EtOH +0.8 Brown precipitate 

AgBF4 (1.7)40 EtOH +0.8 Brown precipitate 

    
 

3.7  Conclusions 

 Tetra-aza copper(II), nickel(II) and palladium(II) complexes with an o-

phenylenediamine backbone were synthesized and characterized.  Constraining the 

flexibility of the ligands, adjusting the acidity of the amide protons or reducing the 

coordination sites by backbone modification had little overall effect on the range of 

metals inserted.   

The addition of a coordinating amino acid into the ligand to allow the possibility 

of penta-coordination was an effective route to expanding the complexed metal pool.  

One limitation of this approach was the increase in coordination on the metal center 

would make it difficult for a substrate to interact with the metal.  Also the overall 

flexibility of the ligand design was reduced by the need to include one coordinating 

amino acid.   
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4  METAL BINDING 

4.1  Binding of metal ions to peptides 

The difficulties encountered making an array of metal complexes (described in 

Chapter 3) lead to a desire to gain further insight into the mechanism of the metal 

insertion.  It was hoped that by understanding what portion of the reaction was 

problematic that a solution could be found.  The method chosen was to monitor the 

kinetics of metal complex formation and look for the change in overall rate, the presence 

of a rate determining step and/or intermediates in the reaction pathway.   

Oligopeptides react with a metal ion to generate a bond from the amide nitrogen 

to the metal, with the release of the amide hydrogen.41  In equation I, where L is a linear 

peptide, n can vary from 1-3 and for a cyclic tetrapeptide n is 4. 

[M]2+  +  L  →  [M(L(-nH))]2-n  +  nH+ (I) 

 In the absence of metal ions the amide group behaves as a neutral species.  The 

amide NH is a weak acid, with a pKa = 15 for most systems.  Although very weakly basic 

some controversy existed as to whether protonation at the amide oxygen or nitrogen 

dominated.  This was resolved by NMR studies that determined the oxygen to be the 

main site of protonation (with estimates of a ratio of 107 : 1 for oxygen versus nitrogen).42  

This behavior indicates that under neutral conditions metal binding will occur at the 

carbonyl oxygen (as is the case with protonation).  Conversely, under basic conditions, 

with an anionic amide the metal will bind at the nitrogen (Scheme 4.1).   
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Scheme 4.1:  Metal binding under neutral and basic conditions. 

 However, due to the low basicity of amide oxygen (pKa = -1) strong metal 

binding is unlikely and the low acidity of the amide NH makes substitution by metal ions 

improbable.  Several studies of the coordination of amides in the presence of large 

excesses of metal ions, under neutral conditions, show no proton release to indicate 

formation of a nitrogen metal bond.  Competition with metal ion hydrolysis, solubility of 

the metal ion and other coordinating species in solution result in weak coordinating 

ability of an isolated amide.42 

 

 
Figure 4.1:  Different modes of coordination for amino acid residues. 

To enhance the binding ability of a metal ion to an amide a primary ligating site is 

required.  This can act as an anchor to allow the metal ion to chelate to the amide 

carbonyl oxygen and, following deprotonation and rotation, to the more basic, anionic 

amide nitrogen.  Typical anchoring groups in peptides/proteins are the terminal 

carboxylic acid, the terminal amino group and some amino acid side chains (histidine and 

cysteine).   
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The carboxylate oxygen is a poor initial coordinator as it is a weak base and 

would need to form a 7-membered ring (Figure 4.1) to chelate a metal with the amide 

oxygen (4.1).  Thus it generally behaves as a unidentate ligand.  Terminal amines and 

metal ions can form favored 5-member chelate rings with both the amide oxygen (4.2) 

and nitrogen (4.3) and this facilitates metal binding.  Histidine acts as an anchor only for 

the amide nitrogen within the same residue (4.4), forming a 6-member ring.  While 

cysteine can also form 5-member chelate rings, no other side chains show evidence of 

participation in metal binding.42 

 

 
Scheme 4.2:  Acidification of amide NH by metal coordination. 

Coordination of the anchored metal ions with the amide carbonyl leads to 

acidification of the amide proton (Scheme 4.2).  The change in pKa varies with the 

identity of the metal.  Some typical pH ranges are 2-4 for Pd(II), 3-6 for Cu(II) , 7-11 for 

Ni(II) and 10-11 for Co(II).41  After deprotonation the complex undergoes a 

rearrangement to allow the metal to bind to the newly anionic nitrogen.  Thus the binding 

of metal ions by amino acids has two discrete steps:43,44 
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(i) Initial binding by an anchoring group and the amide carbonyl 

(X,O binding – where X is the anchoring atom) 

(ii) Deprotonation of the acidified amide leading to rearrangement 

(X,N binding – where X is the anchoring atom). 

 

4.2  Basicity of Schiff bases 

For the ligand system described in Chapter 2 the anchoring group was the imine 

nitrogen of the Schiff base.  The lone pair of electrons on the imine nitrogen behaved as a 

Lewis Base and formed a dative bond to the metal.  So the initial metal coordination was 

determined by the basicity of this imine.  The base strength of most imines has not been 

measured due to the instability of the azomethine group under the conditions required to 

determine this value.45  However, diphenylketamine and its derivatives have been well 

studied.  The pKa of protonated unsubstituted diphenylketamine is 7.18, making it a 

relatively weak base.46  The basicity of the imine group is insufficient to form a stable 

coordination complex in the absence of a secondary binding site – the amide carbonyl or 

nitrogen in this case.   
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4.3  Mechanism of binding 

The overall reaction for the formation of tetradentate metal complexes with 

divalent metal salts can be represented by equation II. 

MX2  +  LH2  +  2B  →  ML  +  2[(BH)+(X)-] (II) 

The counter-ions of a divalent metal ion were replaced by a dianionic ligand to form a 

neutral complex.  The base could either promote the reaction by actively removing 

protons from the ligand and generating the dianion or simply act as a proton sponge and 

capture the acid formed.  The postulated mechanism of insertion for the tetradentate 

ligands is shown in Scheme 4.3. 
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Scheme 4.3:  Postulated pathway for metal insertion. 

 Initial coordination of the transition metal to the imine nitrogen was followed by 

chelation to the amide carbonyl to form a 5-member chelate ring (4.6).  The N,O 

coordination acidified the amide proton (4.7) resulting in deprotonation (4.8).  The 
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identity of the transition metal and/or the base present determines the rate of this step.  

Intermolecular rearrangement to the more stable N,N complex (4.10) occurs.  These steps 

are repeated again to allow the formation of the N,N,N,N bound tetradentate metal 

complex. 

The difficulties encountered in expanding the range of metals bound by the 

described ligand system (Chapter 3) prompted our desire to gain a greater understanding 

of the mechanism of insertion.  By following the kinetics of the reaction in Scheme 4.4 it 

was hoped that some intermediates might be observed, so that the conditions might be 

optimized for different metal systems.  

 

 
Scheme 4.4:  General divalent metal complexation by a tetradentate ligand. 

 As the absorption spectra showed a defined, isolated band for the metal 

complexes (d→d transitions) it was determined to be an effective means of following the 

reaction progress.  The UV-Vis spectra were measured in situ using a fiber optic dip 

probe attached to a SI440 spectrophotometer (Spectral Instruments, Inc., Tucson, 

Arizona), which allowed in situ monitoring of the reaction. 

The insertion of copper(II) salts at room temperature was studied initially, but the 

reaction was completed in a manner of minutes which was too rapid to collect any useful 
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information.  Even upon chilling to -20°C the reaction was too fast to gather sufficient 

data.  The insertion of nickel(II) was then selected as the reaction time of 5-24 hours 

(depending on conditions) allowed adequate time for collection of data and manipulation 

of conditions.  The optimal reactions were at a temperature of ~ 65°C (refluxing 

methanol), so by lowering the temperature the rate of the reaction could be influenced.  

The influence of the choice of base and concentrations/equivalency could also be varied 

to monitor the effect on rates.  

 

4.4  UV-VIS kinetic studies 

The initial studies were carried out with one equivalent of 2.3a-n, one equivalent 

of nickel(II) bromide salt and two and a half equivalents of triethylamine base.  The 

reactions were performed at reflux in methanol and monitored over a period of five 

hours.  The control conditions were selected based on the conditions used for preparative 

scale synthesis of the nickel complex.  
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Scheme 4.5:  Reaction chosen to monitor kinetics by UV-Vis. 

The progress of the reaction was easily measured by monitoring the increase of 

the absorbance of the band at 370 nm due to complexation of the divalent nickel ion.  
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This band occurred in a region of the UV-Vis spectrum where the uncomplexed ligand 

showed no absorbance (Figure 4.2).  The changes in other parts of the spectrum are 

harder to quantify due to the overlap of the ligand and metal complex bands for the n-π* 

transition of the amide groups.47  The concentrations of the reactions were chosen to keep 

the absorbance within the linear range of the Beer-Lambert law at 370 nm. As the 

extinction coefficient at 370 nm ( 4900 L mol-1 cm-1) was ~ 1/7 of the extinction 

coefficient at 234/254 nm the spectra are off scale in these regions.  
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Figure 4.2:  UV-VIS spectra of 2.3f in black, 3.1f-Ni in red and an inset showing a 

magnification of the absorption increase at 370nm. 

Unfortunately the combined spectra of the reaction at different time intervals 

showed no isosbestic behaviour.48  This indicates that there were no simple, two 

component equilibra observable.  Also plots of the kinetic data do not fit simple first, 

0

0.05

0.1

0.15

0.2

0.25

300 320 340 360 380 400

Wavelength

(nm)

A
b

s
o

rb
a

n
c

e

(a
u

)



 
 
 

85 
 
second or zero order behavior.  Due to this, separation of the kinetics for each discrete 

step in the reaction progress was not possible using simple absorption kinetic studies.   

The reaction progress does show two phases, a distinct slowing in the rate of 

reaction was observed after 80 minutes as shown in Figure 4.3.  The initial rate of kobs = 

3E-05 s-1 changes to kobs = 1E-05 s-1 (log10 kobs = -4.5 and -5 respectively).  The half-life 

(t1/2) for this reaction from the observed reaction rates was 10.8 hours and the reaction 

should reach completion after 24.8 hours. 
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Figure 4.3:  Absorbance at 370 nm versus time for standard conditions. 

 

4.5  Order of Reaction 

The order of the reaction (and of each reagent) was determined by varying the 

concentrations of the reagents and measuring the observed reaction rate.49  The general 

rate equation 

Change in 

rate 
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K = k[2.3f]a[NiBr2]
b[NEt3]

c     (III) 

shows a dependence on ligand, metal and base.  The order of each is represented by the 

superscripts a, b, c.  The overall order of the reaction is the sum of these orders (i.e. 

a+b+c).   

 By repeating the reaction with a large excess of the nickel bromide, its initial 

concentration and final concentration can be approximated to be almost the same 

([NiBr2]o ~ [NiBr2]f).  Therefore the concentration can be taken as a constant in equation 

III, which simplifies the rate equation to  

K = k1[2.3f]a[NEt3]
c      (IV) 

In this case k1 = k[NiBr2] and the rate was only dependent of the concentrations of base 

and the ligand 15.  By monitoring the ligand concentration ([2.3f]t), which was equal to 

the initial concentration of the ligand ([2.3f]o) minus the concentration of metal complex 

formed ([3.1f-Ni]t) at any time during the reaction the following rate order equations can 

be plotted. 

First Order:  - Ln ([2.3f]t / [2.3f]o) = kt  (V) 

Second Order:  1 / [2.3f]t – 1 / [2.3f]o = kt  (VI) 

If the reaction exhibits first or second order behavior, then plots of equation V or VI 

should be linear.50 
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Figure 4.4:  First order plot of - Ln ([2.3f]t / [2.3f]o) versus time for excess of NiBr2.  

 
Figure 4.5:  Second order plot of 1 / [2.3f]t versus time for excess of NiBr2 

 In the presence of an excess of nickel salts the reaction was clearly second order 

as evidenced by the linear plot in Figure 4.5 (R2 = 0.9971), the first order plot deviates 

from linearity (Figure 4.4).  Thus if equation IV is second order, then the sum of the 

orders for ligand and base is two (i.e. a + c = 2).  Following the same logic, if the reaction 
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were repeated with the ligand and base in excess, then the following equations could be 

derived: 

K = k2[NiBr2]
b[NEt3]

c      (VII) 

where [2.3f] >> [NiBr2] or [NEt3] and k2 = k[2.3f]; 

K = k3[2.3f]a[NiBr2]
b      (VIII) 

where [NEt3] >> [NiBr2] or [2.3f] and k3 = k[NEt3]. 

y = 19.796x + 257655
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Figure 4.6:  Second order plot of 1 / [NiBr2] versus time for excess of ligand 2.3f. 
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Figure 4.7:  Second order plot of 1 / [2.3f]t versus time for excess of NEt3. 

 In each case the plots for the second order equations (modified forms of equation 

VI ) were linear.  With an excess of ligand 2.3f, R2 = 0.9947 and an excess of base NEt3, 

R2 = 0.9884.  Therefore, the sum of the orders in each case was two:  a + b = 2, a + c = 2, 

b + c = 2.  This implies that 

a = b = c =1. 

So the reaction was first order in each of the reagents, and the rate equation was: 

K = k[2.3f]1[NiBr2]
1[NEt3]

1     (IX) 

The overall order of the reaction was 3 (a + b + c) and the reaction was equally dependent 

on the ligand, metal salt and base concentrations.  
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4.6  Absence of base 

The rate equation for the reaction shows a first order dependence on the base 

concentration.  However, when the reaction was carried out in the absence of an added 

base, product formation was still observed (Figure 4.8).  This indicates that one of the 

reaction components was sufficiently basic to accept a proton from the acidified amide 

NH in the metal complex intermediate.  Perhaps the bromide counter ion of nickel(II) 

(pKa HBr = -9.0) or the solvent methanol (pKa CH3OH2
+ = -1.7). 
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Figure 4.8:  Effect of adding base: (i) ♦ shows reaction progress without any added base; 

(ii) × shows reaction progress with 2.5 equivalents of triethylamine. 

 The completion time for the reaction in the absence of base was 38.5 hours 

compared to 24.8 hours.  As expected for a reaction in the absence of an external base the 

overall order was reduced to two (K = k[2.3f]1[NiBr2]
1[Base]0) (see Figure 4.9). 
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Figure 4.9:  Second order rate equation plot for metal insertion with no base added. 

4.7  Method of initial rates 

Monitoring the reaction from beginning to end to detect trends in the formation of 

intermediates or slow steps was the main driving force for monitoring the kinetics.  The 

reaction order of the reagents may also be determined by measuring the initial observed 

rates of reaction over a range of reagent concentrations.  A small set of experiments were 

carried out in this fashion to validate the results described earlier.  Holding the 

concentration of 2.3f and NEt3 constant (and [2.3f] & [NEt3] >> [NiBr2]), the 

concentration of NiBr2 can be varied and the initial observed rate (kobs) measured.  Using 

the equation  

ln(kobs) = ln(k) + n ln([NiBr2]o)    (X) 

and plotting ln(kobs) against ln([NiBr2]o) should give a line with slope equal to the order 

of the reaction in nickel(II) bromide. 



 
 
 

92 
 

 
Figure 4.10:  Plot of ln(Kobs) versus ln[NiBr2]o for several concentrations of NiBr2. 

 Although several more points were needed to increase the accuracy of the plot, 

the trend does indicate that the results described earlier follow the same trend and that the 

reaction was first order in the metal salt. 

 

4.8  Temperature dependence 

Most reactions show a dependence on temperature.  This relationship can be used 

to determine thermodynamics values for the reaction by conducting the reaction at 

different temperatures.49  The relationship is given by the Arrhenius equation 

kobs = A exp(-EA/RT)     (XI) 

Its logarithmic form may be plotted as the ln(kobs) against 1/T (where temperature is 

given in Kelvin) to give a straight line with slope = -EA/R.   
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Figure 4.11:  Plot of ln(kobs) versus 1/T. 

 

4.9  Changes in backbone 

By changing the backbone of the ligand the electronic donating and withdrawing 

abilities could be modified.  Initially it was hoped that by monitoring the metal insertion 

with different backbones an understanding could be developed into the mechanism.  

However, as described in Chapter 3, aliphatic (cyclic and acyclic) systems showed no 

insertion products and monitoring the UV-Vis absorption spectra showed no evidence of 

changes in metal binding.  Another aim was to change the electronic nature of the 

aromatic backbone and see if the acidity of the amide proton could be enhanced.  One 

such system was the 3,4-dichlorophenyl analog (2.16) of ligand 2.3c.  The kinetics of the 

insertion of nickel were measured under the same conditions described previously.   
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Scheme 4.6:  System chosen to monitor effect of electron withdrawing groups on 

reaction kinetics. 
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Figure 4.12:  UV-Vis of 2.16 in blue and 3.3-Ni in green. 

The absorption spectrum of ligand 2.16 shows a slight bathochromic shift (red 

shift) compared to 2.3f.  Due to this the uncomplexed ligand has an absorbance that 

extends out to 370 nm.  The plot of data showed inconsistent data at 370 nm due to lamp 

chnageover, so the rate was observed at 330 nm (Figure 4.13). 
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Figure 4.13:  Absorbance at 330 nm versus time for the dichorophenyl ligand 4.15. 

 Similar to the results obtained for the unsubstituted ligand 2.3f, the kinetics 

showed two different phases.  There was an initial burst that then slowed, the initial rate 

of kobs = 8E-05 s-1 changes to 3E-05 s-1.  Comparing this to the initial rate observed for 

2.3f of kobs = 3E-05 s-1 it can be seen that there was an increase in the rate of nickel(II) 

complexation due to the substitution of chlorines on the benzene ring of the backbone.  

While there was an increase in rate it was not a substantial increase (i.e. not an order of 

magnitude change), so the overall effect on the reaction was not great.  This was 

corroborated by the data in Chapter 3 that showed the 3,4-dichloro-substituted ligands 

were not any better metal binders that the unsubstituted ligands. 

 

4.10  Conclusions 

 Monitoring the rate of the reaction by observing the change in the absorption 

spectrum upon metal binding was an effective way of determining the overall rate and 

Change in rate 
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order of the reaction.  Due to the complexity of the metal insertion mechanism it was not 

a useful methodology to tease out individual steps, or slow points in the reaction 

pathway.  However, for ligands in which the thermodynamics of the reaction were 

unfavorable then the kinetic data would be irrelevant.  

 The addition of electron withdrawing groups to the ligand was shown to increase 

the rate of reaction, and therefore was assumed to have increased the acidity of the amide 

protons.  However the effect was not large enough to change the overall character and 

reactivity of the ligand. 
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5  KHARASCH-SOSNOVSKY REACTION 

5.1  Intro 

 The stereoselective functionalization of unactivated alkenes is an area of research 

with many synthetic applications and challenges.  The impact of the research of Jacobsen 

and Katsuki on enantioselective epoxidations of unfunctionalized alkenes can be seen as 

evidence of this fact.51,52  This research followed the development of procedures for the 

chiral epoxidation of allyl alcohols and dihydroxylation of alkenes by Sharpless.53  Direct 

asymmetric allylic oxidation is a complementary technique to these and deserves some 

attention. 

 Many biologically active compounds can be synthesized from allylic alcohols and 

their derivatives.  At present most allylic esters (and alcohols) are prepared in high 

enantiomeric purity by kinetic resolution.  Methodology to directly prepare these 

molecules in an enantiopure fashion would be of enormous value to synthetic chemistry 

and industry.  Although allylic C-H bonds are susceptible to attack by many different free 

radicals to generate allylic derivatives (via the allylic radical); the stereocontrol of 

reactions involving free radicals is notoriously difficult due to the planarity of free radical 

intermediates.  The use of transition metals to trap the free radicals provides a point of 

control where chirality may be introduced.   
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5.2  Origins of the Reaction 

 In general, the reactions of peroxides/peroxyesters result in a complex mixture of 

products.  Kharasch and Sosnovsky found that the addition of a catalytic amount of 

copper ions gave a more selective reaction and also increased the rate.54  The peroxyester 

reaction (or Kharasch-Sosnovsky reaction as it has become known) involved the copper 

ion catalyzed reaction of an organic peroxyester with a substrate containing susceptible 

hydrogen.  Unsaturated alkenes, aldehydes, ethers, esters, sulfides, amides, and organo-

silicon compounds all give well defined acyloxy derivatives (Scheme 5.1).55 

 

 

Scheme 5.1:  Some examples of the Kharasch-Sosnovsky reaction. 

One of the most useful applications of this reaction is the formation of allylic 

acyloxy olefins.  Kharasch and Sosnovsky’s initial report of the reaction of t-butyl 

perbenzoate (5.4) with various olefins, in the presence of a copper or cobalt catalyst, 

described the isolation of a single allylic ester.56  The same reaction conditions with 
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benzoyl peroxide (5.5) with a metal catalyst produced a mixture of saturated and 

unsaturated products (Scheme 5.2). 

 

 
Scheme 5.2:  Results of metal catalyzed reaction of cyclohexene with: a) t-butyl 

perbenzoate; b) benzoyl peroxide. 

 A surprising degree of selectivity was also observed in the case of acyclic alkenes.  

The reaction of a terminal alkene with t-butyl perbenzoate generated the ester only at the 

3-position; no isomers were observed (Scheme 5.3).  Formation of the 

thermodynamically less favored terminal alkene was unexpected. 

 

 

 
Scheme 5.3:  The catalyzed oxidation of terminal aliphatic alkenes with t-butyl 

perbenzoate. 

The reaction was believed to proceed by a radical mechanism and the internal 

isomer would have been predicted as the major product.  Again the use of benzoyl 
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peroxide resulted in more than one product, including a mixture of allylic benzoates.  

Further studies showed that minor amounts of primary allylic 1-acyloxy derivatives were 

observed with other terminal alkenes, although not in all cases. 

 The acyloxylation of alkenes at the 2-position also produced some interesting 

results.55  Preferential formation of the 3-acyloxy derivatives; with the alkene rearranging 

to the 1-position was observed.  A good example of this is shown in Scheme 5.4.  The 

conjugated alkene of β-methyl styrene (5.9) forms 3-acteoxy-3-phenylpropene (5.10), 

upon exposure to peroxyester conditions.  Not only is the less favored terminal alkene 

formed, but the benzylic conjugation has been removed. 

 

 

Scheme 5.4:  The peroxyester reaction of β-methyl styrene (5.9). 

 Many of the early studies reported the use of t-butyl perbenzoate (5.4) and/or t-

butyl peracetate which are commercially available.  However, the reaction was not 

limited to the use of peresters that may be synthesized or purchased.  If the reaction was 

performed with an excess of a carboxylic acid (or with the carboxylic acid as the 

solvent); the acyloxy portion of the acid was transferred to the substrate.  Thus, the 

reaction of a catalytic amount of cuprous bromide with cyclohexene (5.11), t-butyl 

perbenzoate 5.4 and an excess of propanoic acid (5.12) generated 3-

propanoyloxycyclohexene (5.13) as the product (Scheme 5.5).57 
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Scheme 5.5:  The perester reaction in the presence of excess carboxylic acid. 

 The first application of the reaction with asymmetric induction was reported by 

Denney in 1965.58  The assumption was made that the reaction path included a transition 

state with a defined order; this was based on the regioselectivity observed when the 

reaction was performed with terminal olefins.  It was reasoned that the addition of an 

optically active carboxylate ion would add more control to the transition state and lead to 

asymmetric induction.  Two readily available chiral acids (5.17, 5.18) were chosen and 

their cupric salts were used as the copper ion source (Scheme 5.6). 

 

 
Scheme 5.6:  Denney’s experiments. 

 The esters formed (5.15a-c) were immediately reduced to the alcohol (5.16a-c), to 

remove the added chiral center, and the optical rotations were measured.  While the 

optical purity was not calculated, the observed optical rotations indicated a small amount 

of asymmetric induction when compared to optical rotations of the enantiopure allylic 
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alcohols.  When larger ring sizes (cyclododecene) or acyclic alkenes (1-octene, 2-methyl-

2-butene) were exposed to the same conditions the allylic alcohols produced were 

racemic.   

 While Denney’s methodology introduced asymmetric induction into the 

Kharasch-Sosnovsky reaction, it did not have great practical utility.  It was limited by the 

fact that only chiral carboxylic acids could be used, so only a limited group of allylic 

esters could be formed.  As the reaction was not catalytic, a stoichiometric amount of the 

optically active carboxylic acid was required.  This adds to the expense of the reaction 

and when the allylic alcohol was the desired product, the purchased chiral center was 

discarded.   

 The first optically active catalytic example of this reaction was reported in a 

patent by Sumitomo Chemical Co. in 1976.59  Complexes of copper(I or II) were formed 

prior to the reaction or generated in situ from: (i) optically active primary amines, (ii) 

amino acids, or (iii) optically active Schiff bases derived from salicaldehyde.  The 

reaction of 1-20 mol % of the catalyst with an alkene and peroxyester generated an 

optically active ester.  Increasing the temperature of the reaction resulted in higher yields 

and faster rate, but the optical activity was reduced.   
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5.3  Recent Developments 

 From the mid 70’s until the mid 90’s there were few reports of asymmetric 

approaches to the Kharasch-Sosnovsky reaction.  Then the groups of Muzart, Pfaltz, 

Andrus and Feringa all published synthetically useful examples of this reaction using 

different catalyst systems.  Muzart used unmodified L-proline as the chiral ligand and 

formed the allylic ester in moderate yield and moderate enantioselectivity (Scheme 

5.7).60  Proline was also employed by Feringa who observed a positive non-linear effect 

with anthraquinone as an additive and a negative effect without.61,62 

 

 
Scheme 5.7:  L-Proline as chiral ligand. 

Many of these reports used chiral catalysts based on a modified bisoxazoline 

structure.  Pfaltz and Andrus both reported using the chiral bisoxazolines 5.19 under 

similar conditions (Scheme 5.8).63-65  A more sterically demanding ligand 5.21 was 

employed by Clark with similar results, albeit at a higher temperature for a shorter period 

of time.66  A py-box ligand 5.20 reported by Singh had the ability to form a three 

coordinate copper(I) complex.67 
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Scheme 5.8:  Examples of allylic oxidation with different chiral bisoxazoline ligands. 

A tris-oxazoline ligand was studied by Katsuki which formed the product in high 

enantiomeric excess at low temperatures, but in low yield.68  As the temperature was 

increased the yields also increased, but the enantioselectivity decreased as expected 

(Scheme 5.9). 
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Scheme 5.9:  Tris-oxazoline catalyst system. 

Many other ligand systems have been studied for this reaction.69  In most cases 

the synthetic utility of the reaction was limited by several factors.  The reactions 

generally gave better yields when a large excess of the substrate containing the labile 

hydrogen was used (upwards of 10 equivalents).57  Increased temperature was necessary 

for a reasonable rate of reaction, however this led to a decrease in the optical purity.57  A 

major problem was that large differences in the results were observed with very small 

changes in the substrate structure, e.g. simply changing from cyclohexene to 

cyclopentene with the same catalyst gave widely selectivity and yields.  Application to 

more complicated and synthetically interesting targets would not be possible with these 

chiral systems.   

 

5.4  Mechanistic Details 

The mechanism of the Kharasch-Sosnovsky reaction was studied initially by 

Kochi and later by Beckwith.  Two slightly different routes have been suggested.  The 

reaction was initiated by cleavage of the oxygen-oxygen bond in the perester (or peracid). 

In the case of tert-butoxyperbenzoate and copper(I), a tert-butoxy radical and a copper(II) 

benzoate intermediate are generated (Scheme 5.10).   The allylic hydrogen of the 
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substrate may then be abstracted by the radical.  The allylic radical formed is quickly 

complexed by the copper(II) benzoate to give a copper(III) species which then undergoes 

reductive elimination to give the product and regenerate the copper(I) catalyst.   

 

 
Scheme 5.10:  Proposed mechanism of allylic oxidation 

 The main difference in mechanistic explanations was in the identity of 

intermediate 5.23.  The first suggestion was that a defined copper(III) species was formed 

(5.23).  The second suggests that the allylic radical transfers an electron to copper(II) 

forming an intimate copper(I)-allylic cation pair (5.25), with a coordinative bond from 

the copper to the carbon-carbon π-bond.  A third possibility is that the copper merely 

serves as an electron shuttle and remotely removes the free radical from the allyl radical 

intermediate (5.26).  Thus in the bond forming step the copper ligand complex would not 

be in close proximity to the chiral center formation and therefore have no effect on chiral 

induction.   
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Scheme 5.11:  Possible identities of intermediate copper complexes. 

 The probable explanation is that the mechanistic route is determined by the 

character of the chiral copper complex and varies from system to system.   

 

5.5  Results 

For a model reaction, the following standard set of conditions were selected 

(Scheme 5.12 (a)) – 1 equivalent of t-butyl perbenzoate; 5 equivalents of alkene 

(generally cyclohenexe 5.1); 1-10 mol % of chiral ligand metal complex; 0.2 M in 

acetonitrile (or acetone).  The benzoate esters (5.2) were directly analyzed by chiral 

HPLC, but in some cases it was desirable to hydrolyze the ester to form the allylic 

alcohol 5.27 which was analyzed by chiral GC and also compared to commercial 

standards.  The absolute stereochemistry was assigned by comparison to commercially 

available pure enantiomers.  
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 O Ph
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O Ph

O

*
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(b)

5.1

5.2

5.2 5.27  
Scheme 5.12:  (a) Standard conditions for reactions; (b) ester hydrolysis. 

The initial investigations were carried out with a tetradentate copper(II) catalyst 

system (3.1f-Cu) that was isolated and purified.  When the reaction was performed at 

room temperature no product was formed, even when monitoring for 2-3 weeks (Table 

5.1).  The addition of additives such as acetic acid or phenyl hydrazine did not have any 

effect on the reactivity at this temperature.  With 5 and 1 mol% of catalyst, when the 

reaction was heated to reflux it was complete within 20 hours.  Reducing the amount of 

catalyst to 0.1 mol% slowed the reaction rate considerably and it was not complete after 6 

days at reflux.  However the isolated yield was comparable to that achieved with 1 mol% 

of catalyst.  When the purified (and unpurified) materials were analyzed no chiral 

induction was observed.   
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Table 5.1:  Reactions with isolated catalysts. 

 

NN

N N

OO

Ph Ph

3.1f-Cu

Cu

 

M-L* {mol%} Temp (
o
C) Time (h) 

Isolated 

Yield (%) 
ee (%) 

     
             3.1f-Cu {5}b rt 336 0 - 
             3.1f-Cu {5}d rt 528 0 - 
             3.1f-Cu {10}b 82 18 Not isolated 2 (R)d 
             3.1f-Cu {5} 82 20 17 <1 
             3.1f-Cu {1} 82 20 53 <1 
             3.1f-Cu {0.1} 82 144a 50 <1 

     
a Reaction not complete after this time; b 1.5 equivalents of PhCOOH added; 
c % ee determined by chiral GC; d 6 mol% PhNHNH2 added, acetone solvent. 

 

 In a parallel effort in our laboratories to explore the feasibility of attaching 

catalyst to a resin, catalyst 5.28 was attached to Wang resin through methoxy 

functionalized benzophenone imine.24  To screen the complex for reactivity and recovery 

the material was placed in a polypropylene ‘tea-bag’ that was removed from the crude 

reaction after use, washed and reused in a subsequent reaction.70  In comparison to the 

homogeneous reaction the resin bound catalyst needed longer reaction times, although the 

isolated yields were good (Table 5.2).  The recycled material did catalyze the reaction, 

but it did not reach completion even after 5 days at reflux.  From this evidence it appears 

that the catalyst was partially damaged by the first reaction.  As expected from earlier 

results no enantioselectivity was observed.   
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Table 5.2:  Resin bound complexes. 

 

 

M-L* {mol%} Temp (
o
C) Time (h) 

Isolated 

Yield (%) 
ee (%) 

     
             5.21 {1} 82 50 79 <1 
             5.21 {1}b 82 120a 70 <1 

     
a Reaction not complete after this time; b Reused resin from previous reaction. 

 

 The copper(II) pentadentate ligand (3.1k-Cu) was tested to examine the effect of 

increasing the coordination around the copper center.  As expected for an electronically 

saturated complex the reaction was slow and not complete after 2 days at reflux (Table 

5.3).  Unexpectedly the reaction did proceed in good yield (although without any chiral 

induction). 
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Table 5.3:  Pentadentate ligand. 

 

 

M-L* {mol%} Temp (
o
C) Time (h) 

Isolated 

Yield (%) 
ee (%) 

     
5.22 {1} 82 48a 87 1 (R) 

     
a Reaction not complete after this time. 

 

 Many of the examples in the literature generate the metal-ligand complex in situ, 

rather than pre-forming the active catalyst.  The effect of this was tested using 2.3f as the 

chiral ligand with copper(I) and copper(II) (Table 5.4). 

Table 5.4:  Complex formed in situ. 

 

 

M-L* {mol%} 
Temp 

(
o
C) 

Time (h) 
Isolated 

Yield (%) 
ee (%) 

     
2.3f {6}/ CuCl2 {5} 82 18 34 <1 
2.3f {6}/ CuBr.SMe2 {1} rt 144 0 - 
2.3f {6}/ CuBr.SMe2 {1} 82 50 53 <1 
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At room temperature the copper(I) system gave no product after six days.  The 

same reaction at reflux gave a 53% yield after two days.  No chiral induction was 

observed.  The copper(II) reaction also gave a racemic mixture of products. 

Table 5.5:  Tridentate and reduced ligands 

 

 

M-L* {mol%} Temp (
o
C) Time (h) 

Isolated 

Yield (%) 
ee (%) 

     
2.19a {6}/ CuCl2 {1} 82 32 62 1 
2.23b {6}/ CuCl2 {1} 82 168 12 <1 

     
2.4 {6}/ CuCl2 {1} 82 48 70 <1 

     
 

 To reduce the number of coordination sites occupied on the copper center and 

increase the possibility of substrate interaction, reactions involving the tridentate ligands 

2.19a and 2.23b were examined (Table 5.5).  As the ligands did not form discrete copper 

complexes the conditions for in situ formation of the active copper(II) catalyst were used.  

The ligand 2.19a gave a reasonable yield of product after 32 hours, however 2.23b had a 

very low yield after a week at reflux.  Neither system gave any optically active product.  

The lack of activity of 2.23b was surprising given the binding site was more sterically 
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accessible than in 2.19a.  Ligand 2.4 was formed from the reduction of the imine groups 

to give a bis amine, bis amide binding pocket.  It did not give any chiral induction.   

Table 5.6:  Cobalt catalyzed 

 

NN

N N

OO

Ph Ph

O O OO

5.29

Co

 

M-L* {mol%} Temp (
o
C) Time (h) 

Isolated 

Yield (%) 
ee (%) 

     
     5.29 {5} 82 48 0 - 
     2.3f {6}/ CoCl2 {1} 82 72 13 <1 
     2.3k {6}/ CoCl2 {1} 82 192 14 <1 

     
 

 The initial reports of the Kharasch-Sosnovsky reaction mentioned using cobalt(II) 

as the catalyst, as well as copper(I)/(II).56  No other examples of this were seen in the 

literature.  Three separate systems were explored - 5.29, a resin bound cobalt complex,12 

and 2.3f/k, tetradentate and pentadentate ligand systems.  The resin bound cobalt(II) gave 

no product.  The other reactions gave < 15% yield after 3-8 days at reflux.  It appears that 

copper(I) and (II) are much more effective catalysts for this transformation.   
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5.6  Conclusions 

The Kharasch-Sosnovsky reaction was examined for a range of tridentate, 

tetradentate, pentadentate and resin bound ligands.  Copper(I), copper(II) and cobalt(II) 

systems were studied, either pre-isolated or generated in situ.  No asymmetric induction 

in the product was observed in any of the cases studied.  The reactions were most 

effective with pre-formed copper(II) complexes at reflux.  Due to the lack of optical 

activity in these cases, it was likely that the reaction proceeded through a non-intimate 

copper(II) – allylic cation intermediate.  This would likely be preferred due to the steric 

congestion around the copper center.  As the copper complex would not be coordinated to 

the substrate in the bond forming step, chirality transfer would not be expected. 
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6  CONCLUSIONS 

The broad goals of this research project were to design, synthesize and characterize chiral 

metal complexes and then apply them to interesting organic transformations.  The initial 

design was based on the concept of reducing a metalloprotein to its simplest form – a 

binding pocket held together by a structural molecule.  At the outset it was thought that 

the bulky Schiff base groups would create a helical turn about the metal center and this 

proved to be the case. 

Unfortunately the initial group of metals that successfully formed complexes was 

unexpectedly small (Zn(II), Cu(II), Ni(II)).  Another limitation was that only one of the 

original structural diamines (o-phenylenediamine) could generate ligands capable of 

binding.  At this point the design portion of the project changed focus to try and gain an 

understanding of the issues with the ligand design.  The ligand backbone was tailored to 

probe whether the flexibility of the ligand, the bite angles of the binding pocket or the 

acidity of amide protons had the greatest effect on the scope of metal complexation.  Of 

these factors the acidity was the most important. 

More encouraging results were obtained by replacing non-coordinating side 

chains with amino acids that could bind to the metal.  This change allowed the formation 

of manganese(II), cobalt(II), and iron(II) complexes.  The usefulness of these compounds 

was limited because of their polarity and limited solubilites (for Mn(II) and Fe(II)).  As 

the tetra-dentate ligands were 8 electron donors and the penta-dentate ligands were 

possible 10 electron donors, complexes with the late transition metals were close to 
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electronic saturation.  This was not an ideal situation for a catalyst as it did not leave 

coordination or electronic space to bind substrate(s).  To address this issue the tridentate 

analogs of these ligands were made, which did not show good binding properties. 

 The chiral ligands and complexes were tested in a number of reactions to 

determine if they could transfer chirality to the products.  An extensive study of the 

Kharasch-Sosnovsky allylic acylation reaction was performed with no positive results.  

Kinetic resolution, conjugate (1,4) additions and cyclopropanations were also tested with 

no major successes.   

 A parallel effort within the lab showed that the zinc(II) complexes had a positive 

non-linear effect for the addition of dialkyl zinc to aldehydes.  In this reaction the metal 

complex behaves as a chiral Lewis acid.  The ligands should be investigated as chiral 

Lewis acid complexes and not as chiral environments for metal centered bond formation 

or atom transfer reactions. 
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7  EXPERIMENTAL PROCEDURES 

General Information.  

All reactions were performed in flame dried glassware under an atmosphere of 

argon, with magnetic stirring.  Standard Schlenk line techniques were used where 

appropriate.  Transfers of air/moisture sensitive compounds were carried out in a 

glovebox.  Methanol (MeOH) was distilled from calcium hydride and stored under argon.  

Tetrahydrofuran (THF) was distilled from Na0/benzophenone and dichloromethane 

(CH2Cl2) from calcium hydride immediately prior to use.  Dimethylformamide (DMF) 

was distilled over calcium hydride and stored under argon.  CDCl3, C6H6, D2O and d4-

MeOH were obtained from Cambridge Isotopes (CDCl3 and C6H6 were stored over 4Å 

molecular sieves).  Amino acids and coupling agents (BOP, HBTU) were purchased from 

Advanced ChemTech.  Benzophenone imine obtained form Aldrich was vacuum distilled 

prior to use.  All other chemicals were purchased from Aldrich and were used as 

received, unless otherwise specified. 

Purification of reaction products was carried out on silica gel (40-63 µm, EMD 

Chemicals, Inc.), by flash chromatography.  Analytical thin layer chromatography was 

performed on precoated plates containing a fluorescent indicator (Silica Gel 60 F254, 

EMD Chemicals, Inc.).  The plates were visualized with UV light, I2 and/or ninhydrin dip 

followed by heating.   

UV-VIS spectra were measured using a fiber optic dip probe attached to a SI440 

spectrophotometer (Spectral Instruments, Inc., Tucson, Arizona).  Mass spectrometry 

(MS) was performed by the MS Instrument Facility at the University of Arizona.  Infra-
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Red (IR) Spectra were recordered on Nicolet FT-IR.  Optical Rotations were recorded on 

a Jasco polarimeter.` 

1H and 13C NMR experiments were performed on a Varian Gemini-200 (200 

MHz), a Varian Unity-300 (300 MHZ) or a Bruker DRX500 (500 MHz) instruments.  1H 

and 13C chemical shifts are reported in ppm versus Si(CH3)4 (TMS) and the residual 

solvent peaks.  Data for 1H NMR are reported as follows: chemical shift (multiplicity (br 

= broad, s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, dd = doublet of 

doublets), integration, proton assignments, coupling constant(s)).   

The HPLC was a Varian Instruments, Inc. system consisting of two Model 210 

pumps with 10 mL pump heads, a Model 430 auto-sampler with a 100 µL SS sample 

loop and a Model 330 photodiode array detector. The system was controlled with Varian 

Instruments, Inc. Star Finder software, version 5.52.  For chiral compounds the 

instrument was equipped with a Chiralcel OD column (Daicel, 250 x 4.6 mm, Cellulose 

tris (3,5-dimethylphenylcarbamate) coated on 10µm silica-gel ). 

Samples for GC-MS were recorded on a Hewlett-Packard HP-G1800B GCD system.  

This contained a HP-1 cross-linked methyl siloxane column (30.0 m l x 0.25 mm d) with 

a helium flow rate of 1 mL min-1.  The software used was HP ChemStation, version 

B.02.04. 

 Electron paramagnetic resonance (ESR) spectroscopy was carried out by Dr. 

Andrei Astashkin and Dr. Arnold Raitsimring at the University of Arizona.  X-ray 

crystallography was performed at the Molecular Structure Laboratory at the University of 

Arizona (diffractometer provided by NSF grant CHE9610374). 
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General procedure for preparation of C2 symmetric bifurcated dipeptides (2.1x):  

Diamine (1 eq.) was dissolved in DMF to give a 0.2 M solution.  DIEA (3 eq.) was added 

in a single portion and the reaction mixture cooled to 0 oC.  Boc-amino acid (2.1eq.) and 

BOP (2.5 eq.) were added in one portion.  The solution was allowed to warm to room 

temperature for 24 hours, after which complete conversion of starting material was 

observed by TLC.  The reaction mixture was diluted with EtOAc, washed with 1% 

NaHCO3 (3 x 200 mL), saturated NaHCO3 (2 x 200 mL), saturated NaCl (1 x 200 mL). 

The organic layer was dried over K2CO3, filtered and reduced to a foam in vacuo.  The 

crude material was purified by flash chromatography and/or recrystallization. 

 

General procedure for one-pot preparation of C1 symmetric bifurcated dipeptides 

(2.1x):  Diamine (1 eq.) was dissolved in DMF to give a 0.2 M solution.  DIEA (1.5 eq.) 

was added in a single portion and the reaction mixture cooled to 0 oC.  The first boc-

amino acid (0.97 eq.) and BOP (1.25 eq.) were added in one portion. The reaction was 

held at 0 oC for 45 minutes, by which time TLC showed complete mono-acylation.  The 

second boc-amino acid (1.1 eq.) was added in one portion followed by addition of BOP 

(1.25 eq.) and DIEA (1.5 eq.).  The solution was allowed to warm to room temperature 

for 24 hours, after which complete conversion of starting material was observed by TLC.  

The reaction mixture was diluted with EtOAc, washed with 1% NaHCO3 (1 x 200 mL), 

saturated NaHCO3 (2 x 200 mL), saturated NaCl (1 x 200 mL). The organic layer was 

dried over K2CO3, filtered and reduced to a foam in vacuo.  The crude material was 

purified by flash chromatography and/or recrystallization. 
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{[2-(2-tert-Butoxycarbonylamino-acetylamino)-phenylcarba-

moyl]-methyl}-carbamic acid tert-butyl ester (2.1a):  Yield 

95% (as a white solid).  Rf = 0.9 (20:80 MeOH:CHCl3).  mp 77-

81 oC.  1H NMR (CDCl3) δ (ppm):  1.47 (s, 18H, t-butyl CH3),  

3.91 (d, 4H, CH2, J = 5.2 Hz),  5.53 (br s, 2H, -CH2-NH-C(O)-O-),  7.18-7.40 (m, 4H, 

Ar-H),  8.50 (br s, 2H, amide NH).  13C-APT NMR (CDCl3) δ (ppm):  CH3 28.2,  CH2 

44.3,  Me3-C-OR 80.1,  Aromatics: CH 125.4, 126.3;  C 130.1,  NH-CO-OR  156.2,  -

NH-CO-R  169.2. 

 

[1(S)-[2-(2(S)-tert-Butoxycarbonylamino-3-phenyl-propionyl-

amino)-phenylcarbamoyl]-2-phenyl-ethyl]-carbamic acid 

tert-butyl ester (2.1f):
12

  Purified by flash chromatography (1:1 

EtOAc:Hexanes).  Yield 98% (as a white solid).  Rf = 0.2 (40:60 

EtOAc:Hexanes).  mp 120-122 oC.  [α]D = + 13.2 (c 1.00, CDCl3).  
1H NMR (CDCl3) 

δ (ppm):  1.38 (s, 18H, t-butyl CH3),  (ABMX :  2.98-3.07 (dd, 2H, -CHAHB-CHX-NHM-, 

JBX = 7.30 Hz, JAB = 13.3 Hz),  3.21-3.28 (dd, 2H, -CHAHB-CHX-NHM-, JAX = 5.82 Hz, 

JAB = 13.7 Hz),  4.43-4.51 (dt, 2H, -CHAHB-CHX-NHM-, JAX = 6.71 Hz, JBX = 6.96 Hz, 

JMX = 6.6 Hz),  5.33 (broad s, 2H, -CHAHB-CHX-NHM-)),  7.09-7.33 (m, 14H, aromatic 

CH),  8.49 (broad s, 2H, amide NH).  13C-APT NMR (CDCl3) δ (ppm):  CH3  28.1,  CH2 

 38.1,  CHα  56.1,  Me3-C-OR  80.0,  Aromatics: CH  125.1, 126.1, 126.7, 128.4, 129.2;  
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C 130.0, 136.5,  -NH-CO-OR  155.4,  -NH-CO-R  170.7. IR (KBr): 3414, 3309, 2969, 

1693, 1600, 1492, 1448, 1380, 1255, 1170, 1055, 1020, 749, 697 cm-1. 

 

(1(S)-{2-[3-(1-(2,4-dinitrophenyl)-1H-imidazol-4-yl)-2(S)-tert 

–butoxycarbonylamino-propionylamino]-

phenylcarbamoyl}-2-phenyl-ethyl)-carbamic acid tert-butyl 

ester (2.1j-DNP):  Yield 93% (as a white solid).  Rf = 0.8 (1:4 

MeOH:CHCl3).  mp 114-122 oC.  [α]18.9
D = + 15.8 (c 1.00, CHCl3).  

1H NMR (CDCl3) 

δ (ppm):  1.39 (s, 9H, t-butyl CH3),  1.50 (s, 9H, t-butyl CH3),  3.02-3.26 (m, 4H, CH2(β) 

Phe & His),  4.56-4.61 (m, 2H, CH(α) Phe & His),  5.55 (broad s, 1H, -CHAHB-CHX-

NHM-),  6.10 (broad s, 1H, -CHAHB-CHX-NHM-),  6.91 (s, 1H, Ar-H),  7.07-7.47 (m, 4H, 

Ar-H),  7.64 (d, 1H, Ar-H, J = 8.8 Hz),  7.73 (s, 1H, Ar-H),  8.47 (broad s, 1H, amide 

NH),  8.48 (dd, 1H, J = 8.8Hz, Ar-H, J = 2.5 Hz),  8.80 (d, 1H, J = 2.4 Hz, Ar-H),  8.86 

(broad s, 1H, amide NH).  13C-APT NMR (CDCl3) δ (ppm):  CH3 28.3,  CH2(β) 30.0, 

39.3,  CH(α) 54.1, 56.1,  Me3-C-OR 79.8, 80.3,  Aromatic: CH 117.5, 121.2, 124.4, 

125.8, 126.7, 128.2, 128.6, 129.3, 129.5;  C 128.9, 134.9, 136.8, 139.6, 144.0, 146.7,  -

NH-CO-OR  155.4,  -NH-CO-R  170.2, 170.5. 
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(1(S)-{2-[3-(1H-imidazol-4-yl)-2(S)-tert–butoxycarbonyl-

amino-propionylamino]-phenylcarbamoyl}-2-phenyl-ethyl)-

carbamic acid tert-butyl ester (2.1j):
12  2.1j-DNP  (1.61 g, 

2.13 mmol) was dissolved in 20 ml of CH2Cl2.  Thiophenol* 

(0.88 mL, 8.52 mmol, 4 eq.) was added to the stirring reaction mixture.  After 24 hours, 

complete conversion of starting material was observed by TLC.  The reaction mixture 

was concentrated to an oil in vacuo.  Purification by column chromatography (9:1 

EtOAc:Hexanes increasing to 9:1 EtOAc: MeOH) gave the product in 97% yield.  Rf = 

0.2 (9:1 EtOAc:Hexanes).  mp 145-150 oC.  [α]D = - 5.8 (c 1.10, CHCl3).  1H NMR 

(CDCl3) δ (ppm):  1.38 (s, 9H, t-butyl CH3),  1.48 (s, 9H, t-butyl CH3),  2.92-3.27 (m, 

4H, CH2(β) Phe & His),  4.52 (broad s, 2H, CH(α) Phe & His),  5.60-5.68 (broad s, 1H, -

CHAHB-CHX-NHM-),  6.04-6.09 (broad s, 1H, -CHAHB-CHX-NHM-), 6.60-6.63 (s, 1H, 

Ar-H),  7.05-7.27 (m, 4H, Ar-H),  7.56-7.65 (broad s, 2H, Ar-H),  8.63 (broad s, 1H, 

amide NH),  9.63 (broad s, 1H, amide NH).  13C-APT NMR (CDCl3) δ (ppm):  CH3 28.4,  

CH2(β) 30.0, 39.1,  CH(α) 55.0, 56.0,  Me3-C-OR 79.7, 80.3,  Aromatic: CH 124.6, 

125.4, 126.3, 126.6, 127.0, 128.3, 129.3;  C 132.0, 135.3, 136.7,  -NH-CO-OR  155.5,  -

NH-CO-R  171.3. 

*Thiophenol has a strong stench.  All equipment was soaked in a KMnO4 bath after use. 
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(1(S)-{2-[3-(1-Benzyl-1H-imidazol-4-yl)-2(S)-tert–

butoxycarb-onylamino-propionylamino]-phenylcarbamoyl}-

2-phenyl-eth-yl)-carbamic acid tert-butyl ester (2.1k):  

Purified by flash chromatography (70:30 EtOAc:Hexanes).  

Yield 89% (as a white foam).  Rf = 0.5 (100% EtOAc).  mp 102-105 oC.  [α]D = + 14.5 (c 

1.00, CHCl3).  
1H NMR (CDCl3) δ (ppm):  1.39 (s, 9H, t-butyl CH3),  1.46 (s, 9H, t -butyl 

CH3),  2.97 (dd, 1H, -CHAHB-CHX-NHM-, JBX = 5.9 Hz, JAB = 14.9 Hz),  3.02-3.32 (m, 

3H),  5.03 (s, 2H, CH2Ph),  5.45-5.51 (broad s, 1H, -CHAHB-CHX-NHM-),  5.98-6.14 

(broad s, 1H,  -CHAHB-CHX-NHM-),  6.74-7.75 (m, 11H, Ar-H),  8.42-8.66 (broad s, 1H, 

amide NH),  9.45-9.69 (broad s, 1H, amide NH).  13C-APT NMR (CDCl3) δ (ppm):  CH3 

28.3,  CH2 30.6, 39.1, 50.8,  CH 55.9, 69.8,  Me3-C-OR 79.9,  Aromatics: CH 117.4, 

124.6, 125.2, 125.7, 126.6, 127.3, 128.2, 128.3, 128.9, 129.4;  C 128.5, 131.3, 135.7, 

136.9,  -NH-CO-OR  154.5, 155.2,  -NH-CO-R  170.3, 170.5.  MS-ESI (m / z):  [M+H]+  

683.2 (100). 

 

{1(S)-[(1R/S, 2R/S)-2-(2(S)-tert-butoxycarbonylamino-3-phen 

-yl-propionylamino)-cyclohexylcarbamoyl]-2-phenyl-ethyl}-

carb-amic acid tert-butyl ester (2.10 (R,R,S,S + S,S,S,S)):  

The reaction was performed using trans, racemic 1,2-

diaminocyclohexane (2.9 (R,R + S,S)) to yield diastereomeric 

products.  The diastereomers were inseparable (and the 
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diastereomeric ratio was unknown) when the mixture was purified by flash 

chromatography (40:60 EtOAc:Hexanes).  Yield 45% (as a white, glassy powder).  Rf = 

0.3 (40:60 EtOAc:Hexanes).  [α]29.6
D = - 22.1 (c 1.00, CHCl3).  1H NMR (CDCl3) 

δ (ppm):  0.95-1.12 (m, 2H, Cy-H),  1.18-1.27 (m, 2H, Cy-H),  1.67-1.70 (m, 2H, Cy-H),  

1.81-1.85 (m, 2H, Cy-H),  1.36 (s, 18H, t-butyl CH3),  2.88 (dd, 2H, -CHAHB-CHX-NHM-, 

JAB = 13.2 Hz, JBX = 7.3 Hz),  3.14 (dd, 2H, -CHAHB-CHX-NHM-, JAB = 13.4 Hz, JAX = 

6.6 Hz),  3.49-3.55 (m, 2H, Cy-H),  4.20-4.28 (m, 2H, -CHAHB-CHX-NHM-),  5.33 (br s, 

2H, carbamate NH),  6.27 (br s, 2H, amide NH),  7.19-7.31 (m, 10H, Ar-H).  13C NMR 

(CDCl3) δ (ppm):  CH2 24.4,  CH3 28.2,  CH2 31.8, 38.2,  CH 53.6, 55.8,  Me3-C-OR 

80.0,  Aromatics:  CH 126.6, 128.4, 129.3;  C 136.9,  -NH-CO-OR  155.62,  -NH-CO-R 

 171.8. 

 

{1(S)-[(1R, 2R)-2-(2(S)-tert-butoxycarbonylamino-3-phenyl-

propionylamino)-cyclohexylcarbamoyl]-2-phenyl-ethyl}-

carb-amic acid tert-butyl ester (2.10(R,R,S,S)):   Trans-(R,R)-

1,2-diaminocyclohexane (2.9(R,R)) was resolved from its 

enantiomer using the following procedure.71,19  Tartaric acid (6.25 g, 42 mmol) was 

dissolved in 18 mL of deionized H2O.  2.9 (10 mL, 83 mmol) was added dropwise at a 

rate that kept the temperature of the solution below 70 oC.  After the addition was 

complete, glacial acetic acid (4.17 mL, 73 mmol) was added dropwise keeping the 

temperature below 90 oC.  The reaction was chilled to 0 oC for two hours.  The reaction 

mixture was filtered and the filtrate washed with H2O (1 x 50 mL at 5 oC) and MeOH (5 
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x 50 mL).  The solid was dried under vacuum over P2O5 at 40 oC for 15 hours.  The 

product was analyzed by chiral HPLC.19 

Using the general procedure for preparation of C2 symmetric bifurcated 

dipeptides 2.9 was transformed to 2.10.  The crude product was purified by flash 

chromatography (40:60 EtOAc:Hexanes).  Yield 49% (as a white, glassy powder).  Rf = 

0.3 (40:60 EtOAc:Hexanes).  1H NMR (CDCl3) δ (ppm):  0.95-1.12 (m, 2H, Cy-H),  

1.18-1.27 (m, 2H, Cy-H),  1.67-1.70 (m, 2H, Cy-H),  1.81-1.85 (m, 2H, Cy-H),  1.36 (s, 

18H, t-butyl CH3),  2.88 (dd, 2H, -CHAHB-CHX-NHM-, JAB = 13.2 Hz, JBX = 7.3 Hz),  

3.14 (dd, 2H, -CHAHB-CHX-NHM-, JAB = 13.4 Hz, JAX = 6.6 Hz),  3.49-3.55 (m, 2H, Cy-

H),  4.20-4.28 (m, 2H, -CHAHB-CHX-NHM-),  5.33 (br s, 2H, carbamate NH),  6.27 (br s, 

2H, amide NH),  7.19-7.31 (m, 10H, Ar-H).  13C NMR (CDCl3) δ (ppm):  CH2 24.4,  CH3 

28.2,  CH2 31.8, 38.2,  CH 53.6, 55.8,  Me3-C-OR 80.0,  Aromatics:  CH 126.6, 128.4, 

129.3;  C 136.9,  -NH-CO-OR  155.62,  -NH-CO-R  171.8. 
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General procedure for Boc deprotection (2.2x):  Compound 2.1x was dissolved 

in 50 mL of anhydrous MeOH and chilled to 0 oC.  In a separate flask 50 mL of MeOH 

was chilled to 0 oC.  AcCl (4 eq.) was added slowly.  The resultant methanolic HCl 

solution was added to the chilled reaction mixture dropwise over 30 minutes.  The 

reaction mixture was allowed to warm to room temperature for 24 hours.  After all the 

starting material had been consumed, as judged by TLC, MeOH was removed under 

reduced pressure.  The residual HCl was removed by dissolving the residue in MeOH and 

subsequent concentration under reduced pressure (5 x 200 mL).  This material was placed 

in vacuo until a brittle foam was obtained, then triturated in Et2O until a fine suspension 

was achieved.  The HCl salt was collected by filtration and was dried overnight under 

vacuum and over P2O5. 

 

2(S)-Amino-N-[2-(2(S)-amino-3-phenyl-propionylamino)-ph-

enyl]-3-phenyl-propionamide-bis-hydrochloride (2.2f):
12

  

Yield 99% (as a white powder).  Rf = 0.0 (100% EtOAc).  mp 

200 oC (dec).  [α]24.6
D = 88.5 (c 1.00, MeOH).  1H NMR (D2O) 

δ (ppm):   3.07-3.11 (d, 4H, -CHAHA-CHX-, JAX = 7.27 Hz),  4.22-4.27 (t, 2H, -CHAHA-

CHX-, JAX = 7.23 Hz),   6.99-7.26  (m, 14 H, aromatics). 
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2(S)-Amino-N-[2-(2(R)-amino-3-tritylsulfanyl-propionylam-

ino)-phenyl]-3-phenyl-propionamide-bis-hydrochloride 

(2.2i):  Yield 93% (as a pale yellow solid).  Rf = 0.0 (100% 

EtOAc).  [α]D = + 60.7 (c 1.18, MeOH).  1H NMR (D2O) 

δ (ppm):  2.71-2.80 (m, 2H),  3.14 (dd, 1H, -CHAHB-CHX-, JBX = 8.6 Hz, JAB = 14.0 Hz),  

3.39 (dd, 1H, -CHAHB-CHX-, JAX = 5.9 Hz, JAB = 14.0 Hz),  7.18-7.59 (m, 24H, Ar-H). 

 

2(S)-Amino-N-[2-(2(S)-amino-3-phenyl-propionylamino)-ph-

enyl]-3-(1H-imidazol-4-yl)-propionamide-bis-hydro-chloride 

(2.2j):  Yield 69% (as a white powder).  Rf = 0.0 (100% EtOAc).  

mp > 250 oC (dec).  [α]24.9
D = + 73.7 (c 1.00 MeOH).  1H NMR 

(D2O) δ (ppm):  3.10 (d, 2H, -CHAHA-CHX-, JAX = 7.2 Hz),  3.27 (d, 2H, -CHAHA-CHX-, 

JAX = 6.8 Hz),  4.26 (t, 1H, -CHAHA-CHX-, JAX = 7.2 Hz),  4.32 (t, 1H, -CHAHA-CHX-, 

JAX = 7.0 Hz),  6.93-7.21 (m, 4H, Ar-H),  7.27 (s, 1H, Ar-H),  8.49 (s, 1H, Ar-H). 

 

2(S)-Amino-N-{2-[2(S)-amino-3-(1-benzyl-1H-imidazol-4-yl)-

propionylamino]-phenyl}-3-phenyl-propionamide-bis-hydro-

chloride (2.2k):  Yield 80% (as a white powder).  Rf = 0.0 

(100% EtOAc).  mp 203 oC (dec).  [α]34
D = 51.5 (c 1.00, 

MeOH).  1H NMR (d4-MeOH) δ (ppm):  3.14 (dd, 1H, -CHAHB-

CHX-, JBX = 7.3 Hz, JAB = 13.6 Hz),  3.26 (dd, 1H, -CHAHB-CHX-, JAX = 4.3 Hz, JAB = 

13.7 Hz),  3.44 (dd, 1H, -CHAHB-CHX-, JBX = 5.8 Hz, JAB = 14.9 Hz),  3.53 (dd, 1H, -

 

N

NH

O

NH3Cl

O

H

NH3Cl

Ph

SCPh3

 

N

NH

O

NH3Cl

O

H

NH3Cl

Im(H)

Ph

N

NH

O

NH3Cl

O

H

NH3Cl

Ph

N
N

Ph



 
 
 

128 
 
CHAHB-CHX-, JAX = 3.7 Hz, JAB = 15.3 Hz),  4.44(t, 1H, -CHAHB-CHX-, J = 7.3),  4.50 (t, 

1H, -CHAHB-CHX-, J = 7.3),  4.78 (s, 2H, CH2Ph),  6.98-7.70 (m, 11H, Ar-H).  13C NMR 

(d4-MeOH) δ (ppm):  CH2 27.8, 38.3,  CH 53.9, 56.2,  Aromatics: 122.6, 125.4, 126.9, 

127.1, 127.9, 128.9, 129.7, 129.9, 130.1, 130.2, 130.7, 131.8, 135.0, 135.6, 136.7,  -NH-

CO-R 167.5, 169.2.  HRMS-FAB (m / z):  [M+H]+ calcd for C28H31N6O2, 483.2508; 

found, 483.2512. 

 

2(S)-Amino-N-[(1R/S, 2R/S)-2-(2(S)-amino-3-phenyl-prop-

ion-yl-amino)-cyclohexyl]-3-phenyl-propionamide-bishydro-

chloride (2.11(R,R,S,S + S,S,S,S)):  The diastereomers were 

inseparable and the diastereomeric ratio was not known.  Yield 

87% (as a white powder).  Rf = 0.0 (100% EtOAc).  [α]29.6
D = 

64.8 (c 1.00, MeOH).  1H NMR (CDCl3) δ (ppm):  0.91-0.95 (m, 

2H, Cy-H),  1.09-1.16 (m, 2H, Cy-H),  1.51-1.59 (m, 2H, Cy-H),  

3.08 (dd, 2H, -CHAHB-CHX-NHM-, JAB = 13.7 z, JBX = 8.8 Hz),  

3.20 (dd, 2H, -CHAHB-CHX-NHM-, JAB = 13.7 Hz, JAX = 6.4 Hz),  3.43-3.46 (m, 2H, Cy-

H),  4.10 (dd, 2H, -CHAHB-CHX-NHM-, JBX = 8.3 Hz, JAX = 6.4 Hz),  7.22-7.25 (m, 4H, 

Ar-H),  7.34-7.39 (m, 6H, Ar-H).  13C NMR (d4-MeOH) δ (ppm):  CH2 25.3, 32.8, 38.5,  

CH 53.7, 55.7,  Aromatics:  CH 128.7, 130.0, 130.6;  C 135.6,  -NH-CO-R 169.2. 
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2(S)-Amino-N-[(1R, 2R)-2-(2(S)-amino-3-phenyl-propionyl-

amino)-cyclohexyl]-3-phenyl-propionamide-bishydrochloride 

(2.11(R,R,S,S):  Yield 77% (as a white powder).  Rf = 0.0 (100% 

EtOAc).  1H NMR (CDCl3) δ (ppm):  0.91-0.95 (m, 2H, Cy-H),  

1.09-1.16 (m, 2H, Cy-H),  1.51-1.59 (m, 2H, Cy-H),  3.08 (dd, 2H, -CHAHB-CHX-NHM-, 

JAB = 13.7 z, JBX = 8.8 Hz),  3.20 (dd, 2H, -CHAHB-CHX-NHM-, JAB = 13.7 Hz, JAX = 6.4 

Hz),  3.43-3.46 (m, 2H, Cy-H),  4.10 (dd, 2H, -CHAHB-CHX-NHM-, JBX = 8.3 Hz, JAX = 

6.4 Hz),  7.22-7.25 (m, 4H, Ar-H),  7.34-7.39 (m, 6H, Ar-H).  13C NMR (d4-MeOH) δ 

(ppm):  CH2 25.3, 32.8, 38.5,  CH 53.7, 55.7,  Aromatics:  CH 128.7, 130.0, 130.6;  C 

135.6,  -NH-CO-R 169.2. 
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General procedure for Schiff base formation (2.3x):  Compound 2.2x was suspended 

in 60 mL of CH2Cl2.  Benzophenone imine (2.05 eq.) was added in a single portion. The 

resultant slurry was stirred at room temperature for 12 hours.  Upon completion, the 

reaction mixture was diluted with 100 mL of CH2Cl2 and washed with saturated NaHCO3 

(3 x 100 mL) and saturated NaCl (1 x 100 mL).  The organic layer was taken, dried over 

K2CO3, filtered and concentrated in vacuo.  The crude material was purified by flash 

chromatography.   

 

2-(Benzhydrylidene-amino)-N-{2-[2-(benzhydrylidene-

amino) -acetylamino]-phenyl}-acetamide (2.3a):  Yield 49% 

(as a white solid).  Rf = 0.5 (10:90:1 EtOAc:PhCH3:NEt3).  [α]D 

= + 0.7 (c 1.5, CHCl3).  
1H NMR (CDCl3) δ (ppm):  4.09 (s, 4H),  

7.03-7.78 (m, 24H, Ar-H),  9.68 (s, 2H, amide NH).  13C-APT NMR (CDCl3) δ (ppm):  

CH2 56.7,  Aromatics: CH 124.8, 126.0, 127.0, 128.1, 128.5, 128.8, 128.9, 130.7;  C 

130.0, 135.9, 138.3,  -NH-CO-R 169.6,  -N=CPh2 170.4. 

 

2(S)-(Benzhydrylidene-amino)-N-{2-[2(S)-(benzhydrylidene-

amino)-propionylamino]-phenyl}-propionamide (2.3c):
12

  

Purified by flash chromatography (30:70:1 

EtOAc:Hexanes:NEt3).  Yield 45% (as a white solid).  Rf = 0.2 

(20:80:1 EtOAc:Hexanes:NEt3).  mp 180-181 °C.  [α]D = + 50.5 (c 0.56, CHCl3).  
1H 

NMR (CDCl3) δ (ppm):  1.36 (d, 6H, CH3, J = 6.9 Hz),  4.08 (q, 2H, CHα, J = 6.9 Hz),  

 

N

NH

O

N

O

H

N

Ph

Ph

Ph

Ph

 

N

NH

O

N

O

H

N

Ph

Ph

Ph

Ph



 
 
 

131 
 

7.05-7.77 (aromatics, 24H),  9.35 (s, 2H, amide NH).  13C-APT NMR (CDCl3) δ (ppm):  

CH3 20.9,  CHα 61.3,  Aromatics: CH 125.3, 126.0, 127.2, 128.0, 128.6, 130.5; C 130.2, 

135.5, 138.7,  -NH-CO-R 169.1,  -N=CPh2 173.2. 

 

2(S)-(Benzhydrylidene-amino)-N-{2-[2(S)-(benzhydrylidene-

amino)-3-phenyl-propionylamino]-phenyl}-3-phenyl-

propion-amide (2.3f):
12

  Purified by flash chromatography 

(10:90:1 EtOAc:PhCH3:NEt3).  Yield 77% (as a white solid).  Rf 

= 0.3 (1:4 EtOAc:Hexanes).  mp  80-82 oC.  [α]D = - 159.0 (c 1.00, CHCl3).  
1H NMR 

(CDCl3) δ (ppm):  (ABX :  3.09-3.14 (dd, 2H, -CHAHB-CHX-, JBX = 9.39 Hz, JAB = 13.0 

Hz),  3.26-3.29 (dd, 2H, -CHAHB-CHX-, JAX = 3.18 Hz, JAB = 13.1 Hz),  4.21-4.24 (dt, 

2H, -CHAHB-CHX-, JAX = 3.26 Hz, JBX = 9.39 Hz),  (aromatics, 34 H):  6.39-6.41 (d, J = 

7.23 Hz),  7.00-7.02 (dd, J = 1.88 Hz, J = 7.15 Hz),  7.15-7.29 (m), 7.32-7.35 (t, J = 7.47 

Hz),  7.46-7.48 (m),  7.61-7.63 (dd, J = 1.29 Hz, J = 7.44 Hz),  9.06 (s, 2H, amide NH).  

13C-APT NMR (CDCl3) δ (ppm):  CH2  41.7,  CHα 67.9,  Aromatics: CH 125.4, 126.0, 

126.3, 127.2, 128.0, 128.1, 128.2, 128.7, 130.0, 130.5; C 130.2, 135.3, 137.5, 138.7,  -

NH-CO-R 170.4,  -N=CPh2 171.7.  IR (KBr) 3327, 3056, 3025, 2916, 2846, 1950, 1885, 

1806, 1680, 1623, 1595, 1518, 1450, 1295, 1190, 1150, 1110, 1090, 1060, 1030, 1000, 

950, 910, 750, 700 cm-1. 
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2(S)-(Benzhydrylidene-amino)-N-{2-[2(R)-(benzhydrylidene-

amino)-3-mercapto-propionylamino]-phenyl}-3-phenyl-prop-

ionamide (2.3i):
12,72  2.3i-Trt (220 mg, 24 mmol) was dissolved 

in 8 mL of a 3:1 mixture of THF:MeOH.  1.1 mL of a 1.3 M 

sodium acetate in H2O solution was added.  Silver nitrate (80 mg, 47 mmol) was 

dissolved in 0.5 mL of H2O, further diluted with 1 mL of MeOH and added to the 

reaction.  A white precipitate formed immediately, but quickly dissipated.  The reaction 

was held at room temperature for 12 hours and became pale yellow in color.  The 

reaction was not complete by TLC at this point.  Silver nitrate (40 mg, 23 mmol) was 

added.  After 10 minutes the reaction had a permanent white precipitate.  4 mL of MeOH 

was added (to bring the THF:MeOH ratio to 1:1) and dissolve the precipitate.  1.1 mL of 

the 1.3 M sodium acetate solution was added.  Dithioerythritol (146 mg, 95 mmol) was 

added and a precipitate was immediately formed.  The reaction was allowed stir for 24 

hours.  The reaction mixture was filtered through a 1” plug of silica gel, which was 

washed with 100 ml of a 1:1 solution of EtOAc and hexanes.  The washings were 

evaporated under reduced pressure.  The crude product was purified by flash 

chromatography (20:80:1 EtOAc:Hexanes:NEt3).  Yield 49% (as a pale yellow solid).  Rf 

= 0.2 (20:80:1 EtOAc:Hexanes:NEt3).  [α]D = - 38.0 (c 1.00, CHCl3).  
1H NMR (CDCl3) 

δ (ppm): 2.35 (dd, 1H, -CHAHB-CHX-, JBX = 4.3 Hz, JAB = 11.6 Hz),  2.74 (dd, 1H, -

CHAHB-CHX-, JAX = 6.7 Hz, JAB = 11.6 Hz),  2.98 (dd, 1H, -CHAHB-CHX-, JBX = 9.4 Hz, 

JAB = 12.9 Hz),  3.16 (dd, 1H, -CHAHB-CHX-, JAX = 4.3 Hz, JAB = 13.1 Hz),  3.97 (d, 1H, 

-CHAHB-CHX-, JBX = 4.3 Hz, JAX = 6.6 Hz),  4.12 (dd, 1H, -CHAHB-CHX-, JBX = 2.8 Hz, 
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JAX = 9.7 Hz),  6.31-7.73 (m, 29H, Ar-H),  9.02 (s, 1H, amide NH),  9.21 (s, 1H, amide 

NH). 

 

2(S)-(Benzhydrylidene-amino)-N-{2-[2(S)-(benzhydrylidene-

amino)-3-phenyl-propionylamino]-phenyl}-3-(1H-imidazol-4-

yl)-propionamide (2.3j):  Purified by flash chromatography 

(starting with 50:50:1 EtOAc:Hexanes:NEt3 increasing polarity 

to 100:1 EtOAc:NEt3).  Yield 79% (as a white solid).  Rf = 0.7 (5:95 MeOH:DCM).  [α]D 

= - 108.7 (c 0.65, CHCl3).  
1H NMR (CDCl3) δ (ppm):  2.62 (dd, 1H, -CHAHB-CHX-, JBX 

= 5.1 Hz, JAB = 14.8 Hz),  2.92 (dd, 1H, -CHAHB-CHX-, JAX = 4.8 Hz, JAB = 14.6 Hz),  

3.08 (dd, 1H, -CHAHB-CHX-, JBX = 9.5 Hz, JAB = 13.0 Hz),  3.37 (dd, 1H, -CHAHB-CHX-, 

JAX = 3.1Hz, JAB = 13.1 Hz),  4.11 (t, 1H, -CHAHB-CHX-, JBX = 5.2 Hz),  4.31 (dd, 1H, -

CHAHB-CHX-, JAX =3.1 Hz, JBX = 9.3 Hz),  6.46-7.69 (m, 32H, Ar-H),  9.20 (s, 1H, 

amide NH),  9.25 (s, 1H, amide NH).  13C-APT NMR (CDCl3) δ (ppm):  CH2 31.4, 41.3,  

CH 65.4, 68.0,  Aromatics: CH 125.3, 125.9, 126.3, 127.2, 128.0, 128.1, 128.2, 128.4, 

128.5, 128.8, 129.9, 130.6, 130.8;  C 129.7, 130.4, 135.3, 137.4, 138.6, 138.9,  -NH-CO-

R  170.8, 171.3,  -N=CPh2 171.7, 172.0. 
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2(S)-(Benzhydrylidene-amino)-N-{2-[2(S)-(benzhydrylidene-

amino)-3-(1-benzyl-1H-imidazol-4-yl)-propionylamino]-

phen-yl}-3-phenyl-propionamide (2.3k):  Purified by column 

chromatography (100:1 EtOAc:NEt3).  Yield 79% (as an off-

white solid).  Rf = 0.25 (100% EtOAc).  mp 82-85 oC.  [α]D = -79.9 (c 1.00, CH3OH).  1H 

NMR (CDCl3) δ (ppm):  3.08 (dd, 1H, -CHAHB-CHX-, JBX = 9.3 Hz, JAB = 13.0 Hz),  3.13 

(dd, 1H, -CHAHB-CHX-, JAX = 4.7 Hz, JAB = 14.5 Hz),  3.15 (dd, 1H,  -CHAHB-CHX-, JBX 

= 7.3 Hz, JAB = 14.5 Hz),  3.23 (dd, 1H, -CHAHB-CHX-, JAX = 3.3 Hz, JAB = 13.0 Hz),  

4.20 (dd, 1H, -CHAHB-CHX-, JAX = 3.3 Hz, JBX = 9.3 Hz),  4.27 (dd, 1H, -CHAHB-CHX-, 

JAX = 4.7 Hz, JBX = 7.3 Hz),  4.93 (d, 2H, CH2Ph, J = 2.7 Hz),  6.38-7.81 (m, 36H, Ar-H),  

9.07 (s, 1H, amide NH),  9.13 (s, 1H, amide NH). ).  13C NMR (CDCl3) δ (ppm):  CH2 

34.3, 41.6, 50.6,  CH 66.2, 67.9,  Aromatics: CH 125.2, 125.4, 125.8, 126.2, 127.1, 127.2, 

127.3, 127.4, 127.5, 127.9, 128.1, 128.3, 128.4, 128.7, 130.0, 130.4;  C 135.4, 135.5, 

135.6, 136.2, 137.4, 137.5, 138.5, 138.7, 139.1,  -NH-CO-R 170.1,  -N=CPh2 171.7.  

HRMS-FAB (m / z):  [M+H]+ calcd for C54H47N6O2, 811.3761; found, 811.3760. 

 

2(S)-(Benzhydrylidene-amino)-N-{(1R, 2R)-2-[2(S)-(benzhyd-

rylidene-amino)-3-phenyl-propionylamino]-cyclohexyl}-3-ph-

enyl-propionamide (2.12(R,R,S,S)):  This compound was 

isolated as the major product (10:1) of a pair of diastereomers 

generated from the racemic trans-1,2-diaminocyclohexane starting material.  The 

diastereomers were inseparable until this point.  The compound was also formed from the 
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trans-1R,2R-diaminocyclohexane, using the same procedure.  The crude mixture was 

purified by flash chromatography (20:80:1 EtOAc:Hexanes:NEt3).  Yield 84% (as a white 

solid).  Rf = 0.1 (20:80 EtOAc:Hexanes).  [α]29
D = -256.0 (c 1.00, CHCl3).  1H NMR 

(CDCl3) δ (ppm):  1.21-1.38 (m, 4H, Cy-H),  1.69-1.77 (m, 2H, Cy-H),  2.05-2.08 (m, 

2H, Cy-H),  3.07 (dd, 2H, -CHAHB-CHX-NHM-, JAB = 12.7 Hz, JBX = 10.8 Hz),  3.45 (dd, 

2H, -CHAHB-CHX-NHM-, JAB = 12.9 Hz, JAX = 2.7 Hz),  3.87 (br s, 2H, Cy-H),  4.16 (dd, 

2H, -CHAHB-CHX-NHM-, JBX = 10.8 Hz, JAX = 2.9 Hz),  6.23-6.25 (m, 4H, Ar-H),  6.94-

6.97 (m, 4H, Ar-H),  7.09-7.40 (m, 18H, Ar-H),  7.26 (s, 2H, amide NH),  7.43-7.66 (m, 

4H, Ar-H).  13C NMR (CDCl3) δ (ppm):  CH2 24.6, 32.7, 41.9,  CH 52.7, 68.2,  

Aromatics: 126.1, 127.3, 128.0, 128.7, 130.0, 130.4, 135.4, 138.1, 138.9,  -NH-CO-R 

169.8,  -N=CPh2 173.2.  HRMS-FAB (m / z):  [M+H]+ calcd for C50H49N4O2, 737.3856; 

found, 737.3851. 

 

2(S)-(Benzhydrylidene-amino)-N-{(1S, 2S)-2-[2(S)-(benzhy-

drylidene-amino)-3-phenyl-propionylamino]-cyclohexyl}-3-

phenyl-propionamide (2.12(S,S,S,S)):  This was the minor 

component (1:10) of a pair of diastereomers generated from 

racemic trans-1,2-diaminocyclohexane.  The crude mixture was purified by flash 

chromatography (20:80:1 EtOAc:Hexanes:NEt3).  Yield 8% - one of two diastereomers 

formed (as an off-white solid).  Rf = 0.3 (20:80 EtOAc:Hexanes).  [α]26
D = + 22.8 (c 1.00, 

CHCl3).  
1H NMR (CDCl3) δ (ppm):  1.18-1.38 (m, 4H, Cy-H),  1.71-1.73 (m, 2H, Cy-

H),  1.95-1.99 (m, 2H, Cy-H),  2.93 (dd, 2H, -CHAHB-CHX-NHM-, JAB = 12.7 Hz, JBX = 
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8.8 Hz),  3.06 (dd, 2H, -CHAHB-CHX-NHM-, JAB = 13.2 Hz, JAX = 3.4 Hz),  3.70 (br s, 

2H, Cy-H),  3.96 (dd, 2H, -CHAHB-CHX-NHM-, JBX = 8.8 Hz, JAX = 3.4 Hz),  6.35 (d, 2H, 

Ar-H),  6.89-7.04 (m, 7H, Ar-H),  7.12-7.20 (m, 7H, Ar-H),  7.26-7.41 (m, 7H, Ar-H & 

amide NH),  7.46-7.61 (m, 7H, Ar-H),  7.79-7.82 (m, 0.4H, Ar-H).  13C NMR (CDCl3) δ 

(ppm):  CH2 24.7, 32.3, 41.3,  CH 52.6, 67.1, Aromatics: 126.2, 127.3, 127.9, 128.0, 

128.1, 128.3, 128.7, 130.2, 130.3, 135.5, 137.8, 139.2,  -NH-CO-R 169.9,  -N=CPh2 

172.3. 

 

Reduced Ligand 

2-(Benzhydryl-amino)-N-{2-[2-(benzhydryl-amino)-3-methyl-

butyrylamino]-phenyl}-3-methyl-butyramide (2.4):
18,73  

Lithium borohydride (137.2 mg, 6.3 mmol) was transferred to a 

50 mL round bottom flask in the glove box.  Distilled THF (10 

mL) was added and the mixture was allowed to stir at room temperature.  2.3e (500 mg, 

79 mmol) was dissolved in THF (10 mL) and added dropwise to the reaction flask.  A 

clear, colorless solution was formed.  The reaction was quenched with H2O (25 mL) and 

diluted with saturated NaHCO3 (100 mL).  The aqueous solution was extracted with 

DCM (4 x 50 mL).  The organic layer was dried over a 1:1 mixture of K2CO3 and 

MgSO4, filtered and concentrated under reduced pressure to a colorless oil.  The crude 

mixture was purified by flash chromatography (20:80 EtOAc:Hexanes).  Yield 74% (as 

an off white foam).  Rf = 0.2 (20:80:1 EtOAc:Hexanes:NEt3).  mp 55-60 oC.  [α]30.9
D = -

41.0 (c 1.00, CHCl3).  
1H NMR (CDCl3) δ (ppm):  0.91 (overlapping d, 12H, J = 7 Hz, γ-
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H),  2.05 (m, 2H, β-H),  2.17 (br s, 2H, amine N-H),  3.03 (d, 2H, J = 4.6 Hz, α-H),  7.20-

7.45 (m, 24H, Ar-H),  9.22 (s, 2H, amide NH).  13C NMR (CDCl3) δ (ppm):  CH3 18.1, 

19.6,  CH 31.9, 66.0, 66.2  Aromatics:  124.5, 125.8, 126.5, 127.2, 127.3, 127.5, 128.4, 

128.5, 128.6, 129.9,  -NHCHPh2 142.7, 143.4,  -NH-CO-R 173.3. 
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General procedure for preparation of mono-acylated amines (2.17a-c, 2.21a-b, 

2.25a-b):  Amine (1 eq.) was dissolved in DMF to give a 0.2 M solution.  DIEA (1.5 eq.) 

was added in a single portion and the reaction mixture cooled to 0 oC.  The Boc-amino 

acid (0.97 eq.) and BOP (1.25 eq.) were added in one portion. The reaction was held at 0 

oC for 45 minutes and was then allowed to warm to room temperature.  The reaction was 

monitored until complete conversion of starting material was observed by TLC.  The 

reaction was diluted with EtOAc (100 mL), washed with 1% NaHCO3 (1 x 200 mL), 

saturated NaHCO3 (2 x 200 mL), saturated NaCl (1 x 200 mL). The organic layer was 

dried over K2CO3, filtered and reduced to a foam in vacuo. 

 

[1(S)-(2-Amino-phenylcarbamoyl)-2-(1-benzyl-1H-imidazol-

4-yl)-ethyl]-carbamic acid tert-butyl ester (2.17b):   Purified 

by flash chromatography with 100% EtOAc to give a yield of 

80% (as an orange foam).  Rf = 0.2 (100% EtOAc).  1H NMR 

(CDCl3) δ (ppm):  1.46 (s, 9H, t-butyl CH3),  3.00 (dd, 1H, -

CHAHB-CHX-NHM-, JBX = 6.6 Hz, JAB = 14.8 Hz),  3.22 (dd, 1H, -CHAHB-CHX-NHM-, 

JAX = 3.9 Hz, JAB = 14.8 Hz),  3.87 (br s, 2H, Ar-NH2),  4.52 ( d, 1H, -CHAHB-CHX-

NHM-, JAX = 3.9 Hz, JBX = 6.6 Hz),  5.04 (s, 2H, CH2Ph),  6.45 (br s, 1H, CHAHB-CHX-

NHM),  6.68-7.34 (m, 9H, Ar-H),  7.46 (s, 1H, Ar-H),  8.51 (br s, 1H, amide NH).  13C 

NMR (CDCl3) δ (ppm):  CH3 28.3,  CH2 30.4, 50.8,  CH 55.1,  Me3-C-OR 80.0,  

Aromatics: CH 116.7, 117.4, 125.8, 127.0, 127.4, 128.3, 129.0;  C 123.0, 135.7, 138.3, 

141.2,  -NH-CO-OR  155.7,  -NH-CO-R 170.4. 
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 [1(S)-(Quinolin-8-ylcarbamoyl)-ethyl]-carbamic acid tert-

butyl ester (2.21b):  Purified by flash chromatography (3:7 

EtOAc:Hexanes).  Yield 58% (as a yellow solid).  Rf = 0.8 (1:1 

EtOAc:Hexanes).  mp 139-150 oC.  [α]25
D = -28.8 (c 1.00, 

CHCl3).  
1H NMR (CDCl3) δ (ppm):  1.49 (s, 9H, t-butyl CH3),  1.55 (d, 3H, CH3-CHX-

NHM-, J = 6.9 Hz),  4.52 (br s, 1H, CH3-CHX-NHM-),  5.26 (br s, 1H, CH3-CHX-NHM-), 

7.43-7.55 (m, 3H, Ar-H),  8.15 (dd, 1H, Ar-H, J = 8.2, 1.5 Hz),  8.74-8.81 (m, 2H, Ar-H),  

10.34 (s, 1H, amide NH).  13C NMR (CDCl3) δ (ppm):  CH3 18.6 (Ala), 28.2 (t-butyl),  

CH 51.2,  Me3-C-OR 79.9,  Aromatics: CH 116.4, 121.5, 121.6, 127.1, 136.1, 148.2; C 

127.7, 134.0, 138.4,  -NH-CO-OR  155.3,  -NH-CO-R 171.2.  HRMS-FAB+ (m / z):  

[M+H]+ calcd for C17H22N3O3, 316.1661; found, 316.1667.   

 

 [2-Phenyl-1(S)-(quinolin-8-ylcarbamoyl)-ethyl]-carbamic 

acid tert-butyl ester (2.21a):  Purified by flash chromatography 

(1:1 EtOAc:Hexanes).  Yield 84%.  Rf = 0.8 (60:40 

EtOAc:Hexanes).  [α]24.9
D = - 55.0 (c 1.00, CHCl3).  1H NMR 

(CDCl3) δ (ppm):  1.45 (s, 9H, t-butyl CH3),  3.26 (d, 2H, -CH2-CHX-NHM-, J = 6.3 Hz),  

4.72 (br s, 1H, -CH2-CHX-NHM-),  5.22 (br s, 1H, -CH2-CHX-NHM-),  7.19-7.27 (m, 5H, 

Ar-H of Phe), 7.40-7.57 (m, 3H, Ar-H of 8-aminoquinolinyl),  8.13 (dd, 1H, Ar-H of 8-

aminoquinolinyl, J = 8.2, 1.6 Hz),  8.71-8.72 (m, 1H, Ar-H of 8-aminoquinolinyl),  8.75 

(dd, 1H, Ar-H of 8-aminoquinolinyl, J = 6.4, 2.6 Hz),  10.19 (s, 1H, amide NH).  13C 

NMR (CDCl3) δ (ppm):  CH3 28.2,  CH2 38.4,  CH 56.6,  Me3-C-OR 80.0,  Aromatics: 
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CH 116.3, 121.4, 121.7, 126.7, 127.0, 128.5, 129.2, 135.9, 148.0; C 127.6, 133.7, 136.4, 

138.3,  -NH-CO-OR  155.2,  -NH-CO-R 169.8. 

 

 [1(S)-(2-Hydroxy-phenylcarbamoyl)-ethyl]-carbamic acid 

tert-butyl ester (2.25a):  Purified by flash chromatography on 

silica gel with 15:85 EtOAc:PhCH3.  Yield 85% (as an orange 

foam).  Rf = 0.5 (30:70 EtOAc:PhCH3) – has the same Rf as 2-

aminophenol, but stains differently with ninhydrin.  [α]23
D = -67.0 (c 1.0, CHCl3).  

1H 

NMR (d4-MeOH) δ (ppm):  1.41 (d, 3H, -CHA-CHX-, JAX = 7.3 Hz),  1.46 (s, 9H, t -butyl 

CH3),  4.21 (br q, 1H, -CHA-CHX-, JAX = 6.8 Hz),  6.77-6.85 (m, 2H, Ar-H),  6.96 (t of d, 

1H, Ar-H, J = 7.7, 1.5 Hz),  7.89 (br d, 1H, Ar-H, J = 7.8 Hz).  13C NMR (d4-MeOH) δ 

(ppm):  CH3 18.0, 28.7,  CH, 52.5,  Me3-C-OR 80.9,  Aromatics:  CH 116.1, 120.5, 

122.3, 126.1;  C 127.0, 148.8,  -NH-CO-OR  157.8,  -NH-CO-R 174.1. 
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General procedure for Boc deprotection of mono-acylated amines (2.18a-c, 2.22a-b, 

2.26a-b):  Compound 2.17a-c/2.21a-b/2.25a-b was dissolved in 50 mL of anhydrous 

MeOH and chilled to 0 oC.  In a separate flask 50 mL of MeOH was chilled to 0 oC.  

AcCl (2 eq.) was added slowly.  The resultant methanolic HCl solution was added to the 

chilled reaction mixture drop wise over 30 minutes.  The reaction mixture was allowed to 

warm to room temperature for 24 hours.  After all the starting material had been 

consumed, as judged by TLC, MeOH was removed under reduced pressure.  The residual 

HCl was removed by dissolving the residue in MeOH and subsequent concentration 

under reduced pressure (5 x 200 mL).  This material was placed in vacuo until a brittle 

foam was obtained, then triturated in Et2O until a fine suspension was achieved.  The HCl 

salt was collected by filtration and was dried overnight under vacuum, over P2O5. 

 

2(S)-Amino-N-quinolin-8-yl-propionamide hydrochloride 

(2.22b):  Yield 99% (as a yellow powder).  Rf = 0.0 (100% 

EtOAc).  [α]33.8
D = 10.2 (c 1.00, MeOH).  1H NMR (d4-MeOH) 

δ (ppm):  1.78 (d, 3H, -CHA-CHX-, JAX = 7.2 Hz),  4.49 (q, 1H, -

CHA-CHX-, JAX = 7.1 Hz), 7.99 (t, 1H, Ar-H, J = 8.1 Hz), 8.13 (dd, 1H, Ar-H, J = 8.0, 5.8 

Hz),  8.25-8.28 (m, 2H, Ar-H),  9.20-9.23 (m, 2H, Ar-H).  HRMS-FAB+ (m / z):  [M+H]+ 

calcd for C12H14N3O, 216.1137; found, 216.1134.   
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2(S)-Amino-3-phenyl-N-quinolin-8-yl-propionamide hydro-

chloride (2.22a):  Yield 98% (as a yellow solid).  Rf = 0.0 

(100% EtOAc).  1H NMR (D2O) δ (ppm):  3.23 (dd, 1H, -

CHAHB-CHX-, JAB = 13.8 Hz, JAX = 8.1  Hz),  3.33 (dd, 1H, -

CHAHB-CHX-, JAB = 13.8 Hz, JBX = 7.1 Hz),  4.48 (dd, 1H, -CHAHB-CHX-, JAX = 8.0 Hz, 

JBX = 7.1 Hz),  7.24-7.35 (m, 5H, Ar-H),  7.51 (dd, 1H, J = 1.0, 7.6 Hz, Ar-H),  7.73 (t, 

1H, J = 8.3 Hz, Ar-H),  7.89 (dd, 1H, J = 5.9, 7.9 Hz, Ar-H), 8.07 (dd, 1H, J = 1, 8.4 Hz, 

Ar-H),  8.90-8.93 (m, 2H, Ar-H, Ar-H).  13C NMR (D2O) δ (ppm):  CH2 36.6,  CH 54.8,  

Aromatics: 122.1, 126.0, 128.0, 128.9, 129.2, 129.4, 129.5, 131.5, 133.4, 134.0, 145.4, 

147.2,  -NH-CO-R 169.8. 

 

2(S)-Amino-N-(2-hydroxyphenyl)propanamide 

hydrochloride (2.26a):  Yield 100% (as a purple powder).  Rf = 

0.0 (100% EtOAc).  mp 223-225 oC.  [α]22
 D = + 3.2 (c 1.00, 

MeOH).  1H NMR (d4-MeOH) δ (ppm):  1.67 (d, 3H, -CHA-

CHX-, JAX = 7.1 Hz),  4.31 (q, 1H, -CHA-CHX-, JAX = 7.1 Hz),  6.97-7.04 (m, 2H, Ar-H),  

7.23 (t, 1H, Ar-H, J = 7.8 Hz),  7.48 (d, 1H, Ar-H, J = 7.8 Hz).  13C NMR (D2O) δ (ppm):  

CH3 16.8,  CH 49.7,  Aromatics: 116.6, 120.8, 123.3, 125.7, 128.2, 149.3,  -NH-CO-R 

170.0.  MS-ESI (m / z):  [M+H]+  181.0 (100). 
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General procedure for Schiff base formation of mono-acylated compounds (2.19a-c, 

2.23a-b, 2.27a-b):  Compound 2.18a-c/2.22a-b/2.26a-b was suspended in 60 mL of 

CH2Cl2.  Benzophenone imine (1.05 eq.)* was added in a single portion. The resultant 

slurry was stirred at room temperature for 12 hours.  Upon completion, the reaction 

mixture was diluted with 100 mL of CH2Cl2 and washed with saturated NaHCO3 (3 x 100 

mL) and saturated NaCl (1 x 100 mL).  The organic layer was taken, dried over K2CO3, 

filtered and concentrated in vacuo. 

 

* In the cases where the amine backbone was o-phenylenediamine 2.18a-c, 1.97 

equivalents of benzophenone imine were added to the reaction. 

 

2(S)-(Benzhydrylidene-amino)-N-quinolin-8-yl-propionamide 

(2.23b):  Purified by flash chromatography (15:85:1 

EtOAc:Hexanes:NEt3).  Yield 61% (as an off-white solid).  Rf = 

0.4 (20:80:1 EtOAc:Hexanes:NEt3).  mp 144-146 oC.  [α]28.6
D = -

35.9 (c 1.000, CHCl3).  
1H NMR (CDCl3) δ (ppm):  1.55 (d, 3H, -CHA-CHX-, JAX = 7.0 

Hz),  4.19 (q, 1H, -CHA-CHX-, JAX = 6.9 Hz),  7.20-7.26 (m, 3H, Ar-H),  7.46-7.55 (m, 

8H, Ar-H),  8.04-8.08 (m, 2H, Ar-H),  8.18 (dd, 1H, Ar-H, J = 8.2, 1.6 Hz),  8.81 (dd, 1H, 

Ar-H, J = 6.7, 2.2 Hz), 8.97 (dd, 1H, Ar-H, J = 4.0, 1.6),  11.82 (s, 1H, amide NH).  13C 

NMR (CDCl3) δ (ppm):  CH 21.1,  CH3 62.2,  Aromatics: CH 116.3, 121.4, 121.5, 127.3, 

127.4, 128.1, 128.6, 128.8, 129.0, 130.5, 136.1, 148.3; C 128.0, 134.5, 135.7, 139.0, 
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139.2,  -NH-CO-R 168.8,  -N=CPh2 172.7.  HRMS-FAB+ (m / z):  [M+H]+ calcd for 

C25H22N3O, 380.1763; found, 380.1763. 

 

2(S)-(Benzhydrylidene-amino)-3-phenyl-N-quinolin-8-yl-

propionamide (2.23a):  Purified by flash chromatography 

(20:80:1 EtOAc:Hexanes:NEt3).  Yield 42% (as a white solid).  

Rf = 0.4 (60:40:1 EtOAc:Hexanes:NEt3).  1H NMR (CDCl3) 

δ (ppm):  3.25 (dd, 1H, -CHAHB-CHX-, JAB = 13.0 Hz, JAX = 9.9 Hz),  3.42 (dd, 1H, -

CHAHB-CHX-, JAB = 13.1 Hz, JBX = 3.2 Hz),  4.32 (dd, 1H, -CHAHB-CHX-, JAX = 9.9 Hz, 

JBX = 3.2 Hz),  6.36 (d, 1H, Ar-H, J = 6.9 Hz),  7.13-7.82 (m, 17H, Ar-H),  7.94 (dd, 1H, 

Ar-H of 8-aminoquinolinyl, J = 7.5, 1.9 Hz),  8.15 (dd, 1H, Ar-H of 8-aminoquinolinyl, J 

= 8.2, 1.5 Hz),  8.81 (dd, 1H, Ar-H of 8-aminoquinolinyl, J =7.1, 1.8 Hz),  8.86 (dd, 1H, 

Ar-H of 8-aminoquinolinyl, J = 4.2, 1.5 Hz),  11.47 (s, 1H, amide NH). 

 

2(S)-(Benzhydrylidene-amino)-N-(2-hydroxyphenyl)propan-

amide (2.25a):  Purified by flash chromatography on silica gel 

(10:90:1 EtOAc:Hexanes:NEt3).  Yield 65% (as an off-white 

powder).  Rf = 0.2 (10:90 EtOAc:Hexanes).  [α]23
D = +35.6 (c 

1.00, CHCl3).  
1H NMR (CDCl3) δ (ppm):  1.40 (d, 3H, -CHA-CHX-, JAX = 6.8 Hz),  4.16 

(q, 1H, -CHA-CHX-, JAX = 6.8 Hz),  6.88 (t of d, 1H, Ar-H, J = 7.6, 1.0 Hz),  7.04 ( t of d, 

2H, Ar-H, J = 7.1, 1.1 Hz),  7.12 (dd, 1H, Ar-H, J = 7.2, 1.3 Hz),  7.16-7.19 (m, 2H, Ar-

H),  7.38-7.52 (m, 6H, Ar-H),  7.68 (d, 2H, Ar-H),  9.48 (s, 1H),  9.50 (s, 1H).  13C NMR 
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(CDCl3) δ (ppm):  CH3 20.8,  CH 60.6,  Aromatics:  CH 119.4, 120.1, 121.9, 126.8, 

127.2, 128.3, 128.4, 128.8, 129.0, 131.0;  C 125.3, 135.2, 138.6, 148.4,  -NH-CO-R 

169.8,  -N=CPh2 174.0.  MS-ESI (m / z):  [M+H]+  345.1 (100). 
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General procedure for preparation of Nickel(II) compounds:  In a 100 ml glass round 

bottom flask equipped with a reflux condenser, 2.3a-n (1 eq.) was dissolved in methanol 

or THF to give a 0.2 M solution.  NiBr2 (1.1eq.) was added and the slurry was heated to 

reflux.  Triethylamine (2.5 eq.) was added to the refluxing solution.  An immediate 

darkening of the reaction was observed to a deep red color.  Reflux was continued for 24 

hours.  The progress of the reaction was monitored by TLC.  The mother liquor was 

concentrated to a solid under reduced pressure.  The brown residue was dissolved in 

methylene chloride (50 mL) and washed with a 1% NaHCO3 solution (1 x 50 mL) and 

saturated NaHCO3 solution (3 x 50 mL).  The organic layer was dried over anhydrous 

CaCl2 or K2CO3, filtered and stripped to a solid. 

 

2-(Benzhydrylidene-amino)-N-{2-[2-(benzhydrylidene-amin-

o)-acetylamino]-phenyl}-acetamide-nickel(II)-complex (3.1a-

Ni):  The ligand 2.3a has a low solubility in MeOH and/or THF, 

so the reaction run with CH2Cl2 as the solvent.  The crude 

product was purified by flash chromatography (70:30 

EtOAc:PhCH3), followed by vapor recrytallization from EtOAc and CH2Cl2).  Yield 86% 

(as a brick red crystalline solid).  Rf = 0.3 (70:30 EtOAc:Hexanes).  [α]D = - 280.1 (c 

0.43, CH2Cl2).  
1H NMR (CDCl3) δ (ppm):  3.57 (d, 2H, -CHAHB-, JAB = 17.1 Hz),  4.31 

(d, 2H, -CHAHB-, JAB = 17.1 Hz),  6.10-6.54 (br m, 4H, Ar-H),  6.85–6.90 (m, 2H, Ar-H),  

7.20-7.26 (m, 4H, Ar-H),  7.34-7.39 ( m, 2H, Ar-H),  7.68 (br s, 3H, Ar-H),  7.76-7.80 

(m, 3H, Ar-H),  8.16-8.22 (m, 2H, Ar-H). 13C NMR (CDCl3) δ (ppm):  CH2 66.3,  
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Aromatics: 119.8, 122.2, 128.5, 130.5, 131.2, 131.7, 134.6, 140.4, 142.6,  -NH-CO-R 

172.1,  -N=CPh2 178.9. 

 

2(S)-(Benzhydrylidene-amino)-N-{2-[2(S)-

(benzhydrylidene-amino)-3-phenyl-propionylamino]-

phenyl}-3-phenyl-propio-namide-nickel(II)-complex (3.1f-

Ni):
12

   Purified by flash chromatography (70:30 PhH:EtOAc) 

and subsequent vapor crystallization (EtOAc and hexanes). Yield 65% (as maroon 

crystals).  Rf = 0.5 (3:2 EtOAc:Hexanes).  mp > 200 °C (dec).  [α]D = - 486 (c 2.87x10-5 

(2.87x10-3 g / 100 mL), MeOH).  1H NMR (CDCl3) δ (ppm):  2.4-2.5 (dd, 2H, JAX= 12 

Hz,  JBX = 3.2 Hz,),  3.8-4.0 (m, 4 H),  6.3-8.5 (m, 34 H).  13C NMR (CDCl3) 

δ (ppm): 182, 174, 119 - 142, 78, 44.  IR (KBr pellet) 3056, 1642, 1570, 1483, 1448, 

1373, 1029, 749, 705 cm—1.  UV (DCM) λmax (ε):  234 (ε = 33,670 M-1 cm-1, A = 2.002),  

254 (ε = 31,954 M-1 cm-1, A = 1.90),  370 (ε = 4901 M-1 cm-1, A = 0.29141) nm.  HRMS-

FAB (m / z):  [M+H]+ calcd for C50H41N4O2Ni, 787.2583; found 787.2603. 

 

2(S)-(Benzhydrylidene-amino)-N-{2-[2(S)-

(benzhydrylidene-amino)-acetylamino]-phenyl}-3-phenyl-

propionamide-nickel (II)-complex (3.1b-Ni):  Purified by 

flash chromatography (starting with 100% DCM up to 50:50 

EtOAc:DCM).  Yield 86% (as maroon crystals).  Rf = 0.3 (1:1 EtOAc:Hexanes).  13C 

NMR (CDCl3) δ (ppm):  CH2 45.4, 66.9,  Aromatics: CH 119.8, 122.3, 126.7, 128.2, 
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128.9, 129.2, 130.3, 130.6, 131.1, 131.7;  C 135.3, 136.3, 136.6, 140.2, 140.7,  -NH-CO-

R 172.1, 174.6,  -N=CPh2 180.1. 

 

2(S)-(Benzhydrylidene-amino)-N-{2-[2(S)-(benzhydrylidene-

amino)-3-hydroxy-propionylamino]-phenyl}-3-hydroxy-

prop-ionamide-nickel(II)-complex (3.1g-Ni):
12  Due to the 

greater solubility of 2.3g, the reaction gave better results using 

MeOH as the solvent.  The crude product was purified by flash chromatography (starting 

with 70:30 EtOAc:Hexanes up to 100% EtOAc), with subsequent vapor recrystallization 

from EtOAc and DCM.  Yield 63% (as maroon crystals).  Rf = 0.5 (100% EtOAc).  

[α]24.6
D = + 564.6 (c 0.25, MeOH). 

 

Acetic acid 2(S)-{2-[3-acetoxy-2(S)-(benzhydrylidene-amino)-

propionylamino]-phenylcarbamoyl}-2-(benzhydrylidene-ami-

no)-ethyl-ester-nickel(II)-complex (3.1n-Ni):  3.1g-Ni (100 

mg, 0.15 mmol) was dissolved in 3 mL of pyridine.  Acetic 

anhydride (0.14 mL, 1.5 mmol) was added dropwise to the solution and washed down 

with 2 mL of pyridine.  The reaction was allowed to stir for 12 hours at room 

temperature.  The solution was diluted with EtOAc (50 mL) and washed with 1% 

NaHCO3 (2 x 75 mL), followed by saturated NaHCO3 (1 x 75 mL).  The organic layer 

was dried over K2CO3, filtered and concentrated to a solid under reduced pressure.  The 

crude product was purified by flash chromatography (1:1 EtOAc:Hexanes).  Yield 96% 
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(as maroon crystals).  Rf = 0.4 (60:40 EtOAc:Hexanes).  [α]D = + 228.0 (c 0.80, MeOH).  

1H NMR (CDCl3) δ (ppm):  2.10 (s, 6H),  3.85 (t, 2H, -CHAHB-CHX-, JAX = 5.2 Hz, JBX = 

5.4 Hz),  4.32 (dd, 2H, -CHAHB-CHX-, JBX = 5.4 Hz, JAB = 11.4 Hz),  4.50 (dd, 2H,  -

CHAHB-CHX-, JAX = 5.2 Hz, JAB = 11.4 Hz),  6.40-8.28 (m, 24H, Ar-H).  13C NMR 

(CDCl3) δ (ppm):  CH3 21.0,  CH2 67.4,  CH 75.7,  Aromatics: CH 119.6, 122.4, 126.9, 

128.7, 129.0, 130.3;  C 136.9, 139.8, 142.5,  -NH-CO-R  170.3,  -N=CPh2 172.4,  -CO-

CH3 184.1. 

 

2(S)-(Benzhydrylidene-amino)-N-{2-[2(S)-(benzhydrylidene-

amino)-3-(1-benzyl-1H-imidazol-4-yl)-propionylamino]-

phen-yl}-3-phenyl-propionamide-nickel(II)-complex (3.1k-

Ni):  Purified by flash chromatography (starting with 1:1 

EtOAc:CHCl3, increasing to 90:10 EtOAc:MeOH), with subsequent recrystallization 

from EtOAc.  Yield 94% (as an orange/brown powder).  Rf = 0.3 (90:10 EtOAc:MeOH).  

[α]34.2
D = + 184.0 (c 0.25, MeOH).  HRMS-FAB+ (m / z):  [M+H]+ calcd for 

C54H45N6O2Ni, 867.0930; found, 867.2961. 
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General procedure for preparation of Copper(II) compounds:  In a 25 mL round 

bottom flask the ligand 2.3a-n (1 eq.) was suspended in MeOH (or DMF) to give a 0.4 M 

solution.  Cupric chloride (CuCl2)* (1.1 eq.) was added to the reaction vessel and washed 

down with enough MeOH (or DMF) to yield a 0.2 M solution.  Freshly distilled 

diazobicyclo-[5.4.0]-undecane (DBU, 2.5 eq.) was added in a single portion.  After the 

reaction was complete by monitoring by TLC, it was diluted with EtOAc (50mL).  Then 

washed with 1% NaHCO3 (2 x 50 mL), saturated NaHCO3 (1 x 50 mL).  The organic 

layer was dried with K2CO3, filtered and concentrated to a brown solid under reduced 

pressure. 

* The copper(II) chloride hydrate was dehydrated by heating to 50 oC, under vacuum 

over P2O5.  There is a color change from the green hydrate to the brown dehydrate.  The 

anhydrous cupric chloride was stored in a desiccator.   

 

2(S)-(Benzhydrylidene-amino)-N-{2-[2(S)-(benzhydrylidene-

amino)-3-phenyl-propionylamino]-phenyl}-3-phenyl-

propion-amide-copper(II)-complex (3.1f-Cu):
12  Purified by 

flash chromatography (60:40 EtOAc:Hexanes), followed by 

recrystallization from EtOAc and hexanes.  Yield 92% (as a brown powder).  Rf = 0.2 

(50:50 EtOAc:Hexanes).  mp > 200 ˚C (dec).  [α]29.9
D= - 1824.0 (c 0.025, CHCl3).  IR 

(KBr pellet) 3056, 2925, 1623, 1570, 1474, 1460, 1380, 1291, 758, 700 cm-1.  UV 

(DCM) λmax (ε):  222 (ε = 41,834 M-1 cm-1, A = 1.0153),  244 (ε = 47,005 M-1 cm-1, A = 

1.1408),  272 (ε = 32,528 M-1 cm-1, A = 0.78946),  340 (ε = 3496 M-1 cm-1, A = 0.08485) 
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nm.  HRMS-FAB+ (m / z):  [M+H]+ calcd for C50H41N4O2Cu, 792.2625; found, 

792.2502. 

 

2(S)-(Benzhydrylidene-amino)-N-{2-[2(S)-(benzhydrylidene-

amino)-3-(1-benzyl-1H-imidazol-4-yl)-propionylamino]-

phen-yl}-3-phenyl-propionamide-copper(II)-complex (3.1k-

Cu):  Purified by flash chromatography (100% EtOAc).  Yield 

95% (as a green powder).  Rf = 0.2 (100% EtOAc).  [α]27.5
D = - 1140.3 (c 0.05, CHCl3).  

HRMS-FAB+ (m / z):  [M+2H]+ calcd for C54H46N6O2Cu, 873.2978; found, 873.3002. 
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Manganese(II) complexes 

 

2(S)-(Benzhydrylidene-amino)-N-{2-[2(S)-(benzhydrylidene-

amino)-3-(1-benzyl-1H-imidazol-4-yl)-propionylamino]-

phen-yl}-3-phenyl-propionamide-manganese(II)-complex 

(3.1k-Mn):
74  Ligand 2.3k (300 mg, 0.37 mmol) was dissolved 

in MeOH (3 mL) and chilled to 0 oC.  Lithium hexamethyldisilazine (LiHMDS, 81 µL of 

a 1.0 M THF solution, 0.0081 mmol).  The reaction turned pale yellow and was held at 0 

oC for 20 minutes.  The reaction was then allowed warm to room temperature.  

Manganese(II) diacetate tetra-hydrate (Mn(OAc)2.4H2O, 10 mg, 0.041 mmol) was 

dissolved in MeOH (2 mL) and added dropwise to the reaction.  There was an immediate 

color change to a deep red/brown.  The solvent was removed under reduced pressure.  

Excess, unreacted ligand was removed by trituration in diethyl ether, followed by 

filtration and evaporation.  The crude product was purified by vapor recrystallization 

from DCM and diethyl ether.  Yield 61% (as a brown powder).  Rf = 0.0 (1:9 

EtOAc:Hexanes).  [α]29.7
D = - 127.0 (c 0.25, MeOH).  HRMS-FAB+ (m / z):  [M+H]+ 

calcd for C54H45N6O2Mn, 864.2984; found, 864.4778.  
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Cobalt(II) complexes 

 

2(S)-(Benzhydrylidene-amino)-N-{2-[2(S)-(benzhydrylidene-

amino)-3-(1-benzyl-1H-imidazol-4-yl)-propionylamino]-

phen-yl}-3-phenyl-propionamide-cobalt(II)-complex (3.1k-

Co):  Ligand 2.3k (100 mg, 0.12 mmol) and cobalt(II) chloride 

(17.6 mg, 0.14 mmol) were dissolved in distilled, degassed MeOH (10 mL) to give a pale 

pink solution.  The reaction was allowed to stir at room temperature.  Freshly distilled 

diazobicyclo-[5.4.0]-undecane (DBU, 46 µL, 0.31 mmol) was added in a single portion.  

The reaction color immediately changed to a deep wine red.  The reaction mixture was 

concentrated under reduced pressure and purified by flash chromatography (starting with 

100% EtOAc, increasing to 9:1 EtOAc:MeOH).  Note that degassed solvents were used 

for chromatography to reduce oxygen binding.  Yield 80% (as a midnight blue solid).  Rf 

= 0.3 (1:9 MeOH:EtOAc).  [α]32.7
D = - 183.0 (c 0.025, MeOH).  HRMS-FAB+ (m / z):  

[M+H]+ calcd for C54H45N6O2Co, 868.2936; found, 868.5425. 
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General procedure for preparation of Palladium(II) compounds:  In a 100 ml glass 

round bottom flask 2.3a-n (1 eq.) was dissolved in methanol or THF to give a 0.2 M 

solution.  PdCl2(CH3CN)2* (1.1eq.) was added and the slurry was stirred at room 

temperature.  Diazobicyclo-[5.4.0]-undecane (DBU, 2.5 eq.) was added to the refluxing 

solution.  Reflux was continued for 12-24 hours.  The progress of the reaction was 

monitored by TLC.  The mother liquor was stripped to a solid under reduced pressure.  

The residue was dissolved in methylene chloride (100 mL) and washed with a 1% 

NaHCO3 solution (2 x 50 mL) and saturated NaHCO3 solution (2 x 50 mL).  The organic 

layer was dried over anhydrous K2CO3, filtered and stripped to a solid. 

*  PdCl2.xH2O and anhydrous PdCl2 were also used with similar results, although the 

reactions with PdCl2.xH2O were black in color and workup was more difficult. 

 

2-(Benzhydrylidene-amino)-N-{2-[2-(benzhydrylidene-

amino) acetylamino]-phenyl}-acetamide-palladium(II)-

complex (3.1a-Pd):  The crude product was purified by flash 

chromatography (1:1 EtOAc:Hexanes).  Yield 27% (as yellow 

solid).  Rf = 0.3 (50:50 EtOAc:Hexanes).  [α]31.5
D = + 54.4 (c 

0.05, CHCl3).  
1H NMR (CDCl3) δ (ppm):  4.10 (d, 2H, -CHAHB-, JAB = 17.4 Hz),  4.69 

(d, 2H, -CHAHB-, JAB = 17.4 Hz),  6.69 (d, 4H, Ar-H, J = 7.8 Hz),  6.92–6.95 (m, 2H, Ar-

H),  7.29-7.34 (m, 4H, Ar-H),  7.39-7.48 (m, 7H, Ar-H),  7.61-7.66 (m, 2H, Ar-H),  7.92 

(d, 3H, Ar-H, J = 7.3 Hz),  8.28-8.32 (m, 2H, Ar-H). 13C NMR (CDCl3) δ (ppm):  CH2 

68.8,  Aromatics: 121.0, 122.8, 127.0, 128.5, 128.8, 131.0, 131.1, 132.0, 134.1, 139.3, 
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143.7,  -NH-CO-R 171.7,  -N=CPh2 176.4.  HRMS-FAB (m / z):  [M+H]+ calcd for 

C36H29N4O2Pd, 655.1339; found, 655.1333. 

 

2(S)-(Benzhydrylidene-amino)-N-{2-[2(S)-(benzhydrylidene-

a-mino)-propionylamino]-phenyl}-propionamide-

palladium(II)-complex (3.1c-Pd):  Purified by flash 

chromatography (1:1 EtOAc:Hexanes).  Yield 45% (as yellow 

crystals).  Rf = 0.3 (3:2 EtOAc:Hexanes).  [α]31.4
D = + 265.3 (c 

0.05, CHCl3).  
1H NMR (CDCl3) δ (ppm):  1.93 (d, 6H, -CH3(A), JAX = 6.8 Hz),  4.13 (q, 

2H, -CHX, JAX = 6.8 Hz),  6.68 (dd, 4H, Ar-H, J = 7.9, 1.6 Hz),  6.89-6.94 (m, 2H, Ar-H),  

7.30-7.42 (m, 10H, Ar-H),  7.58-7.63 (m, 2H, Ar-H),  7.70 (d, 4H, Ar-H, J = 7.1 Hz),  

8.41-8.44 (m, 2H, Ar-H).  13C NMR (CDCl3) δ (ppm):  CH2 24.6,  CH 75.6,  Aromatics: 

CH 120.6, 122.8, 126.4, 128.0, 128.7, 129.9, 130.3, 131.0; C 135.8, 138.9, 144.1,  -NH-

CO-R 175.9,  -N=CPh2 177.7.  HRMS–FAB (m / z):  [M+H]+ calcd for C38H32N4O2Pd, 

683.1653; found, 683.1625. 

 

2(S)-(Benzhydrylidene-amino)-N-{2-[2(S)-(benzhydrylidene-

amino)-3-phenyl-propionylamino]-phenyl}-3-phenyl-

propion-amide-palladium(II)-complex (3.1f-Pd):  Purified by 

flash chromatography (starting with 1:4 EtOAc:Hexanes, 

increasing to 1:1 EtOAc:Hexanes).  Yield 81% (as yellow crystals).  Rf = 0.5 (1:1 

EtOAc:Hexanes).  [α]22.2
D = - 370.0 (c 0.003, MeOH).  1H NMR (CDCl3) δ (ppm):  2.84 
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(dd, 2H, -CHAHB-CHX-, JBX = 5.6 Hz, JAB = 13.5 Hz),  3.74 (dd, 2H, -CHAHB-CHX-, JAX 

= 8.1 Hz, JAB = 13.5 Hz),  4.48 (dd, 2H, -CHAHB-CHX-, JAX = 8.1 Hz, JBX = 5.8 Hz),  

6.69 (dd, 8H, Ar-H, J = 7.2, 1.8 Hz),  6.88-6.92 (m, 2H, Ar-H),  7.07-7.13 (m, 6H, Ar-H 

of CH2Ph),  7.27-7.32 (m, 4H, Ar-H),  7.37-7.42 (m, 2H, Ar-H),  7.50-7.55 (m, 4H, Ar-H 

of CH2Ph),  7.86 (d, 4H, Ar-H, J = 7.1 Hz),  8.33-8.37 (m, 2H, Ar-H).  13C NMR (CDCl3) 

δ (ppm):  CH2 43.5,  CH 80.4,  Aromatics: CH 120.5, 122.4, 126.5, 127.1, 128.0, 128.3, 

128.5, 129.0, 129.8, 130.1, 131.3; C: 135.8, 136.2, 139.9, 143.8,  -NH-CO-R 173.2,  -

N=CPh2 178.1.  HRMS-FAB (m / z):  [M+H]+ calcd for C50H41N4O2Pd, 835.2282; 

found, 835.2267. 

 

2(S)-(Benzhydrylidene-amino)-N-{2-[2(S)-(benzhydrylidene-

amino)-3-(1-benzyl-1H-imidazol-4-yl)-propionylamino]-

phen-yl}-3-phenyl-propionamide-palladium(II)-complex 

(3.1k-Pd):  Purified by flash chromatography (starting with 1:1 

EtOAc:Hexanes, increasing to 100% EtOAc).  Yield 30% (as a yellow solid).  Rf = 0.1 

(100% EtOAc).  [α]31.5
D = + 60.2 (c 0.05, CHCl3). 
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Miscellaneous compounds. 

 

Cyclohex-2-enyl benzoate (5.2):
75  Cyclohex-2-enol (0.5 mL, 

5.1 mmol), diisopropylethylamine (DIEA, 1.77 mL, 10 mmol), 

4-dimethylamino pyridine (DMAP, 0.0622 mg, 0.051 mmol) 

were dissolved in DCM (4 mL) and chilled to 0 oC.  Benzoyl 

chloride (0.71 mL, 6.1 mmol) was added in a single portion.  The reaction immediately 

changed from colorless to yellow.  The reaction mixture was washed with 1 M HCl.  The 

aqueous layer was extracted with DCM (2 x 25 mL).  The organic layer was washed with 

saturated NaHCO3 (2 x 25 mL), dried over MgSO4, filtered and concentrated to an orange 

oil under reduced pressure.  The crude product was purified by flash chromatography 

(5:95 EtOAc:Hexanes).  Yield 90% (as a clear, colorless oil).  Rf = 0.3 (5:95 

EtOAc:Hexanes). 

 

General procedure for allylic oxidation of cyclohexene to cyclohex-2-enyl benzoate:  

In a 10 mL round bottom flask equipped with a reflux condenser cyclohexene 5.1 (1.0 

mL, 10 mmol), copper (I or II) salt (0.02-0.2 mmol, 1-10 mol %) and a chiral ligand (0.1-

0.5 mmol) were dissolved in CH3CN (5 mL).  The reaction was heated to reflux.  t-Butyl 

peroxybenzoate (0.39 mL, 2 mmol) was added in a single portion.  The reaction was 

monitored by TLC until the t-butyl peroxybenzoate was consumed.  Upon completion the 

reaction mixture was washed with 1% NaHCO3 (50 mL).  The aqueous layer was 

extracted with diethyl ether (2 x 25 mL).  The organic layer was washed with 1% NaCl (1 
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x 25 mL),  dried over MgSO4, filtered and concentrated to an oil under reduced pressure.  

The crude reaction mixture was purified by flash chromatography (30:70 DCM:Hexanes) 

or by vacuum distillation.  Yield 87% (as a clear, colorless oil).  The enantiopurity of 

reaction was determined by one of two methods.  Either by (a) chiral gas chromatography 

(GC) – β-PM column, 1 mL/min flow, 40°C to 140°C at 1 K/min or (b) chiral HPLC – 

Chiralcel OD column, 0.1:99.9 IPA:Hexane, 1 mL/min flow rate.     the For physical and 

spectral data, see above. 

 

Notes: 

1. When the chiral ligand and metal are pre-complexed no excess of chiral ligand 

was added.  

2. Benzoic acid (366 mg, 0.3 mmol) was added as an additive in some reactions. 

 

Cyclohex-2-enol (5.27): 75  In a 10 mL round bottom flask 5.2 

(119.1 mg, 0.59 mmol) and 5 mL (2 mmol) of a 0.4 M solution 

of KOH in MeOH were combined.  The flask was sealed with a 

glass stopper and parafilm.  The flask was placed in the fridge at 

0 oC and the reaction monitored by TLC.  The reaction mixture was concentrated to a 

white solid under reduced pressure and diluted with diethyl ether (25 mL).  The organic 

layer was washed with a minimum of 1 M HCl, followed by brine (2 x 25mL).  This was 

dried over MgSO4, filtered and concentrated to an oil under reduced pressure.  The crude 
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material was purified by flash chromatography (100% DCM) or by vacuum distillation.  

Yield 52% (as a clear, colorless oil).  Rf = 0.6 (1:1 EtOAc:Hexanes). 

 

Example of determination of kinetics of nickel(II) insertion:  A 100 mL three neck 

round bottom flask was equipped with a reflux condenser, glass stopper and septum.  

NiBr2 (1.25 x 10-5 mol) and 2.3f (1.25 x 10-5 mol) were dissolved in 60 mL of MeOH and 

heated to reflux under an argon atmosphere.  The initial UV-VIS spectrum was measured, 

followed by addition of NEt3 (3.12 x 10-6 mol) at time zero.  The UV-VIS spectra were 

measured using a fiber optic dip probe attached to a SI440 spectrophotometer (Spectral 

Instruments, Inc., Tucson, Arizona).  Full spectra (200 - 900 nm) were measured at 

regular intervals (every 15 minutes for the first hour and every 30 minutes after that) by 

inserting the probe through the septum.  The insertion of nickel(II) was monitored by 

observing the increase in absorbance of the band due to 3.1f·Ni(II) at 370 nm. 
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8.1  Appendix A – NMR spectra 
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8.2  Appendix B – HPLC/GC traces 
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Chiral HPLC trace of 5.2 

 
Chiral GC trace of 5.27
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8.3  Appendix C – Selected UV-Vis spectra 
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8.4  Appendix D – Selected EPR/ESR spectra 
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8.5  Appendix E – X-Ray crystallography data 
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NOTES  

 
This written report is accompanied by an electronic Crystallographic Information File 
(CIF) which should  be supplied to any journal publishing these results. It contains 
calculated distances and angles beyond those in the attached tables and all needed 
crystallographic information for generating other needed results. With modifications it is 
suitable for electronic submission to Acta Crystallographica Section C as a structure 
report. Observed and calculated structure factors are in the files fofc.text and  bk03b.fcf. 
Publications arising from this report must either 1) include the preparer(s) as coauthors 
when significant contributions were made and/or 2) acknowledge the Molecular Structure 
Laboratory and NSF grant CHE9610374 which provided the diffractometer.  A copy of 
any paper reporting these results should be provided to MSL after publication.  
 
EXPERIMENTAL  

 
Crystal 1 

 
An orange rod of (C50 H40 N4 O2 Pd)(solvent) having approximate dimensions of 0.276 x 
0.101 x 0.090 mm was mounted on a glass fiber in a random orientation. Examination of 
the crystal on a Bruker SMART 1000 CCD detector X-ray diffractometer  at 170(2)K and 
a power setting of 50KV, 40mA showed measurable diffraction to at least theta = 24.8 º. 
Data were collected on the SMART1000 system using graphite monochromated Mo Kα  
radiation (λ=0.71073 Å). 
 
Initial cell constants and an orientation matrix for integration were determined from 
reflections obtained in three orthogonal 5 deg wedges of reciprocal space.  A total of 
2727 frames at 1 detector setting covering 0 < 2theta < 60 º were collected, having an 
omega scan width of 0.2 º  and an exposure time of 20 seconds. The frames were 
integrated using the Bruker SAINT software package's narrow frame algorithm. A total 
of 47182 reflections were integrated and retained of which 5192 were unique 
(<redundancy> = 9.08, Rint = 45.4%, Rsig = 30.9% ). Of the unique reflections, 2090 
(40.3%) were observed >2sigma(I).  The final Orthorhombic cell parameters of a = 
18.954(7) Å, b = 16.188(6) Å, c = 32.350(12) Å, alpha = 90 º, beta = 90 º, gamma = 90 º, 
volume = 9926(6) Å3 are based on the refinement of the XYZ-centroids of 2543 
reflections with I > 3 sigma(I) covering the range of 2.15 º < theta < 24.52 º. No 
absorption correction was applied; the apparent ratio of maximum and minimum 
transmission obtained was meaningless.  For Z = 8 and F.W. = 1074.00 the calculated 
density is 1.437 g cm-3.  Systematic absences and intensity statistics indicate the space 
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group to be Pbca (#61) which was consistent with refinement, although there were many 
systematic absence violations above 2θ=30 º.  This is a centrosymmetric space group 
indicating the crystal contains a racemic mixture.   
 
The quality of the diffraction data collected for this crystal was very poor; the merging 
statistics for higher angle data were extremely poor.  A solution was obtained showing 
the crystal to be a racemic mixture of S,S  and R,R enantiomers, with two solvent 
molecules in the crystal per Pd complex.  The structure was very difficult to refine, and 
the decision was made to collect data on a second crystal. 
 
Crystal 2 

 
 
An orange rod of (C50 H40 N4 O2 Pd)CHCl3 having approximate dimensions of 0.170 x 
0.125 x 0.077 mm was mounted on a glass fiber in a random orientation. Examination of 
the crystal on a Bruker SMART 1000 CCD detector X-ray diffractometer  at 170(2)K and 
a power setting of 50KV, 40mA showed measurable diffraction to at least theta = 14 deg. 
Data were collected on the SMART1000 system using graphite monochromated Mo Kα  
radiation (λ=0.71073 Å).  
 
Initial cell constants and an orientation matrix for integration were determined from 
reflections obtained in three orthogonal 5 deg wedges of reciprocal space. A total of 3686 
frames at 1 detector setting covering 0 < 2theta < 60 º were collected, having an omega 
scan width of 0.2 º  and an exposure time of 20 seconds. The frames were integrated 
using the Bruker SAINT software package's narrow frame algorithm. A total of 18052 
reflections were integrated and retained of which 6252 were unique (<redundancy> = 
2.89, Rint = 33.7%, Rsig = 37.7% ). Of the unique reflections, 2402 (38.4%) were 
observed >2sigma(I).  The final Monoclinic cell parameters of a = 8.908(17)Å, b = 
22.28(3)Å, c = 11.060(19)Å, alpha = 90 º, beta = 97.78(3) º, gamma = 90 º, volume = 
2174(6) Å3 are based on the refinement of the XYZ-centroids of 239 reflections with I > 
3 sigma(I) covering the range of 2.31 < theta < 13.83. Empirical absorption and decay 
corrections were applied using the program Sortav (Blessing, 1995). The absorption 
coefficient is 0.658 mm-1, Tmin = 0.955, and Tmax = 1.076. For Z = 2 and F.W. = 
954.63 the calculated density is 1.458g cm-3. Systematic absences and intensity statistics 
indicate the space group to be P21 (#4) which was consistent with refinement.  This space 
group is consistent with the crystal containing only one enantiomer. 
 
The structure was solved using SIR92 (Giacovazzo et al, 1992). Refinements were 
performed using SHELXL (Sheldrick, 1997)  and illustrations were made using XP. 
Solution was achieved utilizing direct methods followed by Fourier synthesis.  Hydrogen 
atoms were added at idealized positions, constrained to ride on the atom to which they are 
bonded and given thermal parameters equal to 1.2 or 1.5 times Uiso of that bonded atom. 
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A parameter describing extinction was included. The final anisotropic full-matrix least 
squares refinement based on F2 of all reflections converged (maximum shift/esd = 0.001) 
at R1 = 0.2036, wR2 = 0.1783 and goodness-of-fit = 0.872. "Conventional" refinement 
indices using the 2402 reflections with F > 4 sigma(F) are R1 = 0.0822, wR2 = 0.1361. 
The model consisted of 551 variable parameters and 458 restraints. There were 24 
correlation coefficients greater than 0.644; 23 of these correlated the anisotropic thermal 
parameters of atoms within the phenyl rings and one correlated the extinction parameter 
with the overall scale factor.  The highest peak on the final difference map was 1.307 e Å-

3 located 1.57 Å from N6. The lowest peak on the final difference map was -1.948 e Å-3 
located 1.09 Å from Pd1.  Scattering Factors and anomalous dispersion were taken from 
International Tables Vol. C Tables 4.2.6.8 and 6.1.1.4.  
  
 
This compound crystallizes in a chiral space group. The absolute configuration was 
determined by refinement of the Flack x parameter, which refined to a value of  = -
0.09(6). Expected values are 0 (within 3 esd's) for correct and +1 for inverted absolute 
structure.  The chiral carbon atoms are both in the S configuration. 
 
Refinement details 

 
The diffraction data was of relatively poor quality, although better than that obtained 
from the first crystal.  A resolution cut-off of 0.9Å (23.25 º) was applied; data above this 
cutoff was very weak and had extremely poor merging statistics (Table 9). Even omitting 
this poor high angle data, the merging statistics are poor, reflecting the poor crystal 
quality.  There was some evidence of twinning in the diffraction pattern, with some 
reflections indexed using a second orientation matrix.  However there did not appear to 
be significant overlap between the main component and this second matrix, neither from 
a visual inspection of the diffraction pattern nor from a check for non-merohedral 
twinning made during refinement using the program ROTAX (Parsons et al, 2002). 
 
Restraints were extensively used during refinement.  Distance restraints were applied to 
the carbon – carbon bonds in each of the phenyl groups.  Thermal parameter similarity 
restraints and rigid bond restraints were used in the refinement of anisotropic thermal 
parameters.   
 
Molecular structure 

 
The molecular structure matched that proposed by the submitter.  One molecule of 
solvent (perdeuterated chloroform) was incorporated into the lattice per Pd complex.  
There is a close contact between the carbon atom of the chloroform and the oxygen atom 
(O2) of a carbonyl group (O…C 2.96(2) Å).  The complex has an approximately square 
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planar core.  Deviations from the mean plane through the Pd and N atoms are shown in 
Table 7.  The angles around the Pd are significantly distorted from 90 º (Table 8). 
 
EQUATIONS 

 

Rint = 3∗Fo2-+Fo2,∗∋3[Fo2] 

Rsig = 3[σ(Fo2)]∋3[Fo2] 

R1 = Σ∗∗Fo∗-∗Fc∗∗∋3∗Fo∗ 

 

wR2 = {3[w(Fo2-Fc2)2]∋3[w(Fo2)2]}1/2 

 

w=1/[σ2(Fo2)+(0.0393P)2+0.00P] where P=(Fo2+2Fc2)/3 

 

GOF = S = {3[w(Fo2-Fc2)2]∋(n-p)}1/2 
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 Table 1.  Crystal data and structure refinement for bk03b. 
Identification code  bk03b 
Empirical formula  C51 H41 Cl3 N4 O2 Pd 
Formula weight  954.63 
Temperature  170(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1) 
Unit cell dimensions a = 8.908(17) Å α= 90°. 
 b = 22.28(3) Å β= 97.78(3)°. 
 c = 11.060(19) Å γ = 90°. 
Volume 2174(6) Å3 
Z 2 
Density (calculated) 1.458 Mg/m3 
Absorption coefficient 0.658 mm-1 
F(000) 976 
Crystal size 0.336 x 0.167 x 0.072 mm3 
Theta range for utilized data 2.07 to 23.25°. 
Limiting Indices -9<=h<=9, -24<=k<=24, -12<=l<=12 
Reflections utilized 18052 
Independent reflections 6252 [R(int) = 0.3370] 
Completeness to theta = 23.25° 99.9 %  
Absorption correction None 
Max. and min. transmission 1.076 and 0.955 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6252 / 458 / 551 
Goodness-of-fit on F2 0.872 
Final R indices [I>2sigma(I)] R1 = 0.0822, wR2 = 0.1361 
R indices (all data) R1 = 0.2036, wR2 = 0.1783 
Absolute structure parameter -0.09(6) 
Extinction coefficient 0.0047(6) 
Largest diff. peak and hole 1.307 and -1.948 e.Å-3  
RMS difference density 0.145e.Å-3  
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 Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters 
(Å2x 103) 
for bk03b.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________
Pd(1) 5929(1) 8181(1) 8811(1) 28(1) 
N(5) 5268(17) 8951(5) 9284(12) 32(4) 
C(10) 4160(20) 9241(7) 8506(18) 52(7) 
O(2) 3511(13) 9726(4) 8725(10) 41(3) 
C(9) 3574(19) 8868(7) 7377(16) 38(5) 
C(26) 2067(16) 8557(6) 7606(16) 30(3) 
C(27) 725(17) 8996(6) 7565(15) 37(3) 
C(28) 71(18) 9224(6) 6480(16) 40(3) 
C(29) -1166(18) 9601(6) 6438(17) 47(3) 
C(30) -1840(20) 9706(7) 7463(16) 48(3) 
C(31) -1180(18) 9487(6) 8560(17) 44(3) 
C(32) 79(17) 9131(6) 8616(16) 38(3) 
N(4) 4773(15) 8419(5) 7146(12) 25(3) 
C(8) 4816(15) 8312(6) 6030(13) 29(4) 
C(20) 3757(17) 8569(6) 4999(14) 31(4) 
C(21) 2484(15) 8221(9) 4612(12) 37(4) 
C(22) 1530(20) 8440(6) 3613(14) 50(5) 
C(23) 1840(20) 8940(7) 3013(16) 52(5) 
C(24) 3120(20) 9282(7) 3365(16) 58(5) 
C(25) 4090(20) 9072(6) 4359(15) 43(4) 
C(14) 6135(17) 7973(5) 5658(13) 27(4) 
C(15) 7572(16) 8024(5) 6290(13) 27(4) 
C(16) 8800(20) 7738(6) 5913(14) 40(4) 
C(17) 8558(18) 7413(6) 4827(13) 31(4) 
C(18) 7139(18) 7355(6) 4164(15) 38(4) 
C(19) 5938(18) 7650(6) 4577(13) 33(4) 
N(7) 6855(15) 7340(5) 8848(12) 23(3) 
C(13) 6587(17) 6843(6) 8194(15) 38(4) 
C(52) 5132(16) 6765(6) 7378(13) 28(3) 
C(53) 5080(20) 6439(7) 6297(13) 39(4) 
C(54) 3721(19) 6345(7) 5568(16) 48(5) 
C(55) 2410(20) 6582(6) 5936(15) 42(4) 
C(56) 2430(20) 6895(7) 7003(15) 46(4) 
C(57) 3780(18) 6992(7) 7722(16) 36(4) 
C(46) 7562(17) 6303(5) 8326(14) 29(4) 
C(47) 7410(20) 5870(6) 9214(14) 39(4) 
C(48) 8402(18) 5381(6) 9404(15) 39(4) 
C(49) 9490(20) 5302(7) 8625(14) 43(4) 
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C(50) 9644(19) 5724(6) 7699(14) 31(4) 
C(51) 8692(18) 6211(7) 7593(16) 40(4) 
C(12) 8210(20) 7340(6) 9764(13) 28(3) 
C(39) 9638(18) 7497(6) 9254(14) 33(3) 
C(40) 11105(18) 7339(6) 10032(14) 35(3) 
C(41) 12030(18) 7779(7) 10632(15) 40(3) 
C(42) 13400(20) 7624(7) 11278(17) 51(3) 
C(43) 13870(20) 7038(7) 11420(17) 58(4) 
C(44) 12950(20) 6589(8) 10878(16) 58(4) 
C(45) 11570(20) 6740(6) 10205(15) 46(3) 
C(11) 7980(20) 7763(7) 10828(15) 31(4) 
O(3) 8746(14) 7701(5) 11826(10) 39(3) 
N(6) 6969(13) 8188(8) 10482(9) 26(2) 
C(33) 5897(19) 9178(6) 10437(15) 32(3) 
C(34) 6770(17) 8739(6) 11106(14) 29(3) 
C(35) 7507(19) 8890(6) 12230(14) 35(3) 
C(36) 7308(18) 9453(6) 12737(15) 41(3) 
C(37) 6479(19) 9877(7) 12031(14) 43(3) 
C(38) 5703(19) 9744(6) 10891(14) 35(3) 
C(1S) 7770(20) 5607(7) 3137(17) 54(4) 
Cl(1S) 5946(9) 5856(3) 2913(8) 123(3) 
Cl(2S) 8991(9) 6135(2) 2552(6) 93(2) 
Cl(3S) 8362(8) 5546(2) 4718(5) 79(2) 
________________________________________________________________________ 
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 Table 3.   Bond lengths [Å] and angles [°] for  bk03b. 

_____________________________________________________  
Pd(1)-N(5)  1.910(12) 
Pd(1)-N(6)  1.952(11) 
Pd(1)-N(7)  2.046(11) 
Pd(1)-N(4)  2.054(14) 
N(5)-C(10)  1.38(2) 
N(5)-C(33)  1.42(2) 
C(10)-O(2)  1.263(18) 
C(10)-C(9)  1.530(16) 
C(9)-N(4)  1.511(18) 
C(9)-C(26)  1.562(19) 
C(9)-H(9)  1.0000 
C(26)-C(27)  1.541(15) 
C(26)-H(26A)  0.9900 
C(26)-H(26B)  0.9900 
C(27)-C(28)  1.359(15) 
C(27)-C(32)  1.399(15) 
C(28)-C(29)  1.382(15) 
C(28)-H(28)  0.9500 
C(29)-C(30)  1.373(15) 
C(29)-H(29)  0.9500 
C(30)-C(31)  1.365(15) 
C(30)-H(30)  0.9500 
C(31)-C(32)  1.367(15) 
C(31)-H(31)  0.9500 
C(32)-H(32)  0.9500 
N(4)-C(8)  1.262(17) 
C(8)-C(20)  1.492(11) 
C(8)-C(14)  1.500(11) 
C(20)-C(25)  1.380(14) 
C(20)-C(21)  1.392(15) 
C(21)-C(22)  1.388(15) 
C(21)-H(21)  0.9500 
C(22)-C(23)  1.344(14) 
C(22)-H(22)  0.9500 
C(23)-C(24)  1.382(16) 
C(23)-H(23)  0.9500 
C(24)-C(25)  1.389(15) 
C(24)-H(24)  0.9500 
C(25)-H(25)  0.9500 
C(14)-C(15)  1.378(15) 
C(14)-C(19)  1.386(14) 
C(15)-C(16)  1.375(15) 

C(15)-H(15)  0.9500 
C(16)-C(17)  1.395(15) 
C(16)-H(16)  0.9500 
C(17)-C(18)  1.379(15) 
C(17)-H(17)  0.9500 
C(18)-C(19)  1.384(15) 
C(18)-H(18)  0.9500 
C(19)-H(19)  0.9500 
N(7)-C(13)  1.326(17) 
N(7)-C(12)  1.465(19) 
C(13)-C(46)  1.479(11) 
C(13)-C(52)  1.486(11) 
C(52)-C(53)  1.394(14) 
C(52)-C(57)  1.405(15) 
C(53)-C(54)  1.375(15) 
C(53)-H(53)  0.9500 
C(54)-C(55)  1.393(15) 
C(54)-H(54)  0.9500 
C(55)-C(56)  1.368(15) 
C(55)-H(55)  0.9500 
C(56)-C(57)  1.363(16) 
C(56)-H(56)  0.9500 
C(57)-H(57)  0.9500 
C(46)-C(51)  1.390(14) 
C(46)-C(47)  1.395(14) 
C(47)-C(48)  1.401(15) 
C(47)-H(47)  0.9500 
C(48)-C(49)  1.391(14) 
C(48)-H(48)  0.9500 
C(49)-C(50)  1.412(14) 
C(49)-H(49)  0.9500 
C(50)-C(51)  1.372(14) 
C(50)-H(50)  0.9500 
C(51)-H(51)  0.9500 
C(12)-C(39)  1.50(2) 
C(12)-C(11)  1.541(14) 
C(12)-H(12)  1.0000 
C(39)-C(40)  1.506(15) 
C(39)-H(39A)  0.9900 
C(39)-H(39B)  0.9900 
C(40)-C(41)  1.390(15) 
C(40)-C(45)  1.403(14) 
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C(41)-C(42)  1.369(16) 
C(41)-H(41)  0.9500 
C(42)-C(43)  1.376(15) 
C(42)-H(42)  0.9500 
C(43)-C(44)  1.379(15) 
C(43)-H(43)  0.9500 
C(44)-C(45)  1.388(15) 
C(44)-H(44)  0.9500 
C(45)-H(45)  0.9500 
C(11)-O(3)  1.22(2) 
C(11)-N(6)  1.33(2) 
N(6)-C(34)  1.430(19) 
C(33)-C(38)  1.377(13) 

C(33)-C(34)  1.398(15) 
C(34)-C(35)  1.367(15) 
C(35)-C(36)  1.393(14) 
C(35)-H(35)  0.9500 
C(36)-C(37)  1.376(15) 
C(36)-H(36)  0.9500 
C(37)-C(38)  1.385(15) 
C(37)-H(37)  0.9500 
C(38)-H(38)  0.9500 
C(1S)-Cl(1S)  1.70(2) 
C(1S)-Cl(3S)  1.762(19) 
C(1S)-Cl(2S)  1.784(19) 
C(1S)-H(1S)  1.0000 

 
N(5)-Pd(1)-N(6) 81.8(7) 
N(5)-Pd(1)-N(7) 162.9(6) 
N(6)-Pd(1)-N(7) 81.4(6) 
N(5)-Pd(1)-N(4) 83.0(5) 
N(6)-Pd(1)-N(4) 164.3(6) 
N(7)-Pd(1)-N(4) 113.9(5) 
C(10)-N(5)-C(33) 123.9(13) 
C(10)-N(5)-Pd(1) 118.1(12) 
C(33)-N(5)-Pd(1) 117.9(11) 
O(2)-C(10)-N(5) 125.9(17) 
O(2)-C(10)-C(9) 120.5(18) 
N(5)-C(10)-C(9) 113.0(15) 
N(4)-C(9)-C(10) 109.2(14) 
N(4)-C(9)-C(26) 112.1(12) 
C(10)-C(9)-C(26) 108.2(14) 
N(4)-C(9)-H(9) 109.1 
C(10)-C(9)-H(9) 109.1 
C(26)-C(9)-H(9) 109.1 
C(27)-C(26)-C(9) 113.1(12) 
C(27)-C(26)-H(26A) 108.9 
C(9)-C(26)-H(26A) 108.9 
C(27)-C(26)-H(26B) 108.9 
C(9)-C(26)-H(26B) 108.9 
H(26A)-C(26)-H(26B) 107.8 
C(28)-C(27)-C(32) 118.6(15) 
C(28)-C(27)-C(26) 120.1(14) 
C(32)-C(27)-C(26) 121.2(14) 
C(27)-C(28)-C(29) 120.1(16) 
C(27)-C(28)-H(28) 120.0 
C(29)-C(28)-H(28) 120.0 

C(30)-C(29)-C(28) 120.8(18) 
C(30)-C(29)-H(29) 119.6 
C(28)-C(29)-H(29) 119.6 
C(31)-C(30)-C(29) 119.3(18) 
C(31)-C(30)-H(30) 120.3 
C(29)-C(30)-H(30) 120.3 
C(30)-C(31)-C(32) 119.9(17) 
C(30)-C(31)-H(31) 120.0 
C(32)-C(31)-H(31) 120.0 
C(31)-C(32)-C(27) 121.0(16) 
C(31)-C(32)-H(32) 119.5 
C(27)-C(32)-H(32) 119.5 
C(8)-N(4)-C(9) 113.9(13) 
C(8)-N(4)-Pd(1) 138.6(11) 
C(9)-N(4)-Pd(1) 107.4(9) 
N(4)-C(8)-C(20) 125.1(13) 
N(4)-C(8)-C(14) 119.5(13) 
C(20)-C(8)-C(14) 114.9(13) 
C(25)-C(20)-C(21) 121.2(16) 
C(25)-C(20)-C(8) 123.0(14) 
C(21)-C(20)-C(8) 115.2(13) 
C(22)-C(21)-C(20) 115.8(17) 
C(22)-C(21)-H(21) 122.1 
C(20)-C(21)-H(21) 122.1 
C(23)-C(22)-C(21) 122.7(18) 
C(23)-C(22)-H(22) 118.7 
C(21)-C(22)-H(22) 118.7 
C(22)-C(23)-C(24) 122.3(18) 
C(22)-C(23)-H(23) 118.8 
C(24)-C(23)-H(23) 118.8 
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C(23)-C(24)-C(25) 116.2(17) 
C(23)-C(24)-H(24) 121.9 
C(25)-C(24)-H(24) 121.9 
C(20)-C(25)-C(24) 121.6(17) 
C(20)-C(25)-H(25) 119.2 
C(24)-C(25)-H(25) 119.2 
C(15)-C(14)-C(19) 118.7(13) 
C(15)-C(14)-C(8) 121.8(12) 
C(19)-C(14)-C(8) 119.1(14) 
C(16)-C(15)-C(14) 121.9(14) 
C(16)-C(15)-H(15) 119.1 
C(14)-C(15)-H(15) 119.1 
C(15)-C(16)-C(17) 117.9(16) 
C(15)-C(16)-H(16) 121.1 
C(17)-C(16)-H(16) 121.1 
C(18)-C(17)-C(16) 121.8(16) 
C(18)-C(17)-H(17) 119.1 
C(16)-C(17)-H(17) 119.1 
C(17)-C(18)-C(19) 118.3(15) 
C(17)-C(18)-H(18) 120.8 
C(19)-C(18)-H(18) 120.8 
C(18)-C(19)-C(14) 121.2(15) 
C(18)-C(19)-H(19) 119.4 
C(14)-C(19)-H(19) 119.4 
C(13)-N(7)-C(12) 116.6(12) 
C(13)-N(7)-Pd(1) 135.3(11) 
C(12)-N(7)-Pd(1) 107.8(9) 
N(7)-C(13)-C(46) 124.4(14) 
N(7)-C(13)-C(52) 120.4(12) 
C(46)-C(13)-C(52) 114.7(13) 
C(53)-C(52)-C(57) 119.2(15) 
C(53)-C(52)-C(13) 120.5(14) 
C(57)-C(52)-C(13) 120.2(13) 
C(54)-C(53)-C(52) 120.5(16) 
C(54)-C(53)-H(53) 119.7 
C(52)-C(53)-H(53) 119.7 
C(53)-C(54)-C(55) 118.5(17) 
C(53)-C(54)-H(54) 120.8 
C(55)-C(54)-H(54) 120.8 
C(56)-C(55)-C(54) 121.9(18) 
C(56)-C(55)-H(55) 119.0 
C(54)-C(55)-H(55) 119.0 
C(57)-C(56)-C(55) 119.6(18) 
C(57)-C(56)-H(56) 120.2 

C(55)-C(56)-H(56) 120.2 
C(56)-C(57)-C(52) 120.2(16) 
C(56)-C(57)-H(57) 119.9 
C(52)-C(57)-H(57) 119.9 
C(51)-C(46)-C(47) 117.1(13) 
C(51)-C(46)-C(13) 121.6(13) 
C(47)-C(46)-C(13) 121.3(13) 
C(46)-C(47)-C(48) 121.6(15) 
C(46)-C(47)-H(47) 119.2 
C(48)-C(47)-H(47) 119.2 
C(49)-C(48)-C(47) 118.9(16) 
C(49)-C(48)-H(48) 120.5 
C(47)-C(48)-H(48) 120.5 
C(48)-C(49)-C(50) 120.6(16) 
C(48)-C(49)-H(49) 119.7 
C(50)-C(49)-H(49) 119.7 
C(51)-C(50)-C(49) 117.9(15) 
C(51)-C(50)-H(50) 121.0 
C(49)-C(50)-H(50) 121.0 
C(50)-C(51)-C(46) 123.7(15) 
C(50)-C(51)-H(51) 118.1 
C(46)-C(51)-H(51) 118.1 
N(7)-C(12)-C(39) 113.5(12) 
N(7)-C(12)-C(11) 110.4(14) 
C(39)-C(12)-C(11) 110.4(14) 
N(7)-C(12)-H(12) 107.4 
C(39)-C(12)-H(12) 107.4 
C(11)-C(12)-H(12) 107.4 
C(12)-C(39)-C(40) 116.4(14) 
C(12)-C(39)-H(39A) 108.2 
C(40)-C(39)-H(39A) 108.2 
C(12)-C(39)-H(39B) 108.2 
C(40)-C(39)-H(39B) 108.2 
H(39A)-C(39)-H(39B) 107.3 
C(41)-C(40)-C(45) 117.5(15) 
C(41)-C(40)-C(39) 121.4(14) 
C(45)-C(40)-C(39) 121.1(14) 
C(42)-C(41)-C(40) 119.9(16) 
C(42)-C(41)-H(41) 120.1 
C(40)-C(41)-H(41) 120.1 
C(41)-C(42)-C(43) 122.5(18) 
C(41)-C(42)-H(42) 118.7 
C(43)-C(42)-H(42) 118.7 
C(42)-C(43)-C(44) 118.8(19) 
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C(42)-C(43)-H(43) 120.6 
C(44)-C(43)-H(43) 120.6 
C(43)-C(44)-C(45) 119.4(18) 
C(43)-C(44)-H(44) 120.3 
C(45)-C(44)-H(44) 120.3 
C(44)-C(45)-C(40) 121.8(16) 
C(44)-C(45)-H(45) 119.1 
C(40)-C(45)-H(45) 119.1 
O(3)-C(11)-N(6) 127.7(14) 
O(3)-C(11)-C(12) 120.5(16) 
N(6)-C(11)-C(12) 111.7(15) 
C(11)-N(6)-C(34) 126.6(13) 
C(11)-N(6)-Pd(1) 118.9(12) 
C(34)-N(6)-Pd(1) 112.9(11) 
C(38)-C(33)-C(34) 122.4(16) 
C(38)-C(33)-N(5) 127.0(14) 
C(34)-C(33)-N(5) 110.6(13) 
C(35)-C(34)-C(33) 118.2(15) 
C(35)-C(34)-N(6) 125.1(13) 
C(33)-C(34)-N(6) 116.2(13) 
C(34)-C(35)-C(36) 121.1(16) 
C(34)-C(35)-H(35) 119.5 
C(36)-C(35)-H(35) 119.5 
C(37)-C(36)-C(35) 118.5(16) 
C(37)-C(36)-H(36) 120.7 
C(35)-C(36)-H(36) 120.7 
C(36)-C(37)-C(38) 122.2(15) 
C(36)-C(37)-H(37) 118.9 
C(38)-C(37)-H(37) 118.9 
C(33)-C(38)-C(37) 117.1(15) 
C(33)-C(38)-H(38) 121.4 
C(37)-C(38)-H(38) 121.4 
Cl(1S)-C(1S)-Cl(3S) 108.8(11) 
Cl(1S)-C(1S)-Cl(2S) 110.5(9) 
Cl(3S)-C(1S)-Cl(2S) 107.2(11) 
Cl(1S)-C(1S)-H(1S) 110.1 
Cl(3S)-C(1S)-H(1S) 110.1 
Cl(2S)-C(1S)-H(1S) 110.1 
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 Table 4.   Anisotropic displacement parameters  (Å2x 103) for bk03b.  The anisotropic 
displacement factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
________________________________________________________________________ 
 U11 U22  U33 U23 U13 U12 
________________________________________________________________________ 
Pd(1) 31(1)  21(1) 30(1)  -2(1) 2(1)  3(1) 
N(5) 42(11)  29(6) 25(7)  -16(5) 11(7)  11(6) 
C(10) 57(16)  26(12) 83(19)  12(12) 42(15)  12(11) 
O(2) 35(9)  29(7) 57(9)  -4(6) -3(7)  11(6) 
C(9) 34(12)  28(10) 53(14)  -14(10) 9(11)  -14(9) 
C(26) 26(8)  10(7) 55(9)  -5(6) 9(7)  -8(5) 
C(27) 30(7)  20(6) 62(7)  -6(6) 7(6)  -3(5) 
C(28) 38(7)  19(7) 63(7)  -4(6) 9(6)  2(5) 
C(29) 38(8)  31(7) 70(8)  -7(6) 3(6)  5(5) 
C(30) 35(8)  34(7) 75(9)  -10(7) 8(6)  3(6) 
C(31) 32(7)  29(7) 72(8)  -9(6) 13(7)  -5(5) 
C(32) 32(7)  20(6) 62(7)  -9(6) 10(6)  -6(5) 
N(4) 27(7)  27(7) 20(4)  -3(5) -3(5)  -3(5) 
C(8) 25(8)  37(9) 21(6)  -2(7) -17(7)  -4(7) 
C(20) 28(9)  23(8) 42(11)  3(6) 7(7)  6(7) 
C(21) 29(9)  59(9) 20(8)  4(8) -1(6)  -4(8) 
C(22) 75(12)  53(11) 17(10)  3(7) -15(8)  -2(8) 
C(23) 59(12)  65(12) 32(11)  13(8) 6(8)  7(9) 
C(24) 80(14)  41(11) 48(12)  15(8) -8(10)  6(8) 
C(25) 45(11)  33(9) 49(12)  14(7) 7(8)  11(7) 
C(14) 41(8)  18(9) 19(8)  5(5) -4(7)  1(7) 
C(15) 46(9)  21(11) 10(8)  -2(6) -8(6)  8(7) 
C(16) 41(9)  51(10) 28(10)  5(7) 2(8)  9(8) 
C(17) 33(7)  18(8) 44(10)  1(7) 15(8)  9(8) 
C(18) 49(9)  25(9) 40(10)  -4(7) 0(7)  13(8) 
C(19) 33(8)  39(10) 22(9)  -3(7) -16(7)  13(8) 
N(7) 16(8)  12(5) 43(9)  0(5) 6(7)  -4(5) 
C(13) 41(8)  41(10) 31(10)  4(8) 2(7)  -1(9) 
C(52) 41(7)  6(7) 37(9)  -6(6) 5(6)  -10(7) 
C(53) 53(9)  43(10) 21(9)  1(7) -1(7)  12(9) 
C(54) 71(11)  38(10) 30(10)  -8(8) -14(7)  3(10) 
C(55) 49(9)  33(10) 40(10)  12(7) -15(8)  -10(8) 
C(56) 41(7)  35(10) 60(12)  -4(8) 0(8)  -4(9) 
C(57) 39(8)  25(10) 45(11)  -10(8) 9(7)  -13(8) 
C(46) 24(10)  11(7) 52(11)  -3(6) 7(8)  -10(6) 
C(47) 59(12)  26(8) 34(11)  -5(7) 8(9)  -10(7) 
C(48) 55(12)  25(8) 35(10)  4(7) 6(8)  -9(7) 
C(49) 59(12)  33(9) 37(11)  -2(7) 7(9)  -2(8) 
C(50) 38(11)  31(9) 26(10)  -14(6) 5(8)  -3(7) 
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C(51) 34(11)  37(9) 50(12)  6(8) 9(8)  2(7) 
C(12) 41(7)  21(7) 20(8)  -10(6) -6(7)  6(7) 
C(39) 44(7)  29(6) 22(7)  3(6) -6(5)  3(5) 
C(40) 39(6)  35(5) 28(6)  3(5) -3(5)  2(5) 
C(41) 39(7)  41(6) 37(7)  3(6) -5(6)  -2(5) 
C(42) 43(7)  55(6) 50(8)  3(7) -12(6)  2(6) 
C(43) 52(8)  59(7) 58(8)  5(7) -17(7)  6(6) 
C(44) 52(8)  54(6) 60(8)  4(7) -18(7)  11(6) 
C(45) 48(7)  41(5) 46(8)  -1(6) -11(6)  13(6) 
C(11) 34(9)  37(8) 22(8)  -9(7) 4(7)  -5(6) 
O(3) 36(9)  61(8) 19(8)  5(6) 5(7)  2(6) 
N(6) 41(7)  33(6) 8(4)  1(6) 11(4)  -6(7) 
C(33) 34(8)  25(6) 37(7)  -6(5) 8(6)  -4(6) 
C(34) 27(8)  28(6) 35(7)  -11(5) 15(6)  5(5) 
C(35) 31(8)  36(6) 40(7)  -11(6) 7(6)  0(6) 
C(36) 39(8)  42(7) 42(7)  -17(5) 3(6)  2(6) 
C(37) 40(8)  36(6) 51(8)  -17(5) 2(7)  0(6) 
C(38) 38(8)  28(6) 39(7)  -10(6) 12(6)  4(6) 
C(1S) 79(11)  27(9) 54(9)  -12(9) 6(11)  31(8) 
Cl(1S) 84(5)  107(5) 164(8)  -68(5) -37(5)  46(4) 
Cl(2S) 166(7)  50(3) 71(5)  -2(3) 44(5)  1(4) 
Cl(3S) 109(6)  76(4) 53(4)  -2(3) 7(4)  7(4) 
________________________________________________________________________
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 Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 
3) 
for bk03b. 
________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________  
  
H(9) 3364 9141 6655 45 
H(26A) 1809 8241 6981 36 
H(26B) 2224 8358 8414 36 
H(28) 464 9123 5749 48 
H(29) -1555 9790 5691 56 
H(30) -2754 9930 7410 58 
H(31) -1597 9580 9284 53 
H(32) 522 8974 9381 45 
H(21) 2281 7857 5006 44 
H(22) 619 8228 3344 60 
H(23) 1155 9062 2321 62 
H(24) 3315 9641 2950 69 
H(25) 5016 9279 4605 51 
H(15) 7721 8263 7007 32 
H(16) 9773 7762 6377 48 
H(17) 9398 7225 4535 37 
H(18) 6988 7118 3443 46 
H(19) 4962 7631 4110 40 
H(53) 5986 6280 6063 47 
H(54) 3680 6123 4831 58 
H(55) 1468 6525 5431 51 
H(56) 1519 7043 7242 55 
H(57) 3804 7215 8457 43 
H(47) 6615 5909 9701 47 
H(48) 8335 5108 10054 46 
H(49) 10131 4960 8718 52 
H(50) 10385 5673 7165 38 
H(51) 8811 6502 6985 48 
H(12) 8332 6924 10104 34 
H(39A) 9634 7934 9096 39 
H(39B) 9616 7292 8457 39 
H(41) 11715 8187 10593 48 
H(42) 14040 7933 11641 61 
H(43) 14820 6944 11885 70 
H(44) 13254 6181 10963 69 
H(45) 10924 6429 9853 56 
H(35) 8166 8608 12673 42 
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H(36) 7735 9541 13552 49 
H(37) 6437 10275 12336 51 
H(38) 5065 10031 10442 41 
H(1S) 7841 5209 2734 65 
________________________________________________________________________
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 Table 6.  Torsion angles [°] for bk03b. 
________________________________________________________________  
N(6)-Pd(1)-N(5)-C(10) -170.5(13) 
N(7)-Pd(1)-N(5)-C(10) -160.2(16) 
N(4)-Pd(1)-N(5)-C(10) 13.4(12) 
N(6)-Pd(1)-N(5)-C(33) 6.5(11) 
N(7)-Pd(1)-N(5)-C(33) 17(3) 
N(4)-Pd(1)-N(5)-C(33) -169.6(12) 
C(33)-N(5)-C(10)-O(2) -3(3) 
Pd(1)-N(5)-C(10)-O(2) 173.9(14) 
C(33)-N(5)-C(10)-C(9) -174.4(14) 
Pd(1)-N(5)-C(10)-C(9) 2.4(19) 
O(2)-C(10)-C(9)-N(4) 164.3(15) 
N(5)-C(10)-C(9)-N(4) -23.7(19) 
O(2)-C(10)-C(9)-C(26) -73(2) 
N(5)-C(10)-C(9)-C(26) 98.5(17) 
N(4)-C(9)-C(26)-C(27) -167.4(13) 
C(10)-C(9)-C(26)-C(27) 72.2(18) 
C(9)-C(26)-C(27)-C(28) 73(2) 
C(9)-C(26)-C(27)-C(32) -112.1(17) 
C(32)-C(27)-C(28)-C(29) 3(2) 
C(26)-C(27)-C(28)-C(29) 177.7(13) 
C(27)-C(28)-C(29)-C(30) -6(2) 
C(28)-C(29)-C(30)-C(31) 7(3) 
C(29)-C(30)-C(31)-C(32) -4(2) 
C(30)-C(31)-C(32)-C(27) 1(2) 
C(28)-C(27)-C(32)-C(31) 0(2) 
C(26)-C(27)-C(32)-C(31) -175.1(14) 
C(10)-C(9)-N(4)-C(8) -146.0(14) 
C(26)-C(9)-N(4)-C(8) 94.2(17) 
C(10)-C(9)-N(4)-Pd(1) 32.1(14) 
C(26)-C(9)-N(4)-Pd(1) -87.7(13) 
N(5)-Pd(1)-N(4)-C(8) 152.0(17) 
N(6)-Pd(1)-N(4)-C(8) 137.4(18) 
N(7)-Pd(1)-N(4)-C(8) -30.0(18) 
N(5)-Pd(1)-N(4)-C(9) -25.3(9) 
N(6)-Pd(1)-N(4)-C(9) -40(2) 
N(7)-Pd(1)-N(4)-C(9) 152.7(8) 
C(9)-N(4)-C(8)-C(20) -3(2) 
Pd(1)-N(4)-C(8)-C(20) 179.8(10) 
C(9)-N(4)-C(8)-C(14) 167.9(12) 
Pd(1)-N(4)-C(8)-C(14) -9(2) 
N(4)-C(8)-C(20)-C(25) 96(2) 
C(14)-C(8)-C(20)-C(25) -75(2) 
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N(4)-C(8)-C(20)-C(21) -92.3(19) 
C(14)-C(8)-C(20)-C(21) 96.5(16) 
C(25)-C(20)-C(21)-C(22) -5(2) 
C(8)-C(20)-C(21)-C(22) -176.9(14) 
C(20)-C(21)-C(22)-C(23) 3(3) 
C(21)-C(22)-C(23)-C(24) -2(3) 
C(22)-C(23)-C(24)-C(25) 2(3) 
C(21)-C(20)-C(25)-C(24) 5(3) 
C(8)-C(20)-C(25)-C(24) 176.7(16) 
C(23)-C(24)-C(25)-C(20) -4(3) 
N(4)-C(8)-C(14)-C(15) -33(2) 
C(20)-C(8)-C(14)-C(15) 139.0(14) 
N(4)-C(8)-C(14)-C(19) 154.2(15) 
C(20)-C(8)-C(14)-C(19) -34.0(19) 
C(19)-C(14)-C(15)-C(16) -4(2) 
C(8)-C(14)-C(15)-C(16) -176.6(13) 
C(14)-C(15)-C(16)-C(17) 3(2) 
C(15)-C(16)-C(17)-C(18) -2(2) 
C(16)-C(17)-C(18)-C(19) 3(2) 
C(17)-C(18)-C(19)-C(14) -3(2) 
C(15)-C(14)-C(19)-C(18) 4(2) 
C(8)-C(14)-C(19)-C(18) 176.8(14) 
N(5)-Pd(1)-N(7)-C(13) 150.7(19) 
N(6)-Pd(1)-N(7)-C(13) 161.1(16) 
N(4)-Pd(1)-N(7)-C(13) -22.3(16) 
N(5)-Pd(1)-N(7)-C(12) -36(2) 
N(6)-Pd(1)-N(7)-C(12) -25.6(9) 
N(4)-Pd(1)-N(7)-C(12) 151.0(9) 
C(12)-N(7)-C(13)-C(46) -1(2) 
Pd(1)-N(7)-C(13)-C(46) 172.4(10) 
C(12)-N(7)-C(13)-C(52) 170.8(13) 
Pd(1)-N(7)-C(13)-C(52) -16(2) 
N(7)-C(13)-C(52)-C(53) 147.8(15) 
C(46)-C(13)-C(52)-C(53) -40(2) 
N(7)-C(13)-C(52)-C(57) -36(2) 
C(46)-C(13)-C(52)-C(57) 136.5(14) 
C(57)-C(52)-C(53)-C(54) 1(2) 
C(13)-C(52)-C(53)-C(54) 177.2(15) 
C(52)-C(53)-C(54)-C(55) 0(3) 
C(53)-C(54)-C(55)-C(56) -1(3) 
C(54)-C(55)-C(56)-C(57) 2(3) 
C(55)-C(56)-C(57)-C(52) -1(3) 
C(53)-C(52)-C(57)-C(56) 0(2) 
C(13)-C(52)-C(57)-C(56) -176.7(15) 
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N(7)-C(13)-C(46)-C(51) -94(2) 
C(52)-C(13)-C(46)-C(51) 93.8(19) 
N(7)-C(13)-C(46)-C(47) 84(2) 
C(52)-C(13)-C(46)-C(47) -88(2) 
C(51)-C(46)-C(47)-C(48) 3(3) 
C(13)-C(46)-C(47)-C(48) -175.1(16) 
C(46)-C(47)-C(48)-C(49) -5(3) 
C(47)-C(48)-C(49)-C(50) 3(3) 
C(48)-C(49)-C(50)-C(51) 0(2) 
C(49)-C(50)-C(51)-C(46) -2(3) 
C(47)-C(46)-C(51)-C(50) 0(3) 
C(13)-C(46)-C(51)-C(50) 178.5(16) 
C(13)-N(7)-C(12)-C(39) 83.6(17) 
Pd(1)-N(7)-C(12)-C(39) -91.2(12) 
C(13)-N(7)-C(12)-C(11) -151.8(13) 
Pd(1)-N(7)-C(12)-C(11) 33.5(15) 
N(7)-C(12)-C(39)-C(40) -163.2(12) 
C(11)-C(12)-C(39)-C(40) 72.1(18) 
C(12)-C(39)-C(40)-C(41) -107.6(18) 
C(12)-C(39)-C(40)-C(45) 71(2) 
C(45)-C(40)-C(41)-C(42) 5(3) 
C(39)-C(40)-C(41)-C(42) -176.4(16) 
C(40)-C(41)-C(42)-C(43) -4(3) 
C(41)-C(42)-C(43)-C(44) 1(3) 
C(42)-C(43)-C(44)-C(45) 0(3) 
C(43)-C(44)-C(45)-C(40) 2(3) 
C(41)-C(40)-C(45)-C(44) -4(3) 
C(39)-C(40)-C(45)-C(44) 177.2(18) 
N(7)-C(12)-C(11)-O(3) 158.5(15) 
C(39)-C(12)-C(11)-O(3) -75(2) 
N(7)-C(12)-C(11)-N(6) -25(2) 
C(39)-C(12)-C(11)-N(6) 101.6(17) 
O(3)-C(11)-N(6)-C(34) 14(3) 
C(12)-C(11)-N(6)-C(34) -162.1(13) 
O(3)-C(11)-N(6)-Pd(1) 179.3(14) 
C(12)-C(11)-N(6)-Pd(1) 3(2) 
N(5)-Pd(1)-N(6)-C(11) -170.0(14) 
N(7)-Pd(1)-N(6)-C(11) 13.1(13) 
N(4)-Pd(1)-N(6)-C(11) -155.3(17) 
N(5)-Pd(1)-N(6)-C(34) -3.1(10) 
N(7)-Pd(1)-N(6)-C(34) 180.0(11) 
N(4)-Pd(1)-N(6)-C(34) 12(2) 
C(10)-N(5)-C(33)-C(38) -11(3) 
Pd(1)-N(5)-C(33)-C(38) 172.4(13) 



247 

C(10)-N(5)-C(33)-C(34) 168.5(15) 
Pd(1)-N(5)-C(33)-C(34) -8.4(18) 
C(38)-C(33)-C(34)-C(35) -3(3) 
N(5)-C(33)-C(34)-C(35) 177.7(14) 
C(38)-C(33)-C(34)-N(6) -175.2(14) 
N(5)-C(33)-C(34)-N(6) 6(2) 
C(11)-N(6)-C(34)-C(35) -7(3) 
Pd(1)-N(6)-C(34)-C(35) -172.2(13) 
C(11)-N(6)-C(34)-C(33) 165.0(15) 
Pd(1)-N(6)-C(34)-C(33) -0.7(18) 
C(33)-C(34)-C(35)-C(36) 5(3) 
N(6)-C(34)-C(35)-C(36) 176.1(15) 
C(34)-C(35)-C(36)-C(37) -7(3) 
C(35)-C(36)-C(37)-C(38) 7(3) 
C(34)-C(33)-C(38)-C(37) 3(2) 
N(5)-C(33)-C(38)-C(37) -177.6(16) 
C(36)-C(37)-C(38)-C(33) -5(3) 
________________________________________________________________  
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Atom Deviation 
Pd1 -0.008(5) 
N5 -0.057(8) 
N6  0.061(8) 
N4 -0.046(6) 
N7  0.041(6) 
Rms deviation of fitted atoms =   0.0466 
 
Table 7.  Deviation from the mean plane defined by the Pd and N atoms 

 

Atoms Angle 

N5 – Pd1 – N6 81.8(7) 

N5 – Pd1 – N4 83.0(5) 

N4 – Pd1 – N7 113.9(5) 

N7 – Pd1 – N6 81.4(6) 

Table 8.  Angles around the Pd atom. 
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INTENSITY STATISTICS FOR DATASET # 1  sortaved.hkl 

 
 Resolution  #Data #Theory %Complete Redundancy Mean I Mean I/s R(int) R(sigma) 

 
 Inf - 2.15     254    254    100.0     6.51     559.3   23.93  0.1864  0.0359 
2.15 - 1.70     246    246    100.0     6.74     296.0   12.61  0.2749  0.0723 
1.70 - 1.45     295    295    100.0     6.67     214.5    8.18  0.3230  0.1060 
1.45 - 1.30     299    299    100.0     6.27     153.4    5.23  0.4058  0.1642 
1.30 - 1.20     287    287    100.0     5.91     134.3    4.21  0.4181  0.2018 
1.20 - 1.10     393    393    100.0     5.56      88.8    2.78  0.4868  0.3183 
1.10 - 1.05     280    280    100.0     5.25      56.7    1.73  0.6731  0.5184 
1.05 - 1.00     306    306    100.0     5.06      52.4    1.48  0.6831  0.6082 
1.00 - 0.95     393    393    100.0     4.81      37.9    1.01  0.8934  0.9030 
0.95 - 0.90     480    480    100.0     4.50      29.6    0.70  1.1920  1.2869 
0.90 - 0.85     595    595    100.0     4.21      19.4    0.40  1.8265  2.2333 
0.85 - 0.80     749    749    100.0     3.77      10.0    0.18  3.5136  5.0484 
0.80 - 0.79     151    187     80.7     1.35       5.1    0.04  5.1334 17.1270 
------------------------------------------------------------------------------ 
0.90 - 0.79    1495   1531     97.6     3.65      13.3    0.25  2.4924  3.8807 
 Inf - 0.79    4728   4764     99.2     4.97     101.2    3.70  0.4236  0.3556 
 
Merged [A],  lowest resolution = 22.28 Angstroms,   1683 outliers downweighted 
 
Table 9.  Merging statistics for BK03.  
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Figure 1.  An ORTEP rendering of the molecule with 50% probability ellipsoids.   
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