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ABSTRACT 

Given the success of organic ligands in transition metal catalysis, we incorporated 

the chirality of amino acids into new ligands for asymmetric catalysis. Moreover, it was 

hoped that through the incorporation of the bulky benzophenone imine moieties (-

N=CPh2), that the "pendant chirality" of the amino acids could be reflected in the "central 

chirality" about the transition metal. An achiral diamine serves to bring two optically 

active amino acid residues in close proximity to form an "active site." The two amido 

and two imine-nitrogens have been shown by single-x-ray analysis to bind Ni(ii) in a 

square planar fashion to give Cj-symmetric complexes when the amino acids are 

identical, or slightly distorted complexes when they are different. 

Several metal complexes of Ni(ii), Cu(ii), and Zn(n) have been synthesized and 

screened for catalytic activity. While initial studies involving the epoxidation and 

cyclopropanation of simple olefins proved futile, the alkylation of aldehydes with a chiral 

Zn complex was successful. Dimethylzinc and diethylzinc have been added to several 

aldehydes in the presence of tetracoordinate Zn-complex. Using 3 mol% of catalyst 

derived firom L-phenylalanine, aromatic aldehydes were alkylated quantitatively in 

86—91% e.e. Aliphatic aldehydes underwent the same reaction in slightly higher e.e.'s 

(94—^96% e.e). The enantioselectivities were best when THF was used as a solvent, and 

e.e.s were drastically reduced when toluene was used. A solid phase variant was also 

shown to be effective as a catalyst, with somewhat reduced e.e.'s {e.g. 86% e.e. —79% 

e.e.) for (5)-l-phenyl-propanol, when compared with the solution variant. 
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Robust diphenylketimine derivatives have been synthesized from Merrifield and 

Wang resins, respectively. Condensation of HCl salts of primary amines, or free bases of 

primary amines in the presence of HOSO2C6H4CH3 proceeds in CHjClj, CH3CN, or 

toluene at temperatures between RT and 80°C to form the corresponding Schiff bases, 

depending on the steric demand of the amine component. Analytical methods for 

following reactions of the Schiff bases included FT-IR and '^C-NMR. Examples of 

stereoselective reductive-aUcylation of imino esters, cycUzation of the resultant P-amino 

alcohols to aziridines, regioselective ring opening and detachment of the products are 

presented. Attachment of tetradentate ligands and binding of transition metals [Ni(ii), 

Cu(n), Co(n) and Zn(n)] has also been demonstrated. 
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CHAPTER 1 

OPTICALLY ACTIVE TRANSITION METAL COMPLEXES EST ORGANIC 

SYNTHESIS 
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INTRODUCTION 

Molecular chirality (handedness) is a principal element in nature that plays a key 

role in science and technology/ Any material that is non-superimposable on its mirror 

image is said to be chiral. If only one enantiomer (stereoisomer) is present, the 

compound is said to be optically pure and generally rotates plane-polarized light; 

therefore, it is optically active. If a molecule is superimposable on its mirror image, the 

compound does not rotate the plane of polarized light; hence, it is optically inactive. 

There is a wide range of biological and physical phenomena that are generated 

through precise molecular recognition that requires the matching of chirality. This 

chirality matching is best represented by life because living systems interact with each 

enantiomer in decisively different manners. A variety of reactions responsible for 

metabolism and biological responses occur because enzymes, receptors, and other namral 

binding sites recognize substrates with specific chirality. Optical and electronic 

processes also occur by means of highly ordered assemblies of enantiomerically pure 

molecules. The bulk properties of highly stereoregular macromolecules, whether natural 

or man-made, are very different from those of stereochemically random polymers. 

Therefore, it seems obvious then that the discovery of truly efficient methods of obtaining 

optically pure substances is an important and substantial challenge for synthetic chemists. 

Today, there is a variety of methods for this, but until the early 1970s, the 

classical resolution of racemates was the primary method used to obtain optically active 

compounds. Other methods involve transformation or derivatization of readily available 

natural enantiomerically pure compounds such as amino acids, tartaric and lactic acids. 
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terpenes, carbohydrates, and alkaloids. In the early days, practical access to 

enantiomerically pure compounds from prochiral precursors was considered possible 

only by using biochemical or biological methods. Such methods, which use enzymes, 

cell cultures, or whole microorganisms, are powerful when used to produce chiral 

substances, particularly those that occur in nature; however, the scope of such reactions is 

limited because many biological production systems exhibit "lock-and-key" specificity. 

Generality and flexibility, on the other hand, characterize organic synthesis. Synthetic 

chemists have discovered a variety of versatile stereoselective reactions that complement 

biological processes. In addition to the resolution of racemates (equation a of Scheme 1) 

and transformation of single enantiomers (equation b), reactions based on intramolecular 

chirality transfer (equation c), or intermolecular chirality transfer (equation d) permit the 

stoichiometric asymmetric synthesis of optically active compounds. 

Asymmetric catalysis, shown by equation e is a superior method for synthesizing 

optically active compounds." The chemical approach, which uses a small amount of a 

chiral man-made catalyst, can produce naturally occurring or nonnaturally occurring 

chiral materials in large quantities. The efficiency of chiral multiplication, defined as 

[(major enantiomer — minor enantiomer) / chiral source], can be nearly infinite for 

asymmetric catalysis. Recent advances in this area are turning chemists' dreams into 

reality at both academic and industrial levels. 
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Scheme 1.1. Access to optically active compounds: Stracture relationship between the chiral source and 
chiral products (flags refer to right- or left-handed molecules). 

Asymmetric catalysis is four-dimensional chemistry. Simple stereochemical 

scrutiny of the substrate or reagent is not enough. The high efficiency that these reactions 

provide can only be achieved through a combination of both an optimal three-

dimensional structure (jc, y, z) and suitable kinetics (r). To achieve maximum chiral 

multiplication, chemists must create efficient catalytic systems that permit precise 

discrimination among enantiotopic atoms, groups or faces in achiral molecules. 

Although there are many possibilities for such catalytic systems, the use of chiral metal 

complexes as homogeneous molecular catalysts is one of the most powerful general 



strategies. Some organic and inorganic compounds do not react under annbient 

conditions and must be appropriately activated. Ottier compounds are unstable or too 

reactive to handle. The undesired properties must be modified. In this co*ntext, 

organometallic chemistry owes much of its synthetic utility and efficiency to its flexible 

control of the stability and reactivity of reactants and substrates.'' Classical syntthetic 

reactions often come about by endogenous or intramolecular control in which the 

substrate's functional groups control reactivity, and the configuration or confonmation 

determines the steric course of the reaction. Organometallic reagents or catalysts, exert 

exogenous or intermolecular control by interacting with reactants or substrates. In some 

cases, simultaneous control of both reactant and substrate is possible. In adc3ition, 

organometallic reactions are easily endowed with chemoselectivity, regioselectivit5/^, and 

both relative and absolute stereoselectivity. 

Catalysis is the process by which a relatively small amount of a promoter, cadled a 

catalyst, increases the rate of a chemical reaction without itself being consumed dn the 

reaction.® There are a number of metal complexes with unique catalytic activitie:s, but 

many of them undergo structural changes during the reaction that make it difficrult to 

determine the structure of the true catalytic species. The reaction promoters added 

initially, therefore, are correctly called catalyst precursors. The metallic centers ussually 

have between two and six, or even more coordination sites. Some of the nonreactive 

coordination sites are occupied by neutral or anionic auxiliary ligands. The elecitronic 

properties and steric characteristics of such ancillaries have a strong effect on the c:ourse 

of reactions, so selection of central metals and careful molecular design of the -chiral 



ligands are particularly important for efficient asymmetric catalysis. The ligands that 

modify intrinsically achiral metal atoms must be endowed with suitable functionality, 

configurational, and conformational rigidity or flexibility,® as appropriate, to produce the 

desired stereoselectivity. This molecular recognition process that involves various 

attractive and repulsive forces subtly controls the stabilities of ground-state structures and 

transition states. 

Many of the elementary steps of enantioselective reactions are reversible, and the 

first irreversible step that involves diastereomeric transition states determines the 

product's structure. In asymmetric catalysis, a distinct bias is required to achieve high 

stereoselectivity. Since catalysis is a purely kinetic phenomenon, the initial or 

intermediate complexes, which can be observed spectroscopically, may not be direcdy 

involved in the catalysis. The real catalytic species is often short-lived and present at 

very low levels in the reaction system. In addition, unlike biological reactions, in which 

the stabilities of the enzyme-substrate complexes are imperative, the thermodynamically 

favored catalyst-substrate complexes are not always responsible for the chemical 

transformation.' To achieve a high degree of stereoselectivity, efforts must be focused 

toward a single chirality-determining transition state. In any event, certain well-designed 

chiral metal complexes not only accelerate the chemical reactions of the associated 

molecules, but must also differentiate between diastereomeric transition states with an 

accuracy of >2.5 kcal / mol. It is in this way that such compact molecular catalysts with 

molecular weights less than 1000 (<20 A in length or diameter) can control the overall 



stereochemical outcome in an absolute sense, and allow for an ideal method for the 

chemical multiplication of chirality. 

A high proportion of asymmetric catalysts that have been developed are 

organometallic compounds. High selectivity can be achieved by choosing the proper 

catalyst, substrate, and reaction conditions. Because the level of our understanding of 

organometallic structures and mechanisms remains primitive, selective reactions are 

usually discovered accidentally or devised empirically. However, methods that are based 

on molecular architecture and make use of accumulated chemical knowledge, are, in 

principle, highly rational and versatile. The catalytic activity basically originated from 

the central metal, and the stereoregulation is made possibly by the organic ligands 

attached to the central metal. Thanks to the diverse catalytic activities of metallic 

species, coupled with virtually unlimited permutations of the organic ancillaries, the 

possibilities and the opportunities that asymmetric catalysis affords are enormous. 

Asymmetric catalysis is characterized by the capability of repeated transfer of a 

three-dimensional message through organic reactions that result in chirality 

multiplication. Yet another advantage of asymmetric catalysis with chiral organometallic 

species is its extraordinary chiral flexibility. Since this synthetic strategy is based on 

catalyst-to-substrate intermolecular chirality transfer, the structures of the chiral source 

and chiral products have no formal relationship. (Compare shapes of the flags in 

equation e of Scheme 1.) This chiral flexibility contrasts with the chiral pool approach 

(equation b) or stereoselective synthesis via intramolecular asymmetric induction that 

rely on pre-existing stereogenic centers in the substrates (equation c). In those approaches 
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the product structures more or less reflect the structures of the chiral starting materials. 

The basic process, shown in equation e, is a simple enantioselective catalysis, however, 

combination of this principle with other standard methods such as those in equation a-c 

further increase synthetic utility. Double stereodifferentiation* is a particularly powerful 

mechanism for enhancing stereoselectivity. 

In ordinary reagent- or catalyst-based enantioselective reactions of prochiral 

substrates (equations d and e, respectively), 100% enantiomeric purity of the chiral 

source is generally assumed, and the major concern is the efficiency of the chirality 

transfer from the chiral source to the substrate (e.g. optical yield). In some special cases, 

however, a chiral metal complex can even amplify chirality (equation f). A catalyst that 

is itself only partially resolved may form a chiral product with very high enantiomeric 

purity.' 

Simple nonmetallic, purely organic compounds can also catalyze enantioselective 

transformation of prochiral compounds. In 1912, Bredig and Fiske reported an aDcaloid-

catalyzed hydrocyanation of benzaldehyde;'" however, only recendy has a high degree of 

enantioselectivity been achieved by using this approach. The proline-catalyzed 

intramolecular aldol reaction," the alkaloid-promoted cycloaddition of chloral and 

ketene," and alkylation of glycine anion equivalents are examples of these reactions. 

After numerous unsuccessful attempts, quaternary ammonium salts derived from certain 

alkaloids were found to act as efficient phase-transfer catalysts.Because the latter 

catalytic reactions are based on reversible, weak interactions between the organic 

catalysts and the substrates or reactants as well as the solvent, selection of the catalyst 
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molecules and prediction of reaction mechanisms remains difficult. As our 

understanding of dynamic, weak molecular interactions and microenvironments of 

solutions increases, rational design of effective catalysts may become possible.'" 

In any event, the recent growth in the area of enantioselective transformations 

with chemical catalysts and enzymes has greatly enhanced the overall potential of organic 

synthesis. Now, asymmetric synthesis of single enantiomers is becoming a common 

practice in laboratories.'^ This dissertation will focus on the enantioselective 

transformations aided by sub-stoichiomeric amounts of chiral compounds. This 

chemistry is still young and primitive, but is fiill of promise. 
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LTGANDS FOR ASYMMETRIC CATALYSIS 

Asymmetric synthesis has witnessed a burgeoning activity in the discovery, 

development, and application of numerous methods for the creation of stereogenic 

centers with high levels of enantio- and / or diastereoselectivity in recent years." Indeed, 

the development of stereoselective reactions to form C-H, C-C, C-O, C-halogen, C-N, C-

S, C-P, N-O, and S-O bonds using a stoichiometric or a catalytic" quantity of a chiral 

reagent has reached unprecedented levels of diversity, efficiency, and applicability. 

Some of these chiral motifs have become the reagents of choice in daily research 

activities, as well as for large-scale production of drugs and fine chemicals.'® The 

sources of these reagents are numerous, ranging from enantiopure readily available 

compoimds" to design variants that bear the appropriate structural and electronic features 

for the intended specific reaction. As developments in the field of asynmietric synthesis 

progress, the choice of chiral reagents for any transformation is made by combination of 

efficiency, availability, and economy. In the balance of this chapter, a survey of chiral 

reagents and Ugands (specifically nitrogen and oxygen bearing) for catalytic cycles in the 

field of asynmietric synthesis will be presented. 
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"•-./PPsHste CHIRAPHOS 
I (S,S)-2,3-bis(diphenyl-

phosphino)butane 

^yvY»N(CH3)2 

^p^OH 

DAIB 
3-e*o-(dimethylamino)-

isobomeol 

P(C6HS)2 
P(C6H5)2 

R.-D 

0CH3 

P(C6H5)2 

BINAP 
(/? )-2,2'-bis(diphenyl-

phosphino)-1,1 '-binaphthyl 
chiral salen 

A/,/V-bis(salicylideneam 
inojethane 

R 
DuPHOS 

substitutedl ,2-bis-
(phospholano)benzene N,N,N,N 

MOP 
(S )-2-methoxy-2"-(cliphenyl-
phosphino)-! ,1 '-binaphthyl 

Me OMe 

MeOaCi^NH Hr 
^--COaMe 

1 Me 

MeO Me 

Bis-dioxocyclams 

(2S, 65 9S, 13S)-6.13-Dimethoxy-2.6.9,13-
tetramethyl-2,9-dicarbomethoxy-1.4.8.11 -

tetraazacyclo-tetradecane-S. 12-dione 

O" 

OH 

•OH 

BINOL 
(R )-2.2'-dihydro>cy-

1.1'-binaphthyl 

hfc 
(1S )-3-heptafluoro-
butyrylcamphorato 

TADDOL 
(R,R )-(a,a.a',a'-tetraaryl-2.2-

disubstituted-1,3-dioxolan-
4,5-dimethanol 

HN^ chiral cyclams 
1.4.8.11 -tetraazacyclo-

tetradecane 

TPP 
5.10.15.20-tetraphenyl-

21H, 23H-porphine 

PhL* 

PhL-

Table 1.1. Representative examples of ligands used in enantioselective catalysis. 



The development of coordination chemistry has encouraged chemists to 

synthesize ligands to be used in enantioselective transition metal catalysis. Provided in 

Table 1.1 is a representative list of ligandis that are commonly used in catalysis. In 

addition, various features of each have provided some inspiration for the design and 

development of the catalyst system presented- in this dissertation.^ 

Most ligands used today are organic; based and contain some functionality (i.e. 

hydroxy 1, amine, carboxyl, amide, imine, phosphine, mercaptan, ere.) that allows for the 

binding or coordination of virtually any metal. This allows the design of complexes that 

bear appropriate structural and electronic feattures for a specific reaction. Before a review 

of the use of these ligands in asynmietric catalysis, a discussion of hard and soft acids and 

bases is warranted. 

Hardness and softness of acids and bases. For some time coordination chemists have 

been aware of certain trends in the stability' of metal complexes. One of the earliest 

correlations was the frving-Williams series o*f stabilityFor a given ligand, the stability 

of complexes with dipositive metal ions foULows the order: Ba^^ < Sr^^ < Ca^^ < Mg^^ < 

Mn^^ < Fe^^ < Co"^^ < Ni^^ < Cu^^ » Zn^^. This order arises in part from a decrease in 

size across the series and in part from ligand field effects. A second observation is that 

certain ligands form their most stable compl exes with metal ions such as Ag\ Hg^^ and 

Pt^^, but other ligands seem to prefer ions such as Al"^^, Ti"^, and Co"^^. Ligands and metal 

ions were classified" as belonging to type (a) or (b) according to their preferential 

bonding. Class (a) metal ions include those of alkali metals, alkaline earth metals, and 

lighter transition metals in higher oxidation states such as Ti"^, Cr^^, Fe^^, Co^^ and the 



hydrogen ion, Class (b) metal ions include those of the heavier transition metals, and 

those in lower oxidation states such as Cu^, Ag% Hg^^ Pd•^^ and Pt^^. According to their 

preference toward either class (a) or class (b) metal ions, ligands may be classified as 

type (a) and (b), respectively. Stability of these complexes may be summarized as 

follows: 

For example, phosphines (R3P) and thioesters (R2S) have a much greater tendency 

to coordinate with Hg^", Pd^", and Pt^^, but ammonia, amines (R3N), water, and fluoride 

ion prefer Al^^, Ti^, and Co^^. Such a classification has proved very useful in accounting 

for and predicting the stability of coordination compounds. 

Pearson^ has suggested the terms "hard" and "soft" to describe the members of 

class (a) and (b). Thus a hard acid is a type (a) metal ion and a hard base is a ligand such 

as ammonia or the fluoride ion. Conversely, a soft acid is a type (b) metal ion and a soft 

base is a ligand such as phosphine or the iodide ion. It may be noted that the hard 

species, both acids and bases, tend to be small, slightly polarizable species and that soft 

acids and bases tend to be larger and more polarizable. In general, hard acids prefer to 

bind to hard bases and soft acids prefer to bind to soft bases. 

In addition to the (a) and (b) species discussed above that provide the nucleus for 

a set of hard and soft acids and bases, it is possible to classify any given acid or base as 

Tendency to complex with 
class (a) metal ions 

Tendency to complex with 
class (b) metal ions 

N » P > As > Sb 
O » S > Se > Te 
F > C l > B r > I  

N « P < As < Sb 
O « S < Se - Te 
F < CI < Br < I 



hard or soft by its apparent preference for hard or soft reactants. For example, a given 

base, B, may be classified as hard or soft by the behavior of the following equilibrium:^ 

+ CH3Hg+ . CHsHgB"^ + IT eq. 1.1 

In this competition between hard acid (H^) and a soft acid (CHaHg^), a hard base will 

cause the reaction to go to the left, but a soft base will cause the reaction to proceed to the 

right. The methylmercury cation is convenient to use because it is typically a soft acid 

and, being monovalent like a proton, simplifies the treatment of the equilibria. A fairly 

complete listing of hard and soft acids and bases is given in Table 1.3.^ 

An important point to remember in considering the information in these tables is 

that the terms hard and soft are relative with no sharp dividing line between them. This is 

illustrated in part by the third category, "borderline," for both acids and bases. But even 

within a group of hard and soft, not all will have equivalent hardness and softness. Thus, 

although all alkali metals are hard, the larger, more polarizable cesium ion will be 

considerably softer than the lithium ion. Similarly, nitrogen is usually hard because of its 

small size, but the presence of polarizable substituents can affect its behavior. Pyridine, 

for example, is sufficiently softer than ammonia to be considered borderline. Conversely, 

amides can be classified as hard bases because of their ability to stabilize higher 

oxidation states. 
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Hard acids Hard bases 

IT-, Na^ K+ (Rb^ Cs"^ 
Be+^ (BeCCHsh, C&*\ St*'̂  (Ba^^) 
Sc+3. La^^. Ce+^, Gd^^, Th+^, U*^. U02*^^, Pu"^ 
Ti-^, Zr^, Hf^, VO+2 Cr+3 MoO^^, WO^, 
Mn-^2 Mn^"^, q^+Z 
BF3, BCI3, B(0R)3, A1+3, AI(CH3)3. AICI3, AIH3. GA+3, IN+3 
CO2, RCO^ NC^, Si-^, Sn^, CH:^n+3. (CH3):^N+2 
N*-^, IiP02^ ROPO2+, As+3 
SO3, RS02  ̂ROSOZ"  ̂
ci+2, ci*'^, f-"' 
HX (hydrogen-bonding molecules) 

Borderline acids 

Fe+^ Ni+2 Cu+2 Zn+^ 
RH+^ Ir+3 RU+3 OS^2 
B(CH3)3, GaHa 
R3C+, CfiHs^ Sn+2, Pb+2 
NO^ Sb-^3. 
SO2 

Sofi acids 

CO(CN)5'̂ , PD^̂ , PT̂  ̂PT"̂  
Cu+ Ag^ Au^ Cd-^2 Hg^ Hg-^2 cH3Hg-^ 
BH3, Ga(CH3)3, GaCls, GaBrs, Gal3, T1+ T1(CH3)3 
CH2, carbenes 
Pi-acceptors: trinitrobenzene, chloroanil, quinones, 
tetracyanoethylene, etc. 
HO+, RO^ RS+ RSe^ Te"^, RTe+ 
Br2, Br"*", I2, ICN, etc. 
O, CI. Br, I, N, RO-. R02-
M° (metal atoms) and bulk metals 

NH3, RNH2, N(CO), N2H4 
H2O, HO". 0-2 ROH, RO", R2O 
CH3COO-, COJ-  ̂NO" ,̂ P04- .̂ S04"  ̂CIO4 
F-(cn 

Borderline bases 

C^^2. C5H5N. N3-. N2 
NO2-, SO3-2 
Br" 

Soft bases 

H" 
R-, C2H4. CeHb. CN". RNC, CO 
SCN-, R3P, (R0)3P, R3AS 
R^, RSH, RS-, S2O3-2 
r 

Table 1.2. Classiflcation of Hard and Soft Acids and Bases. 

Nitrogen containing ligands. Used sparingly in the 1970's and 1980's, some of ±e first 

historical asymmetric catalysts were heterogeneous nitrogen-containing chiral systems. 

Very early, asynmietric reduction was reported on silk fibroin with palladium" and with 

Raney nickel modified by amino acids. Recently, many promising results have been 
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revealed for nitrogen-containing ligands in asymmetric synthesis as summarized in a 

1994 review by Togni and Venanzi." 

These ligands present several distinct advantages. First they are largely available 

in enantiomerically pure form, from the chiral pool or as cheap industrial chemical 

intermediates. In addition, the production of chiral amines by resolution of racemates is 

probably one of the easiest and well-documented methods of enantiomer separation. 

Chirality on the nitrogen atom is nevertheless difficult to obtain. Contrary to chiral 

phosphines, the chiral nitrogen atoms are instantaneously epimerized at room temperature 

(umbrella inversion). The formation of a stable chiral center on a nitrogen atom is, 

however, possible by using bicyclic structures. Examples include those of the chiral pool 

like quinine, cinchonine, sparteine, strychnine, emetine, and the amino acids. 

The second advantage of nitrogen-containing ligands lies in the chemistry of the 

nitrogen functional group. Particularly, the interactions with transition metals could be 

widely varied by preparing X-type ligands (amides, sulfonamides), L-type ligands 

(amines), or 7t-type ligands (imines).^ Furthermore, a nitrogen-containing functional 

group can act as a strong base (guanidines), or as a strong nucleophile (hydrazines). 

Lemaire^ has recently published a review covering the important current 

developments concerning the use of nitrogen-containing ligands for asymmetric catalysis. 

Selected examples will be discussed below, but the reader is directed to the review for a 

complete listing of asymmetric transformations and references. 

Oxazaborolidines. Two main classes of boron derivatives have been used as reducing 

agents in asymmetric catalysis with nitrogen-containing ligands. The first class includes 



oxazaborolidines prepared from amino alcohols in catalytic amounts in addition to 

stoichiometric or substoichiometric quantities of borane (BH3 or catecholborane). The 

hydride transfer occurs via a concerted mechanism. Oxazaborolidines possess Lewis-

acidic and Lewis-basic centers side by side able to activate both the carbonyl substrate 

and the borane. The second class of boron derivatives includes inorganic borohydrides, 

mostiy with cobalt as a catalyst. This involves a hydride transfer reaction via a transition 

metal complex (P-oxoaldiminatao-cobalt(n) complex)), which acts as a chiral reagent 

regenerated in situ by the inorganic hydride (NaBH4). 

Asymmetric reduction of prochiral aromatic ketones with chiral alkoxy-amino-

borane complexes, affording the corresponding aromatic secondary alcohols, was first 

reported by Itsuno^ et al., Enantioselectivities up to 60% were obtained using a variety 

of amino alcohols, the best being that derived from L-valine. These amino-borane 

complexes are remarkably stable (both thermally and hydrolytically), soluble in a wide 

variety of protic and aprotic solvents and are easily handled. Itsuno's method employs 

mixtures of borane (2-3 molar equiv) in THF and a chiral vincinal amino alcohol. 

Typically a 2.5:1 mixture of borane and the amino alcohol in THF was allowed to react at 

0°C for several hours giving the reducing mixture to which the ketone was added for 

reduction at 0-30°C. The reduction of ketones with this reagent was faster than that with 

borane in THF at the same temperature. Shortly after the initial reports of the 

enantioselective reduction with chiral alkoxy-amine-borane complexes, numerous 

examples improving the efficiency this reaction appeared in the literature (Figure 1.1).^^ 
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3d R = CH2CH=CH2 

Figure 1.1. alkoxy-amine-boranes. 

Structure 1 allows the reduction of acetophenone with 99% e.e., but reduction of 

aliphatic ketones gives low e.e.'s (< 30%).^^ Addition of alkylaluminum significantly 

accelerates the rate of reduction.^ The authors have shown this not to be a simple Lewis-

acid effect. Strucmre 2b leads to the same e.e.'s for acetophenone as 1, but is more 

effective for aliphatic ketones; 2-octyl ketone is reduced in 72% e.e. which is particularly 

high for this substrate.^ The reaction parameters have been extensively studied, and 

among them the temperature appears to be of special importance.^ The intermediate 

generally proposed for this reaction is depicted in Scheme 1.2.^ 

Cai et al. have recently reported that in some reductions using oxazaborolidines, 

two H atoms can arise from each BHj, the second transfer thus being less selective. The 

P-allylborolidines 2c and 3d were synthesized from the corresponding triallylborane and 

4 Rl 

Scheme IJ!. Transition state model for the oxazaborlidine reduction of carbonyls. 
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amino alcohol. A more constricted transition state system 5 with an intramolecular 

donation of only one hydride ion would be achieved (Figure 1.2). With these new 

ligands, the activity was maintained, but had reduced selectivity to that observed with 2b. 

For example, the e.e. values for the reduction of 2-octanone with 2c and 3d were 64% 

and 59%, respectively, while for acetophenone reduction the corresponding e.e. values 

were 79% and 77%. 

5 

Figure 1.2. Proposed intermediate in the reduction of ketones with B-allyI-l,3,2-oxazaborolidine. 

Corey developed borane derivatives of (S)-(-)-2-(diphenylhydroxymethyl)-

pyrrolidine which were better reducing agents than derivatives of primary-amino 

alcohols.^ Dependent on the boron substituent, a broader range of ketones could be 

reduced with excellent yields and enantioselectivities.^ The borane derivative was 

prepared by reaction of the amino alcohol with 2 equivalents of borane in THF at 35°C 

producing 2 equivalents of hydrogen gas and oxazaborolidine 3c. Removal of excess 

borane and solvent followed by sublimation yielded colorless crystals of the reducing 

compound 3c. 

To increase rigidity and to limit the number of possible conformations of the 

intermediate, cyclic a-amino acids were also tested in the same reaction in comparison to 

their corresponding amino alcohols.^' The latter gave better e.e.'s although they 

remained moderate. Structures 6-8 derived from proline also gave good selectivities 
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(Figure 1.3). Among the structures, indanol 7 was shown to be the most effective 

catalyst for reduction by borane and prochiral ketones."" Homochiral prolinol iV-oxide 

derivative 8 has been synthesized by oxidation of the appropriate tertiary amine, the N-

oxide being formed syn to the side chain hydroxy 1 group Catalysts obtained from 8 

gave 96% e.e. for the reduction of a-chloroacetophenone. 

Mukaiyama"*^ et al. reduced ketones with NaBH4 and catalytic amounts of 

optically active cobalt(n) complexes 9 having P-oxoaldimine ligands (Scheme 1.3).^ 

The complex was formed by heating the ligand with sodium hydroxide and cobalt(ii) 

chloride in a methanol / water solution at 60°C. The reduction was carried out at —20°C 

in the presence of a small amount of ethanol in chloroform. Several complexes were 

examined, but the aldimine sterically hindered at the chiral Q-symmetric diamine unit 

was the most efficient. In this catalyst system, a small amount of alcohol was necessary 

for achieving a high enantio-facial differentiation. Ethanol was the most suitable alcohol 

with respect to both enantioselectivities and chemical yields. 

6a n = 1 
6b n =2 

7 8 

Figure 13. Amino alcohols derived from proline. 
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yield 94% 
e.e. 92% 

NaBH4, EtOH, -20°C 

Scheme 13. Cobalt transiuon metal complex for hydiide transfer reactions. 

Dihydroxylation. The asymmetric dihydroxylation of olefins is one of the most recent 

successes in asymmetric catalysis.** Since the discovery of cinchona-catalyzed 

enantioselective dihydroxylation using OSO4, interest in this method has considerably 

increased. Numerous papers by Sharpless and others have been published reporting good 

to excellent e.e.'s depending on the class of olefins."*® Over 500 different ligands have 

been screened. The basic structure contains dihydroquinidine or dihydroquinine, one of 

the most popular chiral inductors containing nitrogen atoms. Two cinchona alkaloids 

DHQD or DHQ are bridged by various aromatic moieties such as phthalazine (PHAL), 

diphenylphthalazine (DP-PHAL), diphenylpyrazinopyridazine (DPP), and pyrimidine 

(PYR)"** (Figure 1.4). Recently, l,4-bis(dihydroquinidinyl)anthraquinone 

[(DHQD)2AQN] and l,4-bis(dihydroquininyl)anthraquinone [(DHQ)2AQN] were 

developed.'" These modifications were performed in order to improve both 

enantioselectivity and separation. 
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Alk 

iJ^N 

Ph 

PYR 
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N 

OAlk 

OAlk 

Alk = 
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dihydroquinidinyl (DHQD) dihydroquininyl (DHQ) 

Figure 1.4. cinchona alkaloid-based ligands for asymmetric dihydroxylation. 

These new ligands turned out to be superior to the others for asymmetric 

dihydroxylation of olefins having aliphatic substituents. For sterically congested olefins, 

the pyrimidine-based ligands remain the best. A mechanistic model showed that the 

ligand formed a U-shape binding pocket."*® On the basis of the previously proposed 

transition-state model"*' of the asymmetric dihydroxylation, the catalytic ligand 10 

emerged as a superior candidate for the selective temainal oxidation of oligoprenyl 

derivatives (Figure 1.5). This was based on the fact that the 4-heptyl ether substiments 

on the quinoline moieties serve to block penetration of the polyolefininc substrate beyond 
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the rear of the U-shaped binding pocket consisting of the napthopyridazine and quinoline 

rings in the mono OSO4 complex of 10. In addition, the N-methylquinuclidinium and 

napthopyridazine units provide favorable rigidity of the OSO4 • ligand structure.®" The 

catalytic dihydroxylation of the terminal double bond of 2,6-£',£'-famesyl acetate using 

ligand 10 occurred with about 120:1 position selectivity to give in 80% yield the 

dihydroxylation product in 96% e.e. Plenty of examples of application of asymmetric 

dihydroxylation are reported in the literature, such as the dihydroxylation of halogenated 

propenes,®' the oxidation of allylselenides,®^ or the synthesis of the biologically active 

tetracyclic marine sesterterpene, scalarenedial.®^ 

Mechanistically, two pathways have been proposed: 1) a concerted [3+2] 

cycloaddition®^ (the CCN model for Criegee-Corey-Noe) that directly forms the osmate 

ester 12, or 2) a stepwise [2+2] addition (Sharpless) yielding the metallaoxetane 11, 

which then rearranges to the cyclic ester 12. (Scheme 1.4) 

10 

Figure 1.5. Mechanistically designed bis-cinchona alkaloid ligand. 
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H2C=CH2 + OSO4 

[3 + : [2 + 2] 

cyclic osmate 
ester 

12 

metallaoxetane 

11 

H H 

13 

Scheme 1.4. Two proposed mechanistic pathways for asymmetric dihydroxylation. 

Variations on these mechanisms differ as to whether there is initial olefin 

complexation to the metal center, whether the catalyzing ligand is present during 

particular steps, and which of these steps is rate limiting (Scheme 1.5). Numerous 

articles have been published on the subject, but for the moment, the latest results by 

Singleton, Sharpless and co-workers using experimental and theoretical kinetic isotope 

effects support a rate limiting [3+2] cycloaddition (19—^>20—^>16).®^ 

P 
o 

o 

17 18 19 20 

Scheme 1.5. Sharpless' proposed rate-limiting [3+2] cycloaddition. 
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Aminohydroxylation. Since Sharpless' seminal contribution in 1996,^ the catalytic and 

asymmetric conversion of alkenes into enantiomerically enriched N-protected amino 

alcohols has rapidly become an extremely useful process. Using a reaction that is a close 

cousin of asymmetric dihydroxylation,^ it is now possible to prepare amino alcohols with 

different N-protecting groups in good yields and high enantiomeric excesses ® This is 

important since the 3-amino alcohol functionality is found in many biologically active 

compounds and in asymmetric catalysis. 

Currentiy, there are six different methods available for carrying out asymmetric 

aminohydroxylation. All of the methods have originated from the Sharpless group and 

they differ only in the N-protecting group (p-toluenesulfonyl (Ts),®® methanesulfonyl 

(Ms)," benzyloxycarbonyl (Cbz)," r-butoxycarbonyl (Boc)," 2-

trimethylsilylethoxycarbonyl (TeoC),® or Ac") that is introduced. Each method 

(Scheme 1.6) uses a combination of osmium tetroxide (obtained from K20s02(0H)4), 

aUcaloid-derived ligands (i.e. ((DHQ)2PHAL) or ((DHQ)2AQN)), and the Li or Na salt of 

an N-halogenated sulfonamide, alkyl carbamate, or amide in an alcohol/water solvent 

mixture.® Two regio-isomers 21a and 21b can be produced with unsymmetrical olefins. 

XNCINa or 
XNBrLi for X = Ac 

4 mol% K20S02(0H)4 "f Y" 

' 5 mol% DHQaPHAL ^ ^ 
R0H/H20(1:1) oh NHX 

0°C or room temp. 
21a 21b 

X = Ts, Ms, Cbz, Boc, TeoC, Ac 

Scheme 1.6. Overview of Sharpless asymmetric aminohdroxylation. 
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Better chemoselectivity and suppression of bi-products can be actiieved by 

choosing the correct reaction conditions for a particular substrate." It was found that the 

nature of the nitrogen source (metal salt and the organic substituent on nitrogen) and the 

concentration of water directly affects the efficiency of the reaction. Cinnamates undergo 

aminohydroxylation in high yields when TeoC-carbamate and acetamide are used as the 

nitrogen somrce jdelding the product with nitrogen at the P-position as the major isomer. 

It was noted that the preferred regiochemistry could be overturned by switching the chiral 

ligand from (DHQ)2PHAL to (DHQ)2AQN.'" a,P-unsaturated compounds are also good 

substrates® and it appears that Cbz-carbamates are best for crotonates and acrylates, 

whereas the chloramine-Ms (Ms = mesylate) approach was optimal for trans-

dimethylfumarate. Unlike the dihydroxylation, styrenes, a,P unsaturated esters and vinyl 

arenes were very poor substrates for aminohydroxylation. It wasn't until the advent of 

the carbamate- and acetamide-based processes that such compounds became viable 

substrates.®* 

Aziridination. These three-membered nitrogen containing heterocycles are versitile 

precursors for the synthesis of unnatural amino acids and other nitrogen-containing 

compounds of biological importance. Their preparation in optically active form typically 

requires multi-step transformation of available starting materials. Recentiy, asymmetric 

metal-catalyzed nitrene transfer to olefins has emerged as the first direct method for the 

enantioselective synthesis of aziridines from prochiral substrates (Scheme 1.7; path a). 

Similarly, the catalytic asymmetric transfer of carbenes to imines represents a 

complementary alternative for the preparation of these compounds (Scheme 1.7; path 
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b)7^ Among the potential advantages of the latter approach are the synthetic accessibility 

of imines and diazocarbonyl compounds, the high reaction efficiency (the only bi-product 

being nitrogen), and the inherent convergence associated with coupling two potentially 

complex fragments. 

+ "NX" ° ^ + NaCHR' 
H R" H 

23 22 24 

Scheme 1.7. Possible pathways for asjmimetric aziridination via nitrene or carbenoid transfer. 

Copper-chiral bis(oxazoline) systems allowed both reactions, but with low yields 

and e.e.'s (>12%).'^ Dissymmetric chiral diamine and diimine ligands having a 1,1'-

binaphthyl or l,l'-biphenyl moiety have been tested with copper for the aziridination of 

styrene derivatives, but e.e. values do not surpass 22%." Better results (Scheme 1.8) 

were obtained with chiral (salen)Mn(m) complex 257* Yields of 74% and e.e.'s up to 

94% were reached for the aziridination of styrene derivatives. Additives play an 

important role in the reaction for activation of the catalyst (TFAA, TsjO), and most of the 

time, the use of pyridine N -oxide was crucial to reach high enantioselectivity.'® 
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4-phenylpyridine N -oxide, Phl=NTs 

Ts 26 

94% e.e. 
76% yield 

5 mol % AcO 

25 

Scheme 1.8. Asymmetric aziridination of styrene by a (salen)Mn(ili) complex. 

The contribution of asymmetric catalysis in the overall production of chiral 

chemicals is much lower than originally expected, which is surprising given the huge 

amount of work devoted to this subject. Several factors are responsible for this lack of 

practical application, particularly the price of the catalyst precursor (both precious metals 

and optically pure ligand) and the difficulties encountered in the separation and recycling 

of the catalyst. A few processes have, however, permitted high turnovers. In these cases, 

the cost of the catalyst was considered negligible and so the catalyst was sacrificed during 

the work-up. Apart from these economic considerations, it is almost impossible to 

recycle phosphine-containing catalysts due to their low stability toward oxidation. 

Moreover, this strategy is obviously in contradiction with the general tendency toward 

ecological care in chemical industry. 

Naturally one may believe that nitrogen-containing ligands have an increasing 

interest in catalysis, although to a lesser degree than the ubiquitous phosphine ligands. 

Lemaire's 2000 review on nitrogen-containing ligands for catalysis leads one to think 
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otherwise. An analysis of over 600 recent articles shows that indeed nitrogen-containing 

ligands have already overtaken phosphorus-containing ligands in many domains of 

asymmetric catalysis. The discovery of the value of chiral phosphines in asymmetric 

catalysis has had enormous conceptual and historical importance. Nevertheless, nitrogen 

containing ligands now seem to be better equipped to meet the diverse requirement of 

practical asymmetric catalysis. The wide scope of application for nitrogen-containing 

ligands is summarized in Table 13. 
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Asymmetric C—H Bond Fonnation 

Type of N—Ligand 
reduction with 

hydrogen 
reduction with 

inorganic hydride 
hydride 
transfer hydrosilylation 

amino / imino phosphines yes yes yes 
diamines yes yes 
cinchona and derivatives yes 
amino / imino alcohols / phenols yes yes 
salen and salen types yes 
bis(oxazoIines) and similar yes 
semicorrins yes 
aromatic heterocycles / pyridines yes yes 
sulfonamides yes 
amides, ureas, thioureas yes yes 

Asymmetric C—O Bond Formation 

Type of N—Ligand 
.. . Baeyer-

epox. dihydroxylauon ^lylic Villigertype Wacker opening oxidation reactions 

sulfoxide 
synthesis 

cinchona and derivatives 
amino / imino alcohols / phenols yes 
salen types yes 
bis(oxazolines) yes 
porphyrins yes 

yes 
yes 

yes yes 
yes 

yes 
yes 

yes 

Asymmetric C—N Bond Formation 

Type of N—Ligand hydroamination 
ofC=C 

a CO 
atnination 

hydroxyamination 
aziridine 
synthesis 

allylic 
amination 

amino / imino phosphines 
cinchona and derivatives 
salens 
sulfonamides 

yes yes 
yes 

yes 
yes 

Asymmetric C—C Bond Formation at AUylic and Vinylic Positions 

Type of N—Ligand substitution 
cyclo-

propanation 
Dieis-
Alder 

Michael-type 
addition 

Grignard 
cross 

coupling 

hydro-
formylation 

amino / imino phosphines yes yes yes yes yes yes yes 
diamines yes 
amino / imino alcohols / phenols yes 
salens yes 
bis(oxazolines) yes yes yes yes 
semicorrins yes 
aromatic heterocycles yes yes yes 
porphyrins yes 
sulfonamides yes yes 
amides, ureas, thioureas yes yes yes 

Asymmetric C—C Bond Formation with Carbonyls and Imines as Substrates 
aldol add'n of alkyl cyanohydrine add'n of organometallic 

reaction zinc to aldehydes synthesis on imine group Type of N—Ligand Strecker 

diamines yes 
amino / imino alcohols / phenols yes 
salens 
bis(oxazolines) yes 
sulfonamides yes 
amides, ureas, thioureas 

yes yes 
yes 
yes 

yes 

yes 
yes 

yes 

yes 
yes 
yes 

Table 13. Nitrogen Containing Ligands and the Asynunetric Reactions they Catalyze. 



SALEN METAL COMPLEXES 

Many new ligands have been introduced over the past two decades and their 

combination with various metal ions has realized the syntheses of highly efficient 

asymmetric catalysis. However, most ligands have only narrow applications and their 

use is limited to some specific reactions. Exceptionally, a few ligands such as dialkyl 

tartrate, binaphthol, semicorrin (including bisoxazoline), and BINAP show wide 

applicability. Chiral salen ligands is one class of such ligands and their metal complexes 

are now used as catalysts for a variety of enantioselective reactions such as oxidations,'* 

aziridination," cyclopropanation,™ Diels-Alder reaction," addition of TMSCN to 

aldehydes,** and Strecker reaction*^ and for kinetic resolution of racemic epoxides.®' 

Before the 1980s, little attention had been given to the use of salen complexes as 

asymmetric catalysts. Initial efforts were directed toward the synthesis and 

characterization of rather fundamental complexes, which do not look striking today, but 

were important for the elucidation of their catalytic potential. Schiff reported the first 

synthesis of Schiff base metal complexes as early as the 1860s," but it was not until 

almost a century later that concrete and rapid advances in the field of catalysis became 

evident. 

Schiff base complexes. Numerous Schiff base metal complexes have been synthesized 

and can be classified by the ligands involved in the coordination; salen and multidentate 

ligands derived from salen and bidentate //-substimted salicylidene-amidates (Figure 

1.6). Although many complexes have been derived from ligands of formula H, they will 
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not be discussed.** This section will focus on complexes derived from the ligand system 

of formula I. 

B = (CH2)X X = 2 (X-Salen), 3 (X-Saltn), 4 (X-Salbn), 5 (X-Sal-xmn) X-Sal-NR 

B = C6H4 - (X-Salph) 

B = (H2C)3-r( /J—(CH2)3 (X-Sal-prpi) 

Figure 1.6. Salen and bidentate ^-substituted salicylidene-amidate ligands derived from salicylaldehyde.*^ 

Because of the basic nature of the functionality present in the molecule, these 

ligands readily bind metal ions. The C=N group is generally insufficient by itself to 

pennit the formation of stable complexes by simple coordination of the lone pair to the 

metal ion. Therefore, in order to form stable complexes it is necessary that there should 

also be present in the molecule a functional group with a replaceable hydrogen atom. 

This requirement is satisfied by the presence of a hydroxyl group, near enough to the 

C=N group to permit the formation of a 5- or 6-membered ring by chelation to the metal 

ion.** 

The tetradentate ligand salen normally demands planar 4-coordination in its metal 

complexes, such as Co(Salen). However, it is possible to synthesize metal complexes in 

which the Salen ligand has a strained non-planar conformation. Complexes with a non-

planar Salen ligand may be classified into two types, (a)-presence of one bidentate ligand 
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and (b)-presence of two special unidentate ligands (Table 1.4). In complexes of type (a), 

the strained non-planar conformation of the Salen is forced by a co-existing bidentate 

ligand, which occupies two cfj-sites in the coordination sphere of 6-coordinate metal 

complexes." The more rigidly planar tetradentate ligand Salph is also distorted from the 

planar conformation in some Co(III) complexes containing P-diketonate as a co-existing 

ligand. 

(a) Presence of one bidentate ligand: 

[Co(salen)(bidentate)] bidentate = acac, bzac, tfac, etc. 

N—-Jjo—O (1960s: Calligaris, M.; Nardin, G.; Randaccio, L. et al.) 

(b) Presence of two special unidentate ligands: 

[MO02(QSB)] QSB = salen, saltn, salbn cis - [Ru(salen)(CO)2] 

N—;Mci=0 N—;Ru—CO 

O CO 

(1974: Yamanouchi, K.; Yamada, S.) (1978: Thomback, J.R.; Wilkinson, G.) 

Table 1.4. Non-Planar Salen in Metal Complexes. 

In complexes of type (b), the bonding nature of the two co-existing unidentate 

ligands strongly demands cz5-coordination, thereby forcing Salen into the non-planar 

conformation. Examples of this non-planar conformation are provided by the metal 

complexes of [MoOjCSalen)], [MoOjCSaltn)] and [MoOjCSalbn)]. The non-planar 

geometry can be explain by the demand for a bent O-Mo-O conformation of 

dioxomolybdenum(VI), MoOz^"^. The structures were confirmed by NMR®® and in the 

case of [MoOjCSaltn)], single crystal x-ray diffraction studies.®* The two CO molecules 
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in cis-[Ru(CO)2(Salen)] tend to occupy cis- rather than fra/ij-positions, probably by the 

bonding nature.*" 

As the polymethylene chain between the two imine nitrogen atoms is lengthened 

from two to larger numbers, the stereochemistry of the metal complexes is affected. It 

was reported that the molecule of [Rh(Salbn)Cl(py)] has the CI and pyridine ligands 90° 

apart with Salbn twisted into a P-c/^-conformation. The steric requirement by ±e 

tetramethylene chain favors non-planar conformation for Salbn in this rhodium(iii) 

complex." 

As the length x (Figure 1.6; B=(CH2)x) increases from two, the ligand field 

produced becomes much weaker, as indicated by the shift of the main d—d band toward 

lower wavenumbers and by lowering of the capacity of Ni(ii) to bind additional ligands, 

such as py, at the fifth and sixth coordination sites.*^ When [Ni(Salen)] (x = 2) is 

dissolved in pyridine, the 4-coordinate planar configuration is maintained, while 

[Ni(Saltn)] (x = 3) binds two pyridine molecules to form 6-coordinate 

bis(pyridine)nickel(ii) complex. 

In general, 4-coordinate Co(ii) complexes have a higher tendency to assume a 

tetrahedral configuration than the corresponding 4-coordinate Ni(ii) complexes. 

Although [Co(Salen)] is a 4-coordinated low-spin (not diamagnetic, the usual meaning of 

spin-paired) planar complex owing to the steric requirement by Salen, Co(ii) complexes 

of the polymethylene analogues [Co(Sal-xmn)] (x = 4-10) are high-spin and exhibit 

electronic absorption spectra typical of tetrahedral Co(ii) complexes. This indicates that 
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the steric requirement to demand the planar configuration is relieved more and more as x 

increases.'^ 

The nature of bonding of the dioxygen molecule with Co(Salen) has been 

disputed for a long time.** It is known that the ligand field produced by Salen is so strong 

that Co(Salen) would have only weak bonding capacity at the fifth and sixth coordination 

sites. A small number of mononuclear 5-coordinate Co(ii) complexes of type 

[Co(Salen)B] have been reported, where B denotes ammonia or pyridine.'® They are low-

spin d^, and the bond distance between Co and N(py) in [Co(Salen)py] (2.1 A) is much 

longer than the in-plane Co-N distance (1.90 A) 

The compound Co(Salen) occurs in two different crystalline modifications, one 

being active and the other inactive as to absorption of the dioxygen molecule.'® The 

active form consists of a mononuclear planar complex [Co(Salen)] and the inactive form 

is dimeric, represented by [Co2(Salen)2], in which the two Co(n) ions are 5-coordinate." 

There has been a continuous interest in the dioxygen Salen-cobalt complexes. 

Extensive studies have revealed that the X-Salen-Co(ii) complexes in non-aqueous 

solvents absorb O2 more readily in the presence of an axial ligand (B).** The following 

equilibria may be assumed, where QSB denotes quadridentate Schiff bases: 

[Co(QSB)B] + O2 . • • [CO(QSB)B(02)] 

[CO(QSB)B(02)] + [Co(QSB)B] [B{QSB)Co - OZ* (QSB)B] eq. 1.2 

In the late 1960s Floriani and Calderazzo" reported that reactions of dioxygen with 

Co(X-Salen) in various solvents, except for the complex with X = S-CHjO, yielded the 
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diamagnetic peroxo-bridged species of the type [B(X-Salen)CoCni)-0-CMro(in)(X-

Salen)B], where B denotes a nitrogenous base, such as pyridine, DIMF and so on. The 

structure of [Co2(Salen)2(02)(DMF)J was determined by X-ray. 

On the other hand, the 3-methoxy analogue in pyridine reacts with dioxygen to 

yield the mononuclear complex [Co(3-CH30-Salen)(py)02]. This was the first 

mononuclear 1:1 dioxygen complex to be isolated. 

Similar mononuclear dioxygen cobalt complexes were obtained with Hjacacen 

and Hjbzacen:^"" [Co(acacen)B(02)] and [Co(bzacen)B(02)]. The structures of these 

complexes were determined by X-ray analysis.'"^ In the latter complex the angle 

Co-O—O is 125° and the O-O distance (1.20A) differs widely from, that of the ion 

(I.49A in K2O2), consistent with the assumption that 1:1 cobalt dioxygen complexes 

should be formally described as Co(in)-02'.'°^ 

Because porphyrins and metallosalen complexes have sirmilar structures, the 

chemistry of metallosalen complexes has attracted the attention of chemists for a long 

time. The unique phenomena of adsorption and release of molecular oxygen of 

(salen)cobalt complexes has been studied extensively as the model compound of oxygen 

carrier in living bodies. In the mid-80s, Kochi"*^ and Fujita'" showed the usefulness of 

metallosalen complexes in asymmetric synthesis. Since its inception, many 

developments and advances of metallosalen complexes have been realized and will be 

discussed. 

Chiral metallosalen complexes 31 can be readily synthesized from metal salts and 

salen ligands which are prepared by simply mixing 1 mole of a clhiral diamine and 2 
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moles of an achiral salicylaldehyde derivative 29.'°® The synthesis of Jacobsen's 

manganese salen catalyst is shown below in Scheme 1.9. For a large-scale preparation 

see Jacobsen et al., J. Org. Chem. 1994,59, 1939-42. 

ROH 

H3PO4 or AICI3 

2 CH2O 

SnCU (0.1 eq.) 
lutidine (0.4 eq.) 

H2N NH2 

Pb /h 
>-< 

EtOH 
91 - 97% 

OH Hi 

29 

1.Mn(0Ac)2-4H20 
air 

2. UC! 

89 - 96% 

R R 
{R,R)30 

-H-

R R 

{R,FJ) 31 

Scheme 1.9. Synthesis of Jacobsen's (salen)Manganese(III) catalyst. 

While this particular (salen)manganese complex, and other derivatives, have been 

used extensively for asymmetric epoxidation, a detailed discussion will be postponed 

until Chapter 3. Alternatively, other applications of salen complexes (manganese, cobalt, 

chromium, and aluminum) in synthesis will be described. 

Manganese: sulfide oxidation, hydroxylation, silyl enol ether oxidation and kinetic 

resolution of allenes. Mn(salen) complexes are effective catalysts for the asymmetric 
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oxidation of sulfides. Katsuki showed that his manganese complex*"^ (described in 

Chapter 3; epoxidation of olefins) could oxidize a variety of aryl sulfides to sulfoxides 

with e.e.'s up to 94%. (Scheme 1.10) The oxidation proceeded using an equimolar 

amount of iodosylbenzene and 1 mol% of the catalyst. The enantioselection was affected 

by the choice of solvent. The same year, Katsuki also reported the benzylic 

hydroxylation using Mn(salen) complexes."" Using iodosylbenzene and very polar 

solvents, hydroxylation was achieved with e.e.'s around 64%. 

Oxidation of sulfides: _ 
Q PhIO, catalyst IT 

Ar'^R ^ 
solvent * 

32 

Hydroxylation: I / 
PhIO, catalyst [| 

solvent, 1.5 h 

Scheme 1.10. Asymmetric sulfide oxidation and benzylic hydroxylation. 

Thomo et reported that complex 34 catalyzed the oxidation of a range of 

ketone enol ethers to give a-hydroxyketones 35a using iodosylbenzene as an oxidant in 

acetonitrile at room temperature (Scheme 1.11). The reaction proceeded in good to 

excellent yield (70-94%) combined with a moderate asyrmnetric induction (14-62%). 
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Ph 

OH 
34 

PhlO, CH3CN, rt 35a 35b 

0.8 :1 hydroxy ketone : silyloxy ketone 
72% yield (total products) 
62% e.e. (isolated alcohol) 

Scheme 1.11. Oxidation of ketone silyl enol ethers. 

While oxidizing a racemic mixture of I-phenylbuta-l,2-diene with complex 36, 

Katsuki and his colleagues were able to generate some enantiomerically enriched 1-

phenylbuta-l,2-diene 37 (60% e.e. at 45.5% conversion).'®® (Scheme 1.12) 

Ph P 

AcQT-

2.0 mol% 36 

Me PhlO, CH2CI2. -40=0 

60% e.e. at 45.5 % conversion 

Scheme 1.12. Kinetic resolution of racemic allenes. 

Cobalt: hydroxylation, epoxide ring opening, hydrolytic kinetic resolution. Nishinaga et 

aZ.,"" described the hydroxylation of styrene using the optically active Co(salen) complex 
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38 to produce 1-phenyl-ethanol 39 in modest yield (30%) and enantiomeric excess (38% 

e.e.). (Scheme 1.13) 

O2 
(1 atm) 

38 

iPrOH 39 

30% yield, 38% e.e. 

Scheme 1.13. asymmetric hydroxylation of styrene. 

Jacobsen et a/./" described the asymmetric nucleophilic ring opening of meso 

epoxides using benzoic acid in the presence of a Co(salen) complex 40 (Scheme 1.14). 

The reaction proceeded well (96%) with good asjonmetric induction (93% e.e.). 

40 

5 mol% 
OCOPh HO 

N2.40 h, rt 
iPrNEt, TBME 

HO OCOPh 
41 

96% yield, 93% e.e. 

Scheme 1.14. asymmetric ring-opening of meso epoxides. 

A similar Co(salen) complex 42 was also used by Jacobsen'" for the hydrolytic 

kinetic resolution of racemic epoxides which enables access to terminal epoxides 43 and 

diols 44 in high enantiomeric purity (Scheme 1.15). The organic-free method was 
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carried out in the presence of water at room temperature over a 48 hr period. Once the 

resolution was completed, partitioning the two products between pentane and water easily 

isolated the epoxide. Removal of the solvent followed by distillation of the pentane layer 

separated the enriched epoxide and the reusable catalyst. 

Chromium: hetero-Diels-Alder. Jacobsen's laboratory has also achieved the asynmietric 

hetero-Diels-Alder reaction between [(2-chlorobenzoyl)oxy]-acetaldehyde and 1-

methoxy-3-[(trimethylsilyl)oxy]buta-l,3-diene in the presence of 2 mol% Cr(salen) 45.*" 

(Scheme 1.16) The reaction was run in non-coordinating etheral solvents at —30°C in the 

preence of 4 A molecular sieves. The asynunetric induction was in excess of 83% (99% 

after recrystallization). The nature of the catalyst's counterion was reported to have a 

dramatic effect on both the yield and enantioselectivity of the reaction. 

HgO (0.55 eq) 

45% yield, 99% e.e. 45% yield, 91% e.e. 

Scheme 1.15. hydrolytic kinetic resolution of racenaic epoxides. 
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OMe 

63 

BF, 

45 

4 A mol. sieves 
TBME, -aO-C 

46 CI 

92% yield, 83% e.e. 
67% yield, 99% e.e. (recryst) 

Scheme 1.16. Asymmetric hetero-Diels-AIder. 

Aluminum: asymmetric Strecker reaction. The first example (Scheme 1.17) of a metal 

catalyzed enantioselective Strecker reaction using chiral Al(salen) 47 was recently 

reported by Jacobsen.""* The reaction of N-allyl benzaldiniine was completed within 15 

hr at -70°C in the presence of catalytic amounts of the Al(salen) complex and HCN (91% 

yield, 95% e.e.). 

'H 

47 

TMSCN 

5 mol% 
i.) 1.2eq. HCN. PhCHa 

-70°C, 15 h 

ii.) TFAA 

O 
X ^ FgC^^N^ 

Ptf^C 48 CN 

100% yield, 45% e.e. 

Scheme 1.17. Asymmetric Strecker reaction. 
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CYCLAMS AND DIOXOCYCLAIVIS 

Macrocyclic saturated polyamines have been studi-cd by chemists since the 

1960s/" The cyclic polyamines were used mostly as chel:ating agents for transition 

metal ions,"*® but as studies developed, they were discovered to possess similar properties 

as those of other nitrogen-containing biofunctional molecules (e.g. porphyrins, peptides 

(Gly-Gly-His) and biogenic polyamines like spermine). Macrocyclic polyamines contain 

strong basic nitrogen donor atoms alternating within a cyclic carbon chain. The cyclic 

polyamines are highly protonated and strongly binds with transition and heavy metal ions 

via coordination. Moreover, upon cyclization, polyamines gain new properties beyond 

those anticipated from assemblies of amines or linear polyamiraes. 

Behavior of polyamines. The behavior of macrocyclic polyamanes is of particular interest 

due to their contrast with acyclic polyamines. The adjacent nitrogen lone pairs may 

overlap to bring about higher electron densities in the macrocyclic cavities due to 

restricted conformation. Thus, the proton affinities at the initial stages are higher {i.e. 

pKa values greater than ~ 10) than isolated secondary amines (Tigure 1.7). In fact, some 

cyclic polyamines ([IZJaneNa) 49"' and derivatives 50"® are basic (pK^ > 13) as DBN 

51. 

49 

[12]aneN3 

50 

pKa = -13 
51 

pKa=-13.5 

Figure 1.7. pK, values for some cyclic polyamines. 
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The already protonated amines are so close (due to the macrocyclic 

conformational restraint) that the proton affinities at the later stages are extremely weak. 

Shown in Scheme 1.18 are the experimentally determined protonation constants for 

2,3,2-tet 52 and cyclam 57."' 

N' log/Ci K \0gK2 '°g^3 

10.3 9.5 

52 53 54 

2,3,2-tet 

log /Ct Hz Ha 
+ 

NH3 e.o H3N "NH3 
55 56 

ir .og/C, .og/C, 

58 57 

cyclams 

K.£r^.H 
log ^ NH H log Kk 

NH H 1.6 

60 61 

Scheme 1.18. Comparison of protonation constants AT; for 2,3,2-tet and cyclam. 

Bosnich and co-workers first reported studies on complexes of a tetraaza 

macrocyclic ligand that is especially well suited to the characterization of those 

exceptional properties that may be associated with the cyclic namre of macrocyclic 

ligands. The ligand was 1,4,8,11-tetraazacyclotetradecane ([MlaneNJ and constitutes a 
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cyclic counterpart to such common ligands as ethylenediamine, diethylenetriamine, and 

triethylenetetramine. The saturated nitrogens are relatively hard and interact with the 

metal ion only through a bonds. It follows that the properties of [14]aneN4 complexes 

should correspond to those of the most typical classic coordination complexes, deviating 

only in ways that reflect the cyclic structure of the ligand. 

In an effort to ascertain those effects that arise from the cyclic nature of the 

macrocyclic ligand, Busch synthesized a series of saturated tetraaza-macrocycles ranging 

from [12]aneN4 to [I6]aneN4.^ The high-spin, six-coordinate nickel(n) ion and low-

spin, six-coordination cobalt(III) ions were chosen for careful evaluation of the effects of 

ring size on the metal-donor interaction. Complexes of the general formulas rran5-[Ni"-

(MAC)Z2] and fra«5-[Co™-(MAC)ZJY were prepared for the macrocyclic ligands except 

[12]aneN4, which was too small to encompass these particular ions and only formed a cis 

complex. The axial ligands Z ranged over the anions CI", Br, N3", and NCS*. Application 

of the ligand field model with full configuration interaction to the electronic spectral data 

on these complexes leads to the parameters of and D^. The quantity measures 

the ligand field strength of the tetraaza-macrocyclic ligand, while Dq^ provides an 

indication of the axial ligand-nickel ion interaction. 

Complex Dcf Dq  ̂

Ni([15]aneN4)Br2 
Ni([14]aneN4)Cl2 
Ni([15]aneN4)Cl2 
Ni([16]aneN4)Cl2 
Ni([15]aneN4)(Nb)2 

1283 
1480 
1242 
1116 
1227 
1202 

452 
379 
589 
510 
764 
908 Ni([15]aneN4)(NCS)2 

Table 1.5. Spectrochemical Parameters for the Complexes Ni([14-16]aneN4)Z2 (in cm"'). 



The quantity varies strongly with ring size for a constant axial ligand (Table 

1.5). This was not consistent with the concept that a constant donor set should yield a 

constant ligand field. By comparing the experimental results with some reference values 

for saturated nitrogen donors bound to nickel. An analysis of the data suggests that 

donors of the kind present in [I2-14]aneN4 should exhibit values of approximately 

1200 cm"'. It follows that ±e ring that exhibits values closest to 1200 cm"' behaves 

in a "normal" fashion. The complex rranj-NiCClSJaneNJClj fulfills this requirement. 

This normal value of stands in contrast to the values observed for parameters in the 

cases of the larger and smaller rings. 

One rationale for these observations views the ligands as stiff elastic bands that 

encircle the metal ion and bind to it at four points. Such a stiff elastic band would have a 

natural radius that would correspond to the metal-nitrogen distances in an undistorted 

structure. Normal behavior, in the spectrochemical sense, is observed when the ring is 

precisely the size that fits the specific metal ion with no deviation from its normal shape 

or size. If the stiff elastic band is too small, it must be stretched to accommodate the 

metal ion. This distortion exerts a force that serves to enhance the metal-donor 

interaction and, therefore, increase the magnitude of If the elastic band is too large, 

it will tend to stretch the metal-donor linkages as they act to compress the ring. This 

causes a decrease in Dq''^. Busch has reported a more sophisticated and quantitative 

analysis of this behavior."^ 

Since macrocyclic polyamines have such unique properties, one can take 

advantage of the basic characteristics and design highly functionalized molecules. For 
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example, very distorted metal complexes could be constructed due to the extraordinary 

macrocyclic stability. Reaction intermediates, reaction transition states or extremely 

reactive molecules may also be designed. Simply, metal catalysts or metalloenzyme 

models may be easily tailored from the basic macrocylic structures. 

While macrocyclic polyamines 62 act as host molecules for protons and metal 

cations 63, upon protonation (at neutral pH) polyamines 64 can also form complexes with 

anions 65 (Scheme 1.19).^ 

H 

62 63 

nH"^ 

(at neutral pH) 

• Non-metal Chelation 

• Selective Metal Chelation 
• Catalyst or Metalloenzyme 

Model as Complexes 

• Modification of Metal Ion Properties 

• Information Output 

• Medicinal Application 

64 65 

• Proton Sponge 

• Proton Transport Recognition Sensors 

• Anion Transport 

• Catalysis, Enzyme Models 

• Selective Anion 

Scheme 1.19. Characteristic properties of macrocyclic polyamines and their application.*^ 



The polyamine host-guest interaction would develop into more highly advanced 

chemical functions for: 1) the design of more sophisticated hosts for more selective and 

efficient uptake of wider ranges of guest molecules and ions; 2) selective separation, 

dissolution and membrane transport of guests; 3) information input or output upon host-

guest interaction; 4) new functions as complex assemblies; 5) new chemical reactants or 

catalysts due to host-guest interaction and 6) recognition of external stimulus and/or 

messages to initiate above functions. 

Cyclams constitute a special class of 14-membered tetraazamacrocycles that form 

very stable, kinetically inert complexes with a range of metals, particularly first-row 

transition metals with the potential for wide-ranging biological activity,^ including 

proton and metal ion transport, oxygen complexation and activation,*^ and superoxide 

dismutase activity."® It seems obvious then that short, chemically efficient syntheses of 

this class of molecules and derivatives are of importance. The synthesis of cyclams and 

their derivatives has evolved over the years. Although unsubstituted cyclams are readily 

formed from die condensation of aliphatic amines and the corresponding aldehyde, 

followed by the reduction of the imine, the synthesis of mono- and difunctionalized 

cyclams has not been straight forward. The oldest method for their synthesis has been the 

template condensation of 5-benzyl-8-methyl-l,5,8,12-tetraazadecane with glyoxal in the 

presence of nickel perchlorate.*^ The nickel was removed using sodium cyanate. 

Tabushi and his coworkers have produced polyfunctionalized cyclams, but with yields of 

only 20-30% for the ring closure step.*^ More recent methods to prepare 

monofiinctionalized cyclams have started with the expensive unsubstituted cyclam and 
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used tosylation, alkyladon and detosylation to give cyclams with one pendant functional 

group."' Wagler and Burrows have prepared hydroxylated cyclams by a fairly 

convenient method, but ring closure yields of only about 10%."° 

N-Substituted cyclams. Bradshaw has developed a three-step, high yielding procedure to 

prepare cyclams containing one or two unsubstimted ring nitrogen atoms. The reaction 

sequence is provided below in Scheme 1.20. The synthesis uses the reaction of a 

diamine with chloroacetyl chloride to form the starting crab-like intermediate 66. This 

intermediate resembles a crab with two reactive chloride groups poised and ready to 

react, hence the term "crab-like". Cycloaddition to yield the macrocyclic diamide 67 in a 

50-60% yield, is realized by treating the dichloride with a bis-secondary diamine in 

refluxing acetonitrile.*^^ Yields of around 80% were reached by employing high dilution 

techniques. The process was carried out using a syringe pump to simultaneously add two 

dilute reactant solutions over a period of 25-50 hours. Reduction of the amides to the 

amines 68 was then achieved by treatment with diborane, which completed the assembly 

of the cyclam in three high yielding steps. 

80% (high dilution) 

CI cr 
66 

a-chloroamides 

67 68 

Scheme 1.20. Preparation of ^-substituted Cyclams by a Crab-Like Cyclization Process."^ 



The addition of functionalized side chains to cyclams and dioxocyclams gives rise 

to modulation of the coordination and redox properties of the metal complexes. Burrows 

and Wagler reported the synthesis of optically active awft'-disubstituted dioxocyclams 

derived from readily available chiral amino acids. The synthesis of these cyclams is 

outlined in Scheme 1.21, and is based in part upon the macrocyclization reported by 

Tabushi for the synthesis of the parent compound."^ 

The amino acid is first AT-protected with the carbobenzyloxy group followed by 

activation of the carboxyl group by conversion to the corresponding N-

hydroxysuccinimide ester 69. Two equivalents of the ester were then allowed to react 

with one equivalent of 1,3-diaminopropane in dry dimethoxyethane. Hydrogenation (40 

psi Hj, 5% Pd-C, MeOH) afforded the deprotected diamine 71 in 96% yield. The bis-

amide was then reduced with borane—THF (5 equiv., OC to reflux, 18 h) leading to the 

tetraamine in 83% yield. The final macrocyclization to yield the dioxocyclam was 

acomplished by treating equimolar amounts of dimethylmalonate and tetraamine 72 in 

refluxing ethanol for 5 days. Isolation of the dioxocyclam 73 was achieved in a 

disappointing 8% yield. Several attempts were made to increase the yield, but proved to 

be unsuccessful. The major byproduct was the uncyclized intermediate in which only 

one amide bond had formed, while the minor product was the desired macrocycle. 
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1 / , / / Q S^NH i 

'^"2 R^fjJHR^r^HHI}r"R 
C b z C b z  C b z  

69 70 

Y" -y — X""!) 
R^NH2H2N^'''R R^^NHaHaN ''R 

71 72 73 

Scheme 1^1. Synthesis of Optically Active Dioxocyclam Derived from Chiral Amino-Acids*^ i.) CbzCl, 
NaOH, 85% ii.) DCC, N-hydroxy-succinimide, 94% iii.) 1,3-diaminopropane, DME, 98% iv.) H2, Pd-C, 

MeOH, 96% v.) BH3-THF, 83% vi.) dimethyimalonate, EtOH, reflux, 8% 

Optically active cyclams. Cylams or dioxocyclams, bearing chirality on the carbon 

skeleton, are considerably less common and have been synthesized, albeit, in low yields 

(7-12%)."® A novel approach to optically active non-racemic dioxocyclams via optically 

active imidazolines has been reported by Hegedus. The key transformation involved the 

photolysis of (methoxymethylcarbene)chromium to produce the optically active 

azapenam 78 in good yield and selectivity. Acid-catalyzed dimerization followed by 

reduction yielded the optically active dioxocyclam 79 in good yield. The complete 

synthesis is provided below in Scheme 1.22. 
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H2N \)02Me 
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MeOaC 
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DMe 
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Scheme U2. Synthesis of Optically Active Dioxocyclams from Chiral Imidazoles."* i.) NaOH ii.) 
PhCHO iii.) PhCOCI iv.) LiN(TMS)2 v.) BrCH^NPhth vi.) HBr vii.) SOCU, MeOH viii.) EtjN ix.) 

MejNCHCOMe), x.) ClCO^Bn, EtjN xi.) (CO)5Cr=C(OMe)(CH3), hv, CH2CI2, CO xii.) H^, Pd-C xiii.) 
CSA, CH2CI2, 70°C, 2.5 h xiv.) NaBHjCN. 

The synthesis of the suitably susbstituted imidazole 77 was achieved on large 

scale and in good yield using the oxazolidinone chemistry developed by Seebach and 

Fadel,'^ to produce the desired diamine 76 by the procedures of Jones'^ and Gilbert.'^' 

Similar to Burrow's method, described above, optically active amino acids were used as 

the source of chirality. The oxazolidinone 74 from phenylglycine (R=Ph) produced an 

inseparable mixmre of diastereomers, while that from alanine (R=CH3) gave a 58% yield 

after two recrystallizations. Alkylation with N-(bromomethyl)phthaIimide produced 75 

in 74% yield as a single diasteromer. Hydrolysis to the diamine 76 followed by 

conversion to the desired protected imidazole 77 proceeded uneventfully, completing the 

synthesis. 

Conditions for photolysis of imidazole 77 with the (methoxy-methyl-

carbene)chromium complex were optimized to provide a single diastereoisomer of the P-



lactam 78 in good reproducible yields. The optimized conditions required the use of four 

500 W quartz/halogen lamps as the light source and control of the reaction temperature to 

70°C. The stereochemical outcome of the photocyclization was not easily predicted. 

Previous studies suggested that these reactions were contrasteric, arising from the 

sterically more crowded transition state, and being driven by electronic effects that 

dramatically lowered the barrier for cyclization from this less stable transition state.*"" 

Those arguments predicted that the larger group on the imidazole (the methyl group) 

should end up on the same face of the ^-lactam as the methoxy group. This was not the 

case with 78, and the ester group must exert some as yet unexplained electronic bias on 

the stereochemical outcome of the reaction. The salient point is that the reaction is highly 

stereoselective. 

The acid-catalyzed dimerization of the azapenam produced, after reduction of the 

imine moieties, dioxocyclam 79 in an excellent yield and as expected, a single 

diastereoisomer. This method had significant advantages over a previously reported 

synthesis of the imidazole intermediate.'"* The use of optically active imidazole 77, 

having a quaternary chiral center, allowed at least a 4-fold increase in yield (from the 

diamine) over those having a tertiary chiral center, making optically active dioxocyclams 

more easily accessible. 



PORPHYRINS AND METALLOPORPHYRINS 

General Reactivity. Porphyrins 80 are aromatic macrocycles (Figure 1.9) containing a 

total of 22 conjugated jr-electrons (26 electrons if the N-Ione pairs are counted), 18 of 

which are incorporated into a delocalization pathway in accord with Huckel's [4n + 2] 

rule for aromaticity (n = 4). Thus, one or two of the peripheral double bonds of 

porphyrins can undergo addition reactions (reduction) to form chlorins 81, 

bacteriochlorins 82 or isobacteriochlorins 83, without loss of the macrocyclic aromaticity. 

The positions at the porphyrin periphery available to undergo substitution are the 

unsubstituted p-pyrrolic positions at 2,3,7,8,12,13,17, and 18 in 80, and for the fo\Mmeso 

positions at 5,10,15 and 20 (lUPAC nomenclature). X-ray crystallographic, NMR"^ and 

theoretical studies'"" have shown that all C-C, and C-N bonds in 80 are nearly 

equivalent, and that the thermodynamically most favored tautomers for synmietrically 

substituted porphyrins are the degenerate trans NH tautomers depicted in 84. The 

mechanism of N—H migration between the tautomers is believed to proceed in a stepwise 

manner, via the less favored cis tautomers, such as 85. As a result of these studies and 

other experimental findings, the preferred pathway for the delocalization of the 18 7t-

electrons in free base porphyrins, metalloporphyrins and porphyrin dications are shown in 

Figure 1.8. Therefore, all the peripheral P positions of the metalloporphyrins and 

porphyrin dications 86 display similar reactivities, whereas the two opposite P-P' double 

bonds in free-base porphyrins possess more double bond character. 
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17 16 ,5 14^3 
porphyrins chlorins bacteriochlorins isobacteriochlorins 

trans tautomer cis tautomer 

M = metal ion or 2^1"^ 

86 

Figure 1.8. General reactivity considerations for porphyrins cind metalloporphyrins and porphyrin 
dications. 

The syntheses of porphyrins provide the foundation for studies across a broad 

spectrum of scientific disciplines. A recurring theme in the synthesis of porphyrins 
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involves the arrangement of diverse substituents in specific patterns about the periphery 

of the macrocycle. Synthetic control over the molecular entities attached at the porphyrin 

periphery enables porphyrins to be designed and tailored for specific applications. Two 

distinct patterns of substituents are illustrated by ^-substituted porphyrins and meso-

substituted porphyrins (Figure 1.9). The P-substituted porphyrins closely resemble 

naturally occurring porphyrins. The meso-substituted porphyrins have no direct 

biological counterparts but have found wide application as biomimetic models and useful 

components in material chemistry. The popularity of me^o-substituted porphyrins stems 

from their ease of synthesis and amenability toward synthetic elaboration. Described 

below are three common methods for the synthesis of mejo-porphyrins. For a 

comprehensive review of all the aspects of porphyrins (general properties, synthesis, uses 

and applications etc.) see The Porphyrin Handbook}** 

NH NH 

p-substituted porphyrin meso-substituted porphyrin 

Figure 1.9. Structures of P-substituted and m«o-substituted porphyrins. 

The genesis of the synthesis of meso-substituted porphyrins began with the work 

of Rothemund in 1935.'"*^ His initial investigations began with the reaction of 

acetaldehyde and pyrrole in methanol at various temperatures. Sealed vessels were 

employed to avoid loss of the volatile acetaldehyde. A crystalline porphyrin was 
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obtained and copper and iron complexes were prepared. Similar porphyrins were formed 

with other aldehydes. For example, heating a solution of ~0.44 M pyrrole and -0.58 M 

formaldehyde in methanol under a nitrogen atmosphere in a sealed vessel at 90-95°C for 

30 hr gave the corresponding porphyrin in 0.9% yield.Similar reaction at 140-150°C 

for 24 hr, were applied to the synthesis of porphyrins bearing meso-substitutents such as 

methyl, propyl, butyl, isobutyl, phenyl, 3-methoxy-4-hydroxyphenyl, 2-hydroxyphenyl, 

3-hydroxyphenyl, and 4-methoxyphenyl groups.^'*' 

Rothemund method. In 1941 Rothemund described in detail the preparative synthesis of 

meso-tetraphenylporphyrin [HzCTPP)] (Scheme 1.23). Heating pyrrole (3.6 M) and 

benzaldehyde (4.9 M) in 20 ml of pyridine in a sealed vessel at 220°C for 48 hr, follwed 

by slow cooling over 10-18 hr, gave ~ 2 grams of 87 as lustrous blue needles in the tarry 

reaction mixture (7-9% yield).^"® The distinguishing features of the Rothemund methods 

are reaction at high concentration and temperature in a sealed vessel in the absence of an 

added oxidant. Modifications of this method have been made, but they still suffer from 

low yields which limits the scope of the application."' 

Scheme 1.23. Rothemund method for the synthesis of mejo-substituted porphyrins, exemplified for meso-
tetraphenylporphyrin [HzCTPP)]. 

+ 
A 

Ph 87 
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Alder method. In the mid-1960's. Alder, Longo and coworkers reexamined the synthesis 

of me^o-substituted porphyrins. They performed the condensation of benzaldehyde and 

pyrrole in a variety of acidic solvents at reflux in glassware open to the atmosphere. The 

main solvents were acetic acid, acetic acid in the presence of metal salts or benzene 

containing chloroacetic acid or trifluoroacetic acid.*^ Yields of 30-40% were obtained, 

which were considerably higher compared to those seen with the Rothemund method. 

Further study of these reaction conditions led to the use of propionic acid in place of 

acetic acid, higher concentrations of aldehyde and pyrrole (0.27 M), refluxing for 30 min 

in an open beaker. Porphyrin crystals 87 were isolated upon cooling, filtration and 

washing. This approach is known as the Adler or Adler-Longo method (Scheme 1^).^ 

The crystalline porphyrin product is often contaminated with 2-10% chlorin. This was 

removed by treatment with DDQ in refluxing toluene.'^ 

Scheme 1.24. Alder method for preparing me^o-sustituted porphyrins, exemplified for [H2(TPP)]. 

Several mechanistic aspects of the reaction were studied'^ and the findings are as 

follows: 1) The rate of reaction increases with increasing mole fraction of acetic acid in 

benzene. 2) Equimolar ratios of benzaldehyde and pyrrole gave the highest yields. 3) 

Reactions under nitrogen resulted in 5% rather than 35-40%. 4) The highest yield upon 

reflux, 30 min. 

RCO2H, air 
Ph 

Ph 87 
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reaction in acetic acid was observed with reactant concentrations of 0.05 M, with a sharp 

decrease at 0.01 M and a slow decline from 0.05 to 0.02 M. 5) Multiple acids can be 

used, but the choice of acid must balance the multiple roles of reaction solvent, catalyst 

and crystallization solvent. 6) Comparison of the rates of formation of various p-

substituted tetraarylporphyrins upon reaction in refluxing propionic acid revealed a linear 

Hammett plot, showing increased rates with the electron-withdrawing nature of the 

substiment.'®^ 

The previous methods described involve harsh reaction conditions and produce 

the porphyrins in low to moderate yields. In an effort to synthesize meso-substimted 

porphyrins under gentle conditions and expand the scope of the reaction, Lindsey 

developed a two-step one-flask method. This method was inspired by a handful of 

observations: 

1. Pyrrole and benzaldehyde are reactive molecules and should not require high 

temperamres for condensation. Aryl aldehydes react with nucleophiles under 

mild conditions including the formation of Schiff bases and acetals under acid 

catalysis at room temperature. Pyrrole is a 7c-excess heterocycle and has been 

likened to phenol, in the sense that both are aromatic, electron-rich due to the lone 

pair of electrons on the heteroatom, and exceptionally reactive towards 

electrophilic aromatic substimtion. These points taken together indicated that 

gentle conditions should be sufficient for carrying out a pyrrole-aldehyde 

condensation. 
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The biosynthesis of porphyrins proceeds via a porphyrinogen intermediate.^ An 

abbreviated biosynthetic scheme is shown below (Scheme 1.25). Condensation 

of porphobilinogen 88 ultimately yields uroporphyrinogen m 89. Peripheral side 

chains are then trinuned and modified, and finally thr ring is oxidized. The 

oxidation process converts porphyrinogen 90 to the corresponding porphyrin 91. 

Thus a biomimetic synthesis would perform the condensation and oxidation in 

deliberate sequential steps. 

H condensation, 

cyclization 

HaN 
88 

Porphobilinogen 

Ni 

Co 

Fe 

F430 

Biz 

Siroheme 

HO2C COzH 

Uroporphyrinogen III 

peripheral 
modifications 

Heme 

Chlorophylls 

Fe 

Mg 

3/2 Oa 
oxidation 

(•  ̂e". -6HT 

HOaC 91 COaH 
Protoporphyrin IX 

HOaC 90 COaH 
Protoporphyrinogen IX 

Scheme 1.25. Outline of the biosynthesis of naturally occurring porphyrins. 

While the biosynthesis of porphyrins is mediated by a battery of enzymes, 

porphobilinogen 88 undergoes self condensation readily in the absence of 

enzymes.*^ Several key experimental observations'®' demonstrated that the intact 
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porphyrinogen can undergo exchange with pyrroles in solution, the 

polymerization and cyclization processes are reversible and the porphyrinogens 

are the thermodynamically stable products. 

Lindsey method. These considerations and others^ prompted the development of a 

strategy for the synthesis of meso-substituted porphyrins using a sequential process of 

condensation and oxidation steps. Mild conditions were sought in an attempt to achieve 

equilibriimi during condensation, and to avoid side reactions in all steps of the porphyrin-

forming process. The process developed over the period 1979-1986 is shown in Scheme 

1.26. 

1. Condensation Ph 

4 RCHO + 4 
TFA or BFa-etherate 

CH2CI2.25°0 
Ph + 4 H2O 

2. Oxidation 

CH2CI2, 25°C 

3 DDQ 3 DDQH2 

Scheme 1^6. Lindsey's two-step one-flask room-temperature synthesis of me^o-sustituted porphyrins. 
Note that four structural isomers of the porphyrinogen are expected (not shown). 

A solution of pyrrole and benzaldehyde (10 mM each) in CHjCiz at room 

temperature was treated with TFA or BFj-etherate. The ensuing condensation was found 



to level off after 30-60 minutes. Then in a second step, a stoichiometric quantity of DDQ 

or p-chloranil was added, causing conversion at room temperature of the porphyrinogen 

92 to the porphyrin 87. Purification by chromatography afforded HzCTPP) in yields of 

35-40%.'® This two-step one-flask room temperature synthesis has been referred to as 

the Lindsey method. 

Woodward'®" made some generalizations about the reactivity of porphyrins and 

chlorins. He predicted that a greater electrophilic character for the meso positions 

relative to the P-pyrrolic positions. Rationalizations were based on the idea that the two 

pyrrolenine units in porphyrins tend to achieve individual aromatic sextet of electrons; 

this withdraws electron density from the neighboring meso carbons, rendering them more 

electrophilic. The meso positions adjacent to the reduced (non-aromatic) pyrrole unit in 

chlorins, for the same reason, would be more electron rich. These generalities were 

backed up by both theoretical"' and experimental results. The meso positions of 

porphyrins were usually the preferential reaction site in electrophilic aromatic 

substitution, electrophilic and nucleophilic additions, radical reactions, oxidations and 

reductions. Although electronically more reactive, the meso positions are sterically less 

accessible, especially when one or two of the P-positions are substimted. The P-pyrrolic 

positions are sterically favored and undergo substitution and addition reactions. The 

central nitrogen atoms readily react with electrophiles and are easily protonated and 

metalated; in metalloporphyrins, the central nitrogens play an important role in the 

transfer of electronic information from the metal ion and its axial Ugands to the porphyrin 

7C-system. 



Metal binding. Poq)hyrin free bases contain two slightly acidic NH groups (oppositely 

situated in the most stable tautomeric form), and two basic imine-type nitrogen atoms, 

which are involved in the aromatic delocalization. The central imine-type nitrogen atoms 

are easily protonated to give the monocation and dication species. The values of pKj and 

PK4 (formation of the mono- and dication respectively) depend upon the inductive effects 

of the substituent groups at the periphery; electron-donating substituents increase the 

basicity. The pKj values usually vary between 3 and 6, while PK4 can vary from 0.5 to 4. 

The geometry of mono- and dications often show pronounced deviations from planarity, 

especially for me^o-substituted compounds. When there is an A^-alkyl substituent, the 

porphyrins are sttonger bases due to the distortion of the macrocycle from planarity 

caused by the A/-substituent. The NH can also be deprotonated in the presence of a strong 

base such as sodium alkoxides, to produce the porphyrin dianions. (pKj usually varies 

from 13 to 16 and pKj from 15 to 16).'®^ 

Porphyrins readily form complexes with a wide variety of metals; 

metalloporphyrins are known for all transition metals, the lanthanides, and many of the 

actinides and main group elements, and can adopt a number of different oxidation and 

coordination states. The stability order normally observed for common metalloporphyrins 

is FeCni) > Pd > Ni > Cu > Co > Zn > Mg > Cd > Hg > Ca. The metal complexes protect 

the inner nitrogens from electrophilic reagents and strong bases, but also have 

pronounced effect on the reactivity of the macrocycles. The most common geometry is 

octahedral, with metal ions occupying the center of the N4 porphyrin plane and the metal 
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ligands in trans positions. The chemistry of early transition metal porphyrins has reendy 

been reviewed. 

Metalations are usually accomplished by reacting with a metal salt or complex in 

an organic solvent, such as chloroform, toluene or DMF. Demetalation is performed 

under acidic conditions, the strength of the acid depends on the the stability of the 

complex. 

The central metal ion in metalloprophyrins has an important inductive effect on 

the 7i-electron system of these macrocycles, gready determining their chemical reactivity 

and biological function. Metals such as Mg(II), Zn(II) and Cd(II) (d° and d'° closed-shell 

configuration metals which are incapable of dTC-pTC backbonding) behave as "soft acids", 

where the porphyrin can be regarded as a tetradentate dianion ionically bound to the 

metal ion. These metals induce the highest negative charge into the porphjnin periphery 

and confer them to the lowest one-electron oxidation potentials (for example, only Mg(II) 

and Cd(n) metalloporphyrins can be readily photo-oxygenated). These complexes are 

also acid labile, easily dematalating under mild acidic conditions. In metals with d®-d' 

configurations, such as Cu(II) and Ni(n), n:-backbonding into semi-filled metal d-orbitals 

can occur; this decreases electron density on the macrocycle, and partially inhibits 

reactions at the porphyrin periphery. For metals in low oxidation states a linear 

relationship is observed between both the one-electron oxidation and reduction potentials 

of the porphyrin and the electronegativity of the central metal ion.^®^ In contrast, d'-d^ 

configuration metals, such as Sn(iv) and Fe(in) (usually metals in high oxidation states) 
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contain vacant d orbitals that can serve as acceptors; these metals tend to severely reduce 

the electron density at the porphyrin periphery. 
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METAL PEPTIDYL COMPLEXES 

As chiral multifunctional compounds, a-amino acids and peptides are highly 

versatile ligands in the field of organotransition metal chemistry.'*® Compounds derived 

from the combination of amino acids and metal ions can be divided in two classes. Class 

A are complexes in which the a-amino acid or peptide ligands are coordinated to a 

suitable organometallic complex fragment through a functional group donor atom (e.g. 

amino, carboxylato, or sulfanyl group). Class B consists of complexes in which the 

amino acid is bound to the metal atom through one (or more) metal-carbon bonds. 

Compounds belonging to class A show a range of typical coordination modes. With a-

amino acid anions, N,0-chelates are generally observed. a-Amino acids with 

coordinating side chains {e.g. cysteine, histidine) can act as tridentate ligands. The 

complexation behavior of simple peptides and a-amino acid derivatives is likewise 

determined by their free functional groups. Peptide coordination has also been observed 

via binding of deprotonated amide (peptide) nitrogens, usually in conjunction with a 

termial amino group and a histidine imidazole group at the third position of the peptide 

sequence.'®® The coordination model is utilized in nickel and copper binding by serum 

albumins, neuromedins C and K, human sperm protamine P2a, and histatins.'*' 

The first evidence of an a -aminocaboxylate carbonyl complex 

—[Fe(CysO)2(CO)2]— was obtained as long ago as 1929."" Since that time, numerous 

a-aminocarboxylate carbonyl complexes are known, among them complexes of Cr, Mo, 

W, Mn, Re, Fe, Ru, Os, and Rh."® The photochemical reaction of [Cr(CO)6] or 

[W(CO)6] with a-amino acid or peptide esters leads to the t)'-amine complexes 93a and 
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93 i™ (Figure 1.10) By contrast, the reaction of [W(CO)5(thf)] with alkali metal cx-

aminocarboxylates affords the N,0-chelate 94a,"' which exhibits intermolecul^ar 

hydrogen bonding in the crystal between the amine hydrogen and neighboriog 

carboxylate groups. The corresponding neutral Re N,0-chelate 94b is synthesized from 

the organometallic Lewis acid [Re(CO)4(OEt2)]BF4.*" Tricarbonyl complexes of tygje 

95a-d are obtained with the tridentate ligands L-histidine and L-cysteine.'" The spatLal 

orientation of the donor atom is fixed here by the configuration at the a-carbon atom, 

which means that coordination to the M(CO)3 group is stereospecific. In i ts 

complexation behavior the tridentate histidine ligand can be likened *0 

hydridotrispyrazolylborate (Tp) and cyclopentadienide (Cp) ions. 

...NHCHRiCORa 

93a Cr 
93b W 

M 

CO 

M n 

94a W -1 
94b Re 0 

CO 

95a Cr -1 
95b Mo -1 
95c W -1 
95d Mn 0 

M n 

CO 

Figure 1.10. Different bonding modes for a-aminocarboxylate carbonyl complexes. 



Deprotonated N(peptide) and N(amide) groups are very strong donors which help 

to stabilize the trivalent oxidation states of copper and nickel. Copper(ii) and nickel(n) 

react readily with oligopeptides to form metal—^N(peptide) bonds and release peptide 

hydrogen ions."** The value of n in equation 1.3 can very from 1 to 3 for linear peptides 

and is 4 for a cyclic tetrapeptide."^ 

m2+ + L M(H_nLf-" + nH^ eq. 1.3 

The pH for the first proton release varies with the metal ion and the peptide. 

Typical pH ranges are 2-4 for Pd(ii), 3-6 for Cu(ii), 7-8 for Ni(n) and 10-11 for Co(ii). 

Stepwise proton loss occurs with Cu(n) oligopeptides, for example, the pK^ values for 

tetraglycine (G4) are 5.4, 6.8 and 9.1 for the formation of Cu"(H.iG4), Cu"(H.2G4)'~ and 

Cu"(H.3G4)^~ respectively."* 

Over the past 40 years, much attention has been devoted towards the study of 

peptidy metal complexes. Initial efforts were focused on the elucidation and 

interpretation of thermodynamic and structural characteristics of di- and oligo-peptide 

complexes. It is generally accepted that with the simple aliphatic dipeptides, Cu(n) forms 

complexes of stoichiometry [CuL]^, [CuLH.,], [CuLH.J"", [CuLjH.,]", and [CuzLjH.j]". 

Views regarding the role of the donor groups in the complexes formed are uniform only 

for the species [CuL]^, [CuLH.i], and [CuLH.J"". It is considered that in the complex 

[CuL]^ the NH2 and the peptide C=0 group are coordinated to the copper(n) ion (96a in 

Scheme 1.27). In the case of the Cu(n)-glycyl-glycine complex, the process is 

accompanied by the following structural rearrangement to [CuLH.,] 96b. 



Ha 
-N.. 2-,>3H2 ^ r_ 

90 

-o.<r--|f^°' 
96a 96b O 

[CuL]+ [CuLH_i] 

Scheme 1^7. Copper(n)-glycyl-glycine complex. 

Opinions differed as to the structure of the complexes [CuLjH.i]" and 

[CuzLnH.j]—. In the case of [CujL^H.,]"", only equatorial coordination of the donor groups 

was first considered (Scheme 1.28). It was assumed that the C=0 group of the second 

peptide ligand expels the COj" group of the first ligand from the coordination sphere. 

HN-^COa" 
Hz Ha JT 

" r H^n' ;N—' 
COg- ^—^0 

b 
97a [CuL2H_i]— 97b 

Scheme 1^8. Possible bonding modes for [CuLzH.,]" complexes. 

There are also different views as to the arrangement of the donor groups in the 

complex [CuzLjH.j]". Some assumed there was equatorial-axial coordination via a 

bridging HO~ ligand and a nitrogen atom from one of the peptides, whereas, others 

suggested equatorial coupling via only the HO~ ligand. (Scheme 1.29) 
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98a [CuaLeH—ap* gsb 

Scheme 1^9. Possible bonding modes for [Cu2L2H.3]~. 

Gergely et al.,"^ studied the stoichiometries and thermodynamics of complexes 

formed in the equilibrium systems containing Cu(ii) and the four simplest dipeptides 

obtainable from glycine and alanine. Based on the measured formation constants and 

enthalpy changes, it was concluded that equatorial-axial coordination of the second 

peptide ligand occurs in the complex [CuLjH.,]"" (97b in Scheme 1.28). Similarly, in the 

binuclear complex [CujLaHj]", an HO"~ ligand bridges the two [CuLH.,] units 

equatorially (98b in Scheme 1.29). 

Chemists at Kossuth University (Debrecen, Hungary) have put forth numerous 

publications involving the study the peptidyl metal complexes. Their work includes 

equilibrium, thermodynamic, electrochemical and structural analysis of these compounds. 

For experimental details the reader is referred to the actual publications. 
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ENZYMES (CATALYTIC RECEPTORS) 

The receptor concept states that ahnost all biologically active substances (drugs, 

hormones, neurotransmitters, toxins, etc.) exert their actions by way of interaction with 

receptors. The resulting receptor-ligand complex produces alterations in physiological 

processes. After the response, the receptor releases the ligand (agonist) intact. A special 

class of receptors is enzymes. These biological macromolecules, generally proteins, 

(although some RNA enzymes are known) catalyze selected chemical reactions in 

biological systems. Enzymes interact with substrates to form complexes, but unlike 

receptors, it is from these enzyme-substrate complexes that substrates are transformes 

into products before being released. Therefore, the two main characteristics of enzymes 

are their ability to recognize a substrate and catalyze a reaction from the resulting 

complex. 

The first enzyme to be recognized as a protein was jack bean urease,*™ which 

catalyzes the hydrolysis of urea to CO2 and NH3. Enzymes have molecular weights of 

several thousand to several million, yet they catalyze transformations in molecules as 

small as CO2 and Nj. Another example is carbonic anhydrase (carbonate dehydratase) 

from bovine erythrocytes. It has a molecular weight of 31,000, and each enzyme 

molecule can catalyze the hydration of 200,000 molecules of CO2 to H2CO3 per second. 

That is 10' times faster than the uncatalyzed reaction. 

Many theories have been proposed which rationalize the ability of enzymes to 

catalyze chemical reactions.'" Theories of enzyme catalysis originated with Haldane'*" 

who introduced the concept that an enzyme-substrate complex requires additional 



activation energy prior to reaction, which presumably is obtained by substrate strain 

energy on the enzyme. Eyring"^ then developed the transition-state theory, which was 

the basis for the hypothesis of Pauling.'® His vision of an enzyme was that it was a 

flexible template designed by evolution to be complementary to the structure of its 

substrates at the transition state of the reaction rather than at the ground state. As the 

reaction proceeds toward the transition state, the enzyme interacts more efficiently 

(increased binding energy) with the transition state geometry and electronic environment, 

which consequently accelerates the reaction. This is referred to as transition-state 

stabilization. 

Similar to the case of noncatalytic receptors in which the pharmacophore of the 

drug interacts with a relatively small part of the total receptor, the substrate likewise 

binds to only a small part of the enzyme known as the active site of the enzyme. Why 

then are enzymes so large? The interactions between substrate and enzyme must be quite 

specific in order to attain the catalytic effect. It is suggested that the large binding 

energies between substrate and enzyme result from close packing of atoms within the 

protein, and that the large size may be required to achieve this.'** Therefore, the entire 

protein outside of the active site may be functioning to hold the active site in the proper 

geometry for catalysis. Another function of the protein outside of the active site may be 

to channel the substrate into the active site. 

Specificity. The two key features of enzyme catalysis are specificity and rate 

acceleration. The active site contains moieties responsible for both properties. 

Specificity refers to both specificity of binding and specificity of reaction. The catalysis 



is initiated by a prior interaction between the substrate and the enzyme, known as the E»S 

complex or the Michaelis complex. Within the active site, there are constituents involved 

in these binding interactions which are responsible for the binding specificity. These 

include covalent, electrostatic, ion-dipole, dipole-dipole, hydrogen-bonding, charge-

transfer, hydrophobic, hydrophilic, and van der Waals interactions. 

Maximum binding interactions at the active site occur at the transition state of the 

reaction. Therefore, it is important that an enzyme does not bind to intermediate states 

excessively, or this will increase the free energy differences between the intermediate and 

transition state. Binding specificity can be absolute, that is, only one substrate forms an 

E-S complex with a particular enzyme, which then leads to product; or it can be broad, in 

which case many molecules of related structure can bind and be converted to products. 

The binding interactions set up the substrate for the reaction that the enzyme catalyzes 

(equation 1.4). 

Ks Kca, 
E  + S  •  E - S  •  E » P  .  E + P eq. 1.4 

Because enzymes are chiral (mammalian enzymes are comprised of only L-amino 

acids), interactions of an enzyme with a racemic mixture results in two diastereomeric 

complexes (analogous to the principle behind the resolution of racemic mixtures with 

chiral reagents). E*S complex formation may or may not be possible with both 

enantiomers. The binding energy for E*S complex formation with one enantiomer may 

be much higher than with the other enantiomer because of differential binding 

interactions or for steric reasons. If the binding energies for the two complexes are 



significantly different, then only one E*S complex may form. Alternatively"', both E*S 

complexes may form, but only one E»S complex may lead to product formation. The 

enantiomer that forms the E*S complex, but is not turned over {i.e., converted by the 

enzyme to product) is said to undergo nonproductive binding to the enzyme. 

Reaction specificity arises from other constituents of the active sit:e, namely, 

specific acid, base, and nucleophilic functional groups of amino acids aod specific 

organic molecules or transition metal ions called coenzymes or cofactors. E-fforts have 

been focused on the elucidation of the exact interactions involved in the mechanism of 

catalysis and have led to the design and synthesis of enzyme models^"® (see below — 

peptidase models). 

Rate acceleration: Michaelis-Menten kinetics. Enzymes can not catalyze reactions that 

are impossible without the enzyme. They can however, provide for specificity of 

substrates and products that can not be easily achieved in any other way. By providing 

favorable micro-environments, and proper orientation of substrates, enzymes accomplish 

a lowering of the activation energy (EJ of the reaction. This results in increased reaction 

rates. The difference between an enzyme-catalyzed reaction and a reaction that is not 

catalyzed by enzymes is that the reactant (substrate) must form a complex (or bind) with 

the enzyme before the reaction can occur. Therefore, the actual reactant species is not the 

substrate, but rather the enzyme-substrate complex (E*S). In the enzyme-catalyzed 

reaction, the amount of enzyme is constant and a point is reached when [SJ (substrate 

concentration) becomes so high that nearly all the enzyme is in the E*S form atU the time. 

Further increase of [S] does not increase the rate of the reaction beyond this jjoint since 



the enzyme is working to catalyze the reaction at its maximum capacity. The enzyme is 

said to have reached saturation. Once the E*S complex is formed, the catalytic 

transformation can occur by a number of mechanistic pathways. 

In general, catalysts stabilize the transition-state energy relative to the ground 

state, and this decrease in AG"" is responsible for the rate acceleration that results. An 

enzyme has various opportunities to invoke catalysis, for example, by destabilization of 

the E»S complex, by stabilization of the transition states, by destabilization of 

intermediates, and during product release. Consequently, multiple steps, each having 

small AG* values, may be involved. As a result of these multiple catalytic steps, rate 

accelerations of 10'°-10'^ over the corresponding nonenzymatic reactions are possible. 

Enzyme catalysis, however, does not alter the equilibrium of a reversible reaction. If the 

enzyme accelerates the rate of the forward reaction, it generally accelerates the rate of the 

back reaction; its effect is to accelerate the attainment of the equilibrium, but not the 

relative concentrations of substrates and products at equilibrium. 

Michaelis and Menten derived a mathematical expression'®® that relates substrate 

concentration to the rate of the reaction and describes the non-linearity of the plot -d[S]/dt 

vs [S]. This expression is referred to as the Michaelis-Menten equation and is shown in 

Figure 1.11. It is a statement of the quantitative relationship between the initial velocity 

Vo, the maximum initial velocity V^, and the initial substrate concentration [S], all 

related through the Michaeli-Menten constant K^. is an important numerical 

relationship that emerges when is exactly one-half When this relationship is 

true, = [S]. 



97 

Mlchaelis - Menten Kinetics 

C 
E 

o 
> 

[S] (mM) 

Uneweaver - Burk Piot 

Slope =77— 

max max 

Figure 1.11. Michael-Menten mathematical expression for reactions rates of enzyme catalysis. 

The dependence of initial velocity on substrate concentration is shown in the top 

graph of Figure 1.11. The kinetic parameters that define the limits of the curve at high 

and low [S] are shown. At low [S], » [S], and the [S] term in the denominator of the 

Michaeli-Menten equation becomes insignificant; the equation simplifies to ¥„ = 

V^[S]/^r„, and exhibits a linear dependence on [S], as observed. At high [S], where 

[S] » the term in the denominator of the Michaelis-Menten equation becomes 

insignificant, and the equation simplifies to this is consistent with the high 

plateau observed at high [S]. 

The Michaelis-Menten equation can be converted into a form that is more useful 

in plotting experimental data by taking the reciprocal of each side. This transformation 
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yields a new equation referred to as the Lineweaver-Burk equation. For enzymes 

obeying the Michaelis-Menten relationship, a plot of lA^^ versus 1/[S] yields a straight 

line. The line has a slope of K^fV^, an intercept of lA'^nia* oii the lA^o axis, and an 

intercept of on the 1/[S] axis. This double reciprocal presentation, also called a 

Lineweaver-Burk plot, has great advantage of allowing a more accurate determination of 

V^, which can only be approximated from a simple plot of versus [S]. 

Mechanisms of Enzyme Catalysis. Once a substrate binds to the active site of the 

enzyme, there are various mechanisms that enzymes utilize to catalyze the conversion of 

substrates to products. The most common mechanisms*" are approximation, covalent 

catalysis, general acid-base catalysis, electrostatic catalysis, desolvation, and strain or 

distortion. 

Approximation is rate enhancement by proximity, that is, the enzyme serves as a 

template to bind the substrates so that they are close to the reaction center. This results in 

a loss of rotational and translational entropies of the substrates upon binding to the 

enzyme. However, because the catalytic groups are now an integral part of the same 

molecule, the reaction becomes first-order rather than second-order when free in solution. 

Holding the reacting centers in close proximity is equivalent to increasing the 

concentration of the reacting groups. This phenomenon can be exemplified with 

nonenzymatic model studies. 

Although first- and second-order rate constants cannot be compared directly, the 

efficiency of an intramolecular reaction can be defined in terms of effective molarity 

(EM). This is the concentration of the catalytic group required to cause the 



intermolecular reaction to proceed at the observed rate of the intramolecular reaction. 

The EM is calculated by dividing the first-order rate constant for the corresponding 

intramolecular reaction by the second-order rate constant for the corresponding 

intermolecular reaction. Effective molarities for a wide range of intramolecular reactions 

have been measured, and the conclusion is that the efficiency of intramolecular catalysis 

varies with structure and can be as high as 10'® M for reactive systems.'® Therefore, 

holding groups proximal to each other in an enzyme-substrate complex can be an 

important contributor to catalysis. An elegant example of this behavior was 

demonstrated by Menger et al. (see peptidase models below). 

Some enzymes use nucleophilic amino acid side chains in the active site to form 

covalent bonds to the substrate; a second substrate then can react with this enzyme-

substrate intermediate to generate the product. This is known as nucleophilic catalysis 

(Scheme 130), a subclass of covalent catalysis that involves covalent bond formation as 

a result of attack by an enzyme nucleophile at an electrophilic site on the substrate. For 

example, if Y in Scheme 1.30 is a peptide and Z~ is hydroxide ion, then the enzyme 

would be a peptidase (or protease). For nucleophilic catalysis to be most effective, Y 

must be converted to a better leaving group than X (intermediate 100), and the covalent 

intermediate 101 should be more reactive than the substrate 99. 
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Scheme 1 JO. Nucleophilic catalysis — generalized example of enzyme catalyzed peptide hydrolysis. 

The most common active site nucleophiles are the thiol group of cysteine, the 

hydroxyl group of serine, the imidazole of histidine, the amino group of lysine, and the 

carboxyl group of aspartate or glutamate. These nucleophilic groups are activated by 

deprotonation, often by a neighboring histidine imidazole, or by a water molecule which 

is deprotonated in a general base reaction. Therefore, if the substrate in Scheme 130 is a 

peptide [R = NHjCHCR'); Y = amino acid or peptide), then a peptidase would convert the 

relatively unreactive amide linkage to a covalent intermediate having a much more 

reactive ester linkage (if the serine hydroxyl group were the nucleophile) or thioester 

linkage (if a cysteine thiolate were involved), either of which could be readily hydrolyzed 

(Z~ = HO~). The principal catalytic advantage of using an active site residue instead of 

water directly is that the former is a unimolecular reaction since the substrate is bound to 

the enzyme. Therefore, attack by the serine residue is equivalent to an intramolecular 

reaction, which is entropically favored over the bimolecular reaction with water. Also, 

alkoxides (serine) and thiolates (cysteine) are better nucleophiles than hydroxide. 
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Classic examples where nucleophilic catalysis is important are many of the 

proteol5^c enzjones, for instance, the serine proteases such as elastase (degrades necrotic 

lung tissue) or plasmin (lyses blood clots) and the cysteine proteases such as papain (used 

in digestion). 

General acid-base catalysis is probably the most effective mechanism of 

transformation not only for reactions in solution, but also enzymes. However, unlike 

reactions in solution, an enzyme can utilize acid and base catalysis simultaneously. It is 

important to appreciate the fact that the pATa values of amino acid side chain groups within 

the active site of enzymes are not necessarily the same as those measured in solution. If 

several bases are near the essential active site base, its p/iTa will be raised, and if acidic 

groups are adjacent to the essential active site acid, its pAT^ will be lowered. Also, the 

simultaneous donation of a proton to a carbonyl and removal of an a-proton could 

account for the ability of an enzjmie to deprotonate relatively high pAT^ carbon acids and 

make the corresponding enols. Therefore, removal of seemingly higher p/sTa protons from 

substrates by active site bases may not be as unreasonable as would appear if only 

solution chemistry were taken into consideration. 

As an example of this type of catalysis, consider the enzyme a-chymotrypsin,'*' a 

serine protease; it utilizes an active site serine residue in a covalent catalytic cleavage of 

peptide bonds. (Scheme 1.31) The nucleophilic hydroxyl of the serine is a poor 

nucleophile. However, the aspartic acid and histidine residues in close proximity have 

been implicated in the microscopic conversion of the hydroxyl to an alkoxide by a 

mechanism called the charge relay system. This catalytic triad involves the aspartate 
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carboxyl (pAT^ 3.9 in sol.) removing a proton from the histidine imidazole 6.1 in sol.) 

which, in turn, removes a proton from the serine residue (pAT^ 14 in sol.). On the basis of 

p/sTa values this would be a high energy process; presumably the p^a values at the active 

site are different from those in solution. 

Ring strain and distortion play a significant role in the reactivity of molecules in 

solution chemistry, so it should be no surprise that the same holds true for enzymes. If a 

more highly strained conformation or transition state of a substrate can be achieved by 

binding to the active site, an increase in energy occurs making it more reactive. 

Koshland and co-workers"" suggested that when a substrate begins to bind to an enzyme, 

various groups on the substrate interact with particular active site functional groups. 

Such mutual interactions induce a conformational change in the active site. This can 

result in a change of the enzyme from a low-catalytic form to a high-catalytic form by 

destabilization of the enzyme or by inducing proper alignment of active site groups 

involved in the catalysis. 

Scheme 131. Charge relay system for activation of an active site serine residue. 
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Scheme 132. Energetic effects of enzyme catalysis. 

According to Jencks,"* strain or distortion of the bound substrate is essential for 

catalysis. Since ground state stabilization of the substrate occurs concomitant with 

transition state stabilization, the AG* is no different from that of the uncatalyzed reaction, 

only displaced downward (Scheme 1.32, Figure b). In order to lower the AG* for the 

catalytic reaction, the E*S complex must be destabilized by strain, desolvation, or loss of 

entropy upon binding, thereby raising the AG* of the E*S and E*P complexes (Scheme 

132, Figure c). As the reaction proceeds, the AG* can be lowered by release of strain 

energy or by other mechanisms described above. 

Peptidase Models. Due to the speed and efficiency in which enzymes transform 

substrates into products, chemists have begun to study their behavior by designing model 

systems that allow for mechanistic elucidation. a-Chymotrypsin is an enzyme that can 

hydrolyze amide bonds rapidly at neutral pH and ambient temperature.^'^ For chemists. 
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this procedure calls for a 8-10 h reflux in 8N HCl or other harsh conditions- Model 

systems that emulate a-chymotrypsin-like rates have only been successful with p-

nitrophenyl esters.^ The rate enhancements diminish when less reactive ("natural") 

carboxylic acid derivatives are employed. Menger^ and Ladika describe the cleavage of 

an aliphatic amide 103 under biological conditions free from transition metals (Scheme 

1.33). There is no artificial activation (p-nitrophenol substiment on nitrogen, ring strain 

as in P-lactam or amide twisting as in a bridgehead amide) of their substrate and 

constimtes the fastest peptidase "model" at pH = 7 on record. 

Scheme 1.33. Menger's peptidase model - hydrolysis of an amide at neutral pH and ambient temperature. 

The peptidase model 103 has a carbonyl oxygen perched above the plane of the 

amide carbonyl at a van der Waals contact distance of 2.8 A. The carboxyl in isomer 

103b is poised for synchronous nucleophilic attack and proton delivery. Evidence 

suggests that proton transfer played a key role in the rate-determining step. The 

hydrolysis occurred with a rate of t,/2 = 8 min (pD = 7.05. 21.5°C) and an effective 

molarity^'® (EM = / ^in,„) EM > 10"^ M. The results show that an enzyme need not 

employ esoteric mechanisms to cleave an unreactive entity such as an amide. If the 

enzyme merely positions a carboxyl adjacent to an amide substrate with the geometry 

established in the "model", most of the necessary catalytic power would be achieved. 

103a 103b 104 
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The enzyme carboxypeptidase A*"® is one of a family of peptidases (enzymes that 

hydrolyze peptides) that utilizes zinc and a carboxylate ion as catalytic groups. This 

particular enzyme has been extensively studied and characterized, both by x-ray and 

chemical methods. Several different mechanisms have been considered for its mode 

action.'" It is generally accepted that the substrate is bound to the enzyme with its 

carbonyl oxygen coordinated to the zinc of the enzyme (Scheme 1.34). This strong 

coordination suggests that zinc serve as a Lewis acid. The role of the other catalytic 

groups (Glu-270 and Tyr-248) is not as well understood. The phenol was originally 

assigned the role of an acid group while the carboxylate was considered to be either a 

nucleophile or a general base. It was later determined that Tyr-248 does not play a 

catalytic role in carboxypeptidase A. 

Zh-f 

'• X X 
Carboxypeptidase A ^ HzN^COa 

~002- n ^ J' 

COO- V ^ 
Glu-270 

Tyr-248 

Scheme 134. Schematic representation of CPA active site with bound glycyl-L-tyrosine. 

Breslow et al.,^ studied a set of carboxypeptidase models that were helpfiil in 

elucidating several mechanistic questions. They set out to investigate the ability of metal 

ions to cooperate with various inter- and intramolecular acids and bases that promote 

amide hydrolysis. Systems that contained a phenolic and carboxylic functional group 

placed within reach of a Co(iii)-chelated amide complex served as models for zinc-



106 

containing peptidases such as carboxypeptidase A (Figure 1.12). The choice of 

substitutionally inert Co(in) as the metal ion made mechanistic interpretation of the data 

less ambiguous, because it prevents equilibration of isomeric complexes. 

Results from their study suggested that an internal carboxylate ion (105a and 

106a) contributes nothing to the rate of hydrolysis for Co(iii) complexes of a glycine 

anilide. This is contrary to that observed for the enzyme carboxypeptidase A in which, 

the catalyzed hydrolysis of peptides is preformed by a carboxylate and a Zn^^ ion. Co(in) 

was able to cooperate with a phenol group 106c, in a hydroxide-dependent process to 

enhance the rate of amide hydrolysis by 2 orders of magnitude above that due to metal 

alone. It was also determined that extemal acetate and phosphate ions were effective co-

catalysts. A phosphonate containing model 106d was indeed an effective internal 

catalyst for hydrolysis of an amide chelated to Co(in) and accounted for a ninefold 

additional rate acceleration in models where the carboxylate was ineffective. Based on 

these findings and others, a two-proton transfer mechanism has been suggested for the 

:o—NHa 

105a R = H, R' = C02H 106a R=CP2H 
105b R = H, R' = H 106b R = C02CH3 
105c R = CH3, R' = H 106c R = H 

106d R = P0(0H)2 

Figure 1.12. Model cobalt complexes prepared as substrates for amide hydrolysis. 
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enzyme. The key feature is that the carboxyiate not only delivers a hydroxide ion in step 

1, acting as a general base, but it also does a double proton transfer 107 in step 2 

(Scheme 1.35). 

Zrvf 
2- 2" 

Zru Zrv, 
FT^NH^COa" "'•-0- ij,. ~"Y f 

stopt R-T^H-'-COa- step 2 HaN-^COj-

et^H (5, 

 ̂-c^o "V 
Glu-270 Glu-270 

Glu-270 
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Scheme 1.35. Breslow's proposed two-proton transfer mechanism for catalyzed peptide hydrolysis by 
carboxypeptidase A. 
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CHAPTER! 

AMINO ACID-DERIVED LIGANDS FOR TRANSITION METALS 



109 

Organic chemistry is one of the most successful scientific disciplines and has 

provided enormous practical utility. The advances towards the development of practical 

processes in the synthesis of natural products, drugs, agricultural chemicals, polymers 

and many classes of functional molecules are indeed countless. An emerging field that 

has contributed significantly to a chemist's arsenal of synthetic tools is biocatalysis. 

Biocatalysis provides another dimension, innovative new approaches, and enormous 

opportunity to prepare industrially useful chiral compounds. Enzyme catalyzed reactions 

are stereo- and regioselective, and can be carried out at ambient temperature, atmospheric 

pressure and under environmental friendly conditions. Biocatalysis minimizes the 

problems of isomerization, racemization, epimerization and rearrangement of molecules 

that may occur during chemical processes. There is no doubt biocatalysis is extremely 

useful, but it does have its drawbacks. The main disadvantage is that in the production of 

chiral molecules the scope of reactions is usually limited by lock-and-key specificity. 

Chemists have been striving to gain a more complete understanding of enzyme catalysis. 

As stated in the previous chapter, scientists (Menger, Breslow et al.) have been focusing 

their efforts on designing enzyme mimics that catalyze reactions with the same speed and 

efficiency of enzymes. Their work has resulted in a more sophisticated and thorough 

understanding of enzymes (active site, binding, mechanism etc.) that has led to the 

development of powerful and selective catalysts with a broadened scope of reactions. 

LIGAND DESIGN AND SYNTHESIS 

A discussion of selected ligands for catalysis was presented in Chapter I. 

Although the metal complexes and chiral ligands described proved to be efficient for 
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asymmetric induction and catalysis, some suffered from limited application and lengthy 

syntheses {i.e. chiral dioxocyclams, alkaloid-based ligands). In addition, phosphorus-

containing Ugands suffer from their low stability toward oxidation, diminishing their 

ability to be recycled and ultimately their practical application. The general trend in 

catalyst development has begun to shift towards the emulation of enzymes. New 

catalysts are being designed which incorporate those features of metallo-enzymes that 

make them efficient catalysts. 

Minimalist approach. The aim of this project was to develop a series of transition metal 

binding ligands that would be applied towards a "universal" catalyst system applicable 

for a variety of asyimnetric transformations. The inspiration for our catalyst design 

stemmed from a "minimalist approach" of a metallo-protein. In a metallo-enzyme, 

chemical transformation occurs at the active site, which is relatively small, compared to 

the size of the protein. This leads one to believe that the bulk of the amino acids simply 

act as a scaffold. Its been suggested that the large binding energies between substrate and 

enzyme result from the close packing of atoms in the protein and that the large size may 

be required to achieve this. Consequently, the entire protein outside of the active site 

may be functioning to hold the active site in the proper geometry for catalysis. Another 

function of the protein may be to help channel the substrate into the active site. Although 

the exact role of the protein is not clear, it seems evident that for catalyst development, a 

large number of amino acids can be sacrificed and replaced with a simple achiral 

diamine. 
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ligand. The incorporation of optically active amino acids provides chirality and substrate 

specificity, which is sometimes lost when the amino acids of an enzyme are stripped 

away. In addition, various binding geometries can be achieved by simply choosing the 

appropriate amino acids. For example, serine, cysteine and histidine provide an 

additional coordinating atom that can serve as an axial ligand generating penta- and 

hexadentate complexes. The creation of new symmetry elements centered on the metal 

would be ideal and allow for the efficient transfer of chirality to the substrate upon 

catalysis. 

Diamine provides Structural Rigidity. 
\ W . Backbone Modification of Electronics. 

Jk X 1 Chiral 
R N N R' f Substituents 

induces Regio-& 
Stereoselectivity. 

Enforces a non-planar geometry due to k stacking 
Transfers the chirality to the nnetal center. 

Scheme 2.1. Minimalist approach of a metal lo-protein towards a tetracoordinate catalyst system. 

The minimization of a metallo-protein to a simplified metal ligating system is 

provided in Scheme 2.1. The complex depicted above possesses a screw axis centered on 

the metal (tetrahedral distortion due to "stacked" Ph2C=N groups). This distortion may 

provide an important degree of chirality transfer in addition to the chiral steric 

environment provided by the chiral ligands (R groups). Upon complexation with various 
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environment provided by the chiral ligands (R groups). Upon complexation with various 

divalent metals, the chiral, Cj-synmietric tetradentate ligands mimic porphyrins, holding 

the metal tighfly in an approximately square planar geometry. 

Ligand Synthesis. Tri-, tetra-, penta-, and hexa-dentate ligands have been synthesized 

and allow for the binding of transition metals in higher oxidation states. By choosing 

various diamines as starting materials, the flexibility of the ligand and the "bite size" can 

be adjusted to fit virtually any size transition metal. In addition, the electronic nature of 

the metal complex can be altered by placing either electron withdrawing or donating 

substituents on the backbone {e.g. 1,2-diaminoanthraquinone — "redox reservoirs", 

DAMN-l,2-diaminomalonitrile, etc.). 

The synthesis of the L-Phe-Phe-Hz ligand l l le  is depicted in Scheme 2.2. 

Phenylenediamine was doubly acylated with Boc-L-phenylalanine with various 

condensation reagents (DCC or BOP) to provide the Boc-protected bis-amide 108e in 

excellent yield. The Hoc groups were quantitatively removed with HCl in methanol to 

yield crystalline llOe, which was treated with diphenylketimine to yield the Schiff base 

llle. The ligand is relatively stable, and can be stored in a capped vial with no further 

precautions, but is easily hydrolyzed under aqueous acidic conditions. 
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Boc Boc 

108e 

110e 111e 

Scheme 2.2. Synthesis of Ca-symmetric L-Phe-Phe Schiff base ligand. i. Boc-L-Phe, BOP, DIEA, DMF ii. 
HCl (MeOH + AcCl) in. Ph2C=NH, CHjClj. 

The same methodology described above was used to synthesize a series of other 

Q-symmetric ligands (Table 2.1). The yields for the first two reaction steps were 

excellent while the yields of the Schiff base formation were significantly lower. The 

decrease in yield has been traced to a solubility problem. It was found that for more polar 

compounds, polar solvents like DMF, CHjCN and 1,2-dichloroethane increase the yields 

of the reaction. This was the case for the synthesis of non-C2-symmeric ligands. 

Changing the reaction solvent from CH2CI2 to acetonitrile (CH3CN) increased the yields 

significantly (Table 2.2). Since the amino acids used in the synthesis of the penta- and 

hexa-coordinate ligands have nucleophilic side chains (0-, N-, S-), they had to be 

appropriately protected before the acylation of the diamine. Full details of the protection 

and deprotection steps are provided in the experimental section (108f.,t—109f.,t—> 
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110,J. The use of other diamine backbones was examined and ligands (112-114) with 

varying bite sizes were prepared (Figure 2.1). 

HzN NHa 

>-NH HN—^ 
,1^ )..,R2 

NH HN 
Boc Boc 

108a—e 

III 
M P 

y-NH HN—V 
R'—( 

NHa HJN 
• 2 HOI 

Ufla—s 

'7° 

lllfl-® 

Entry Yield M08) Yield (llli) Yield Mil) [aJDCllD 

(a) GlyGly 

(6) GlyPhe 

(£) AlaAla 

H 

H 

CHg 

H 

CHaPh 

CH3 

(d) Valval CH(CH3)2 CH(CH3)2 

(e) PhePhe CHaPh CHgPh 

92 

99 

97 

90 

98 

99 

92 

98 

98 

100 

49 

23 

45 

69 

72 

(-) 104° 

(+) 50.5° 

(-) 20.2° 

(-) 159° 

Table 2.1. Cj-symmetric ligands. /. Boc-AA-R', BOP, DMF, 0°C, 30 m; ii. Boc-AA-R^ BOP, DMF, RT, 
5-8 h; Hi. HCl-MeOH (AcCl + MeOH); /v. Ph2C=NH, CH2CI2. 
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108f—k 109f—k llflf—k nil—1£ 

Entry R' r2 Yield r2 Yield r1 r^ Yield R^ r2 Yield [a] 0 

SerSer 
f).g) 

IfiSf-OBn -OBn 90 IflSf-OH-OH 100 ma-OH -OH 88 
mi -OH -OH 98 (+)11.3° 

Ulfl-OAc-OAc 97 (+) Alb

PheSer 
h) liJflh-Ph -OBn 93 I09h -Ph -OH 93 110h -Ph -OH 100 urn -Ph -OH 92 (-)89.7° 

PheCys 
O.D 

Iflfil -Ph -SCPhg 44 — 

Ufll -Ph-SCPha 93 

llfli -Ph -SH 100 

1111 -Ph -SCPhass (-)38.3'' 

mi -Ph -SH 58 {-)171° 

PheHis 
k) Mfik -Ph -(Im)-DNP 93 109k -Ph -Im 97 UJlh -Ph -Im 91 mis -Ph -Im 79 {-)^08' 

Table 2^. Penta- and hexa-coordinate ligands. L Boc-AA-R', BOP, DMF, 0°C, 30 m; ii. Boc-AA-R^ BOP, 
DMF, RT, 5-8 h; Hi. see experimental; iV. HCl-MeOH (AcCl + MeOH); v. Ph2C=NH, CH3CN 

NH HN. 
Ph. Ph Ph 

Ph Ph. 

114 112 113 

Figure 2.1. Ligands with variable bite sizes. 

A difference in the rates of acylation was observed. The first coupling was fast 

(within >5 min), while the second was significantly slower (3—16 h). The plausible 

rationale of this phenomenon can be explained by intramolecular hydrogen bonding. A 

favorable hydrogen-bonding interaction between the two amine moieties of phenylene 

diamine enhances the nucleophilicity of the amine nitrogen (Scheme 2.3). Upon 

coupling, the newly formed amide hydrogen interacts unfavorably with the second 
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aromatic amine. The nucleophilicity becomes diminished, thus slowing the reaction. 

Another explanation for the slowed rate could be due to steric interactions between the 

amino acids. 

H-Bonding 
Enhances [I 

Nucleophilicity 

NHa 
V X 

.© vs 
N 

H H 

H-Bonding 
Reduces 

Nucleophilicity 

H HOOC^^N^ 

a" 

R' 
BOP 

'Boc >95% 
HO 

NHz DMF/RT 

Hunig's Base 
30 min / 0°C 

a: 
R2 

>95% 

BOP 

HN-Boc 

DMF/RT 
Hunig's Base 
3-16hr/RT 

rv 
'^NH° 

Boo 

HN-Boc 

Scheme 23. Differential rates of acylation due to favorable and unfavorable intramolecular hydrogen bond. 

This difference in rates was utilized to synthesize a tridentate ligand that was used 

in cyclopropanation studies (Chapter 3). Mono-acylation of phenylenediamine, 

deprotection followed by Schiff base formation gave 115 as bright yellow crystals 

suitable for single crystal x-ray analysis. 

^NH N 
O^NH N= 

Ph> ,̂. // \ 

116 

Figure 2J,. Tridendate ligands used as chiral auxilaries in cyclopropanation studies. 
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X-Ray analysis showed the ligand to be pre-organized for binding metals. There 

is a hydrogen bonding interaction between the amine NH and the two imine nitrogens 

(Figure 2.3). This is hydrogen bonding interaction can also be observed in the 'H NMR. 

The amide singlet appears at 9.5 ppm, much farther down field than typical amides (6 

ppm). In addition, the benzylic side chain is rotated about the x, axis placing the 

aromatic ring over the face of the ligand (Figure 2.4). 

C(36) 

Figure 2.3. ORTEP rendering of 115 (viewed from top) with 50% probability' ellipsoids. 
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Figure 2.4. ORTEP rendering of 115 (viewed from side) with 50% probability ellipsoids. 

Removal of the Boc groups under acidic conditions provided the HCl salt 110 

that's necessary to form 111. Reaction of 110 and diphenylketimine yields the Schiff 

base. This transimination was run under anhydrous acidic conditions. The reaction is 

reversible, but driven to completion by the precipitation of the ammonium salt (e.g. 

NH/Cl"). The acid-mediated reaction mechanism is provided in Scheme 2.4. 

Intermolecular protonation of the diphenylketimine 117a renders the imine 

nitrogen electrophilic 117b. Nucleophilic attack of the amine followed by an 

intramolecular proton transfer (118a —118b) completes the transimination. 
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X 

R-NH3X 

A, 

R-NH2 
NHa 

Ar 

117b 
R X 

117a 118a 

AraC^'^ • N 11 
NH ) Ar-^Ar Ar^Ar 

r X 

R 

118b 119a 119b 

Scheme 2.4. Mechanism of the acid-catalyzed Schiff base formation. 

Selective Schiff base formation could be achieved as shown in Scheme 2.5. A 

study conducted using the mono-acylated phenylenediamine shows a preference for the 

more nucleophilic (terminal) amine over the aniline amine. In the formation of the bis-

Schiff base, the terminal amine is more reactive than the aromatic amine. This is do in 

part to the increased acidity of the aniline nitrogen. Upon prolonged exposure, the 

aromatic Schiff base does form. Interestingly, when the para-methoxy diphenylketimine 

is used, only the terminal Schiff base forms 115. This can be explained by the resonance 

stabilization (120a —120b) of the iminium ion, which decreases the electrophilicity 

compared to the unsubstimted diphenylketimine (117a —117b). 
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NHz-HCI 

NH 

or 
NHa'HCI 

"FAST" 

Ar2C=NH 

CH2CI2 
orCHgCN 

RT 

aNHa 

. NH 

"SLOW" 

Ar2C=NH 

N=CAr2 

NH 
CH2CI2 

Ph or CH3CN 
RT N=CAr2 

o'--
N=CAr2 

115 

H 
© 

117a 

diphenylketimine 
117b 

imminium ion 

MeO 

H 
© 

OMe 120a 

4,4'-dimethoxydiphenylketimine 

MeO 120b 

resonance-stablized 
immfnium ion 

Scheme 2.5. Rates of Schiff base formation for the mono-acylated iigand. 

Several Cj-symmetxic ligands (121-123) were prepared with the para-methoxy 

Schiff base derivative (Figure 2.5). The reason for placing methoxy substituents on the 

aromatic ring was to help increase ±e binding nature of the ligand. The electron 

donating character of the should enhance the basicity of the imine nitrogens causing a 

tighter chelate to the metal. This was determined experimentally to be the case. Several 

nickel complexes were prepared and the metal-nitrogen bond lengths were compared. A 

discussion of this effect is described below. 
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O^^NH HN^ O^NH HN^ O^NH HN^ 

121 122 123 

Figure 2^. C^-symmetric ligands with para-methoxy substituted Schiff bases. 

MRTAL INSERTION 

The presence of a lone-pair of electrons on the nitrogen atom and the general 

electron-donating character of the double bond allow the imine (azomethine group) to 

exhibit basic properties. Its behavior as a Lewis base in donating an electron pair to a 

metal atom in the formation of a coordination compound is the key feature that will be 

exploited in the catalyst studies. 

Base Strengths. While pKt's are sometimes referred to, the strength of a base is normally 

expressed in terms of the pBC^ value of the conjugate acid, where pBC^ = -log,oKa, being 

the acid dissociation constant.'" The stronger the base the higher the pBCg value, which 

for amines ranges from about 10-11 for primary and secondary alkyl amines to about 4—5 

for aryl amines. Aromatic amines like pyridine have a pKg around 5.2. 

Due to the fact that many are relatively unstable under conditions suitable for 

measurement of their pK^ values, the base strengths of only very few azomethine 

compounds have been determined.^ One series of compounds which have be studied in 

this respect are derivatives of diphenylketimine (Ph2C=NH) and of benzylidene-f-

butylamine (PHCH=NBu-0. (Table 2.3) It is difficult to draw any inferences regarding 
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the effects of substituents on the pKg values of the derivatives of diphenylketimine. 

Diphenylketimine itself is a relatively weak base, and the still lower pK, values of 2-

hydroxy- and 2,4,6-trihydroxydiphenylketimine suggests that the presence of a 2-hydroxy 

group produces a decrease in base strength. On the other hand 2,4-dihydroxy-6-

methyldiphenylketimine is almost as strong a base as 2-methyldiphenylketiinine. Again, 

a 2-methoxy group seems to increase the base strength slightly, but 2-methoxy-4-

hydroxy-diphenylketimine is appreciably weaker as a base then 4-

hydroxydiphenylketimine. Halogen substituents reduce the base strength by withdrawing 

electron density. The substitution of one of the phenyl groups in diphenylketimine by a 

methoxy group to give iminomethoxylmethylbenzene appears to cause about the same 

reduction in base strength as the introduction of a halogen atom into the ring. 
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Compound 
Hydrolysis of 

HydrocWoride, 
kvXlO^ 

Half-life 
period, 

min. @ 25''C 

Basic 
Strength, 
Kb X 10' 

PKa 

0°C 25°C 
Diphenylketimine 5.5 77d 9.0 150 7.18' 
2-Methyldiphenylketimine 0.28® 4.2 165 62 6.79 
3-Methyldiphenylketimine 5.4" 76'' 9.1 5.59 
4-Methyldiphenylketinune 2.6^ 33.8 20.5 5.69 
2-ChIorodiphenyIketiniine 2.0 29 23.9 3.9 5.00 
3-Chlorodiphenylketinune 27 378'' 1.8 4.9 7.08 

4-Chlorodiphenylketimine 9.2'' 129'' 5.4 6.45 
2-Hydroxydiphenylketimine 12 57.8 1.0 7.29 
3-HydroxydiphenyIketiirune 8.9 125'' 5.5 120 6.59 

4-Hydroydiphenylketirmne 7 99 28 6.79 
2-MethoxydiphenyIketiniine I.l 14.9 47 196 6.79 
3-Methoxydiphenylketiniine 4.5 63'' 11 39 7.18 

4-Methoxy diphenylketimine 1.4'= 20'' 35 6.29 
2,4-DimethyIdiphenyIketimine 3.5 198 62 5.00 
2,5-Dimethyldiphenyllcetimine 3.7 187 62 5.99 
3,5-DimethyIdiphenylketiraine 3-6 50'' 13.9 150 8.30 

2,6-DimethyIdiphenylketimine 0.08 
(@ 100°C) 

8670 
(@ 100°C) 

19.5 5.20 

2,4-Dihydroxydiphenylketimine 0.48 1444 1.0 6.75 
2-Methoxy-4-hydroxydiphenylketimine 0.77 900 9.8 
2,4-DimethoxydiphenyIketimine 1.45 478 2000 
2,4.6-Trihydroxydiphenylketimine 0.082 8450 1.6 
2,4-Dihydroxy-6-methyIdiphenyIketimine 0.20 3466 56 
Iminomethoxymethylbenzene 53^ 

Acetoxime 0.99® 
Benzylidene-t-butylamine g.?** 
p-Nitrobenzylidene-r-butylamine 5.4 
m-Bromobenzylidene-f-butylamine 6.1 
p-Chlorobenzylidene-r-butylamine 6.5 
p-Methylbenzylidene-r-butylamine 7.4 

p-Methoxybenzylidene-r-butylamine 7.7 

p-Chlorobenzylideneaniline 2.80' 

(a) Measured by Cloke and co-workers, Rensselaer Polytechnic Institute, Troy, N.Y.; refer to Doctor's Dissenation, J3. Cloke, 
Department of Chemistry, University of Chicago. 1931, (b) Measured by Ingle, Master's Thesis, University of Chicago, 1926. 
(c) Measured by B. White, Master's Thesis, University of Chicago, 1927. (d) Calculated fixim value measur^ at 0°C, assuming 
14-fold increase for the 25-degree rise in temperature, (e) Culbertson, J.B. J. Am. Chem. Soc., 1951, 73,4818. (f) Edwards, 
J.T.: Meacock. S.C.R. J. Chem. Soc.,19S7.2009. (g) Wood, J.K. J. Chem. Soc., 1903,83, 568. (h) Cotdes, EJl.; Jencks, W.P. 
J. Am. Chem. Soc., 1963, 85,2843. (i) Cordes, EH.; Jencks. Wi>. J. Am. Chem. Soc., 1962,84, 832. 

Table 23. pK, Values and rates of hydrolysis of the conjugate acids of compounds containing the 
azomethine group. 
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Earlier work on the preparation of ketimine has indicated wide variations in the 

ease of their hydrolysis to the corresponding ketones.^' In 1951, Culbertson^ reported 

on the rates of hydrolysis of ketimines and determined that two types of substituent 

effects that affect the sensitiveness of the hydrolysis have been established; 1.) a 

tautomerism and / or resonance, and 2.) steric hindrance. The tautomerism was supported 

by the work of Moureu and Mignonac.^*" Ketimines such as ethyl phenyl ketimine 124 

could be converted into ketisoketimines 125 and ammonia in a reaction analogous to the 

aldol (Scheme 2.6). This change suggested a labile proton adjacent to the imine moiety, 

thus allowing the condensation of the two tautomeric forms to yield the ketisoketimine. 

Based on this observation and the work of others,^ it was concluded that ketimines 

display a ketimine—enamine tautomerism 124 where the principal isomer is the enamine 

124b. 

heating 

ketimine foon enamine fomi ketisol<etimine 

Scheme 2.6. The condensation of ethyl phenyl ketimine tautomers to form a ketisoketimine. 

Along with these considerations, the slow hydrolysis of 2,4-

dihydroxydiphenylketimine can be best explained by a possible benzoid-imine 126b and 

quinoid-amine tautomerism 126c as illustrated in Scheme 2.7.^ A shift of the phenolic 

"H" either from the para- or ortho-position results in the quinoid-amine forms. The p-

quinoid-amine form is more stable and is not subject to hydrolysis. Resonance between 
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the imine 127b and amine forms 127a,c has also been suggested as a concurrent 

stabilizing factor. 

A.) Tautomerism 

126a 126b 126c 

o -quinoid-amine Benzoid-imine P -quinoid-amine 

B.) Resonance Forms 

Scheme 2.7. Tautomerism and Resonance of 2,4-dihy(iroxydiphenylketimine. 

The rates of hydrolysis of variously substituted diphenylketimines, as 

hydrochloride salts, were determined and the results are summarized in Table 2.3. As 

expected, the tautomerism of the hydrolytic groups in the ortho- and para-positions cause 

a decrease in the rate of hydrolysis. Similarly, the methoxy-derlvatives also displayed 

slow rates due to resonance. Interestingly, the 3-hydroxydiphenylketimine showed an 

enhanced rate of hydrolysis compared to the unsubstituted diphenylketimine. This was 

attributed to the inability to form the quinoid-amine structure. 

The second factor that has been shown to affect the hydrolysis of aromatic 

ketimines is steric hindrance. As shown in Table 2.3, substituents in the ortho position 

exert some special effect on the imino group. This is best demonstrated with the 

monomethyldiphenylketimines. Here, no tautomerism or resonance can be involved. It 
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was seen though, that the rate of hydrolysis of the ortho-form is very much less than the 

other forms, which are not very different. A similar relationship exists among the 

chlorodiphenylketimines; steric shielding of imine and destatoilization of the tetrahedral 

intermediate. 

Complexes with Metals. The most characteristic property of imines is their propensity to 

form complexes with metals. The basicity of the C=N groups is insufficient by itself to 

permit the formation of stable complexes by simple coordination of the lone-pair to a 

metal ion. Therefore, to form stable compounds a second coo»rdination site is necessary. 

Preferably a hydroxyl group, near enough to the C=N group to permit the formation of a 

five or six membered ring by chelation to the metal atom. Among the simplest 

compounds to meet this requirement are salicylaldimine 128 amd its N-hydroxy derivative 

129. 

H H H OH 
N 

OH 

128 129 

Figure 2.6. Salicylaldimine and N-hydroxy deriviative. 

Metal complexes formed by these and other Schiff bases, known as of 1964, have 

been cataloged, and their properties discussed in detail by Holm, Everett and 

Chakravorthy.^ Sacconi^ has also reviewed salicylaldimine: complexes. Coordination 

compounds of this type also include the well-known complexes of dimethylglyoxime 

complexes, and other water-insoluble compounds, which have ibeen used for some time in 

the spectroscopic detection and quantitative determination of certain metals, (e.g. Ni(ii)) 
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The metal complexes with Schiff base ligands have played an important part in 

the development of coordination chemistry as a whole. Although Professor Schiff was 

the first to report on the synthesis of such metal complexes in the 1860's,^ it was not 

until almost a decade later that concrete advances in this field became apparent. In the 

early days the main efforts were directed toward the synthesis and characterization of 

simple complexes, which today, do not look striking, but were remarkable in those days. 

Applications of Schiff base metal complexes has expanded enormously, and embraces 

many diversified subjects comprising different areas of organometallic and bio-inorganic 

chemistry.^ 

Metal Insertion. The ligands discussed in the beginning of this chapter bind a variety of 

metals yielding stable Ni(ii) and Cu(ii) complexes. In the case of nickel, burgundy 

colored crystals of 130a were obtained which were suitable for single crystal x-ray 

analysis. Crystals of the copper complex 130b were also isolated and subjected to EPR 

analysis which proved the coordination of the divalent metal with slight tetrahedral 

distortion. 

Several protocols were used for the insertion of divalent metals into the ligands. 

(Scheme 2.8) Nickel was chosen first due to its ability to readily form square planar 

tetra-coordinate complexes. Its diamagnetic nature allows NMR to be a useful tool to 

follow the insertion. Upon complexation, the spectrum becomes broadened and chemical 

shifts of up to 1 ppm have been observed for certain protons. The insertion has been 

achieved by refiuxing the ligand with NiBrj and EtjN in either methanol or THF. The 

complex 130a forms in both solvents although the yields are significantly higher when 
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THF is used. Similarly, the copper complex 130b can be synthesized by reacting the 

ligand with CUCI2 and DBU in DMF. Unlike the nickel case, no heating is required. The 

insertion occurs at room temperature upon addition of the base. 

Mechanistic considerations. Mechanistically, it was assumed that a two step process 

occurs. (Scheme 2.9) There is an initial N,0-coordination 131 between the metal salt 

and the carbonyl oxygen and the Schiff base nitrogen. The coordination increases the 

acidity of the amide proton, rendering it susceptible to deprotonation. Margerum et al.^^^ 

have performed extensive studies on metal peptidyl complexes and determined that in 

fact this type of coordination causes a significant decrease in the pisTa value of amide 

protons. Once the proton has been removed, the complex rearranges to the more 

favorable N,N-coordination 132 completing the insertion process. 

MX2, Base 
solvent 

Ille 130a M =Ni(ll)80% 
130b M =Cu(ll)60% 

Scheme 2.8. Metal insertion into chiral Schiff base ligands. 
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Scheme 2.9. I^oposed Metal Insertion Mechanism. 

The metal insertion is dependent upon the backbone used. There is a difference in 

the acidity of the amide proton depending upon whether it is aromatic (phenylene 

diamine) or aliphatic (ethylene or propylene diamine). All successful insertions were 

achieved when phenylene diamine was used as the backbone. Attempts to insert Ni(ii) 

into 112 and 113 were unsuccessful despite changing the metal salt, base and solvent. 

This is most likely due to the differences in acidity of the amide protons. Alternatively, 

the ethyl backbone may desire to stay in a fran^-like geometry instead of the required cis-

conformation. In the phenylene diamine case, the amino acid chains are pre-organized in 

the proper geometry necessary for binding a metal ion. 

The EPR parameters for 130b were evaluated from a combination of glass and 

liquid state spectra. In the glass state we were able to evaluate g^j = 625 MHz, but the 

perpendicular part of the spectra was obscured by the last parallel component, and the 
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lines caused by the Cu—interactions. From the liquid phase measurements, average 

values gave = 2.093 MHz and A^ve = 284 MHz were obtained, and g^^ = 2.05 MHz, and 

= 114 MHz. Assuming that the hyperfine interaction with Cu(n) is isotropic, the 

magnitude is 37—42 MHz. From these data it can be conclude that the complex is 

similar to Cu(n) tetraphenylporphyrin complexes, but with increased distortion from 

square planarity. 

Cyclic voltammetry experiments were conducted on an Electro Analysis System 

CYSYl voltammograph and recorded on a Hewlett Packard X-Y plotter under an argon 

atmosphere. Measurements were taken with a platinum electrode and referenced to a 

O.IM AgNOj / Ag° cell. Approximately 5 mg of 130a and 130b were dissolved in 

CH3CN containing 0.2 M n-Bu4PF6 as supporting electrolyte. The potential was scanned 

from —^2.0 V to 2.0 V at a sweep rate of 100 mV/sec. Oxidation states of 1% T and 3^ 

were determined to be reversible for 130a. The A* oxidation state could be reached, but 

was not reversible. Compound 130b had reversible oxidation states of 1"^ <—2* <— 

3^. 

X-RAY DATA FOR NirnVSCHIFF BASE COMPLEXES 

In an attempt to gain some insight into the metal binding nature of these 

complexes, several Ni(n) complexes were synthesized and characterized by x-ray 

crystallography. The purpose of the study was to examine the effects on the metal-

nitrogen bonding interaction, when electron-donating substituents were present on the 

para position of the Schiff base aromatic rings. The donating ability of the substituents 

should increase the basicity of the nitrogen creating a tighter chelate about the metal ion. 
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This effect could be observed by measuring the bond lengths of selected Ni(n) 

complexes. The data is provided in Table 2.4. 

Complex 130a crystallizes with two molecules per unit cell; a totally Cj-

symmetric and a second non-symmetric. The non-symmetric rotomer has the benzylic 

side chain rotated 120° about the Xi axis. This rotation causes a slight tetrahedral 

distortion about the Ni-N plane. The bond lengths of the symmetrical molecule will be 

used for comparison. 

Disappointingly, there was not significant change in the Ni—^N bond lengths. 

Although there was no shortening of the bond lengths, it can still be assumed, based on 

the results of Culbertson et aL, that the presence of a para-methoxy substituent should 

render the imine nitrogens more basic. In his study, Culbertson determined the pATj 

values for substituted diaryl ketimines (Table 2.3) and found that 4-methoxy 

diphenylketime is more basic (p/STj = 6.28) than the parent compound diphenylketime 

(pATa = 7.18). Selected ORTEP structures for the nickel complexes synthesized are 

provided below along with the crystal data and structure refinement parameters. 
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Q 

omp 
R' R2 R3 R" RS R® z

 r z
 

N"—Ni N^—Ni 1 Z
 

Distortion 

130a CHaPh CHgRh H H H H ^1.944 
Ca-Symmetric . 

Tetrahedrally distorted ' 

1.942 

1.963 

1.843 

1.843 

1.830 

1.849 

0.026 

0.137 

131 CHaPh CHaPh OMe OMe OMe OMe 1.947 1.932 1.845 1.844 0.066 

132 CHjPh H H H H H 1.922 1.906 1.833 1.833 0.100 

133 CHgPh H OMe OMe OMe OMe 1.915 1.909 1.829 1.821 0.128 

134 CHgOAc CHgOAc H H H H 1.963 

1.968 

1.925 

1.921 

1.829 

1.845 

1.852 

1.846 

0.071 

0.068 

135a CHgOH CHgOH H H H H 1.943 1.922 1.834 1.840 0.011 

135b CHaOH CHgOH H H H H helix 1.958 

dimer 1.929 

1.913 

1.909 

1.859 

1.869 

1.851 

1.875 

0.031 

0.052 

135c Ce^OH CHaOH H H H H 1.957 1.903 1.837 1.846 0.066 

Bond Lengths are meeisured in Angstroms (A) 
Distortion - r.m.s. deviation from ideal plane defined by nitrogens 1—3 

Table 2.4. Selected N-Ni bond lengths of chiral Schiff base Ni(n) complexes. 
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0(35) 

Figure 2.7. ORTEP rendering of 132 (viewed from the front) with 50% probability ellipsoids. 

,C(57) 

Figure 2.8. ORTEP rendering of 132 (viewed along Ni-Nj plane) with 50% probability ellipsoids. 
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(±)-Phe-Gly-Ni(li)-(Ar^-(4,4'-dimethoxy)-ciiphenylmethylene)-Schiff base complex, 133: 

This compoimd crystallizes in a centrosymmetric space group. The phenylalanine chiral 

center is racemized with a 50:50 mixture of L-Phe and D-Phe seen. The atoms in each 

enantiomer are identified by D- or L- included in the atom name. The 3-D packing shows 

the aromatic rings of the phenylalanines to overlap with each other. Each asymmetric 

unit contains a molecule of dichloromethane. 

Empirical formula 
Formula Weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal size 
Theta range for utilized data 
Limiting Indices 
Reflections utihzed 
Independent reflections 
Completeness to theta = 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on 
Final R indices [I>2 sigma(I)] 
R indices (all data) 
Absolute structure parameter 
Largest diff. peak and hole 
RMS difference density 

C47H42N4Ni06, CH2CI2 
902.48 
170(2) K 
0.71073 
Monoclinic 
P2(l)/c 
a = 13.4825(13) A a = 90° 
b= 11.5511(11) A 13 = 99.012(2)° 
c = 26.762(3) A Y = 90° 
4116.4(7) A' 
4 
1.456 Mg/m^ 
0.659 mm' 
1880 
0.32 X 0.09 X 0.02 
1.53 to 25.77° 
-I6<=h<=16, -14<=k<=14, -32<=1<= 32 
42284 
7878 [R(int)= 0.2288] 
99.8% 
Semi-empirical fi-om equivalents 
0.967376 and 0.822602 
Full-matrix least-squares on F" 
7878/0/586 
0.943 
R1 = 0.0914, wR2 = 0.2146 
R1 = 0.2374, wR2 = 0.2573 
-0.0267(16) 
0.607 and-0.673 e.A"^ 
0.123 e.A-^ 
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0(36) 

COS) 

c(31U 
CdO)  ̂ aC(26L) 

crau C(12L) C(30U 
C(27L 

0(64) 0(60«1C(61) 

C(65) C(59) 

Figure 2.9. ORTEP rendering of the L-phenylalanine enantiomer 133 (viewed from the front) with 50% 
probability ellipsoids. 

C(49). 

)C(65) 

3(64) 

C(59)j C(48)/ 
C(54) C(47l 

)C(53) :(51) 

0(58)1 C(52) C(1- 1(46) 

!'{7) Nf(1) lC{22) 
:(32L 

C(57) 

0(62)1 

C(8) 
^(14) C(25Jl 

:(31L) 
fccsO 
bou 

0(2^ cfcTe^ 

Figure 2.10. ORTEP rendering of the L-phenylalanine enantiomer 133 (viewed along Ni-Nj plane) with 
50% probability ellipsoids. 
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)C{36) 
C(35) 

C(33)< 

0(2)^ N(5l, 

CdO^ 
COD) J Ni(in 

C(20L 
C{21)^ 

C(22). 
C{23\^^ 

)(60) C(65j^ 
1C(61) 

}(64) 

^0(3) 

:{11) 

C(12D)J^J2^ 

X(27Dr 
:{i3) 

X{32D1 

fc(31D) 
IC(30D) 

KC(52) 
J{28D)^\C(29D) 

:(53) 

0(62) 

0(58) 

^0(59) 

Figure 2.11. ORTEP rendering of the D-phenylalanine enantiomer 133 (viewed from the front) with 50% 
probability ellipsoids. 
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fC(59) 
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Figure 2.12. ORTEP rendering of the D-phenylalanine enantiomer 133 (viewed along Ni-Nj plane) with 
50% probability ellipsoids. 
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C(32U 

C(32D) ;(31L) 
,C(30U C(27D) C(31D)1 

C{30D) C(26Dr 
'C(28L) 

C(29D)̂ C(28I 

Figure 2.13. ORTEP rendering of 133 with 50% probability ellipsoids, showing the asymmetric unit 
(without CH2CI2) with each phenylalanine arm having 50% occupancy (viewed from the front). 
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L-Phe-L-Phe-Ni(n)-(A^^,-diphenylmethylene)-Schiff base complex, 130a: This 

compound crystallizes in a polar / chiral / non-centrosynmietric space group. The crystal 

structure is composed of molecular units without any special bonding interactions 

between them. There are two different conformers of the title complex and an ethyl 

acetate molecule. One conformer is nearly Q-synmietric with a nearly planar NLN4 unit, 

while the other isomer is highly distorted and contains no approximate symmetry. 

Empirical formula 
Formula Weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 
F(000) 
Crystal size 
Theta range for utilized data 
Limiting Indices 
Reflections utilized 
Independent reflections 
Completeness to theta = 28.78'^ 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on 
Final R indices [I>2 sigma(I)] 
R indices (all data) 
Absolute structure parameter 
Largest diff. peak and hole 
RMS difference density 

a = 90° 
3 = 90° 
Y = 90° 

^KvtHggNgNijOs 
1663.24 
298(2) K 
0.71073 
Orthorhombic 
P2(l)2(l)2(l) 
a= 17.259(4) A 
b = 14.290(3) A 
c = 34.939(7) A 
8617(3) A^ 
4 
1.282 Mg/m^ 
0.499 mm"' 
3488 
0.42 X 0.33 x 0.15 ram  ̂
1.54 to 24.97° 
0<=h<=20, 0<=k<=16, -41<=1<= 41 
15136 
15136 [R(int) = 0.0000] 
100% 
Psi-scale 
0.9972 and 0.9783 
Full-matrix least-squares on F* 
15136/0/1081 
0.994 
R1 = 0.0688, wR2 = 0.0933 
Rl = 0.1422, wR2 = 0.1115 
-0.008(14) 
0.336 and-0.214 e.A"' 
0.054 e.A-^ 
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C40 

C39) 

Figure 2.14. ORTEP rendering of C^-symmetric conformer of 130a (viewed from the top) with 50% 
probability ellipsoids. 

.C(55) 

C(17) 
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iC(45) 
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C(43) 

Figure 2.15. ORTEP rendering of Q-symmetric conformer of 130a (viewed from the side) with 50% 
probability ellipsoids. 
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'C(41) 
,C(40) 

'C(45) 

Figure 2.16. ORTEP rendering of non-Ci-symmetric conformer of 130a (viewed from the top) with 50% 
probability elh'psoids. 

C(27) 

C(53) 

C(42) C(43) 

Figure 2.17. ORTEP rendering of non-Ci-symmetric conformer of 130a (viewed from the side) with 50% 
probability ellipsoids. 
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L-Phe-L-Phe-Ni(n)-(A/^,-(4,4' -dimethoxy)-diphenylmethylene)-Schiff base complex, 

131: This compound crystallizes in a polar / chiral / non-centrosymmetric space group as 

discrete molecular entities. 

Empirical formula 
Formula Weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 
F(000) 
Crystal size 
Theta range for utilized data 
Limiting Indices 
Reflections utilized 
Independent reflections 
Completeness to theta = 28.78^ 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on 
Final R indices \J>2 sigma(I)] 
R indices (all data) 
Absolute structure parameter 
Largest diff. peak and hole 
RMS difference density 

C^H^sN^NiOs 

907.67 
299(2) K 
0.71073 
Orthorhombic 
P2(I)2(1)2(1) 
a = 12.4041(8) A a = 90° 
b= 13.5171(9) A 3 = 90° 
0 = 26.1586(17) A Y = 90° 
4385.9(5) A^ 
4 
1.375 Mg/m^ 
0.501 mm'' 
1904 
0.41 X 0.20 X 0.19 mm^ 
1.56 to 28.63° 
-16<=h<=16, -17<=k<=18, -34<=1<= 35 
39718 
10513 [R(int) = 0.0388] 
95.8% 
Semi-empirical firom equivalents 
0.9688 and 0.8393 
Full-matrix least-squares on F~ 
10513/0/580 
0.920 
R l =  0 . 0 3 6 6 ,  w R 2  =  0 . 0 7 1 1  
R1 = 0.0639, wR2 = 0.0779 
-0.01(8) 
0.289 and-0.304 e.A'^ 
0.038 e.A-' 
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0(2). 

COT), 

C(38), 

C03)^ 

sC{36) 

C(35) 

iC{34) 
.0(3) 

C(31) C(10>7^{5)VNl(1)yN{6r 5C(11) C(45) 
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Figure 2.18. ORTEP rendering of 131 (viewed from the front) with 50% probability ellipsoids. 

C(59) 

(20)C(8) 

C(65) 

C(61) 

Figure 2.19. ORTEP rendering of 131 (viewed along Ni-Nj plane) with 50% probability ellipsoids. 
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L-Ser-(OAc)-L-Ser-(OAc)-Ni(ii)-(Ar,iV-diphenylmethylene)-Schiff base complex, 134: 

This compounds crystallizes in a polar / chiral / non-centrosymmetric space group. The 

asymmetric unit was found to contain two identical molecules, unrelated by symmetry. 

They were refined as two residues with the same atom name assigimaents. The last 

number in the atom name differentiated the two residues. Two disordered 

dichloromethane molecules were foimd in the asymmetric unit. 

Empirical formula 
Formula Weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal size 
Theta range for utilized data 
Limiting Indices 
Reflections utilized 
Independent reflections 
Completeness to theta = 28.78^^ 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on 
Final R indices [I>2 sigma® ] 
R indices (all data) 
Absolute structure parameter 
Largest diff. peak and hole 
RMS difference density 

C42H36N4NiO, 
751.47 
170(2) K 
0-71073 
Triclinic 
PI 
a = 8.629(2) A a = 79.747(9)° 
b = 9.665(3) A P = 88.743(9)° 
c = 23.136(6) A Y = 89.707(7)° 
1898.3(9) A^ 
2 
1.463 Mg/m^ 
0.708 mm"' 
868 
0.40 X 0.07 X 0.05 mm^ 
1.79 to 28.78° 
-ll<=h<=ll, -12<=k<=12, -30<=1<= 30 
22997 
17022 [R(int)= 0.0300] 
90.7% 
Semi-empirical from equivalents 
0.8015 and 0.6417 
Full-matrix least-squares on F^ 
17022 / 6 / 1047 
0.953 
R1 = 0.0486, wR2 = 0.0933 
R1 = 0.0744, wR2 = 0.1036 
0.009(9) 
0.708 and-0.771 e.A-^ 
0.068 e.A-^ 
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C(32) 

Figure 2.20. ORTEP rendering of 134 (viewed from front) with 50% probability ellipsoids, 

€(45) 

Figure 2.21. ORTEP rendering of 134 (viewed along Ni-Nj plane) with 50% probability ellipsoids. 



Figure 2.22. ORTEP rendering of both residues and their relationship in the crystal. 
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(±)-Ser-(OH)-(d:)-Ser-(OH[)-Ni(n)-(A/^-diphenylinethylene)-Schiff base complex, 135a; 

This compound crystallizes in a centrosymmetric space group, with one half of a 

molecule of dichloromethane per asymmetric unit. The amino acid chiral center was 

racemized and heterochiral dimers are formed through hydrogen bonding. 

Empirical formula 
Formula Weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 
F(000) 
Crystal size 
Theta range for utilized data 
Limiting Indices 
Reflections utilized 
Independent reflections 
Completeness to theta = 28.78' 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on 
Final R indices [I>2 sigma®] 
R indices (aU data) 
Absolute structure parameter 
Largest diff. peak and hole 
RMS difference density 

a = 90° 
p = 10L070(2)= 
Y = 90° 

C38H32N,Ni04, (CH^Cy 
709.85 
170(2) K 
0.71073 
Monoclinic 
P2(l)/c 
a = 21.888(2) A 
b = 14.0327(14) A 
c = 10.7457(11) A 
3239.1(6) A^ 
4 
1.456 Mg/m' 
0.731 nun"' 
1476 
0.30 X 0.10 X 0.02 mm^ 
1.73 to 28.26° 
-29<=h<=29, -18<=k<=17, -13<=1<= 13 
37222 
7526 [R(int) = 0.1424] 
93.7% 
none 
0.9891 and 0.8105 
Full-matrix least-squares on F^ 
7526/0/452 
0.926 
R1 = 0.0562, wR2 = 0.1135 
R1 = 0.1558, wR2 = 0.1484 
0.0045(4) 
0.653 and-0.560 e-A ' 
0.098 e.A-^ 
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C(38) 

Figure 2.23. ORTEP rendering of 135a (viewed fi-om the front) with 50% probability ellipsoids. 

Figure 2.24. ORTEP rendering of 135a (viewed along Ni-Nj plane) with 50% probability ellipsoids. 
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Figure 2.25. ORTEP rendering of the heterochiral dimer 135a formed through hydrogen bonding. 
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L-Ser-(OH)-L-Ser-(OH)-Ni(n)-(A/^-diphenylmethylene)-Schiff base complex, 135c: 

This compound crystallizes in a polar / chiral / non-centro«synmietric space group. The 

structure contains molecular units which hydrogen bond toi form sheets in the a-c plane. 

There are two independent molecules of the same chirality which form dimers with two 

complimentary hydrogen bonds. The dimers then hydrogen bond into sheets with a zig

zag hydrogen bond pattern parallel to the b-axis. The two* independent molecules have 

very similar lengths and angles. The compound was crystallized from CH2CI2 and 

hexanes. 

Empirical formula 
Formula Weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 

C38H32N4Ni04 
667.39 
293(2)K 
0.71073 
Triclinic 
PI 
a = 8.6240(10) A 
b = 10.1739(12:) A 
c= 18.951(2) A 
1631.2(3) A^ 
2 

a = 94.644(2)^= 
P = 99.792(2)° 
Y = 91.997(2)° 



Density (calculated) 
Absorption coefficient 
F(000) 
Crystal size 
Theta range for utilized data 
Limiting Indices 
Reflections utilized 
Independent reflections 
Completeness to theta = 28.78° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on 
Final R indices [I>2 sigma(I)] 
R indices (all data) 
Absolute structure parameter 
Largest diff. peak and hole 
RMS difference density 

1.359 Mg/m^ 
0.642 mm ' 
696 
0.36 X 0.20 X 0.17 mm^ 
2.40 to 27.23° 
-10<=h<=10, -12<=k<=12, -23<=1<= 
12178 
10774 [R(int) = 0.0209] 
88.5% 
Semi-empirical from equivalents 
1.000 and 0.922 
Full-matrix least-squares on F^ 
10774/3/851 
0.955 
R1 = 0.0339, wR2 = 0.0658 
R1 = 0.0435, wR2 = 0.0691 
0.024(8) 
0.513 and -0.228 e.A-^ 
0.041 e.A-^ 



Figure 2.26. ORTEP rendering of 135c (viewed from the top) with 50% probability ellipsoids 

Figure 2.27. ORTEP rendering of 135c (viewed from the side) with 50% probability ellipsoids 



Figure 2.28. ORTEP rendering of 135c (viewed from the top) with 50% probabihty ellipsoids 

0(40) 

Figure 2.29. ORTEP rendering of 135c (viewed fi-om the side) with 50% probability ellipsoids 
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Figure 2.30. ORTEP rendering of 135c with 50% probability ellipsoids showing the hydrogen bonding 
interactions. 
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CHAPTERS 

ASYMMETWC CATALYSIS: EPOXIDATION, CYCLOPROPANATION AND 1,2-

CARBONYL ADDITION REACTIONS 
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EPOXIDATION 

Enantioselective epoxidation of olefins is one of the most important aspects of 

asymmetric synthesis. The real breakthrough came in 1980 when Katsuki and 

Sharpless^*^ published the first practical method for asymmetric epoxidation of primary 

allylic alcohols (Sharpless Epoxidation). Since then, several groups became attracted to 

the area and reasonable success has been achieved.^'^ In the following section, a review 

of the work done in the area of enantioselective epoxidation will be discussed. 

Directed Epoxidation of Functionalized Olefins 

Sharpless Epoxidation. In their original paper, Katsuki and Sharpless showed that the 

reaction of primary allylic alcohols with L- or D-diethyltartrate (DET), titanium 

tetraisopropoxide, and f-butyl hydroperoxide in CH2CI2 at —20°C gave optically active 

epoxides in high yield and with very high enantioselectivity (90—95% e.e.). Later, 

Sharpless and co-workers showed that the method can be used to resolve secondary 

allylic alcohol by taking advantage of the significant difference in the rate of epoxidation 

of the two enantiomers: one enantiomer is selectively epoxidized and the other remains 

largely untouched (kinetic resolution).^" The positive aspect of the method is that the 

reagents required for epoxidation are commercially available and enantioselectivity 

obtained is invariably very high. The ratio of ligand to titanium used in the reaction is 

one of the important factors for getting high selectivity. It is recommended that >1.2 : 1 

ratio gives the best results. This is particularly important for less-reactive substrates. The 

exclusion of water is very important as it retards the rate of the reaction and reduces 
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enantioselectivity. The other advantage with the method is the predictability of absolute 

stereochemistry. If an olefin is drawn in the plane of the paper 'with hydroxymethyl 

group on the right hand side as in Scheme 3.1, the oxygen is delivered from the top if 

D-(—)-diethyI tartrate (unnatural) is used, and from the bottom if L--(+)—diethyl tartrate 

(natural) is employed. 

Scheme 3.1. Predictability of absolute stereochemistry in Sharpless ep»oxidation. 

Although synthetic aspects and applications of the method have extensively been 

exploited, the mechanistic aspects of the reaction are stiU inconclusive. What is certain in 

the reaction is the rapid exchange of alkoxides on Ti(OR)4 with tartrate ligand. The 

structure of the active catalyst is assumed to be dimeric {[Ti(tartrate30-/ -Prlj} in namre 

and based on analytical and spectroscopic studies its structure was postulated to be 138 

which is Cj-symmetric, with the Cj rotation axis perpendicular to the planar four-

membered TiOz core. ''O NMR spectra are also consistent with the tartrate-bridge dimer 

138, indicating two different tartrate alkoxide oxygens and only one type of monodentate 

alkoxide oxygen. The bridging tartrate oxygen structure provideis a relatively rigid 
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framework in which the bound ester carbonyl groups can dissociate and re-associate 

rapidly. 
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Scheme 3.2. Mechanism of Sharpless epoxidation as proposed by Shaipless. 
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139 

The mechanism proposed by Sharpless^'^ is shown in Scheme 3.2. It is not clear 

whether each metal is equally active or they act in concert or both the processes occur. It 

is believed that the reaction takes place on one of the two metal centers of 138 as each Ti 

center is equivalent by virtue of its Cz-symmetry. The allylic alcohol and f-butyl 

hydroperoxide bind to the Ti metal involving an exchange process. Since f-butyl 

hydroperoxide is thought to bind in a bidentate fashion, it requires more room and 
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exchanges with isopropoxyl group at an equatorial site 139. The ally lie alcohol is then 

left to exchange at an axial site 139, adopting the same conformation as isopropoxyl 

group. The most favorable approach of olefin to the coordinated peroxide is along the 

axis of the O-O bond being broken. 

Corej^'® has proposed an ion pair mechanism for the Sharpless epoxidation 

reaction shown below in Scheme 3.3. He has suggested the formation of ion-pair 149 

from dimer 138 should be a facile process and that a hydrogen bond is a key feature of 

the proposal. The characteristic features of catalytic cation of the ion-pair 149 have been 

derived in a logical way and the following points have been expressed. 

1. One molecule of the (i?,i?)-(-t-)-diethyl tartrate ester is chelated to the central Ti of 

the cation moiety of 149. 

2. The OH group of the allylic alcohol is coordinated to that Cj symmetric Ti so as 

to allow H-bonding to the carbonyl of the tartrate ester. The geometry of H-bond 

is close to linear (2.7A). 

,.vO/Pr 

^OPr -J 
tBuOOH 

r-BuCH HOiPr 

Scheme 3 J. Ion-pair mechanism for Sharpless epoxidation as proposed by Corey. 
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3. The r-butylperoxy group is chelated to the catalytic Ti with the terminal oxygen 

cis to the coordinated ally lie OH and the f-BuO subunit trans to the allylic OH. 

4. Five donor atoms are coordinated to the central Ti of the cationic moiety of 149, 

fiirther coordination being strongly disfavored by the bulk of the /-alkoxy subunit. 

5. The specific arrangement of ligands about Ti in the cationic moiety makes Ti a 

chiral center with the absolute configuration having been determined by the 

tartrate ligand. 

6. The chirality about the catalytic Ti and the fixed hydrogen bond strongly favors 

internal epoxidation at only one face of the double bond if stereoelectronic 

requirement is met, i.e., the double bond approaches the 0-0 bond with its 

midpoint approximately collinear with the O-O axis. 

7. The anti arrangement of the hydroxylic oxygen ligand with respect to ?-butyl 

group favors peroxidic bond cleavage (franj-electronic effect). 

The mechanism involving hydrogen bond mandates the conclusion that homoallylic 

alcohols should react by coordination of homoallylic OH at the diastereotopic lone pair 

(relative to the allylic structure 149) with epoxidation at the opposite face of the double 

bond as compared to 149. 

Based on kinetic data, Sharpless has ruled out the possibility of ion-pair mechanism. 

The rate of titanium-tartrate catalyzed epoxidation is first order in substrate and oxidant. 

The rate is inhibited by water or any alcoholic component which is not the substrate, e.g., 

i-PrOH, r-BuOH, etc., and the rate of the reaction is in inverse square relation with the 

concentration of inhibitor alcohol. According to Sharpless, the ion-pair mechanism will 
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not be expected to show the inverse squared dependence of rate on inhibitor alcohol 

concentration that is observed under pseudo-first order conditions. 

Although there is no proof for the ion-pair mechanism, it can not be ignored based 

only on kinetic data when it is well known that ligand displacement with titanium 

alkoxides is rapid. 

Non-Directed Epoxidation of Unfunctionalized Olefins 

Epoxidation with metallo-porphyrins. The main disadvantage with Sharpless epoxidation 

is that it requires -OH as the directing group. The restriction of the directing group limits 

the scope of this method. The selectivity in enantioselective epoxidation of 

unfunctionalized olefins (without a directing group) depends solely on non-bonding 

interactions, a common feature among enzymatic reactions. The chloroperoxidase^" and 

cytochrome P—450^'^ enzymes are known to epoxidize olefins. The former is considered 

better because it utilizes HjOj, whereas the latter normally needs molecular O2 and a 

regenerable reducing agent, usually NADH. The chloroperoxidase enzyme gives very 

high enantioselectivity (92—97% e.e.) in disubstituted cis olefins. Trans and terminal 

olefins are not very reactive, as is generally the case with heme proteins. 

Based on the idea that the active site of these enzymes is an iron porphyrin bound 

to the chiral protein molecule and because of the accepted mechanism of asymmetric 

oxygen transfer, various chiral metalloporphyrins have been exploited in the synthesis of 

chiral epoxides from prochiral olefins (Scheme 3.4). Since the iron porphyrin of 

cytochrome P-450 is bound to a cysteine thiolate group of the chiral protein molecule. 
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each of these synthetic catalysts bears chiral groups linked to the porphyrin moiety. This 

models the essential role of the chiral protein molecule of cytochrome P-450 in the 

stereochemical course of the oxygen transfer process. 

Me M 

150 

Da Symmetric Porphyrin 
(Groves) 

152 

C2 Symmetric TwinODronet Porphyrin 
(Nanjta) 

151 

D4 Symmetric Porphyrin 
(Halterman) 

R (strap) 

153 

Chiral Strapped Porphyrin 
(Inoue) 

154 

Binap Capped Porphyrin 
(Collman) 

COaEt 

Scheme 3.4. Chiral porphyrins used in enantioselective epoxidation of alkenes. 
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Prompted by the observation^^® that epoxidation of olefin by iodosylbenzene is 

catalyzed by synthetic iron porphyrins. Groves and co-workers^ designed a Dj 

symmetric binaphthyl-substituted porphyrin 150 for the preparation of metalloporphyrin 

150-Fe(in)Cl and 150-Mn(iii)Cl complexes. Both the catalysts gave poor to modest 

enantioselectivity in epoxidation of olefins. Although the change of metal did not affect 

the reaction in the case of styrene, the chloroiron(iii) complex was better than 

chloromanganese, among other olefins. 

Halterman and Tai^' synthesized D4 symmetric tetraphenylporphyrin 151, whose 

manganese chloride complex was prepared by heating the ligand with MnCl2-4H20 in 

DMF, followed by HCl treatment. The epoxidation was carried out in the presence of 

commercial bleach (NaOCl). The selectivity was modest for cis olefins. For example, 

the styrene was epoxidized in 52% e.e. Trans olefins showed no optical induction. 

A C2 symmetric 'Twin-Coronet' porphyrin of type 152 which has chiral biaryl 

auxiliary (i.e., R = binaphthyl or bitetralin derivatives) linked by etheral bonds on both 

faces has been reported by Naruta et al.^ Its iron complex has been used in oxidation 

studies and chiral induction has been achieved in the epoxidation of electron deficient 

styrene derivatives (for example, 89% e.e. in the case of 2-nitrostyrene). 

Inoue and co-workers™ synthesized a series of chiral-strapped porphyrins of type 

153. The manganese complexes of these porphyrins are chiral due to the presence of the 

strap (R = p-xylene derivative) on either side of the two faces. Thus, the catalyst has two 

chemically non-equivalent, diastereotopic faces, and models the stereochemical structure 

of the cytochrome P-450 active site. Typically, the epoxidation is carried out with 
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iodosylbenzene as an oxidant in CHjClj at —20°C in the presence of imi<Iazole, and 

optically active epoxides have been obtained in 42-58% e.e. In the absence oif imidazole, 

the epoxides with the opposite configuration were formed in lower e.e.'s. With some 

modification^ in the strap, 'Threitol-strapped manganese porphyrins' have been 

synthesized which gave little improvement in the optical induction during the epoxidation 

reactions. 

Collman and co-workers^ synthesized a new kind of metalloporphyrin by 

treating the binaphthyl-capped porphyrin 154 with ferrous bromide, followed by dilute 

HCl. The catalyst was no better than the previous ones as the enantioseleclivity in the 

epoxidation reaction is modest (21-63% e.e.). 

It is clear from Table 3.1 that synthetic metalloporphyrins give poor 

enantioselectivity in the epoxidation of olefins. The chloroperoxidase enzymes should be 

the method of choice as it gives >90% e.e. in the epoxidation of a variety of olefins. 
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Entry Catalysts Olefins 
PH'̂  CO 

Config. of 
epoxides 

Yield 
(%) % e.e. 

Config. of 
epoxides 

Yield 
(%) % e.e. 

Config. of Yield 
epoxides (%) % e.e. 

1. Chloroperoxidase — — — 1S.2R 67 96 1 /?, 2/7 85 97 

2. {n)-(-H50-Fe-CI 23 30 IS. 2fl 9 72 IS. 2/7 61 42 

3. (flM-HSO-Mn-CI (nH+) 21 36 IS, 2/7 27 6 — 

4.151-Mn-CI (SH-) 90 52 1R.2S 91 76 1 /7. 2S 97 56 

5. (S)-152-FeCI 
R = binapthyl derivative 

(HM+) 20 

6. (-t-)-153-(witti imidazole) 
R=-(NH-CHz)2-Ph 

(fl)-(+) 43 49 1 a 2S 32 52 

7. (+)-153-(no imidazole) 
R = -(NH-CH2)2-Ph 

(S)-(-) 72 18 

8.154-FeCI {S)-(-) 62 48 IS. 2/7 59 29 IS. 2/7 45 21 

Table 3.1. Enantioselective epoxidation results of some selected olefins using chiral metallopoiphyrins. 

Epoxidation with Mn(Salen) catalysts. Although Sharpless and Katsuki provided a 

reliable method for asymmetric epoxidation of many allylic alcohols,^ no general 

method for the epoxidation of isolated olefins was available except for the porphyrin-

based catalysts. In 1986, two important papers on the oxidative catalysis of metallosalen 

complexes were published, i) Kochi et ai, reported that cationic (salen)manganese(m) 

complex 155 (hereafter referred to as Mn-salen complex) is a good catalyst for 

epoxidation of simple olefins and that the epoxidation proceeds through 

oxo(salen)manganese(v) complex 156 (Scheme 3.5).^ On the other hand, ii) Fujita et 

al., reported the asymmetric oxidation of sulfides using chiral (salen)vanadium complex 

157 as a catalyst (Figure 3.1), though enantioselectivity was moderate.^ These two 

papers prompted the development of metallosalen-catalyzed asymmetric epoxidation of 
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simple olefins. To achieve high enantioselectivity in metal-catalyzed asymmetric 

reactions, construction of an asymmetric coordination sphere around metal ions is 

indispensable. Introduction of stereogenic carbons at the asterisked positions in 

metallosalen complex 158 may constitute a chiral coordination sphere efficient for 

asymmetric catalysis (Figure 3.2), because these stereogenic centers are closely located 

to the metal center (For convenience, the numbering described in 158 is used in this 

dissertation). 

/=K, Phio 

\==/ PFe \=/ V7 = PFe' \=/ 
155 ° 156 

Scheme 3.5. Olefin epoxidation catalyzed by a (salen)manganese complex. 

157a: R = (-Bu 
157b:R = MeO 

Figure 3.1. Chiral (saleti)vanadiutn complex for sulfide oxidation. 

* = stereogenic center 

Figure 3.2. Stereogenic centers of a metallosalen complex denoted by asterisks. 

In 1990, the Jacobsen and Katsuki group reported Mn-salen catalyzed asymmetric 

epoxidation of unfunctionalized olefins (Figure 3.3). Jacobsen et al., reported 
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asymmetric epoxidation by employing the catalyst 159 in which the stereogenic carbons 

reside only on the ethylenediamine moiety and the bulky f-butyl group is placed ortho to 

the phenoxide oxygen atom.^ Katsuki reported asymmetric epoxidation using chiral 

Mn-salen complexes (/?,5)-160 bearing asymmetric centers at the ethylenediamine and 

aromatic moieties, respectively.^ These complexes (159 and 160) show good levels of 

enantioselectivity in epoxidation of conjugated cis-, di-, and trisubstituted olefins using 

iodosylbenzene^' or sodium hypochlorite^^ as a terminal oxidant. Some typical 

examples are shown in Figure 3.3. In the early stage of the study of chiral Mn-salen 

catalyzed asymmetric epoxidation the steric repulsion between the substrate and the salen 

ligand had been assumed to play a major role in inducing asymmetryHowever, the 

study of epoxidation of 2-methyl-l,3-cyclohexadiene and 3-methylenecyclohexene cast a 

doubt on this assumption.^ As the steric requirement of a methyl group is larger than 

that of a methylene group, the former substrate must show higher enantioselectivity than 

the latter one, if the steric argument is correct. However, the results obtained argued 

against this expectation. This result suggested that not only steric repulsion, but also 

coulombic repulsion between the substrate and the salen ligand play important roles in 

asymmetric induction. Therefore, strengthening of these two repulsions was considered 

to be essential for further improvement of enantioselectivity in Mn-salen catalyzed 

epoxidation. However, Mn-salen complexes 159 and 160 which have sp^ carbons at C8 

and C8' were not considered to be the best candidates for further improvements, because 

the substituents on the sp^ carbons direct away from the incoming olefins. 
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159a: R = H 
159b: R = f-Bu 
159c: R = (/-Pr)3SiO 
159d:R = MeO 

H"-)— PF6-

(R,S)-160a: R, = Ph, Rz = H. R3 = Ph 
(aS)-160b: Ri.Ri =-(CH2)4-

R2 = CH3 
R3 = C6H4-f-Bu 

86% e.e. (with 159b) 92% e.e. (with 159b) 98% e.e. (with 159b) 
91 % e.e. (with 160b) 86% e.e. (with 160b) 

P P 
96% e.e. (with 160b) 63% e.e. (with160b) 87% e.e. (with160b) 

Figure 33. Examples of asymmetric epoxidation of conjugated cw-olefins by using optically active Mn-
salen complexes as catalysts. 

To overcome the drawback of the first generation Mn-salen complexes, a new 

Mn-salen complex 161 having a binaphthyl subunit was designed, in which the phenyl 

group on the naphthyl ring proorudes toward the incoming olefins (Figure 3.4).^^ The 

phenyl group was expected to increase both steric bulk and coulombic repulsions 

between the ligand and olefin. 
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3,5-(CH3)2H3C6 P6H3(CH3)2^5 
(S) 

Figure 3.4. Mn-salen complex (Second generation). 

Olefin Oxidant Solvent Temp Yield (%) % e.e. (% e.e.)® 

O2I 

AcNH 

Oa 

PhIO CH3CN 0°C 72 

PhIO CHI3CN .20°C 60 

NaOCI CH2CI2 0°C 55 

NaOCI CH2CI2 o°C 80'' 

NaOCI CH2CI2 -is^C 82 

98 

>99 

98 

96'' 

98" 

88"= 

96 (trans) 93 (trans)® 
92 (cis) 58 (cis) 
(94)® (81)® 

93 64' 

a) The highest % e.e. reported by using Mn-salen catalysts of the first generation, b) With Mn-salen 
complex 160b. c) With Mn-salen complex 159b. d) A mixture of cis- and f/ans-epoxides in a ratio of 2:1. 
e) The number in parenthenses stands for the face selectivity. Face selectivity = e.e.t,ans * %trans + e.e.ds 
X %cis. f) With Mn-salen complex 159c. 

Table 3.2. Epoxidation of conjugated cis-olefins using Mn-salen complex 161 as a catalyst 

As expected, remarkably improved enantioselectivity was realized in the 

epoxidation of conjugated cis-olefins with complex 161. Some results are summarized in 

Table 3.2^ along with the highest % e.e.'s reported by using Mn-salen catalyst of the 

first generation.^' Epoxidation of conjugated trisubstituted olefins also proceeded with 

high enantioselectivity (Table 3.3).^® 
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Substrate Oxidant Temp Yield (%) % e.e. Configuration 

o6 PhIO -20°C 41 96 1S.2H 

ca PhIO -20''C 48 92 IS. 2/? 

Oô  NaOCI 0°C 91 88 
b 

CC6 NaOCI 0°C 88 >99 
b 

XI PhIO -20°C 26 83 1f l ,2H 

a) Reactions were earned out with 161 (0.025 mol amt.) in aqueous dichloromethane in the 
presence of NaOCI (5 mol amt) and 4-phenylpyridine N-oxide (0.25 mol amt) or acetonitrile 
in the presence of PhIO (2 mol amt) and pyridine N-oxide (0.25 mol amt). b) Absolute 
configuration has not been determined. 

Table 33. Asymmetric epoxidation of trisubstituted olefins using 161 as a catalyst. 

Mechanism of Asymmetric Induction. The question of mechanism for this system 

remains a very active topic with continuing debate amongst the leading groups. The 

stereochemistry of the products in Figure 3.3, Tables 3.2 and 3.3 can be explained by 

assuming that the olefin approaches the metal-oxo bond from its side so as to direct the 

bulky olefinic substituent away from the substiments at C3(3') (Scheme 3.6, approach 

a).^' On the other hand, Jacobsen et al. have proposed the olefins approach the metal-

oxo bond from the upside to avoid steric repulsions with 5'-t-butyl group when complex 

159b is used as the catalyst (Scheme 3.6, approach b).^"^ However, epoxidation studies 

with racemic 1-alkylidene and an achiral Mn-salen complex 162 showed a strong 

dependence upon the presence or absence of 3(3')-f-butyl groups (Scheme 3.6). The 

5(5')-f-butyl groups affected the trans-cis selectivity to a much smaller extent.^' These 
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results suggested that olefins approach a metal-oxo bond firom the side without being 

disturbed by the 5(5')-f-butyl groups (Scheme 3.6, approach a). 

3,5-(CH3)2H3C6 CgHaCCH 3)2-3.5 

dfetV phPh )\=/ 

AcO 

(approach a) (approach is) 

// 

catalyst 

PhIO 04 • 
trans as 

trans : as 

r 
Ri Ri 

162a: Ri=R2 = H 
162b: Ri = tBu. R2 = H 
162c: Ri = R2 = /-Bu 

-R2 
R = Me R = f-Pr 

162a 3.0:1 20 :1 

1 6 2 b  5 . 7 : 1  8 3 : 1  

162c 6.2:1 55 : 1 

Scheme 3.6. Plausible approaching directions of olefins to the metal-oxo bond of optically active 
oxo(saIen)manganese(v) complexes. 

These seemingly conflicting experimental results can be rationalized by assuming 

that the salen ligands of oxo(salen)manganese(v) complexes takes a non-planar stepped 

conformation (Scheme 3.7). In the epoxidation of 1-aIkylidenes lusing achiral Mn-salen 

complexes 162, olefins approach the metal-oxo bond from the aide of the downward 

benzene ring of the salen ligand. Therefore, steric repulsion betwe:«n the substrate and 3-

or 3'-f-butyl group plays an important role in determining the trans-cis selectivity.^^ In 

contrast to the result that, achiral oxo(salen)manganese(v) complexes exist in an 
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equilibrium mixture of two enantiomeric stepped conformers (163, ent-163), chiral 

oxo(salen)manganese(v) complexes exist in one of the two stepped conformers 164 due 

to the regulation by the chirality of the ethylenediamine part (Scheme 3.7). Olefins 

approach the metal-oxo bond beyond the downward benzene ring. The f-butyl group (R2) 

introduced onto the upward benzene ring B in 164 effectively intercepts the undesired 

olefin's approach that leads to the formation of the minor enantiomer of epoxide, and 

enhances the enantioselectivity. This explains why complex 159b (Figure 33) is a better 

catalyst than complex 159a. Although the participation of oxo(salen)manganese(v) 

complex in Mn-salen catalyzed epoxidation has been proven,^'*^ its structure has not been 

determined. However, it is worth mentioning that x-ray analysis of an 

oxo(salen)chromium(v) complex has demonstrated that it takes a non-planar stepped 

conformation.^ The assumption that the salen ligands of oxo(salen)manganese(v) 

complexes are non-planar was supported by other studies. 
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trans - cis selectivity 

ent-163 

enantioselectivity 

164 

Scheme 3.7. An explanation of the diastereoselectivity and enantioselectivity in the epoxidation of I-
alkylidenes by non-planar stepped conformation of oxo(salen)manganese(v) complexes. 

Kochi et al., have reported that, in the epoxidation using Cr-salen complexes as a 

catalyst, ligation of an axial donor ligand accelerated the reaction rate.^"^ Furthermore, 

Katsuki discovered that the addition of donor ligands to the reaction medium of Mn-salen 

catalyzed epoxidation enhanced its enantioselectivity.^'*' Since then, most Mn-salen 

catalyzed epoxidations have been performed in the presence of donor ligands such as 4-

phenylpyridine A'-oxide.^'^ Although the detailed mechanism of donor ligand effects is 
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still unclear, the role of the donor ligand may be multifold: i) Reduced reactivity of 

metal-oxo species, ii) Change in the conformation of the salen ligand 3,3'-substituents, 

iii) Change in the geometry of the metal-oxo species and the conformation of the basal 

salen ligand, iv) Further destabilization of the undesired diaxial conformation of 

oxo(salen)manganese(v) complexes. The third donor-ligand effect is strongly supported 

by the x-ray study of cationic oxo(saien)chromium(v) complex and its donor-ligand 

adduct.^' As discussed above, achiral oxo(salen)manganese(v) complexes are 

considered to exist in the equilibrium mixture of enantiomeric conformers (163 and ent-

163, Figure 3.7). If this equilibrium is shifted to one side by some means, the achiral 

Mn-salen complex should serve as a chiral catalyst. Considering the roles of axial donor 

ligands, its been suggested that the equilibrium should be affected by the coordination of 

chiral donor ligands. Actually, a combination of achiral Mn-salen complex 165 and 

(—)-sparteine exhibits good enantioselectivity of 73% e.e. in the epoxidation of 6-

acetamido-2,2-dimethyl-7-nitro-2fl-chromene (Scheme 3.8).^ 

165, (-)-sparteine 

PhIO 
CH^Ia - HaO 

AcHN AcHN' 

(30:1) 
73% e.e. 

H 

165 (-)-sparteine 

Scheme 3.8. An achiral metal complex as a chiral catalyst. (Use of (-)-sparteine as a chiral donor ligand). 
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This is the first example of asymmetric reaction using an achiral metal complex as 

a chiral catalyst by regnlating the conformation of an achiral ligand. 

There is controversy about the mechanism of metal-oxo bond formation with 

olefins. A non-linear relationship between enantioselectivity and reaction temperature 

was observed by Katsuki,^' which suggests participation of a reversibly formed 

metallaoxetane intermediate. Norrby and Akermark have also proposed participation of a 

metallaoxetane intermediate (Scheme 3.9, Path B; 168, 168').^^ However, a kinetic 

isotope effect in the osmium tetraoxide catalyzed dihydroxylation has recently been 

demonstrated to be incompatible with metallaoxetane intermediate.^^ 

<: collapse 

^ 

H H 167 

X 

166 PfV 

rotation, 
collapse 

reductive 

elimination 

phV^H 
Ha 

H V H 
CHa 

168 168' 

Scheme 3.9. Proposed mechanism of oxygen-atom transfer from high-valent oxo-manganese intermediates 
to organic substrates. 

Scheme 3.9 illustrates two possible mechanistic pathways proposed for the 

transfer of oxygen to simple olefins.^ Path A is the mechanism most consistent with the 

available data. In this reaction epoxidation proceeds through two sequential C-O bond-
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fonning steps: addition of substrate alkene to a (salen)-Mn(v) oxo species generates a 

radical intermediate 167, which in tum partitions between collapse and rotation / collapse 

processes to provide the observed mixture of cis and trans epoxides."^ 

In 1991, Jacobsen reported the observation of dramatic catalyst electronic effects 

on the enantioselectivity of Mn(salen)-catalyzed epoxidation of cz 5-disubstituted 

olefins,^® and since that discovery, the importance of electronic effects in asymmetric 

catalytic reactions has been increasingly appreciated.^ In the case of the Mn(salen)-

catalyzed epoxidation, electron-donating substituents on the ligand were found to lead to 

higher levels of asymmetric induction, while electron-withdrawing substituents led to 

decreased enantioselectivity. In the original report, it was suggested that these effects 

might be interpreted according to the Hammond Postulate argument, wherein ligand 

substituents influence enantioselectivity by modulating the reactivity of the high-valent 

(salen)Mn-oxo intermediate. The olefin adds in a comparatively early transition state and 

affords lower levels of enantioselectivity. Conversely, electron-donating groups 

attenuate the reactivity of the oxo species, leading to a comparatively late transition state 

and concomitantiy higher enantioselectivity. Recentiy, Jacobsen has published a detailed 

analysis of these catalyst electronic effects.^® The diastereo- and enantioselectivities, 

kinetic isotope effects, and temperature profiles of the epoxidation reaction catalyzed by 

a series of substimted (salen)Mn complexes provide strong support for the mechanistic 

interpretation represented schematically in Scheme 3.9 (Path A). 
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Olefin Oxidation Using Nifn) cyclam complexes. 

Oxidation with lodosylbenzene. Several nickel complexes show promising catalytic 

activity in oxidation reactions. Koola and Kochi,^' Burrows and co-workers^ and 

several other groups^' have developed catalytic alkene oxidations employing 

mononuclear nickel complexes. Ni(n) cyclam complexes act as catalysts for olefin 

epoxidation and, to a lesser extent, alkane hydroxylation when iodosylbenzene (PhIO) 

was used as a terminal oxidant. The reaction conditions are mild, but an excess of 

oxidant was required for high yields of oxidized products. The yields of oxidized 

products based on starting olefin are listed in Table 3.4. Low turnover was likely due to 

the competitive oxidation of CH3CN as solvent. Nearly quantitative yields could be 

obtained if additional aliquots of PhIO were added to the reaction at intervals. 
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Substrate 

r'^ 2NO^ 
HN NH 

[ 
H|J jJH 

PhlO. CH3CN 

Products (% yield)® 

PH'̂  Ptr  ̂
(26) PH"̂  (2.7) Pl<̂ ° (4.2) 

Plf'̂  (60) PĤ O (3.0) pir^° (4.0) 

Ptr'̂  (18) PĤ O (8.0) (8.4) Ptf'̂  (3.2) 

Ptf̂  
(15) 

PH-̂ Ph pjf̂ Ph (31)" Pl<  ̂ (8.8) A (5.2) (2.3) 
pK Ph 

Ptt̂  

Ph 

-O 
Ptf̂  

Ph 
4-

(4.1) PK̂ O (9.0) (3.6) V-f (1) (2-8) 
pK Ph 

p^ph (3.8) 

0 (30) Cr° (2) (5) a " -
a) Based on olefin, b) About 1% Z-isomer formed. 

Table 3.4. Products of Ni(cyclam)(N03)2-catalyzed oxidation of phenyl-substituted alkenes using PhIO as 
a terminal oxidant. 

Consideration of the oxidation products of the reactions lends insight into the 

mechanism of the reaction. Any mechanistic proposal must account for the following 

facts: 1) the reaction proceeds faster with E-olefins than with Z. This is contrary to most 

reports of metal-catalyzed epoxidations. In addition, partial isomerization of Z to- E-

alkenes was observed. 2) Only partial retention of configuration was observed. This 'was 

evident from the study of Z-stilbene and Z-P-methylstryrene. 3) Over-oxidation to give 

products of C=C bond cleavage (e.g. benzaldehyde) was observed, and the yield of smch 

products increases if O2 was added to the reaction medium. 4) Rearranged products smch 
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as phenylacetaidehyde were produced in small amounts. 5) Both oxygen atom transfer to 

alkenes (epoxidation) and C-H hydrogen atom abstraction reactions were observed (c./. 

cyclohexene). 

If the reaction mechanism was in any way similar to that proposed for Cr(iii), 

Mn(in) and Fe(m) porphyrin complexes, the first step of the reaction involves formation 

of a nickel-oxo intermediate. There are several possible formulations of such an 

intermediate, shown in Figure 3.5. Species I, a macrocyclic L4Ni=0 structure, is drawn 

by analogy to iron-oxo-porphyrin complexes. The bonding scheme for the nickel 

complex suggests that formulation of a Ni=0 double bond may not be justified. 

Theoretical studies of d'^ metals support the molecular orbital picmre shown.^®^ The 

principal bonding interactions of the d orbitals are indicated. The d^y orbital is non-

bonding, its main interaction being in-plane 7t-bonding. From Figure 3.5, it is evident 

that any configuration d^ would reduce the u-bonding order below 1 and destabilize oxo 

bonding. Further, d"* configurations are not generally accessible in transition elements to 

tlie right of group Vni owing to the extremely high oxidation states required. The 

combinations and d^"* are clearly optimal for development of the M=0 group. 

Therefore, a d® Ni(iv) species would not have empty d^^, d^^ orbitals available for k 

bonding to oxygen. 



180 

'I .N!(III)L4 
.N 

I II III IV 

z . tjZ (M-Oa*) 
I dx^-yZ (M-Lo-) 

L = (M-Oti*) 
(M-Ljf)  

Figure 3.5. Possible formulations of a nickel-oxo intermediate. 

Burrows has postulated that the nickel-oxo species I might be better formulated as 

the oxyanion Ni(iv)-0~ or a Ni(iii)-0' oxy radical. Studies conducted by the Burrows 

group suggests that there was no nucleophilic behavior typical of an oxyanion observed 

in the epoxidation reaction. In fact, a Hammett study of p-substituted styrenes gave a 

linear correlation (r^ = 0.998) with a cf. The observed value of — 0.82 was consistent 

with electrophilic character of the oxygen atom attack at an olefin and was in the same 

general range observed for metal-oxo-catalyzed olefin oxidations. The results in Table 

3.4 were also consistent with the formation of a nickel-oxo species with considerable 

radical character. Addition of a radical species to an olefin would be expected to proceed 

more rapidly with E-stilbene. The intermediate carbon radical generated would be 

resonance stabilized. Resonance stabilization could only be achieved with the non-planar 

substrate Z-stilbene after C-C bond rotation, consequently, its transition state for 

formation would be higher in energy. Concerted formation of an oxametallacyclobutane 

V is ruled out by the observation of only partial retention of configuration in epoxide 
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products (Figure 3.6). Rattier, an intermediate VI was implied — one with dual radical / 

carbocation character. 

The fate of radical Via may undergo reductive elimination to produce an epoxide 

or trap Oj, which leads to over-oxidized products. Structure VIb is essentially a 

resonance structure of Via and suggests a pathway for the migration of H or Ph to yield 

the products phenylacetaldehyde and benzophenone. 

The mechanism of C=C bond cleavage in the presence of O2 was also studied by 

analyzing the '®0 content of products when Phl'®0 was used as the oxidant. In the 

absence of O2, essentially 100% of the oxygen content of the epoxide products originated 

from Phl'^O. Examination of the '®0 content of benzaldehyde was more informative. 

When derived from E-stilbene, benzaldehyde showed a 45% incorporation of '®0. These 

results agree with intermediate Via in which R2 is always Ph and R, is either Ph or H. 

An '®0 atom from PhIO would always produce a label at the R, carbon. In these studies, 

dioxygen was present at very low concentration and was unlabeled. If the concentration 

of O2 was increased, the content of all products was diminished. A pericyclic 

mechanism (Scheme 3.10) of the Ni-oxo-olefin-02 adduct VQ has been proposed, which 

is consistent with the above observations. This mechanism regenerates the nickel-oxo 

V via VIb 

Figure 3.6. Possible Nickel-oxo species. 
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intermediate I in unlabeled form and provides further support for the existence of I as the 

first intermediate in the reaction sequence. 

Ph Ph 

f?' Oa 
L4-Wi(IV)  C-kCo- PhCHO + Lr-Ni(IV) 

^(111) v^^(lll) I 

Via Vil 

Scheme 3.10. Proposed pericyclic rearrangement, which leads to benzaldehyde products. 

Scheme 3.11 suggests an overall pathway for nickel cyclam-catalyzed oxidation 

of olefins which uses PhIO stoichiometrically to produce a high valent nickel-oxo 

intermediate capable of three different types of reactions. One pathway is H-atom 

abstraction from hydrocarbons; this reaction may occur slowly with solvent molecules as 

well. A second pathway is the anticipated olefin epoxidation route. A third reaction uses 

Oj stoichiometrically to cleave C=C bonds and regenerates the catalytically active 

oxidant. Studies are under way to exploit this third process since it is catalytic in PhIO. 

PhlO 

slow 
decomposition Oz 

VI 

Scheme 3.11. Mechanism of the nickel cyclam-catalyzed oxidation of olefins which uses PhIO 
stoichiometrically. 
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Oxidation with Hypochlorite. Because of several problems encountered with PhIO, a 

search for new oxidants was undertaken. NaI04 and HjOj were unreactive, whereas 

NaOCl oxidized olefins under phase transfer conditions similar to those discovered by 

Meunier.^ For aryl-substituted alkenes, epoxidation was the major pathway, but 

substantial amounts of C=C bond cleavage to carbonyl compounds was also observed. 

As in the nickel cyclam-catalyzed reaction with PhIO, the reaction showed a slight 

preference for £-stilbene over the Z-isomer; however, the epoxide product in both cases 

was exclusively the ^-isomer. This may reflect a longer-lived nickel-oxo-olefin 

intermediate Villa,b capable of rapid C-C bond rotation prior to reductive elimination. 

The epoxidation of alkyl olefins was complicated by the production of substantial 

amounts of chlorinated products. Scheme 3.12 provides a mechanism that accounts for 

the formation of benzaldehyde from stilbene by reaction with two equivalents of 

hypochlorite. 

Scheme 3.12. Mechanism of the nickel(lv)oxo-catalyzed oxidation of olefins using NaOCI as the oxygen 
atom source. 

These findings are significant for two reasons. First, they demonstrate that very 

high turnover rates can be achieved for alkene epoxidation without resorting to elaborate 

2 PhCHO 
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catalysts and exotic terminal oxidants. Second, they suggest the intermediacy of a high-

valent nickel-oxygen species, either Ni"'-OCl or Ni"'-0*, whose formation is dependent 

upon the nature of the Ugand field and lability of the oxygen atom donor. Alkene 

epoxidation occurs under conditions implicating radical character at an alkene carbon 

whose properties may be harnessed for reaction with other inter- or intramolecular 

trapping agents. 

Results and Discussion 

Oxidation with Ni(n) Schiff Base Complex. Since several groups have shown previously 

the Ni(ii) can catalyze the epoxidation of olefins, the oxidation of simple cis- and trans-

olefins were examined using complex 130a and commercial bleach (NaOCl) as an 

oxidant. No attempt was made to optimize the reaction. The results are provided in 

Table 3.5. Nickel may not be the best metal for this chemistry since it is unlikely that a 

discrete Ni(iv)=0 metal oxo species can be formed, in light of the irreversibility of the 

Ni(ra) and Ni(iv) oxidation states. The fran^-epoxides were the major product in every 

case, regardless of the starting olefin geometry. While the e.e.'s were not large (~4%), 

turnover numbers of 12—14 with rran^-j3-methylstyrene and 130a, indicate that the ligand 

system can function under the strongly oxidizing conditions of catalysis. In almost every 

case, the Ni-catalyst was destroyed and could not be isolated. A fine black precipitate 

was formed during the reaction, which may have been nickel peroxide. Following work

up, 'H NMR of the crude reaction mixture showed the presence of the de-ligated 
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Scheme 3.13. Catalytic cycle of nickel catalyzed epoxidation with NaOCl. 
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CYCLOPROPANATION 

Diazo compounds are inherently unstable to acid-promoted decomposition, and it 

is this instability that models their effectiveness for catalytic reactions with transition 

metal compounds. Diazomethane (CH2N2) is the conjugate base of the 

methanediazonium ion, whose p^r„ value^®* of 10 suggests the driving force for the high 

reactivity of diazomethane towards Lewis acids. In contrast, the values of diazonium 

ions derived from diazoesters and diazoketones have been estimated to be between —5 

and —2, respectively,^ suggesting the relative stabilities of these diazo compounds to 

acid-promoted decomposition. The 12—15 order of magnitude difference in diazonium 

ion pATg values reflects many of the differences observed in reactions / reactivities 

between diazocarbonyl compounds and diazomethane or its alkyl / aryl derivatives. 

C-Protonation N-Protonation 

+• + — + 

HaC-I^N • H2C=N=N + H+ • H2C=N=N-H 
169 170 

Scheme 3.14. Acid promoted diazo decomposition. 

The decomposition of diazo compounds results firom C-protonation 169 which 

has been recognized to be thermodynamically more favorable than N-protonation 170.^®^ 

(Scheme 3.14) Calculations have suggested an energy difference of nearly 40 kcal/mol 

between C- and N—protonation.^®' N-protonation is kinetically favored, but is not 

productive. 
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Diazo Decomposition by Transition Metals 

Meted Carbene Generation and Reactions. Transition metal complexes that are effective 

catalysts for diazo decomposition are Lewis acids.^®® Their catalytic activity depends on 

coordinative unsaturation at the metal center, which allows them to react as electrophiles 

with diazo compounds. In the generally accepted mechanism for catalytic decomposition 

of diazo compounds (Scheme 3.15),^ electrophilic addition 172 causes the loss of 

dinitrogen and production of a metal-stabilized carbene 173. Transfer of the electrophilic 

carbene entity to an electron rich substrate (5:) regenerates the catalytically active LJM 32 

and completes the catalytic cycle. 

S CRa S: 

R2C=N2 '-rM—Q^Z Ng 
Na* 

172 

Scheme 3.15. Catalytic cycle for the transition metal decomposition of diazo compounds. 

The activities of catalytically active transition metal compounds towards diazo 

decomposition are dependent on both the electrophilicity of the transition metal 

compound and on the stability of the diazo compound. Among diazocarbonyl 

compounds, those with two carbonyl groups that flank the diazomethane carbon are more 

stable towards transition metal catalyzed decomposition than those with only one 

carbonyl group."" Diazoesters are generally more stable than diazoketones, and 
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diazoamides are more stable than diazoesters. This profile is a useful guide to 

understanding the reaction conditions required to generate a metal carbene (Figure 3.7). 

IncFScising Stability Towards Transition Metal Catalyzed Decomposition 
^ .. .... 

Z.Y = R.OR, NRz 7 Jr 
R  =  a l k y l .  a r y l .  H  n i l  

O O 0 O 
Vt. A 

O 

diazoamides diazoesters diazoketones 
N 

Increasing Reactivity 

Figure 3.7. Depiction of the stability and reactivity of diazo compounds toward transition metal catalyzed 
decomposition. 

Dichloromethane is the preferred solvent for diazo decomposition of 

diazoacetates and diazoketones, but ethyl ether and pentane have also been used.^' With 

the less reactive diazomalonates and diazoacetoacetates, higher temperatures are often 

required, and when solvents such as 1,2-dichloroethane, benzene, and toluene are often 

employed.^'^ 

In the electrophilic process for metal carbene generation, the metal carbene 

intermediate is itself electrophilic and primed for reaction with electron-rich substrates 

(5:). Using the formalism of ylide structures, this intermediate can be depicted with two 

resonance-contributing structures, (Scheme 3.16) one a formal metal carbene 174a and 

the other a metal-stabilized carbocation 174b,^^ the sum of which portray the 

electrophilic reactivity of the metal carbene intermediate. Ligands on the metal and 

substituents on the carbene carbon generally influence significantly the electrophilic 

reactivity of the metal carbene.^'* In addition, dissociation of the carbene from the metal 

has been proposed to account for the selectivities of transition metal catalyzed reactions 

that are similar to those of thermal processes.^" This explanation is based on arguments 
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of limited backbonding from the metal; however, the existence of free carbenes in 

transition metal-catalyzed reaction is, at best, an exception to general observations that 

the reactions of diazo compounds in metal-catalyzed reactions are those of metal 

carbenes.^® The relative importance of 174a and 174b, the former suggesting limited 

charge development, considerable backbonding, and minimal substituent effects in the 

transition state for carbene transfer and the latter suggesting the opposite, is obviously a 

function of the system under examination. 

RzC>=ML„ RzC—ML„ 

formai metal metal-stabilized 
carbene carbocation 

174a 174b 

Scheme 3.16. Transition metal carbene resonance structures. 

Transition metal compounds that can effectively catalyze diazo decomposition are 

coordinatively unsamrated and are capable of stabilizing the metal-bound carbene. Only 

"late" transition metals in the third and fourth periods, among which are selected 

compounds of copper, cobalt, iron, palladium, rhodium, and ruthenium, fit these 

requirements. However, although they are normally thought to catalyze, formally, the 

generation of metal carbene intermediates, most compounds of cobalt and palladium are 

sufficiently different from others in their reactions with diazomethane that a different 

mechanism for diazo decomposition must be considered. 

Both copper and rhodium catalysts are effective for diazo decomposition of 

diazomethane, but polymethylene formation is often the principal outcome. 

Diazomethane, in particular, and diazoalkanes, in general, do not transfer methylene to 
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reactive substrates (5:) as efficiently with these catalysts as with those with palladium.^ 

Competition exists (Scheme 3.17) between addition of diazomethane to the intermediate 

metal carbene (175, Path B) and capture by the substrate (Path A). Disappointingly, 

"carbene dimer" formation 177 is often, but not always, the preferred pathway.^® 

S: R2C=N2 _ (-Na) 
LnM + SCBz L„M=CR2 L„M—CBz + R2C=CR2 

Path A 175 Path B p^C—"cartjene 
dimer* 

176 177 

Scheme 3.17. Possible pathways of reactivity for a transition metal carbene. 

Oxidation States of Copper. The introduction of copper(i) triflate (CuOTf, OTf = 

CF3SO3) by Salomon and Kochi advanced the basic understanding of copper catalysis in 

metal carbene transformations.^' Copper(i) rather than copper(n) was established as the 

active catalyst when diazo compounds were found to reduce copper(ii) chloride to 

copper(l) chloride^ and copper(n) triflate to copper(i) triflate. (Equation 3.1)^' The 

availability of a great variety of copper compounds that are catalytically active for diazo 

decomposition,^ has led to the general consensus that the active form of copper is the "^1 

oxidation state. 

CU"L2 NaCHR [Cu'Y® - [NjCHR]-" 

There are two methods commonly employed for the reduction of copper(ii) 

complexes to catalytically active copper(i) complexes, especially those with chiral 

salicylaldimine,^^ semicorrin,^ or bis-oxazoline ligands.^ Addition of small amounts 

of the diazo compound to the solution containing the copper(n) catalyst (concentrated in 
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CH2CI2 or CHCI3) generally results in a color change, after which time the diazo 

compound is added to the catalyst solution to effect metal carbene generation and 

reactions.^ Phenylhydrazine has also been used to reduce copper(n),^ but with this 

reagent near-stoichiometric amounts should be used. (Equatdon 3.2) More recendy, 

copper(l) complexes have been prepared in situ by ligand association with either 

CuOTf^ or CuO-r-Bu.^ 

2 CuLa + PhNHNHa 2 CuL + 2 LH + PhH "+ N2 Equations^ 

Copper(i) compounds possess four coordination sites-, and, in the absence of 

Lewis bases such as chiral nitrogen ligands that strongly coordinate to copper(i), 

association with alkenes is characteristic. In contrast, copper(il3 compounds that include 

Cu(OTf)2 form weak association complexes with olefins.^ Kiiaetic investigations of the 

influence of olefin coordination on the reactivity of CuOTf towards diazo compounds 

established olefin inhibition to diazo decomposition. However., only CuOTf and similar 

highly electrophilic CUBF4 and CuPFg complexes exhibit any temdency to coordinate with 

olefins in solution. The use of the conveniently handled and easily prepared 

Cu(CH3CN)4PF6^®' has been reported to hold advantages ower CuOTf for catalytic 

cyclopropanation reactions 

Chiral copper-ligated salicylaldimines 

Aratani's Catalyst. Certain transition metal complexes catalyze the decomposition of 

diazo compounds, where the metal bound carbene intermediates behave differentiy from 

the free species generated by their photolysis or thermolysis. The copper-catalyzed 
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cyclopropanation of alkenes with diazoalkanes is a particularly important synthetic 

reaction.^ The reaction of styrene and ethyl diazoacetate catalyzed by bis[N-(R)— or 

(5)-A-phenyl-ethylsalicylaldiminato] CU(E) 178, reported in 1966, gives the 

cyclopropane adducts 179a and b in less than 10% ee. This was the first example of 

transition metal-catalyzed enantioselective reaction of prochiral compounds in 

homogeneous phase.^ (Scheme 3.18) Commercial uses of this methodology are well 

established for the construction of chrysanthemic acid esters 180 in pyrenthroid 

syntheses.^^ (Scheme 3.19) The copper catalyst predursor has a dimeric Cu(n) structure 

182, but the actual catalyst is in the Cu(i) oxidation state. Other uses have involved the 

preparation of enantiomerically pure ethyl 2,2,-dimethylcyclopropanecarboxylate 181 for 

the synthesis of cilastatin 179, an in vivo stabilizer of the carbapenem antibiotic 

imipenem 184 (AZ-formimidoylthienamycin).^ Finally, chemists at Merck demonstrated 

the utility of rhodium catalyzed diazo decomposition for the key N-H insertion process 

(185 —186) in the synthesis of thienamycin 187.^' 

. N2CHCO2C2H5 H^^CO^CaHs , 

0... OCi 

49% yield 21% yield 
? 6%e.e. i79a-b lO^e.e. 

178 

Scheme 3.18. First example of transition metal-catalyzed enantioselective reaction of prochiral compounds 
in the homogeneous phase. 
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chiral ligand design for copper(ii) catalysts which culminated in the development of the 

chiral salicylaldimine-copper catalysts 182a-b by Aratani.^ (Scheme 3.19) Further 

development was slow due to the complexity of the cyclopropanation transformation and 

by uncertainties about the factors that control selectivity. Aratani's catalyst and its 

application have become the standard with which other chiral cyclopropanation catalysts 

are measured. Although recent advances have raised cyclopropanation technology to a 

high level for selected applications, many challenges still remain. 

The salicylaldimine ligands for copper(ii) derived from chiral amino alcohols was 

found to have a remarkable influence on enantioselectivity in cyclopropanation reactions 

directed toward the synthesis of biologically active compounds. Large R2 groups on the 

ligand are required for high enantiocontrol, but the size of the alkyl substituent (R,) at the 

chiral carbon of the amino alcohol fragment does not influence enantioselectivity in an 

order anticipated by steric control (Ri = CH3 > CH2Ph > i-Pr > f-Bu). An explanation for 

these influences was suggested for the reaction of styrene with the intermediate metal 

carbene, depicted as a metal-stabilized carbocation (Scheme 3.20). The bulky Rj groups 

of 188 prevent attack by styrene from the top side and that the catalyst alkyl substituent 

(R, = CH3) plays no role in orientating either the carbene carboxylate group or styrene for 

cyclopropane formation. Instead, the configuration of the original amino alcohol, with 

the hydrogen bonded to the asynunetric carbon pointing out towards the carbene carbon, 

determines the preferred conformation of the carbene. The (5) configuration of 188 leads 

preferentially to rranj-2-phenylcyclopropanecarboxylate having the (1R,2R) 

configuration (81% de when Rj = Z-menthyl), and the (/?) configuration of 188 leads 
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preferentially to rra/i5—2-phenylcyclopropanecarboxylate having the (15,25) 

configuration (69% de when Rj = Z-menthyl) 

In the synthesis of chrysanthemic acid derivatives, an increase in the steric bulk of 

the aUcyl substituent on the diazoacetate ester had a strong influence on the enantio- and 

diastereoselectivity of the cyclopropanation reactions. The diastereoselectivity of the 

trans product increased from 51-93% as R3 varied from Et < r-Bu < /-adamantyl < l-

menthyl. Similarly, the enantioselectivity of the rran^-isomer rose from 68—94% e.e. 

while the e.e.'s of the cw-isomer remained relatively constant at 46%. A striking 

influence from haUde substituents (R4) remote from the carbon-carbon double bond on 

stereocontrol in these cyclopropanation reactions was noted (Table 3.6). The normal 

trans preference was inverted and the cis selectivity had been confirmed,^ but not 

adequately explained. Enantioselectivities for cyclopropanation of monosubstimted 

olefins such as styrene are lower than those for trisubstituted olefins, and, characteristic 

S-188 f7-188 

Scheme 3.20. Reaction of styrene with the intermediate metal carbene. 
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of these catalysts, the franj-substituted cyclopropane isomers generally have higher % 

e.e. values than do the corresponding cis isomers. 

Me Me R4-\ Me 182 .vitywiB 
\=( + NaCHCOaEt R, = Me \ A 

Me 
H CO2B 

trans: as % e.e. (cis) % e.e. {trans) 

R4=CH2CI 16:84 90 51 

CHCI2 12 : 88 85 31 

CCI3 15:85 91 11 

Table 3.6. Effects of a remote halide substituent on the enantio- and diastereoselectivity of the 
cyclopropanation reaction. 

Semicorrin and bis-oxazoline Cu catalysts. The next major advance in the development 

of chiral copper catalysts for highly enantioselective intermolecular cyclopropanation 

reactions came from reports by Pfaltz and co-workers.^' Their efforts focused on the 

development of semicorrin ligands capable of binding metal ions (Table 3.7,189 and 

190). The complexes had a planar n system with two rigid five membered rings that 

confined the conformational flexibility of the ligand framework, and the Q-symmetry 

was designed to influence stereoselectivity.^"^ High enantioselectivities were observed 

with the Pfaltz semicorrin copper catalyst.^" (Table 3.7) An increase in the size of R 

increased the stereocontrol, and when Rj = CMejOH. As with the Aratani catalysts, 

enantioselectivities are higher for the trans isomers than for the cis, although the 

differences are significantly less with semicorrins 189 than with salicylaldimines 182. 

The cyclopropanation of l,2-rra/i5-disubstituted olefins with diazomethane has been 

reported to occur with 70-80% e.e. Aza-semicorrin copper complexes, especially 190, 

have extended the utility of this class of Cj-symmetric ligands and provide even higher 
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enantioselectivities (up to 99% e.e. in the cyclopropanation of styrene by ^/-menthyl 

diazoacetate, 89% 5deld).^ 

N lyie 

M 

189 190 
©aOf 
aOSil 

COaMe 
R5=CMe20H R5 = CMe20SiMe3 

CH20SiMe2-/-Bu 

f= N2CHCO2R6 /\ ^ ^ 
189, Rs = CMe2C'-' ^ 

CICHaCHaCI 
"CO2R6 Ptt*"" ""CO2R6 

(60 - 70%) C 2S) (1S. 2fl) 

% e.e. {trans) trans: cis % e.e. {as) 

R6=Et 92 73:27 80 

f-Bu 93 81 :19 92 

d-menthyl 97 82:18 95 

/-menlhyl 91 85:15 90 

Table 3.7. Semicorrinato copper complexes. 

The active catalyst is presumed to be a mono(seniicorrinato)copper(l) complex 

that is formed in situ by heating 189 or 190 in the presence of the diazo compound or by 

reduction with phenylhydrazine at room temperature.^"^ A third route involved the 

reaction of copper(i) triflate with an excess of chiral ligand 190.^ These catalysts do not 

strongly alter the trans : cis selectivity, although an increase in the size of the diazoester 

alkyl group Rg increases trans selectivity. 

Alternatives to semicorrins are bis-Oxazoline ligands (Figure 3.8) whose 

synthesis and application in copper-catalyzed cyclopropanation reactions were first 

reported by Evans^ (191), Masamune^°® (192) and Pfaltz^ (193). The enantio- and 
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diastereoselectivity observed in the cyclopropanation of various olefins was significantly 

better than those achieved with Aratani's catalyst 182, which expresses an improvement 

in enantiocontrol. Using 191 the cyclopropanation of styrene by EDA gave the trans 

isomer in 99% e.e. and the cis isomer in 97% e.e., but the trans : cis ratio was only 13:21. 

However, with 2,6-di-fcrf-butyl-4-methylphenyl diazoacetate (BDA)^'° the same 

enantiocontrol was achieved, but the trans :cis ratio was now 94:6.^" The 

cyclopropanation of isobutylene with EDA catalyzed by only 0.1 mol% of 191 produced 

the corresponding cyclopropane product in greater than 99% e.e. (91% yield).^'^ 

Evans developed an in situ method for the generation of the bis(oxazoline)-

copper(i) catalyst to circumvent the redox chemistry previously employed for the 

conversion of the copper(n) complex to the catalytically active copper(i) complex. 

Accordingly, to CuOTf suspended in CHCI3 was added a slight excess of the 

bis(oxazoline) ligand, and the resulting mixture was filtered. The alkene and then, 

dropwise, the solution of diazoacetate were added to the bis(oxazoline)-copper(i) catalyst 

solution. 

In the synthesis of chrysanthemic acid 180, it became evident that the structure of 

the bis-oxazoline ligand was critical to the enantiocontrol. The cyclopropanation of 2,5-

191 192 193 

Figure 3.8. bis(oxazoline)-copper catalysts for asymmetric cyclopropanation. 
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dimethyI-2,4-hexadiene gave low % e.e. values with complexes 191 and 193. However, 

high enantioselectivities have been reported when 192 was employed as the catalyst (94% 

e.e.).^'^ Factors that influence the enantiocontrol for cyclopropanation of cis-

disubstituted or trisubstituted alkenes appears, in general; to require different catalyst 

ligand designs than for cyclopropanation of monosubstituted alkenes. 

Enantiocontrol with bis(oxazoline)- and semicorrin-copper(i)-catalyzed 

cyclopropanation reactions can be viewed (Scheme 3.21) in a manner that is similar to 

that employed to describe enantioselectivities with the Aratani catalyst (Scheme 3.20). 

Accordingly, the metal carbene is viewed as a metal-stabilized carbocation, and the 

carbene ligands are oriented to minimize steric interactions with substituents R of the 

ligand and to maximize interactions with the approaching styrene. Four limiting 

conformations can be envisioned in this front view of the reacting system (194a-d), of 

which the two (194c,d) that have the olefin substituent Ph on the same side as the 

ligand's R group are less stable. Because of the Cj-symmetry of the semicorrin ring, the 

same enantiomers are formed from these models when the COZ substituent is positioned 

up or down. These models show that the observed enantioselectivities arise from 

interactions of the ligand's R substituent with olefin substituents (e.g. Ph), and they 

suggest that monosubstituted and 1,1-disubstituted alkenes should be the preferred 

sustrates. Increasing the size of the carbene sustituent COZ probably changes the angle 

of approach by the alkene so that the influence of the ligand substituent R is magnified. 

Furthermore, the depictions in Scheme 3.21 suggest that the major determinant of 
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diastereocontrol should be the carbene COZ substituent, and this was experimentally 

observed. 

!'h 

O 
H 

COZ p H 'r' 90Z e y Ph 

cp 9 
R H 

lower energy 

194a / \ 194b 

O 
H 

higher energy 

194c / \ 194d 

RV^^OZ 
R S 

Ph Ph " 
S fl 

Scheme 3.21. Rationale for the enantiocontrol observed in bis(oxazoIie)-copper catalyzed asymmetric 
cyclopropanation. 

Other Cu-catalysts for cyclopropanation. Due to the success of semicorrin- and 

bis(oxazole)-ligated catalysts, other groups have been inspired to develop other Q-

symmetric copper ligands for asymmetric cyclopropanantion. (Figure 3.9) Katsuki and 

co-workers have synthesized optically active bipyridines 195.^'"^ The in situ catalyst 

preparation with CuOTf and use with tert-butyl diazoacetate has been met with 

exceptional enantiocontrol for the cyclopropanantion of £-olefins.^'^ Unfortunately, low 

e.e.'s were recorded with monosubstituted olefins, even with the use of tert-butyl 

diazoacetate. Singh^'® reported that the chiral 2,6-bis[4-(5)-isopropyloxazolin-2-

yl)pyridine (Pybox-ip) ligand^'' 196 was relatively ineffective for enantioselective 

cyclopropanantion reactions using copper(n) as a coordinating metal. The extension of 

this design to chiral bis-(pyrazolyl)pyridine ligand 197 with CuOTf, developed by 

Tolman^'® and co-workers, appears to be more promising with e.e.'s approaching 70% 
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(styrene and EDA). With either ligand, the diastereocontrol was low (2:1 trans : cis with 

styrene), and the synthetic advantages of this approach are not yet evident. 

Kanemasa^'® and co-workers reported that Cj-symmetric l,2-diamine/copper(n) 

trifluoromethanesulfonate complexes 198 were effective chiral catalysts (Scheme 3.22). 

Their use in asynmaetric cyclopropanation of styrene and di- or trisubstituted olefins was 

very promising. With a molar ratio of 198/Cu(OTf)2 of 2—3 (catalyst activation with 

phenylhydrazine), cyclopropanation occurred with high enantiocontrol and trans : cis 

cyclopropane ratios comparable or superior to those from salicylaldimine-copper 

catalysts.^^ Tanner^^' and co-workers found that the Q-symmetric 3is(aziridines) 199 to 

be moderately effective for the same reaction. 

TMS 

SiEta 

Figure 3.9. Pyridine-Ligated Copper Catalysts. 
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Pb Ph 

^ (n = 0,1.2) 

mesi mesityl 

198 199 

N2CHCO2R 
198/Cu(OTf)2 
CICH2ChtCI 

(50-88%) 

% e.e. (trans) trans: cis % e.e. (cis) 

R = Et 86 
94 

96 

74:26 

91 :9 

93:7 

58 
/ - menthyl 

d - menthyl 66 

Scheme 3.22. Other Chiral Copper Catalysts. 

Dirhodium acetate is widely recognized as the catalyst of choice for the vast 

majority of metal carbene reactions that occur with diazocarbonyl compounds.^^ Since 

its initial use by Teyssie in 1973, the catalyst and its subsequent developed Ugand 

variants have been employed for transformations as diverse as cyclopropanation, 

cyclopropenation, insertion, and ylide generation.^^ Although copper-catalysts have 

proven to be useful for diazo decomposition in cyclopropanation reactions, rhodium-

derived catalysts are far more superior for such reactions. 

Results and Discussion 

Styrene EDA cyclopropanation with chiral mono-acylated bis Schijfbase Cu(l) complex. 

Since the tetradentate ligand was capable of binding Cu(n), it was envisioned that if 

phenylenediamine was mono-acylated, a similar tridentate ligand could be developed that 

should bind Cu(i). Since the stereoselective catalytic cyclopropanation of styrene with 
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diazo compounds using various transition metals have been thoroughly examined, we 

decided to test the resulting tridentate ligand under similar conditions. These results are 

shown in Table 3.8, and a general procedure for the studies are provided below. 

.Ph 
N=< + PK  ̂

I H Ph Nz 

115 
10 mmol 1 mmol 

CuPFg , EtsN 
CH2CI2 

10 h, 40°C 

R AS 
Ph" "COaEt 

200a 

. OS 
s AR 

Ptf  ^COzEt 
200b 

R A R 
Ph" ^COzEt 

200c 
Pt<^""C02Et 

200d 

Metal Ligaosi EtaN Piastereoselectivitv 
Reaction fmole%) (mgle%) (nip'e%) trans: cis 

1.3:1 

Enanttoselectivitv 
ee cis: ee trans 

2 

3 

3.2 

1.5:1 

2.5:1 

1.9 :1 

2.5:1 

2.3 :1 

Yield 

70% 

4.5% (IS): 5.9% (1R) 65% 

12.3% (1S) : 5.3% (1R) 48% 

4.6% (IS): 3.4% (1R) 71 

14.3% (IS): 6.7% (1R) 51 % 

13.2% (1S) : 6.1 % (1R) 59% 

Table 3.8. Cu(l)-catalyzed EDA cyclopropanation of styrene. 

Use of 1 mol% catalyst provided the cyclopropanes in moderate yield. The 

diastereoselectivities observed were similar to those reported by Pfaltz, Doyle and others. 

Unfortunately, the e.e.'s were low, and it can be assumed that the Cu(i) was not fully 

inserted into the ligand. An enhancement of the e.e.'s in the cis isomer was observed, in 

contrast to the trans isomer enhancement typically observed. 



205 

A typical procedure for the cyclopropanation of styrene is as follows. A 50 ml 

glass round bottom flask was equipped with a cold water reflux condenser, oil bath, 

magnetic stirrer, and a drying tube. CuPFg (1 mol%), and the chiral tridentate bis-Schiff 

base ligand (1 mol%) was dissolved in freshly distilled CHjClj. To the clear 

homogeneous solution, EtjN (1.5 mol%) was added. The resultant light brown solution 

was heated to reflux for 45 min to ensure complete ligand exchange. At reflux, styrene 

(10 mmol) was then added in one portion. A CHjClj solution containing 

ethyldiazoacetate (1 mmol) was then added over a 10-hour period. To suppress the 

formation of diethyl fumurate and maleate, the concentration of the diazo compound was 

kept at low levels by slow, continuous addition by means of a syringe pump. After 

complete addition, the reaction was cooled to room temperature and passed through a 

short plug of silica gel to remove the copper salts. The plug was flushed with CHjClj. 

The excess styrene was removed under high vacuum. The 'H NMR of the crude reaction 

mixture showed the presence of 2-phenylcyclopropane-l-carboxylates. The diastereo-

and enantioselectivities were determined by capillary GC. 
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1^-CARBONYL ADDFTION 

Enantioselective alkylation of aldehydes by chirally modified organometallic 

reagents is a very simple and fundamental synthetic operation. The asymmetric reaction, 

together with enantioselective reduction of prochiral ketones, provides a general method 

for producing optically active secondary alcohols. 

1. RgML* 1 . HML* 
R^H 2. HzP R H 21. HaO 

n R^'OH "—r~— O Alkylation "2 um Reduction Rg 

Scheme 3.23. Asymmetric alkylation and reduction of ketones to yield 2° alcohols. 

The appropriate combination of carbonyl substrates and organometallic reagents 

modified by well-shaped chiral amines or alcohols allo»w for the synthesis of alcohols in 

acceptable optical yields.Both aprotic and protic organic compounds have been used 

as chiral modifiers. Tables 3.9 and 3.10 show the cfcronological development in this 

area.^^ OrganometaUic reagents formulated as RLi or RMgX lose alkanes upon reaction 

with chiral alcohols. Organometallics present in exces-s exhibit asymmetric induction in 

the nucleophilic addition reaction because of the formation of mixed aggregates 

containing the alky I group and chiral anionic ligands.^^® 



substrate 
(equiv.) 

reagent 
(equiv.) 

chiral iigand 
(equiv.) 

product confign., 
optical yield 

CHaMgl 

PIT CaHsMgCI 

O (1.0) 

(1.0) 

(1.0) 

1.0 

CzHsMgBr 

(1.0) 

n -C4,HgLi 

(1.1) 

n -C4HgLi 

(3.7) 

me 

-^••"OMe 

(excess) 

(1.0) 

(2.0) ' 

— , 0.7% a 

, 5% b 

R, 22% c 

S, 52% d 

R, 95% e 

1.0 (4.2) 

Table 3.9. Enantioselective reactions using aprotic chiral auxiliares.^^ 
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substrate 
(equiv.) 

reagent 
(equiv.) 

chiral ligand product conflgn., 
(equiv.) optical yield 

(1.0) 

(1.0) 

O2N 
(1.0) 

(1.0) 

CHaMgBr 

(3.5) 

n-C4HgU 

(6.7) 

GsHsMgBr 

(1.3) 

H MeiTi 

CaHsMgBr 

(3.0) 

(2.0) 

(4-0) 
OH 

+ TICI[OCHMe2]3 

(1-3) 

PtV^OH 

'^NHSOgAr 
+ MeaCHOH 

(1-1) 
Ar = mesityl 

Ptv^ 

ptr'^ph 

Ph 
OH 

(1.0) 

R, 70% a 

S, 95% b 

>98% c 

R, 90% d 

(+), 98% e 

Table 3.10 Enantioselective reactions using protic chiral auxiliaries.'^ 

Dialkylmagnesium reagents, coupled with an equimolar amount of the dilithio salt 

of optically pure binaphthol 201, cleanly alkylates aromatic aldehydes to yield secondary 

alcohols 203 in greater than 90% ee.^^^ (Scheme 3.24) Because of the ([^-symmetry of 

the chiral modifier, the two alkyl groups in the Li-Mg binary organometallic reagent 202 
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are homotopic and react equally toward alkylation. Many organomagnesiums can 

generally be used for this asymmetric synthesis. In all of these cases, however, the 

reaction requires use of one or several equivalents of chiral modifiers, which is not ideal. 

Ql^ 1.) 2 n-BuU 

OH 2.) EtaMg, THF, -78-0 X" 

201 202 

PhCHO H2O 
Et^ PH 

H 93% yield 
1 :1THF-DME 11 J ®-®-

-100°C. 1h 
203 

Scheme 3.24. Enantioselective alkylation of benzaldehyde. 

Scheme 3.25 illustrates a possible way to achieve enantioselective alkylation by 

using a small amount of a chiral source. Under certain conditions, the presence of a 

protic chiral auxiliary HX* can catalyze the addition of an organometallic reagent, R2M, 

to a prochiral carbonyl substrate by way of RMX*. To obtain sufficient chiral efficiency, 

the anionic ligand X* must have a three-dimensional structure that allows for 

differentiation between the diastereomeric transition states of the alkyl transfer step. In 

addition, unlike stoichiometric reactions, the rate of the reaction of the chirally modified 

reagent and carbonyl substrate must substantially exceed that of the reaction of 

unmodified achiral reagent R2M. Furthermore, X* must readily detach from the initially 

formed alkylation product, a metal alkoxide, by the action of RjM or carbonyl substrate 

in order to establish the catalytic cycle. 



210 

R-M-R 

HX* - RH Ri^Ra 

O Rt—,R2 
R—M—X- • - - ==1 /C, 

R b-H/H-X* 

Rr^Re R-M-R 

R '"b-M—R 

Scheme 3^5. Principle of catalytic asymmetric alkylation. 

Addition of Organozinc Reagents to Carbonyls 

Ordinary organozinc reagents, except for allylic and propargylic zincs, display a 

low reactivity toward carbonyl compounds. Alkenyl zincs seem to be more reactive than 

their alkyl counterparts. Alkyl zinc halides add to aldehydes to provide sec-alcohols in 

the presence of Lewis acids or Lewis bases. Although dialkylzincs are inert to ordinary 

carbonyl substrates in hydrocarbon or etheral solvents, additives such as those provided 

in Tables 3.10 and 3.11 have been shown to enhance their reactivity. Oguni and Omi 

first^^ reported that a small amount of (5)—leucinol catalyzes the reaction of diethylzinc 

and benzaldehyde to form (/?)—!—phenyl—1—propanol in 49% yield and 96% e.e. The 

enantioselective addition of dialkylzincs to aldehydes mediated by a catalytic amount of a 

chiral 2-aminoalcohol is considered a breakthrough in organic synthesis, and numerous 

efforts have been made to develop effective chiral catalysts for the reaction and to prove 

the mechanism. Noyori and co-workers screened a variety of bidentate ligands and 

auxiliaries and discovered that not only protic compounds, but aprotic diamines such as 

iV.A/^A^'.iV'-tetramethylethylenediamine enhanced the reactivity of diethylzinc. Simple 

P—amino alcohols derived from natural amino acids are not very effective as activators; 



211 

however, iV-alkylation increases the reactivity. In addition, impressive rate enhancement 

was observed with some sterically constrained |3-diaIkylamino alcohols. 

Amino Alcohol Catalyzed Alkylation. (—)—3-exo-(Dimethylamino)—isobomeol 

[(—)—DAIB] (64, Table 3.12) is a sterically restrained P-dialkylamino alcohol that has 

proven to be an extremely efficient catalyst.^^' In the presence of 2 moI% of (—)-DAIB, 

the reaction of benzaldehyde and diethylzinc proceeds smoothly to give 

(5)—1-phenyl—1-propanol in 98% e.e. and 97% yield. Trace amounts of benzyl alcohol 

was observed. Nonpolar solvents such as toluene, hexane, ether, or mixtures of these 

solvents produce satisfactory results. When run in toluene, the optical yield decreases 

with increasing temperature, for instance, 98% at -20°C to less then 95% at 50°C. The 

catalytic enantioselective reaction has been extended to a range of alkylating agents and 

aldehyde substrates.^^^ p)—Substituted benzaldehydes and certain a,3—unsaturated or 

aliphatic aldehydes can also be alkylated with a high degree of enantioselectivity. 

Dimethyl", diethyl-, and di-n-butylzinc may be used as alkylating agents; however, 

methylation proceeds about 20 times more slowly than ethylation but results in 

comparable stereoselectivity. Acetophenone and n-butyl acetoacetate are inert to these 

alkylation conditions. 
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cat (-) - DAIB 
H + (C2Hd2Zn toluene. 0°C. 6 h 

JDH 

(-)-DAIB. mol% % yield % e.e. 

,NMe2 0 0 

( -) - DAIB = 

204 
OH 2 97 98 

100 0 

Table 3.11. Catalytic enantioselective ethylation. 

The stoichiometry of aldehyde, dialkylzinc, and the DAIB auxiliary strongly 

affects reactivityEthylation of benzaldehyde does not occur in toluene at 0°C without 

added amino alcohol; however, addition of 100 mol% of DAEB to diethylzinc does not 

cause the reaction either (Table 3.11). Only the presence of a small amount of the amino 

alcohol accelerates the organometallic reaction efficiently to give the alkylation product 

in high yield. 

Transition State Models. Dialkylzincs, upon reaction with DAIB, eliminates alkanes to 

generate alkyzinc alkoxides, which are unable to alkylate aldehydes. Instead, the 

alkylzinc alkoxides act as excellent catalysts or, more correctly, catalyst dimers for 

reaction between dialkylzincs and aldehydes. The unique dependence of the reactivity on 

the stoichiometry indicates that two zinc atoms per aldehyde are responsible for the alkyl 

transfer reaction. 

Various bimolecular assemblies that have been proposed for the transition state 

are shown in Figure 3.9.^^ Bicyclic transition state A involves transfer of bridging aUcyl 

group (R) to the terminally located aldehyde, while transition structure B involves 
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reaction between terminal R and bridgin g aldehyde. The reaction may proceed via 

monocyclic, boat-Hlce six-membered transndon state, C. Transition structures of type B 

and C were originally proposed for the reaction of organo-aluminum compounds and 

carbonyl substrates.^^^ 

ZriB _,2na R -Zne R 
r' R*' R' 

(A) CD © 

Figure 3.10. Tramsition state models. 

The dinuclear Zn complex 205a and 205b of Scheme 3.26 may be suitable for 

activating the coordinated aldehyde and tramsferring an R group. The carbonyl oxygen is 

coordinated to the more Lewis-acidic, DAXB-attached Zn^ atom, and the other Zne atom 

carries a nucleophilic R group as shown by the polar canonical formula. The latter 

situation is pronounced in transition state A (Figure 3.10). 

\/ 0=/*^ \/ 0=/*^ 

I /ns I 
R R R R 

205a 205b 

Scheme 3,26. Cononicral form of transition state. 

An empirical rule given in Schemei 3.27, says that the a-S or configuration 

of P-dialkylan[iino alcohols consistendy produces the S -alcohol 206, whereas the a—R or 

p-5 configuration forms the /?-enantiomer ;207. The prevailing absolute configuration is 

determined primarily by that of the hydrooxyl-containing a-asynunetric carbon of the 
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C are also favored over the R-generating diastereomers, which suffer serious nonbonded 

interaction between the Zn^-R and Ar groups. The configiuration of the ^-carbon-bearing 

dialkylamino moiety and the buUdness of the nitrogen substituents also affect the degree 

of enantioselection, but do not override the effect of the a-carbon center. 

H Af< M 
V" . R—Zn—R 

RZnO R O R 'OZnR 
206 207 

catalyst catalyst 

.NR'2 Rv^NR-2 R-.-.^NR'a 

R^OH ^OH O" 

R2X^NR'2 ^2'...® NR'2 R2"..^NR'2 R2«s^NR'2 

Ri-^OH Ri s OH Rf r 

Scheme 3^7. General sense of asymmetric induction. 

Reaction Mechanism. The amino alcohol-catalyzed reaction proceeds by the mechanism 

illustrated in Scheme 3.28. First, the reaction of equimolar amounts of (—)-DAIB and 

dialkylzinc eliminates an alkane to produce an alkylzinc alkoxide with a five-membered 

chelate ring. Molecular weight measurements indicate that this complex exists in 

aromatic hydrocarbons as a dimer, D in equilibrium with a small amount of the monomer. 

When D and an equivalent amount of benzaldehyde are mixed, the dimeric stmcture of D 

is ruptured, probably via a dissociative mechanism, to produce an equilibrating mixture 

of D and E. The latter mixed-ligand complex possesses an aldehyde and alkyl group in 

the same coordination sphere and is incapable of undergoing intramolecular alkyl transfer 

reaction. Upon standing, this intermediate slowly produces benzyl alcohol, after aqueous 

work-up. Further transformation of E involves addition of an equimolar amount of 
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dialkylzinc to give the dinuclear mixed-Iigand complex G. The dimer D is also cleaved 

by addition of 1 equivalent of dialkylzinc to reversibly produce F. This new dinuclear 

complex accepts benzaldehyde at its vacant coordination site to form G. Actually, 

species D-G exist as a rapidly equilibrating mixture. Each species is also convertible 

with other possible structural isomers by intramolecular or intermolecular processes. In 

fact, the Zn-R groups in the mixture of D-G are indistinguishable by NMR spectroscopy. 

G undergoes intramolecular alkyl transfer via the transition state given in Figure 3.9 to 

produce the alkoxide-bridged dinuclear Zn product H. The final product H, or the isomer 

is stable enough to be observed in the NMR spectrum under the reaction condition, but is 

kinetically labile. Thus, upon addition of benzaldehyde or dialkylzinc, H instantaneously 

decomposes to form the cubic alkylzinc alkoxide I, which is free of chiral DAJB, and 

regenerates E for benzaldehyde or F for dialkylzinc. The high stability of the tetrameric 

structures of the alkylzinc alkoxides is the driving force of these conversions. 



216 

NR"2 

OH 

DAIB 

RaZn 
RH 

R'z 
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R 
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® 

RaZn 
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Ar = C6H5 
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ArCHO 

Ar 

r V / 
D=̂  

R 

+ RaZn 

- RgZn 

+ ArCHO - ArCHO 

R^n  ̂ P r. O ^Zrr-R 
R-zn^o^R' 

ArCHO 

1 /4 

R"' 

.zli-
I 

/°~R" 
-Zn 

© 

Scheme 3^. Reaction mechanism. 

RjZn 

In the (-)—DAIB-catalyzed reaction of diethylzinc and benzaldehyde, the rate is 

first order in the amino alcohol. The initial alkylation rate is influenced by the 

concentration of diethylzinc and benzaldehyde, but soon becomes unaffected by 

increased concentration. Thus, under the standard catalytic reaction conditions, the 

reaction shows saturation kinetics; the rate is zeroeth order with respect to both 

dialkylzinc reagent and aldehyde substrate. These data support the presence of the 

equilibrium of D-G, and alkyl transfer occurs intramolecularly from the dinuclear mixed-

ligand complex G. This is the stereo-determining and also turnover-limiting step. 
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The (—)—DAEB chiral amino alcohol auxiliary efficiently promotes the 

enantioselective addition of dialkylzincs to prochiral aldehydes. Obviously, the high 

stereoregulation relies on the appropriate three-dimensional structure of this ancillary. In 

addition, several kinetic features combine with this stereochemical effect to accomplish 

the ideal asymmetric catalysis. The first feature is the structure / reactivity profile of 

alkylzinc compounds. Monomeric dialkylzincs with sp-hybridized linear geometry at Zn 

are inert to carbonyl compounds because the alkyl-metal bonds are rather nonpolar.^^ 

However, creating a bent geometry in which the zinc atom uses molecular orbitals of a 

higher p-character can enhance the bond polarity. In particular, coordinatively 

unsaturated bent compounds with an electronegative substituent have the high donor 

ability of the alkyl group and acceptor character at the zinc center. Such an auxiliary-

induced structural perturbation increases the reactivity toward carbonyl substrates 

considerably. This activation is achieved by modification by DAIB, although the actual 

reaction proceeds through more complicated dinuclear compounds. Second, alkylzinc 

alkoxides tend to form stable cubic tetramers in hydrocarbons. Removal of such 

compounds fi'om the initially formed alkylation products facilitates the catalytic cycle. 

The final product has virtually no effect on the rate or stereoselectivity of the 

alkylation.^" The third essential factor is steric congestion of the auxiliary; DAIB and all 

other efficient chiral amino alcohols are sterically congested. Reaction of simple 2-

dimethylaminoethanol, which has a similar, but uncongested structure, and dimethyl- or 

diethylzinc produces alkanes and forms a trimeric alkoxide.^^^ By contrast, when 

(—)-DAIB and dimethylzinc are mixed in a 1:1 mole ratio in toluene, methane is evolved 
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and a dimeric methylzinc alkoxide is formed. x-Ray crystallographic analysis and 

cryoscopic molecular weight measurements in benzene have proved this result. Steric 

congestion produces the great rate enhancement, because the dimeric alkoxide 

compounds can readily dissociate into the coordinatively unsaturated monomers that act 

as the actual catalysts, whereas such trigonal monomeric species are difficult to generate 

from the cyclic trimers. 

Enantioselective additions of organozinc reagents to carbonyl compounds have 

been surveyed in reviews on catalysts for carbonyl additions,^^' on asymmetric synthesis 

using chiral ligands,^ and on nitrogen donors in organometallic chemistry.^' The 

enantioselective addition of organozincs to aldehydes has been extensively reviewed in 

relevant literature up to 1992.^^ 

Chiral Ti Complexes 

Chiral titanium complexes for the addition of dialkylzincs to aldehydes have been 

surveyed in reviews on the enantioselective carbonyl addition of nucleophiles and 

aldehydes. 

bis-N-sulfonamide ligands. The enantioselective dialkylzinc addition to aldehydes 

catalyzed by chiral titanium complexes (/.e., titanates modified by chiral ligands) seems 

more advantageous than the addition catalyzed by chiral N,0-ligands. The advantages lie 

in their ability to catalyze the addition of both unfunctionalized and functionalized 

dialkylzincs to aliphatic and a,(3-unsaturated aldehydes as well as aromatic aldehydes. In 
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addition, the use of etheral solvents instead of toluene and hexane, and preparing 

dialkylzincs by the transmetallation of Grignard reagents are also possible. 

The methodologies are based on the modification of titanium(iv) isopropoxide by 

chiral electron-withdrawing ligands or by chiral bulky tartrates. The titanium(iv) 

isopropoxide (0.6-1.5 equiv.) / diisopropoxy-Ti-chiral disulfonamide (0.0005-0.04 

equiv.) system catalyzes the alkylation of aromatic, aliphatic, and oc,P-unsaturated 

aldehydes by dialkylzincs with excellent enantioselectivities (Scheme 3^9).^^ 

^OzR 

-n(o-,--Pru 
k^-'NHSOaR toluene, 40°C. 20 min 0-/-Pr 

SO2R 
208 a-e 209 a-e 

a b c d e 

R: CF3 n-C4F9 Me n -CgHiy 1 -CiqH/ 

1. Ti(0- ;• -Pr)4 (1.3 - 1.5 equiv.) 
208a (0.0005 - 0.04 equiv.) 

RaZn + M CyHe, 0°C - (-20°C). 2 - 48 h 
k'"^R 

2. H2O 
1.3-1.5 -98% 
equiv. e.e. 73%, 98% 

R: Me. Et, n-Bu 

1. Ti(0- /• -Pr)4 (0.6 equiv.) 
O 208a (0.02 or 0.04 equiv.) r oh 

EtaZn + U C7H8. O'C - (-SO-C), 3 - 6 h 
Ri^H 

2. H2O 
2.2 equiv. 78-100% 

Ri: n-CsHii, PhCHaCHg. PhCH=CH 
e.e. 92%, 99% 

Scheme 3J29. Ti-mediated alkylation of aldehydes using various inj-N-sulfonamide ligands. 

In such a modified Lewis acid, the chiral electron-withdrawing ligand provides 

not only a chiral environment, but also increases the acidity of the Lewis acid. The 
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catalyst 209 is prepared in situ by the reaction of Ti(0-f-Pr)4 (0.6-1.5 equiv.) and 

disulfonamide, trans-(l/?,2i?) - bis(trifluoromethane suLlfonamido) cyclohexane (0.0005-

0.04 equiv.) 208 and allowed to react with dialkylzinc at —78°C. The orange solution is 

wanned to a specified temperature, and then the aldehy^de is added. The catalyst 209 can 

also be prepared from 0.048 equivalents of Ti(0—z-Pr)4 and 0.04 equivalents of 

disulfonamide 208 and used without excess Ti(0-/-Pr)4^ but in this case, the ethylation of 

benzaldehyde takes place slower and at higher temperat«ires. 

Reaction Mechanism. The rate acceleration as well as the enantioselectivity is most 

significant when fluorinated alkyl sulfonamides 20i8a-b are employed as catalyst 

precursors. The use of 208a-e for the ethylation of benzaldehyde gives the same yield 

(98%), but with a 98%, 93%, 66%, 99%, and 72% e_e., respectively.^ The (15,2S)-

enantiomer of 209 is also used successfully in the titanate-catalyzed enantioselective 

addition. Although the exact structures of the active species are not clear, a probable 

catalytic cycle is given in Scheme 3.30. The chiral Lewis acid catalyst is the chiral 

titanate 209 formed in situ from the disulfonamide and Ti(0-i-Pr)4. Chiral ethyltitanium 

reagent 210, generated by the reaction of chiral titanate 209 and the ethyltitanium species 

and / or diethylzinc, is the key species in the catalytric reaction. 210 reacts with an 

aldehyde to form dialkoxytitanium 211, which then reacts with ethyltitanium reagent and 

/ or diethylzinc to regenerate 210, thus establishing time catalytic cycle. A remarkable 

catalytic efficiency observed in the Ti(0-£-Pr)4 / 69 system might be due to the high 

reactivity of 210 and facile regeneration of 210 from 211. 
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a-k 0-;-Pr 

Tf 

[Et22n-Ti(0-/-Pr)4] 

or 

EtzZn PhCHO 

209 

T 
Tf 

210 

[EtZn(0-»-Pr)-Ti(0-/ -Pr)4] 

[Et2Zn-Ti(0-/-Pr)4] 
ElZr\ /TI(0-/-Pr)4 

P^, 

or 

Et 212 
EtaZn 

Scheme 3^. Proposed catalytic cycle for the Ti-mediated alkylation of aldehydes. 

Knochel and co-workers^^ propose a slightly modified catalytic cycle for the 

above dialkylzinc addition to aldehydes (Scheme 3.31). The N-trifluoromethanesulfonyl 

groups of the Cj-symmetrical ligand are responsible for the orientation and conformation 

of the two isopropoxy ligands 213, which influences the position of the coordinated 

aldehyde. The coordination of the dialkylzinc organometallic species to the two 

isopropoxy ligands prior to the transfer of the alkyl group to the carbonyl moiety should 

also be favored and will lead to the highly ordered bimetallic complex 214. The role of 

Ti(0-i-Pr)4 is to remove the zinc alkoxide from the titanium center by forming the mixed 

complex [R,-0ZnR-Ti(0-£-Pr)4]such as 216, which then gives the alcohol upon treatment 

with water. 
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NHTf 

208a 

^ -n(0-/-Pr)4 

^ 2/-PrOH 

213 214 

215 

R3 = T7{0-;-Pr)3-RiZn-0-/ -Pr 

Scheme 331. Knochel's proposed catalytic cycle for the Ti-mediated addition of EtjZn to aldehydes. 

Results and Discussion 

Enantioselective Addition of Et^n to RCHO: Zn-L-Phe-L-Phe Schijf Base Complexes. 

Long since the pioneering work of McKenzie,^® asymmetric synthesis is finally 

becoming one of the cornerstones of organic synthesis. While McKenzie used a chiral 

auxiliary (menthol) for his work (addition of chirality), the ideal or aspirational 

enantioselective reaction would obtain the source of chirality^' from a cheap, renewable 

source, and be used in only catalytic amounts to produce enantiomerically pure products 

in high yield (multiplication of chirality).^® The addition of organozinc reagents^' to 

aldehydes in the presence of catalytic amounts of chiral ligands is among the most 

successful catalytic reactions of this type.^^° Almost all the work with organozinc 
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reagents has utilized chiral ligands possessing a P-amino-alcohol moiety, which can bind 

zinc in a bidentate^^' or occasionally a tridentate manner.^^^ After a search of the 

literature, we could find no examples of tetradentate ligands used in the addition of 

organozinc reagents to aldehydes. As part of our efforts to develop a "universal ligand," 

we were pleasantly surprised to find that a tetracoordinate zinc complex, formed from the 

amino acid-derived ligand system described previouslyworked quite well as a catalyst 

for the addition of aUcylzincs to both aromatic and aliphatic aldehydes. 

The reaction of diethylzinc with aromatic and aliphatic aldehydes in the presence 

of a chiral ligand^^ 112 was evaluated. For these studies (Table 3.12) the reactive Zn" 

complex 130c was formed in situ from EtiZn and ligand 112. NMR studies showed that 

the zinc complex formed readily in <igTHF or c^gtoluene. In THF one molecule of solvent 

appeared to coordinate axially to allow the zinc metal to adopt a square pyramidal 

geometry. The complex was stable if prepared and stored under a dry and oxygen-free 

atmosphere. Complex formation was found to be complete after an hour at reflux. Once 

formed, the reaction mixture was cooled to -78°C and the aldehyde was added in a single 

portion. Using a syringe pump, an equimolar amount of EtjZn in THF was added over a 

1-hour period. Following the addition, the dry ice-acetone bath was allowed to melt and 

the reaction continued for 16 hours at RT. The reactions were quenched with IM HCl 

and worked-up in the usual maimer. Analysis of the product mixture was performed by 

capillary GC using an SPB-5 column. Enantiomeric ratios were also determined by 

capillary GC using various cyclodextrin-based columns. 
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NH H EtaZn 
THF, reflux 

PhCHO. EtZn 
THF 

-78°C - RT (S) - enantiomer 

112e 130c 

Reaction R (mole^) Solvent Substrate Product 
Chemical Enantiomeric 

Yield® Excess'' 

CHaPh THF PfT^O (61%) 82% 

CHzPh THF PH^O 85% 
(99%) 86% 

CHaPh 

CHaPh 

PhCHa Ph^o 

''̂ (3i7"̂  Pĥ o 

(99%) 

(96%) 

6.3% 

63% 

• Isolated yields. (Numbers in parenthenses are % consumption of starting RCH=0 detennined by the ratio of 
GC peak areas). Determined by chiral GC: 1 -phenyl-propanol - Chiraldex p-pH (1OCC isotherm). 

Table 3.12. Effects of solvent and mol% catalyst on the enantioselective addition of Et2Zn to 
benzaldehyde. 

Solvent and substrate effects. The Co-symmetric Zn"-L-Phe-L-Phe complex 130c 

catalyzed the quantitative addition of EtjZn to PhCHO when 3-5 mol% catalyst was used. 

THF was found to be the best solvent for the additions, but was not necessary for 

complex formation. With 1 mol% catalyst the reaction proceeded, but was incomplete 

after 16 hours (Rxn 1). EtZnl was not effective as an alkyl donor. Only one ethyl group 

was transferred from EtjZn at an appreciable rate. The second ethyl group was 

transferred, but much more slowly. In every case the major isomer was the S-

enantiomer, [S-(-)-l-phenyl-l-propanol] in 82—86% e.e. 
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It is noteworthy that, contrary to reports of studies performed with bidentate 

"Soai-type catalysts," THF enhanced the enantioselectivity of EtjZn additions (Table 

3.13). When toluene was used (Rxn 3), the reactions went to completion, but the e.e.'s 

dropped to 6%. Using a 2:1 mixture of toluene and THF decreased the e.e.'s to 63% 

(Rxn 4). From NMR studies it is clear that the Zn complex was still formed in toluene, 

thus THF was not required for insertion of the Acetonitrile was not effective as a 

solvent for these reactions. 

Given these results, several aldehydes were screened using 3-mol% of the Zn°-L-

Phe-L-Phe complex 130c in THF (Table 3.13). A slight increase in enantioselectivity 

was observed when dimethylzinc was substituted for diethylzinc in the addition to 

benzaldehyde (Rxn 5 vj Rxn 2). 2-Furaldehyde gave e.e.'s similar to those seen with 

benzaldehyde (Rxn 6). Aliphatic aldehydes provided excellent e.e.'s with this catalyst. 

Addition to hydrocinnamaldehyde (Rxn 7) yielded pure S-(+)-l-phenyl-pentan-3-ol (94% 

e.e.), following chromatography and sublimation. The optical rotation of the sublimed 

alcohol was +23.6° (c = 1.56; CHCIj).^^® Similarly, addition to nonyl (Rxn 8) provided S-

(+)-3-undecanol (96% e.e.) after chromatography and vacuum distillation. The optical 

rotation of the distilled alcohol was +7.48° (c = 0.91; ethanol).^" Both of these reactions 

were run on a 1-gram scale, and the enantiomeric purity of the each alcohol was 

confirmed by formation of the corresponding Mosher esters ('H NMR and chiral GC). 

Despite the higher enantioselectivities observed with the aliphatic aldehydes, the 

reactions were complicated by significant formation (~ 50% of the reaction mixture) of 

the corresponding aldol products. Optimization of these reactions is currently underway. 
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1l2e 

Et2Zn (3 niole%) 

THF, reflux 

RCHO, EfeZn 

THF 
-78°C - RT (S) - enantiomer 

130c 

Reaction Substrate Product Chemical Enantiorrieric optical Rotation«= 
Yield 3 Excess' 

5 

6 

CHgPh 

CHaPh 

Ph^O 
85% 

(99%) 

30% 
(92%) 

86% 

86% 

— 

7 ChfePh 
OH 27% 

(81%) 94% 23.6 (23.8)=' 

8 CHgPh 51% 
(99%) 96% 7.5 (7.79)® 

• Isolated yields. (Numbers in parenthenses are % consumption of starting RCH=0 determined by the ratio of GC 

peak areas). Determined by chiral GC : 1-phenyl-propan-1-ol. Chiraldex p-pH (100°C 

isothemi);1-furyl-propan-1-ol. Chiraldex y-TA (60°C isotherm); R-(-)-Mosher's ester of 1-phenyl-pentan-3-ol and 

3-undecanol, Chiraldex ^TA (lAO'C isotherm). " Products were purified by flash column chromatography, follwed by 

sublimation (1-phenyl-pentan-3-ol) or vacuum distillation (3-undecanol). Literature values in parenthenses - Lutz. 
C.; Jones, P.; Knochel, P. Synthesis 1999, 2, 312-316.; J. Org. Chem. 1997, 62, 7895-8. " Literature values in 

parenthenses - Soai. K.; Yokoyama, S.; Ebihara, K.; Hayasaka, T. J.C.S. Chem. Commua 1987.1609-1. 

Table 3.13. Et^Zn addition to aromatic and aliphatic aldehydes using the Zn"-l-Phe-l-Phe complex. 

Further studies with the L-Ala-L-Ala 112c and L-Val-L-Val 112d complexes have 

been performed (Table 3.14). As expected, the decreased bulk of the amino acid 

residues (L-Ala) on the catalyst caused a decrease in selectivity for both aromatic and 

aliphatic aldehydes (Rxn 9 & 10). With increased steric demand (L-Val), enhanced 
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stereoselection was observed with benzaldehyde (Rxn 11). In contrast the aliphatic 

aldehydes showed diminished enantiosele<:tivity and reduced yields (Rxn 12 and 13). 

C^^NH 3̂ n,o|go/„) 

THF. reflux X'-sX 
RCHO. EfeZn 

THF 
-78°C - RT (S) - enantiomer 

112c,d 130d and e 

Reaction Substrate Product Chemical Enantiomeric 
Yield' Excess*^ 

10 

11 

12 

13 

CH3 

CH3 

CH{CH3)2 

CH(CH3)2 

CH(CH3)2 

ptr^o 

>^0 

RI^O 

>^0 

(86%) 

(70%) 

(99%) 

10% 
(78%) 

12% 
(50%) 

19% 

27% 

91% 

89% 

92% 

* Isolated yields. (Numbers in parenthenses are % ccnsumption of starting RCH=0 determined by the ratio of GO 
peak areas). ** Determined by chiral GO : 1-phenyl-propan-1-ol, Chiraldex ^pH (100°C isotherm): R-(-)-Mosher's 
ester of 1-phenyl-pentan-3-ol and 3-undecanol, Chiraldex p-TA (140°C isotherm). Products were purified by 
flash column chromatography, follwed by sublimation (1-phenyl-pentan-3-ol) or vacuum distillation (3-undecanol). 

Table 3.14 Effect of the amino acid residues on enantioselectivity. 

Solid-phase catalysis. Optimization of thus work will be facilitated by the use of solid-

phase variants, which will permit simoiltaneous reactions to be run in parallel.^^® 

Preliminary results with the "Wang-supported L-Phe-L-Phe catalyst" 78 are shown in 

Table 3.15.^^' The EtjZn-activated resin 79 could be used multiple times without 
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degradation of the yields or the enantioselectivities (Rxn 14 and 15).^ The yields were 

only slightly diminished relative to the solution-phase catalyst, and the e.e.'s were lower. 

Since the e.e. seemed to increase upon re-use of the catalyst (Rxn 15), it was assumed 

that Et2Zn removed impurities that affected the enantioselection. Thus, for the next 

reaction (Rxn 16) the L-Phe-L-Phe-bearing resin was "washed" with excess Et^Zn prior to 

use. The conversion was monitored by GC as a function of time and temperature (Rxns 

16a—c). As expected, the rate of product formation increased with increasing time and 

temperature. Surprisingly, the e.e.'s were enhanced as well. The explanation for this 

behavior is complex, and may involve increased swelling of the polymer at higher 

temperatures, "uncoiling" of the polystyrene backbone, or other effects.^' 

Oj^NH HN^O 
EtaZn, THF 

reflux 
79 

PhCHO, EtaZn 
OH 

Ph-
THF 

0°C - RT (S) - enantiomer 

Reaction Substrate Product Temperature Chemical 
Yield 

Enantiomenc 
Excess 

14 Ph^^O 
OH 

RT 98% 64% 

15 Ph^O 
OH 

RT 98% 68% 

16a Ph^=^0 
OH RT 

(18 hrs) 73% -

16b Ph^^O 
OH 

Ph^^  ̂

30°C 
{+ 5 hrs) 82% 75% 

16c Ph'̂ O 
OH 40°C 

(+24 h) 89% 79% 

Table 3.15. Et2Zn Addition to PhCHO using a resin bound chiral Zn"-L-Phe-L-Phe complex. 
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Transition state models. Given these results, the mechanism below is proposed (Scheme 

332).^ The reaction may be regarded as 'ate' or 'ate-like' 219, since the inner zinc is 

surrounded by electron-donating nitrogens, while the outer zinc is only solvated by 

exchangeable oxygens.^® As with the Soai-type catalysts, the latter serves as a Lewis 

acid catalyst, complexing with the carbonyl 220. The role of the THF is not clear. It may 

be required in order to effect alkyi transfer from EtjZn to bound central zinc, or may 

coordinate to the outer zinc to prevent aggregation. It is conceivable that the THF might 

ligate to the central zinc and promote the release of the ethyl group {trans effect on a 

hexa-coordinate octagonal "ate" complex), or may be due to some other effect. 

THF 

'*'/i 

219 217 (S.S) 

•"R2 
-THF 

218 

•THF 
OZnEfTHF 

221 

THF 

220 

Scheme 3.32. Proposed catalytic cycle. 

There is some controversy as to the exact structure of the active transition state. 

Below are two proposed models (Figure 3.11) based on similar results reported in the 



230 

literatuie. The role of the central zinc in compound 222 can either act as a Lewis-acid 

222a or an alkyl donor 222b (Lewis -base). Both models lead to the observed product, 

so at this time, the two are indistinguishable. Future efforts will be focused on 

elucidating which model is correct and help in defining the scope of this catalyst system. 

Fk 5-^R 

Chiral Lewis Acid Zinc-"Ate" Complex 
(Proposed Mechanism) (Soai-Type Mechanism) 

Figure 3.11. Proposed transition state models for Zn(U)-catalyzed carbonyl addition. 
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Conclusions 

It has been demonstrated that a series of Cj-symmetric ligands can be prepared in 

three to four steps and bind a variety of metal ions. The metal complexes exhibit a range 

of physical properties and can be used in several catalyst systems. In general, the metal 

complexes can survive the catalysis conditions and even be recovered unchanged in the 

dialkyl zinc chemistry. The chiral nature of the complexes has been proven to be 

effective in the transfer of chirality to the substrate. In addition, our initial goal of 

developing a ligating system that can be used for asymmetric catalysis has been achieved. 

This work is still very young, but future efforts focused on the optimization of the 

reaction conditions will result in higher yields and e.e.'s. In doing so, our catalyst will 

reach the levels of success obtained by others, making it an effective and practical one for 

asymmetric synthesis. 
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CHAPTER 4 

POLYMERIC SUPPORTS FOR SOLID-PHASE ORGANIC SYNTHESIS 



SOLID-PHASE ORGANIC SYNTHESIS 

Solid phase organic chemistry (SPOC) has found numerous applications,^ and 

has been used to facilitate catalyst development in both academia and industry.^ SPOC 

has, in principle, several advantages over traditional solution methods. Excess reagents 

and soluble by-products can be simply removed by resin washing. Pseudo-dilution 

phenomena can be exploited for cyclization and mono-derivatization of bifunctional 

molecules. Reactions, which exhibit poor chemoselectivity, can often be directed, by 

attachment of the appropriate component to the solid support, to give only the desired 

product. Resin bound toxic or hazardous compounds can be handled safely without risk 

to users or the environment. However, it is the ability of single resin beads to function as 

"micro-reactors", thus enabling large numbers of compounds to be prepared 

simultaneously by parallel or serial combinatorial methods, that makes solid-phase 

synthesis such an attractive tool for drug discovery. 

RESINS FOR SOLID PHASE CHEMISTRY 

Polystyrene. The foundation of all solid phase synthesis is the polymeric core. The most 

common type of core resin is polystyrene, but other core matrices include polyacrylate, 

polyethylene glycol and polyacrylamide. When choosing a resin for solid-phase 

synthesis, two major factors must be considered; the swelling factor and bead size of the 

resin. 

Swelling and Bead Size. The swelling characteristics are affected by factors such as the 

degree of crosslinking, hydrophobicity of the substrate, and the nature of the core matrix. 
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The swelling factor is important because ttie reaction kinetics on solid phase is 

considerably slower than solution phase. Thet rate of reaction is said to be diffusion 

controlled. Consequently, resins that swell nxore will have a higher diffusion rate of 

substrate into the core of the matrix resultirag in shorter reaction times, and more 

complete chemical conversions. 

Polystyrene itself is very hydrophobic and swells or dissolves in polar aprotic 

solvents like CHjClj, toluene and DMF. Polyncierization of styrene in the presence of a 

small amount of a divinyl compound such as divinylbenzene (DVB) gives an insoluble 

styrene polymer in which DVB serves to cross -link different chains at different points. 

This polymer affords a mechanically stable gel-like consistency when in the presence of 

swelling solvents. Uncrosslinked or linear polystyrene will totally dissolve in 

hydrophobic solvents and precipitate in protic solvents. Crosslinking with 1% DVB 

provides material, which retains its shape (geraerally in the form of a bead), has good 

mechanical resistance to breakage and still swells in appropriate solvent medium. Table 

4.1 can be used to estimate the swelling characte:ristics of a polystyrene-based resin. 

THF 5.5 EtzO 3.2 
Toluene 5.3 MeCN 4.7 
CH2CI2 5.2 EtOH 5.0 
Dioxane 4.9 Me:OH 1.8 

DMF 3.5 Water 1.0 (no swelling) 

Table 4.1. Swelling factor of 1% crosslinked polystyrene in various solvents. 

Another important factor to consider in solid phase chemistry is that of bead size. 

Polystyrene beads are available in diameter size:s ranging from less than a micron to 750 

microns. Bead size is commonly reported im Tyler Mesh size, which is inversely 
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proportional to the nominal diameter. The two most commonly used resin sizes are 100-

200 and 200-400 mesh (75-150 micron and 35-75 micron respectively). Reaction 

kinetics are generally faster on smaller beads due to higher surface area to volume ratio. 

However in practice, too small a bead can lead to extended filtration times. The range of 

100-200 mesh offers the best balance of reaction kinetics versus reliability. 

Resin Substitution. As is the case with solution phase chemistry, yields must be 

calculated for each chemical transformation performed on the solid support. This is 

commonly expressed as the number of active sites available on the resin and reported as 

millimoles per gram of resin. A factor that should be noted is that the relative 

substitution (millimole per gram) decreases as molecular weight is added to a given resin. 

This should be intuitively obvious in that as the molecular weight continues to increase, 

the number of millimoles in one gram of resin must proportionally decrease. This 

relationship becomes quite important when measuring the substitution of a resin or when 

calculating the theoretical final substitution for a solid phase reaction. The following 

equations (Table 4.2) can be used for determining such quantities 
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Weight gain substitution (S(wt)): Starting substitution (S(w)): 

W^(g) W^(add) 

Wt(„ 
X 1000 = 8, (wt) 

'(0 

(8(1) X Wt(add)) 

= 8 (s) 

1 -

1000 

Wt(g) = weight gained by resin in g 
Wt(a{jd) = 9 / mol added to resin 
Wt(t) = total new weight of resin in g 

S(() = final substitution 
Wt(add) = MW of substrate added to resin in g / mol 

Theorectical substitution (S(th)): Coupling efficiency (Ceff): 

>(s) 

(S(s) X Wt(add)) 

= 8 (th) 

1 + 
1000 

8(s) = Starting substitution mmol / g 
Wt(add) = 9 / mol added to resin 

^*(g) ^ ^*(ex) = Ceff 

Wt(g) = weight gained by resin 
Wt(ex) = expected weight gain 

(theorectical substitution) 

Weight gain substitution: To be used to calculate the resin substitution based on increased 
mass due to a reaction. 

Theoretical substitution: To be used to calculate the final substitution following complete 
incorporation of substrate. 

Starting substitution: To be used to back-calculate the starting substitution when the final or 
measured substitution is known. 

Coupling efficiency: To be used to describe the yield of a coupling reaction. 

Table 4.2. Equations for the calculation of resin substitution. 

General notes. Many resins have been synthesized and used for numerous purposes. 

Merrifield and Wang resin were used in the assembly of a polymer bound 

diphenylketimine resin. (Figure 4.1) Full details of their use and application in organic 

synthesis will be discussed in the next section. First, some generalizations about the 

resins will be described. The most fundamental substituted polystyrene core resin is 
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chloromethylated polystyrene known as Merrifield^ resin 223. Carboxylic acids and 

other nucleophilic substrates can be attached to the resin in a number of ways. The 

coimection to the substrate is generally through a very stable and hindered bond, which 

requires very strong acid for cleavage. Merrifield resins, as well as other resins are 

generated by one of two methods: direct incorporation of the substrate onto the polymer 

via electrophilic aromatic substitution reaction, or co-polymerization of the substituted 

monomer with styrene. Co-polymerization is the preferred method because it offers the 

opportunity to use purified monomers resulting in a more uniform final resin. In 

addition, such resins exhibit greater swelling factors and exceptional reaction kinetics. 

(R)-^^CH2CI Merrifield Resin 

223 

Wang Resin - X = OH 
4-bromo-Wang Resin - X = Br (gH^^^CHaO-^Q^CHaX 

224 

Rink Resin 

CHgi 
HFMOC 

225 

Knon- Resin 

OMe 

HFMOC 

Me 

OMe 

Figure 4.1. Commercially available resins for solid-phase organic synthesis. 

Wang^ 224 resin is perhaps the most widely used of all the resins for acid 

substrates bound to a solid support. The linkage between the substrate and the core 
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polystyrene core is through a 4-hydroxybenzyl alcohol moiety. The linker is bound to the 

resin through a phenyl ether linkage and the (generally) carboxylic acid substrate is 

bound to the linker through a benzyl ester linkage. The ester linkage is relatively stable 

and can survive a variety of reaction conditions. The ester can cleaved with moderate 

acid treatment, generally trifluoroacetic acid. Addition of substrate is generally 

accomplished through nucleophilic displacement by the benzylic alcohol on a desired 

electrophile. Care should be taken when loading optically active substrates in that the 

activation step can lead to racemization. Cooling the suspension of resin before adding 

the coupling reagents can minimize the racemization. Subsequent warming to room 

temperature or higher can then be done safely. 

Rink 225 and Knorr 226 resins are similar to our polymer bound 

diphenyUcetimine resin differing only in the reduced state of the nitrogen atom (amine vs. 

imine) and the presence of a 2-methoxy substituent on the aromatic ring. These resins are 

most popular for the formation of amide products. They were originally developed for 

peptide amide synthesis using the FMOC strategy. These resins are favored due to their 

higher acid lability allowing cleavage to be performed in as low as 1 % TFA to produce 

the amide of the carboxylic acid substrate attached to it. Each of these resins is supplied 

with the amine protected by FMOC to provide stability on storage, therefore pretreatment 

with piperidine is required to render the free amine for loading. 
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Resin-Bound Ketimines. Although Schiff bases are sometimes regarded as unstable 

intermediates,^ and are generally subjected to further reaction,^' O'Donnell, et al. have 

demonstrated that sterically hindered benzophenone imine Schiff bases can serve as 

stable and extremely versatile protecting groups for amines.'™ To date, no such resin has 

been reported that possesses the diphenylketimine functionality,^^ and more robust Schiff 

base derivatives attached to resin supports would be very useful in a variety of synthetic 

contexts (Figure 4.2). 

Merrifield and Wang-based resins. Preparation of 4,4'-dialkoxy-diphenylketimine on a 

solid support was achieved using both Merrifield resin 223 and Wang resin 224 (Scheme 

4.1). Displacement of chlorine from Merrifield resin (chloromethyiated-polystyrene, 

223) with the cesium salt of 4-cyanophenoI gave 227 (98% based on elemental analysis 

for Cl~).^ Grignard addition to 227 and subsequent quenching with anhydrous 

methanol afforded the ketimine resin 228."' The reactions were monitored by FT-IR 

(KBr Pellet; nitrile at 2221 cm~^). The resin is stable in the absence of moisture, and can 

Synthetic 
Intermediates 

Pharmaceuticals and 
Natural Products Catalysts 

Figure 4.2. Synthetic uses of the ketimine resin. 
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be stored in a capped vial with no special precautions. Hydrolysis of 228 to give 229 

occurs under aqueous acidic conditions and can be detected by the presence of a carbonyl 

stretch at 1645 cm~' in the FT-DR. spectrum. Ketimine 230 was synthesized in the same 

manner using Wang's resin 224.^'' 

227 

228 
iMe 

III  

OOQ 

224 

230 
iMe 

H 

Scheme 4.1. Reagents: i. p-HOPhCN / Cs^CO^ / THF / 60°C, ii. p-MeOPhMgBr / THF / 60°C, Hi. 

MeOH, jV. HjO" 

AZIRIDINE SYNTHESIS 

Saturated three membered rings containing a nitrogen atom, known as aziridines, 

are among the most interesting and useful class of compounds for organic chemists. Due 
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to their very high reactivity and ability to function as carbon electrophiles, aziridine 

derivatives are versatile intermediates for the synthesis of biologically important 

compounds. The synthesis of aziridines dates back to 1888, when Gabriel unwittingly 

synthesized the parent member.^" Over the past century, the quantity and diversity of 

aziridine chemistry underwent enormous expansion. 

Synthesis and ring-opening. Aziridines have been synthesized by a variety of methods. 

There have been several publications that review their synthesis and reactions of 

activated and unactivated aziridines.^® The most obvious and oldest approach to 

aziridine synthesis involves internal (neighboring group) cyclization of an amino group 

situated beta to a leaving group. The so-called Gabriel and Wenker synthesis (Scheme 

4.2) are the best known procedures for such transformations. 

Such reactions show the expected stereospecificity and generally fail when the 

appropriate trans co-planar geometry can not be assumed.^'^ Side reactions include 

dimerization, polymerization and elimination. Most of the recent developments in this 

synthetic approach have dealt with the synthetic routes to the cyclization precursor (new 

reagents, higher yields, greater specificity, more conA^enient techniques, etc.) and in the 

cyclization step (ease of isolation, milder condition, -etc.). Provided in Scheme 4.3 are 

V7 

H 231 

X = Br. 01.1 (Gabriel) 
X = OSO3" (Wenker) 

Scheme 4.2. Synthesis of aziridines using the Gabriel or Wenker method. 
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some examples of recent syntheses of chiral aziridines. Note that in virtually every 

example, the cyclization step involves the attack of the nucleophilic nitrogen followed by 

expulsion of the leaving group, which is in correspondence with the observations of 

Gabriel and Wenker. 

Amino-Aclds 

NaOKHaO lOUAIKi 
NH, TsCI, EtNiPrz nhTs 2.) TsCI, EtaN Vs 

96% 90% 232 

233a H 233b 

PP'-3.D.AD 
o si 64% O-y NHMe 

234a 234b 

^ SOzCIa E^N 
.OH TrHN^^-

Me 
o=s-c4 

o 

94% _Jl, ^Me 
- n c r -BnO^ "VT^ 

Tr 235 

Carbohydrates 

1.)NaN3 
OMe L^^OMe <1^ 

236 
Oleflns 

1.)INCO MeOaCH KOH 

" 2.)MeOH 90% 
75% H H 237 

fVhC h-Q-H ^ CuOTf, Phl=NTs , 
"-y^ 

238 Ts ^ ^C\ CI—^ y 

> 98% e.e. 

Scheme 4.3. Chiral aziridine syntheses. 
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Since the ring closure of 1,2-ainino alcohols^ provide a convenient route to 

aziridines, it is not surprising that amino acids are widely used as chiral starting materials. 

The first four sequences^ can be conducted easily on multigram scale with good overall 

yields. The conditions used by Wipf and Miller^ to cyclize the threonine moiety of the 

peptide 233a provides some insight on the factors governing the steric course of such 

Mitsunobu-type^^ reactions. Compound 233a can easily be cyclized to the 

corresponding aziridine while the diastereomer 234a cyclizes to form the corresponding 

oxazoline 234b. The "one-pot" method developed by the Dutch group^ for the synthesis 

of 235 is noteworthy for its simplicity and efficiency. 

Sugar derivatives are also attractive chiral starting materials for a wide variety of 

synthetic purposes, including the preparation of aziridines. As is the case with amino 

acids, the major drawback to the use of carbohydrates is that usually only one of the 

enantiomers is readily available. Spiroaziridines such as 236^ are very useful 

intermediates in the synthesis of important branched-chain amino sugars. 

Some of the well-established methods^ for the synthesis of aziridines firom 

olefins are 1) addition of IN3 or INCO followed by reductive or hydrolytic ring closure. 

2) 1,3-dipolar cycloaddition of azides followed by decomposition of the intermediate 

triazoles. 3) Addition of a primary amine to a suitably 2-substituted acrylic acid 

derivative or Michael addition of a nitrogen nucleophile followed by expulsion of a 

leaving group at nitrogen and 4) direct addition of nitrene species. These general 

methods for aziridine formation can be used to exemplify the "hierarchy" of asymmetric 

synthesis, which ranges from substrate control, through reagent control, to 
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enantioselective catalysis. An example of substrate control is presented in the synthesis 

237^ while enantioselective catalysis is shown in the formation of 238^ via chiral Cu(i) 

complex. 

Application of 'H NMR spectroscopy has been especially useful in aziridine 

structure and stereochemical assignments. The large (5—9Hz) coupling constant for the 

coplanar vicinal cis hydrogens compared to the smaller (2—6 Hz) trans value allows for 

configurational assigmnent to many aziridines.^ The geminal-coupling constant 

decreases from approximately 2 to -7 Hz as the electronegativity of the aziridine 

substituent increases. 

Resin-Bound Aziridines. To test the utility of the resins, several substituted and 

unsubstimted aziridines were synthesized and opened to yield 3-amino esters. Simple 

aziridines are typically volatile and toxic. Thus, manipulation of these molecules on a 

resin support eliminates many problems often encountered when working with these 

heterocycles in solution, and could facilitate various combinatorial approaches via ring 

opening. 



245 

OMe 

239a, 239c 

241a, 241b, 241c 

Me 

242a R = Ph 
242b R = H 
242c R = Me 

Scheme 4.4. Reagents: i. H2NCHJCRHOH / TsOH / PhCHj / 60°C. ii. EtOiCCH^NH^-HCl / CHiQi / RT. 
i i i .  L i B H ^  /  M e O H  /  T H F  /  r e f l u x ,  i v .  P h 3 P * B r 2  /  N E t s  /  C H 2 C I 2  /  0 °  — r e f l u x .  

A toluene suspension of resin 228 and the tosylate-salt of l-phenyl-ethanolamine 

or l-aniino-2-propanol were condensed to yield the resin-bound Schiff base 239a and 

239c. (Scheme 4.4). Due to the absence of a characteristic absorption, as well as the 

presence of polystyrene absorptions, FT-ER was not useful for quantitative analysis of 

this reaction. Instead, '^C-NMR spectra were used to characterize the resins and were 

compared to solution phase models, which were prepared in parallel with the resin-

supported materials.^ Treatment with LiBH4 and MeOH in THF reduced the imine 239a 

and 239c to the benzhydrylamine 241a and 241c.^ This procedure was also used to 

reduce the resin bound glycine ethyl ester Schiff base 240 to the unsubstituted P-amino 
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alcohol 241b. Dehydration of aminoalcohols to give aziridine 242a-c was accomplished 

by treatment with PhjP'Brj and EtjN.^ 

Aziridine Ring-Opening. Due to ring strain, ring-opening reactions of aziridines are a 

dominant feature of their chemistry.^" Ring opening reactions can be classified in three 

major groups; acid-catalyzed, nucleophilic addition to activated aziridines and transition 

metal mediated ring-openings. The acid-catalyzed ring-opening of aziridines is not 

straight forward and debate persists about the details of the mechanism. Most activated 

and unactivated aziridines open in a S^l fashion under acidic conditions. Acetolysis of 

aziridine 243 was proposed to occur by an A-2 pathway, in which the acetoxy group 

preferentially attacks the carbon atom best able to accommodate some carbenium ion 

character.^*^ (Scheme 4.5) Borderline behavior was observed for the alcoholysis of cis-

aziridine 244, which was cleaved completely regioselectively with nearly complete 

inversion.^'^ 

AcOH 

NHCOaB EtOaOHN 

243 (13 :87) 

MeOH, H2SO4 

R1SO2HN Ph PhSOaHN 

Scheme 4.5. Acid-catalyzed ring-opening reactions. 
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The reaction mechanism for the nucleophilic ring opening of activated aziridines 

is more clear-cut than for non-activated species. For monocyclic aziridines, nucleophilic 

attack is expected to occur by an SN2-like mechanism with inversion. Monosubstimted 

aziridines are attacked predominantiy or exclusively at the methylene carbon atom, as is 

the case with aziridine 245 in Scheme 4.6.^'" 

o 
90% 0 

r|j ^ 
Ts npt ' 

245 

Scheme 4.6. Nucleophilic ring-opening of activated monosubstimted aziridines. 

Organometallic reagents offer a host of possibilities for selective carbon-carbon 

bond formation. Although the ring opening of three membered heterocycles, such as 

epoxides, has flourished, the corresponding aziridine chemistry has developed more 

slowly. The difficulties associated with the use of aziridines stem mainly from the 

inherent low reactivity of the unactivated heterocycles and the ambident nature of 

activated species such as aziridine carbamates and A^-acylaziridines. 

Aziridino alcohols, which are readily available via an extension of Sharpless' 

epoxidation chemistry, undergo nucleophilic ring-opening reactions. The basic concept 

is illustrated below on Figure 4.3. The nitrogen substituent is a strongly activating 

group, which can control stereochemistry by promoting clean SN2-type attack under mild 

condition. The regiochemistry is controlled by the substiment on the oxygen atom, which 

can be used to direct the incoming nucleophile to C-2 (by complexation to the attacking 

species) or to C-3 (by exerting steric effects). 
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>< 2 

N 

^ Rf—M 
'^2v^^x"'..._3y»R3 

G G 

Ra = bulky group 
C - 3 attack 

R2 = H, alkyi 
C - 2 attack 

G = activating group 

Figure 43. Ring opening of aziridino alcohols-

Several substrates 246a,b and 247a,b were opened und«er nucleophilic conditions 

and the results are summarized in Scheme 4.6.^ The reagents used were complex 

hydrides, organocuprates, or organoaluminum compoiunds. Excellent C-2 

regioselectivity was observed in the reactions with Red-Al and LiAlH4. Its been 

suggested that the free hydroxyl group first coordinates to the neagent, which thus allows 

intramolecular delivery of the hydride to the proximal carbon atom via a five-membered 

cyclic transition state. Epoxy alcohols usually undergo selectiwe C-3 attack by Dibal-H, 

but aziridines 246 and 247 do not mimic this behavior. 
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H0r^"'-V7^0R HC^NTT^OR 
? f 
Ts Ts 

246a R = CHaPh 247a 
246b R=TBS 247b 

246 
H NHTs TsHN ^OR 

248 249 

Ri = H. Me 

OR 
NHTs 

250 

r'H 
TsHN OR 

251 

Substrate Reagent 248:249 250: 251 Yield 

246 Red-Ai, THF, -78-0 >99:1 86 
247 Red-AI, THF, -78°C >99 : 1 81 
246 Red-Al, THF. -20''C >99 :1 80 
247 Red-AI, THF, -ZO'C >99 :1 70 
246 DIBAL-H, THF, -78''0 -> RT >99:1 30 
247 DIBAL-H, THF, -78°C -> RT 58: 42 19 
246 DIBAL-H, THF, -0°C -> RT 50:50 20 
247 DIBAL-H, THF, -CC -> RT 70: 30 53 

246a LiMeaCu, EtaO, -20°C >99 : 1 80 
246b LiMeaCu, EtaO, -20-0 >99:1 98 
246a LIMeaCuCN. THF, -20°C 92:8 81 
246b LiMeaCuCN, THF. -20°C >99:1 92 
246a AIMe3, toluene. 75°C <1 :99 71 
246b AIMes, toluene, 75°C 15:85 82 

247a LiMeaCu, EtgO. -20''C 

247b LiMegCu, EtaO. -20°C 78 : 22 87 
247a LiMeaCuCN, THF, -20°C 79:21 73 
247b LiMeaCuCN. THF, -20°C 88:12 68 
247a AIMea. toluene, 75°C <i : 99 92 
247b AIMea, toluene, 75°C 33:66 60 

Scheme 4.7. Ring opening of aziridino alcohols with hydride and methylation reagents. 

The reaction with alkyl nucleophiles are synthetically more interesting. The 

reagents used in this study were the Oilman cuprate,^"* the Lipshutz "higher order" 

cyanocuprate,^" and trimethylaluminum. The results from the trans and cis aziridines 
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246 and 247 are summarized in Scheme 4.7. Both types of cuprate reagents gave 

satisfactory C-2 regioselectivity for the trans aziridine 246. Trimethylaluminum 

provided good to excellent selectivity at C-3. Presumably the first equivalent of the 

reagent forms an aluminum alcoholate by removal of the OH proton. This alcoholate is 

expected to transfer a methyl group more slowly than a trialkylaluminum species.^ A 

second equivalent of the reagent then forms a Lewis acid-base complex with the 

benzyloxy group on C-4, which is followed by intramolecular delivery of a methyl group 

to the proximal C-3 carbon. Reaction of 246b with trimethylaluminum yielded lower 

selectivities and demonstrates the poor Lewis basicity of the TBS group.^" 

The results of the ring-opening reactions of the cis aziridines 247 show poorer 

regioselectivity as compared to the trans substrates. The poor performance is attributed 

to steric effects; however, opening with trimethylaluminum gave the same excellent C-3 

selectivity as observed for the trans isomer. The importance of having a good Lewis base 

at the C-4 position is again underlined by comparison of the last two entries; <1:99 for 

247a vs. 33:66 for 247b. 

Aziridine-2-carboxyIates are potentially useful synthetic intermediates, and can be 

opened under a variety of conditions. Baldwin et al. described the ring-opening of 

activated aziridines with Wittig reagents""" and the copper catalyzed reaction of 252 with 

Grignard reagents.*""' (Scheme 4.8) Unfortunately, the non-activated N-benzyl analogue 

of 252 was not a good substrate for organometallic reagents, even in the presence of 

Lewis acids.""^ Zwanenburg et al.^ published an extensive survey of 3-alkylaziridine-2-
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carboxcylic esters such as 253a-c. Excellent stereo- and regioselectivity were obtained in 

the ring-opening reactions of both activated and unactivated substrates. 

CuBr(SMe2) nhTs TsHN COatBu 

252 30% 55% 

^ u .COaEt Nu pOaEt C5H11 A i-H 

Y X CsHii 

253a X = H HCI/EtzO 84%(Nu = CI) 
253b X = Ac HCO2H 91% (Nu = OCOH) 
253c X=Ts MeaSiNa.EtOH.DMF 56% (Nu = N3) 

Scheme 4.8. Ring-opening of 2-carboxylate aziridines. 

The development of organo transition metal chemistry'"" has brought new 

dimension to organic synthesis and gready expanded the reservoir of techniques available 

for chemo-, regio-, and stereoselective transformations. The ring expansion of aziridine 

254 to give bicyclic compound 253 can be regarded as an "organometallic analogue" of 

the Stevens rearrangement of anmionium ylides.'"® (Scheme 4.9) The process involves 

the insertion of two molecules of diphenylacetylene and a single molecule of carbon 

monoxide. More interesting is the palladium catalyzed ring expansion of dienylaziridine 

256 to yield vinylpyrroline 257.'"® 
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(OOsCi 

1.)2 Ph-C^C-Ph 

2.) pyridine 
Me 

254 

.Me pd(pph3)4 
Me 

98% Ts Ts 
256 257 

CIS: trans =95:5 

Scheme 4S. Transition metal mediated aziridine ring-opening reactions. 

Activation and ring-opening studies. The research involving solid-phase aziridine 

synthesis was the initial stages of a proposed project that is expected to develop into a 

combinatorial approach towards the synthesis of PDMP analogs for biological testing. 

Aziridines are common intermediate in the synthesis of more complex compounds.'^ An 

important glucosylceramide synthase inhibitors, D- and L-?/ireo-PDMP 266 has recently 

been synthesized (Scheme 4.10) by Polt et al.,''"* starting from D- and L-serine 258. To 

date, this is the shortest and most efficient route to the compound.''"' 
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TBSO O TBSO OH TBSO OH TBSO 

1.) iBugAlg-H Y^OH 

2.) PhMgBr PfV^N P^V^N 
1 -78°c->RT r 1 r 
Ph Ph Ph Ph 

60 - 80% 
258 259 

threo 8: 1 erythro 

TBSO OH ^ 
259 i  L  X  a  T B S O  \ ^  

threo - isomer — Y'^Ph 
1  '  • •  
NH2 

260 261 

HO^\^ 

(-^N'''"'V^Ph 
NH2 

265 266 
L-f/ireo-PDMP 

Scheme 4.10. Polt's amino acid-derived synthesis of L-PDMP. i. Pyridine*HOTs / THF / HjO, ii. 
CI3COCO2CCI3 / THF, Hi. HF / H2O / CH3CN, /V. TsCl / pyridine, v. Morpholine / THF / reflux, vi. KOH 

(aq) / reflux, vii. QFj-O^C-QH,,. 

Efforts toward PDMP. It was envisioned tliat the synthesis could be further simplified by 

employing an appropriately (resin bound) A^-substituted aziridine as the key intermediate 

268. (Scheme 4.11) Oxidation of the amine (hydride abstraction) should allow for the 

opening of the resulting iminium salt with primary and secondary amines, with 

concomitant regeneration of the Schiff base functional group. The electron donating 

character of the aromatic p-methoxy substituents are expected to stabilize the iminium 

ion relieving some of the strain associated with its formation. 
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OMe 

Oxidation 

268a 268b 

Resonance Stabilized imlnium Ion 

OH 

PDMP Analogs 

OMe 

Scheme 4.11. Resonance-stabilized iminium ion of the resin-bound aziridine. 

Reports in literature have demonstrated that non-activated aziridines can be 

activated by several means and undergo ring-opening reactions.What has not been 

extensively explored is the oxidation of the aziridine nitrogen atom to the corresponding 

iminium ion, followed by attack of a nucleophile.''" It was hoped that oxidation of non-

activated"*^ aziridine 272 to an iminium ion 273 would promote ring-opening via 

Pathway A. (Scheme 4.12) Despite efforts with several oxidants {e.g. Hg(OAc)2, NMO, 

MCPBA, Pb(OAc)4), generation of a stable iminium ion 273 proved futile, probably as a 

result of the increased steric strain associated with its formation. When DDQ was used as 
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the oxidant/" the chlorinated Schiff base 275 (Nu = CI) always appeared, regajdless of 

the identity and molarity of the added nucleophile. Presumably, DDQ provided the 

chlorine source, which attacked the oxidatively-activated aziridine. 

OH III, IV I or II 

Ar©^Ar 
jf 

\r^Ar [O] 

Pathway B 

Nu Ar 274 [O] 

Scheme 4.12. Ring-opening of (A^-(4,4'-dimethoxy)-benzhydryI)-aziridines: i. (p-MeOPh)2C=NH / TsOH, 
CH2CI2, ii. (p-Me0Ph)2C=0 / BF3«Et20 / xylenes / reflux, in. NaCNBHs / HOAc / CH3CN, zv. Ph3P*Br2 / 

EtjN, CH2CI2. 

These efforts were abandoned, and an alternate route was taken (Pathway B). It 

was found that acetic acid opened a variety of aziridines under relatively mild 

conditions.'*^'* Treatment of 272 with glacial acetic acid gave the ring-openedl product 

274, which was oxidized to the Schiff base 275 (Nu = OAc) using DDQ. Su-bstituted 

aziridines were synthesized and the regio-selectivity of the reaction was erxamined 

(Scheme 4.13). The 2-methyl substituted compound gave a 6:1 ratio, favoring attack at 

the least substimted carbon to provide 277a as the product. Conversely, the 2-phenyl 

derivative yielded only 277b. In this case preferential attack could be rationalized by 
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stability of the incipient benzylic cation. In each case, the ring opening occurred without 

cleavage of the benzhydryl protecting group. 

R ,.11 y 
^ Ar2C=tvL^„. AraCsNv^^ J- i- Ar2C=N.,^^ 

\r^Ar i 
"OAc " ^ OAc 

Ar" ^Ar 
276 277a 277b 

R = Me 6 : 1 

R = Ph 0 : 100 

Scheme 4.13, Reagents: L HOAc, iL DDQ / CH2CI2. 

When the same reaction conditions were applied to the resin bound aziridine, 

identical results were observed. Treatment of 242a with acetic acid in acetonitrile 

provided 278 as the only isomer (Scheme 4.14). Oxidation to the imine followed by acid 

hydrolysis gave the amino ester 279 and the ketone 229.^*® Recovery of the spent ketone 

resin 229 allows for possible regeneration of the ketimine resin. 

OMe 

cr OAc 278 

,NH2 

- 229 + 279 

Scheme 4.14. Reagents: i. AcOH / CH3CN, ii. DDQ / HsO"^ / MeOH. 

The acid-promoted ring opening of aziridines is not limited to strong acids (i.e. 

HCl, HOAc, etc.). Some recent work by Lee et al.""** demonstrates that N-[(S)-(-)-a-

methyIbenzyl)aziridine-2-methanol derivatives 281 can be opened regioselectively with 
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thiols. (Scheme 4.15) The nitrogens benzyl substituent makes the ring nitrogen a base 

sufficiently strong enough to pick up the proton from the thiol. The proton transfer 

results in the aziridinium intermediate, which is a very labile species. The nucleophile, 

thiophenolate ion, then attacks the aziridine ring carbon at the less sterically hindered 

position to provide the ring-opening product 282 in high yields. A study of the ring-

opening reactions showed that there is a correlation between the reaction rate and acidity 

of the thiols; an increase in acidity yields an increase in rate. 

Based on these results, the initially proposed synthesis of PDMP on a solid-

support via a aziridine is still achievable. Solution-phase efforts towards this goal are 

provided in Scheme 4.16. The synthesis of aziridine 288 has been realized and current 

strategies for the ring-opening are underway. The electron-rich benzhydryl A^-protecting 

group should render the ring nitrogen sufficiently basic to accept a proton from nitrogen 

(morphoUne) and sulfur (thiophenol) nucleophiles. 

PhSH 

CH2CI2. rt 

280 281 282 

85 - 95% 

Scheme 4.15. Ring-opening of unactivated aziridines by thiols. 
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Hi 

Hgl 
H 

O 
283 

L- Serine 

TBSQ O 

OMe 
IV 

TBSO OH 

Ar 
285 threo 

+ minor products 

285 V 

threo - isomer 

TBSO OH 

^r^Ph vi 

Aiv^NH 

Ar 286 

OH OH 

Ar^NH 

Ar 287 

H 

N ^ Ph 

Ai< ^NH 

288 289 

Ar 

290 

IX, X 

266 

L-f/ireo-PDMP 

Scheme 4.16. Solution-Phase synthesis of L-PDMP via aziridinium ion intermediate, i. SOCI2 / MeOH / -
20°C —> RT, a. p-MeO-(C6H4)i-C=NH / CH3CN, Hi. TBS-Cl / Imidazole / DMF, /v. iBusAl^-H / CHjCl^ 
/PhMgBr/-78°C—>RT, v. N^HjCN/CH3CN/HOAc, v/.TBAF/THF, viY. PhjP'Br^/EtjN/0° —> 

RT, via. Morpholine /CHjCU, ir. Pd-C / Hj, x. F5C6-O-CO-C9H19 / pyridine. 

SYNTHESIS OF AMINQ-ALCOHOLS 

Solid-phase reductive-alkylation. We wished to adapt our threo-selectivc reductive 

alkylation of Schiff base esters'*" to the solid phase. (Scheme 4.17) Transimination with 

228 and L-serine methyl ester hydrochloride yielded 291."" Protection of the primary 

alcohol as the silyl ether 292 was achieved with TBS-Cl and imidazole. The fully 
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protected resin-bound serine was treated with an equiraolar mixture of iBu^AIH and 

iBUjAl at —78°C- Addition of PhMgBr, followed by wanning to 0°C yielded the amino 

alcohol product 293. Cleavage with PPTS in aqueous THF provided 294, which was 

determined to be predominately the threo isomer (10:1) by integration of the crude 'H 

NMR spectrum. 

Scheme 4.17. Reagents; i. L-Serine Methyl Ester*HCl / CH^CU / RT, ii. TBDMS-Cl / imidazole / DMF / 
RT, Hi. iBujAlzH / PhMgBr / -78°—> 0°C, iv. CsHsN-HOSOzPhCHj / HjO / THF. 

TRANSITION METAL COMPLEXES 

Ligand assembly. Hugo Schiff himself reported the first examples of imine-metal 

complexes."" In a previous communication/^ we reported the design and synthesis of 

stable Ni(ii) and Cu(ii) complexes derived from optically active amino acids.''^^ It was 

hoped that the presence of the para-aBaoxy substituents used to attach the ketimine to the 

resin would enhance the metal-binding ability of the imines."*^ Indeed, shortened N-Ni 

228 

229 + 294 
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bond lengths were observed by single crystal X-ray analysis (see discussion in Chapter 

2).""^ The Wang resin 224 was used as a support, (Scheme 4.18) and attachment of the 

bifurcated dipeptide llOe to the resin 230 was followed by FT-ER. (amide C=0 stretch at 

1681 cm~'). Reaction of 295 with benzophenone imine completed the synthesis of the 

resin-bound ligand 296. 

}Me 

H 

L-Phe 
L-Phe 

llOe (3equiv.) 
O^NH HN'^0 

Ph 

295 

xXW 
297a Ni(ll) 

297b Co(ll) 
297c Cu(II) 

297d 2n(II) 

Scheme 4.18. Reagents; /. TsOH / PhCHj / 80°C / 24 h, it. Ph,C=NH / TsOH / PhCHj / 80°C / 24 h. Hi. 
a) NiBfj / NEtj / THF / reflux, b) CoCU / DBU / DMF / 40°C, c) CuCU / DBU / DMF / 40°C, d) Et.Zn / 

THF / reflux. 

Metal insertion. The ligand-bearing resin 296 has been shown to bind the metals Ni", 

Co", Cu", and Zn" efficiently. (Figure 4.4) Complexation of Ni" (297a) caused the pale 

yellow resin to change color and sink to the bottom of the reaction vessel, indicating a 
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profound change in density. Upon complexation, Co" (297b) and Cu" (297c) showed 

similar behavior, but a different color change. The oxygen- and moisture-sensitive Zn" 

complex (297d) was colorless, and was prepared from EtXn under argon. 

Figure 4.4. Above—Photograph of resins: 1.) Wang diphenylketimine 230. 2.) Wang-L-Phe-L-Phe ligand 
296. 3.) Ni(ii)-loaded resin 297a. 4.) Cu(n)-Ioaded resin 297c. 5.) Co(ii)-loaded resin 297b. 6.) Resin 

241b. Below— Composite photomicrograph of resins: a) Wang diphenylketimine 230. b) Wang-L-Phe-L-

Phe ligand 296. c) Ni(ii)-loaded resin 297a. d) Cu(ii)-loaded resin 297c. 



CHAPTERS 

FTURE DIRECTIONS AND OUTLOOK 
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The focus of this project was to design a catalyst system capable of catalyzing 

asymmetric transformations of simple substrates. Based on the results presented in this 

dissertation, it can be concluded that our original goals have been realized. These initial 

investigations have laid a basic foundation or premise for future work. 

Several side projects were explored and need to be investigated more fully. These 

include determining the scope and limitations of the Zn-catalyzed, 1,2 carbonyl addition 

reactions. Most of the work presented involved the use of diethyl or dimethyl zinc as the 

alkyl source. There is literature precedence for the formation of a zinc-'ate'-hydride 

complex for carbonyl reductions (equation 1). It was envisioned that reaction of Zn-L-

Phe-L-Phe with NaH should form a chiral ate-complex and stereoselectively reduce 

ketones (equation 2). 

equation 1 

PhCHO. EtaZn O-

R' = H 

In addition, other alkyl transfer agents should be investigated. Longer chain alkyl 

groups and even functionalized reagents should lead to more sophisticated molecules. 

Finally, substrate effects should be probed in more detail. Use of a chiral substrate and 

chiral auxilaries will allow one to determine whether the stereochemistry is substrate or 

reagent controlled (matched or mismatched). 



264 

o 
11, 

L- or D-enantiomer 
of ctiiral auxiliary matched / mismatched 

Finally, in order to facilitate the catalyst development, a new solid support has 

been prepared that allows for the attachment of bifurcated ligands. The original work 

involved the attachment as one discrete entity. The drawback was that the tetra-

coordinate ligand had to be prepared in solution &st. This is tedious and limits the speed 

and efficiency in which an array can be assembled. Therefore, a stepwise approach in 

attaching the ligand has been developed. Each amino acid can be added one at a time 

followed by capping of the terminal amine. A combinatorial approach can then be 

developed in which different ligands are prepared in a two-dimensional array. Metal 

binding affinity can then be screened utilizing a third dimension. 

Boc - L - Amino Add 

CH3CN 

1.) TsOH, toluene 

2.) Ph2C=NH, CHaCIa 



CHAPTER 6 

EXPERIMENTAL SECTION 
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GENERAL METHODS 

'H NMR spectra were measured at 250 mHz on a Bruker AM-250 spectrometer or 

at 500 MHz on a Brucker AM-500 spectrometer, and were referenced with internal TMS 

(0.0 ppm). The attached proton test (APT) spectra were performed at 62.9 MHz on a 

Brucker AM-250 instrument and were referenced with CDCI3. IR spectra were recorded 

on a Nicolet FT-IR Impact-4000D model spectrometer s a KBr pellet or CHjClj solutions 

(NaCl plates). Melting points were obtained on a Mel-Temp n melting point apparams 

and are uncorrected. Optical rotations were taken on a Jasco model DIP-lOOO-digital 

polarimeter using the NaD-line. Thin-layer chromatography analyses were performed on 

Analtech precoated glass-backed silica gel TLC plates (UV, 250 microns). Visualization 

was accomplished using a variety of developing dips (ninhydrin in a 3% acetic acid / n-

butanol solution, or 10% phosphomolybdic acid in ethanol). Flash chromatography was 

performed on silica gel (230-400 mesh) as described by Still et 

All reactions were carried out in flame-dried glassware under a dry argon 

atmosphere. Triethylamine and pyridine were dried and distilled over KOH. Solvents 

were dried and purified in the following manner: toluene was distilled from CaH; ethyl 

ether and THF were distilled from potassium benzophenone ketyl; CHjClj was distilled 

from P2O5. DMF was distilled from MgS04 under reduced pressure. Aldehyde reagents 

were distilled under reduced pressure before use. All other reagents and solvents were 

used without further purification. 
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NMRDATA 

V̂ ,̂ ° 2 ( 1  >  ^ N f T H N - f  y - N H  H N - f  
n h  h n  2 <  1  >  2 <  1  >  

o=< 3 )=o \H2 H^N .N N 
P 3 , 2HC1 / 

4X A 

Chemical Shift (ppm). Multiplicity 

Number 108a 110a'' 111a 
H-1 8.50 s — 9.68$ 
H-2 3.90 d 3.6-3.8 4 singlets 4.09 s 
H-3 5.53 s — — 

H-4 1.47 s — — 

Coupling Constants (J„h- Hz") 

J^Y 5.16 — — 

"The 'H spectrum of the HCl salt was determined in D2O. The methylene appears as 4 
separate singlets of varying intensities. 

Table 6.1: 'H NMR Data for Gly / Gly Schiff Base Ligand (250 MHz NMR. CDCI3). 



Chemical Shift ("ppm^ 

Carbon No. 108a 110a 111a 

C-1 169.2 169.6* 
C-2 44.3 56.7 
C-3 156.2 — 

C-4 80.1 — 

C-5 28.2 — 

Ph2C=N- — 170.3* 

Aromatic CH's 125.3 124.7 
126.3 126.0 

127.0 
128.0 
128.4 
128.7 
128.9 
130.6 

Axomatic C's 130.1 130.0 
135.8 
138.3 

* May be reversed. 

Table 6.2: "C-NMR Data for Gly / Gly Schiff Base Ligand (250 MHz NMR, CDCI3). 
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Chemical Shift Cppm'). Multiplicity 

Number 108b llOb" 111b 
H-1 8.40 s — 9.06 s 
H-2 4.41 q 4.23 t 4.27 dd 
H-3 3.04 ddd 3.09 d 3.06 ddd 
H-4 5.44 s — — 

H-5 1.41 s — — 

H-6 8.23 s — 9.52 s 
H-7 3.88 d 3.6 — 3.8 (3 singlets) 3.83 d 
H-8 5.26 d — — 

H-9 1.47 s — — 

Coupling Constants (J Hz") 

J 2J 6.6 7.38 3.23 {trans) 
J 2J' 7.25 — 9.25 {cis) 
J 3^ 7.02 7.21 3.17 (trans) 
J 3^- 7.16 — 9.35 ids) 
J 3J. 14.0 — 13.0 (gem) 
J IT 5.83 — 0.9 (gem) 

" 'HMR spectrum of t le HCl salt (250 MHz, D2O). The methylene of the Gly residue 
appears as three discrete singlets of varying intensity. 

Table 6.3: 'H-NMR Data for Phe / Gly Schiff Base Ligand (250 MHz NMR; CDClj). 
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Chemical Shift Cppm') 

Carbon No. 108b 110b 111b 
C-l/C-7 169 /171 — 169.5 / 170* 
C-2 / C-8 38.0/44.2 — 56.2 / 67.9 

C-3 56.1 — 41.3 
C-4 / C-9 155.5 / 155.9 — — 

C-5/C-10 79.9 / 80.0 — — 

C-6/C-11 28.12/28.17 — — 

Ph2C=N- — — 170.2/171.3* 
Aromatic CH's 124.9 — 124.3 / 125.5 

125.3 125.6/126.1 
125.9 126.4/127.1 
126.3 127.8 / 127.9 
126.7 128.0 / 128.50 
128.3 128.56 / 128.6 
129.2 128.8 / 129.9 

130.3 
130.6 

Aromatic C's 129.5 — 129.1 / 131.1 
130.4 135.0/135.8 
136.3 137.4/138.3 

138.7 
* May be reversed. 

Table 6.4: "C-NMR Data for Phe / Gly Schiff Base Ligand (250 MHz NMR, CDCI3). 



Chemical Shift Cppm). Multiplicity 

Number 108c 110c 111c 
H-1 — — 9.35 s 
H-2 — — 4.08 q 
H-3 — — 1.36 d 
H-4 — — — 

H-5 — — — 

Coupling Constants (J Hz) 

J — — 6.89 
J •?2 — — 6.87 

Table 6.S; 'H-NMR Data for Ala / Ala Schiff Base Ligand (250 MHz NMR, CDCI3). 



Chemical Shift rppm) 

Carbon No. 108c 110c 111c 
C-1 — — 169.1* 
C-2 — — 61.3 
C-3 — — 20.9 
C-4 — — — 

C-5 — — — 

C-6 — — — 

Ph,C=N- — — 173.2* 

Aromatic CH's 125.3 
126.0 
127.2 
128.0 
128.6 
130.5 

Aromatic C's 130.2 
135.5 
138.7 

* May be reversed. 

Table 6.6: '^C-NMR Data for Ala / Ala Schiff Base Ligand (250 MHz NMR, CDCI3). 



Chemical Shift Tppin). Multiplicity 

Number 108d llOd llld 
H-1 — — 8.93 
H-2 — — 3.81 d 
H-3 — — 2.13 m 
H-4 — — 0.82 d 
H-4' — — 1.02 d 
H-5 — — — 

H-6 — — — 

Coupling Constants (J Hz) 

J 2J — — 4.25 
3.4 

— — 6.87 

IM. 
— — 6.77 

Table 6.?! 'H-NMR Data for Val / Val Schiff Base Ligand (250 MHz NMR, CDCI3). 



 ̂ NH HN \ 
0=<5 >=0 

V / NHz H2N \ 
2HCI M' 

N 

Ph 
V" 

Ph 

Chemical Shift Tppm) 

Carbon No. 108d llOd llld 
C-1 — — 170.1* 
C-2 — — 71.3 
C-3 — — 34.1 
C-4 — — 18.1 
C-4' — — 19.4 
C-5 — — — 

C-6 — — — 

C-1 — — — 

Ph2C=N- — — 171.8* 
Aromatic CH's — — 125.1 

125.7 
127.8 
127.9 
128.5 
128.6 
128.8 
130.4 

Aromatic C's — — 130.2 
135.8 
139.1 

* May be reversed. 

Table 6.8: '^C-NMR Data for Val / Val Schiff Base Ligand (250 MHz NMR, CDCI3). 
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/r\ 

 ̂ NH HN 
0={ 4 

V 
 ̂ NH2 H2N 

4 • 2 HCI 

NH H 

Ph Pn 

Chemical Shift (ppm). Multiplicity 

Number 108e llOe" llle" 
H-1 8.49 s — 9.06 s 
H-2 4.45 q 4.221 4.21 dd 
H-3 2.98 ddd 3.07 d 3.09 ddd 
H-4 5.33 s — — 

H-5 1.38 s — — 

Coupling Constants (J „ Hz) 

J 2J 6.71 7.23 3.26 (trans) 
J 2J' — — 9.39 ids) 
J 3.2 5.82 7.27 3.18 (trans) 

3.2* 7.31 — 9.39 (cis) 
J 3.3' 13.53 — 13.08 (gem) 

" 'HMR spectrum of ti ̂le HCI salt (250 Mriz, DjO). 'H NMR spectrum of the Schiff 
base ligand (500 MHz, CDCI3). 

Table 6.9: 'H-NMR Data for Phe / Phe Schiff Base Ligand (250 MHz NMR, CDCI3). 



>o 
HN Ptl y-NH 

^ NHz HzN 
2 HQ 

^NH HN-^ p 

Lf v-" 

Chemical Shift fppm) 

Carbon No. 108e llOe llle 
C-1 170.7 — 170.4* 
C-2 56.1 — 67.9 
C-3 38.1 — 41.7 
C-4 155.4 — — 

C-5 80.0 — — 

C-6 28.1 — — 

Ph2C=N- — — 171.7* 
Aromatic CH's 125.1 — 125.4 

126.1 126.0 
126.7 126.3 
128.4 127.2 
129.2 128.0 

128.1 
128.2 
128.7 
130.0 
130.5 

Aromatic C's 130.0 — 130.3 
136.5 135.3 

137.5 
138.7 

* May be reversed. 

Table 6.10: "C-NMR Data for Phe / Phe Schiff Base Ligand (250 MHz NMR, CDCy. 
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V 
* NHg 

p. V NhTH 

HaN 
2HCI 

4W3 2 

Ph 

> ^ 

Chemical Shift (ppm). Multiplicity 

Number 112a 112b'' 112c 
H-1 2.95 m 2.90 m 3.3/3.48 m'' 
H-2 5.72 s — 6.41 d 
H-3 4.10 q 3.86 t 4.13 dd 
H-4 2.90/3.15 m 2.75 ddd 2.92 ddd 
H-5 5.11 d — — 

H-6 1.41 s — — 

Coupling Constants (J jjjj. Hz) 

J 12- — 4.33 6.80 
^ 3,4 7.4 7.49 2.62 (trans) 
J 3.4- 7.6 — 8.83 (cis) 
^ 43 

— 2.48 (trans) 2.18 (trans) 
^ 4-J 

— 3.82 (cis) 9.25 (cis) 
J 4.4' — 10.51 (gem) 12.70 (gem) 

7.39 — — 

" ^HMR spectrum of the HCl salt (250 MHz, D^O). ^ Two sets of multiplets. 

Table 6.11: 'H-NMR Data for Phe / Phe —(Ethyl backbone) Schiff Base Ligand (250 MHz NMR; CDCI3). 
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NH HN 
o={s )=o 

V ^ NHa HjN 
• 2HCI 

NH HN—  ̂
>•••!•' 

Chemical Shift fppm') 

Carbon No. 112a 112b 112c 
C-1 a 

— 41.3 
C-2 171.7 — 169.8* 
C-3 56.1 — 67.3 
C-4 38.9 — 38.9 
C-5 155.3 — — 

C-6 136.8 — — 

C-1 28.3 — — 

Ph2C=N- — — 173.0* 
Aromatic CH's 126.9 — 126.0 

128.6 127.1 
129.3 127.82 

127.89 
128.0 
128.4 
129.9 
130.3 

Aromatic C's 136.8 — 135.1 
137.5 
138.8 

The CHj of the ethylbackbone is not observed in the '^C-spectra. Ii is believed to 
overlay with the benzylic CHj of the amino acid at 38.9 ppm. * May be reversed. 

Table 6.12: '^C-NMR Data for Phe / Phe—(Ethyl backbone) Schiff Base Ligand (250 MHz NMR; CDClj). 
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NH H 

2HC1 ^ y' Ph 
Ph 

Chemical Shift Tppml Multiplicity 

Number 113a 113b 113c 
H-1 1.35 m — 1.56 p 
H-2 3.00 d — 3.23 / 3.0 h 
H-3 6.57 s — 6.83 d 
H-4 4.25 q — 4.16 dd 
H-5 2.82/3.05 m — 2.99 ddd 
H-6 5.06 s — — 

H-7 1.40 s — — 

Coupling Constants fJ„n. Hz) 

J — 6.47 
^ 2.1 

— 6.57 
J 2J 7.2 — 6.83 
^ 44 7.3 — 3.34 (jrans) 
J 4j- — — 8.59 (c/j) 
^ 5.4 

— — 8.65(rra«j) 
^ S'.4 

— — 3.59 (cij) 
— — 12.95 i^em) 

Table 6.13: 'H-NMR Data for Phe / Phe-(Propyl backbone) Schiff Base Ligand (250 MHz NMR; CDCI3). 
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7 
8 

Chemical Shift Tppm') 

Carbon No. 113a 113c 113c 
C-1 — — 30.0 
C-2 — — 35.8 
C-3 — — 169.6* 
C-4 — — 67.3 
C-5 — — 41.4 
C-6 — — — 

C-7 — — — 

Ph2C=N- — — 172.7* 
Aromatic CH's — — 126.1 

127.2 
127.9 
128.0 
128.2 
128.5 
130.0 
130.3 

Aromatic C's — — 135.3 
137.6 
138.9 

* May be reversed. 

Table 6.14: '^C-NMR Data for Phe / Phe-(Propyl backbone) Schiff Base Ligand (250 MHz NMR; CDCI3). 
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Chemical Shift Cppml Multiplicity 

Number 114a 114b 114c 
H-1 6.77/8.12 s — 8.51 s 
H-2 4.32 q 4.19 dd 4.41 dd 
H-3 3.19 d 3.09 ddd 3.09 ddd 
H-4 5.45 / 6.02 s — — 

H-5 1.42 s — — 

Coupling Constants (J Hz") 

J 2J 7.34 6.61 (trans) 3.55 (trans) 
J 2J- — 9.11 (jcis) 9.08 (cis) 
J 3a 6.82 6.55 (trans) 3.54 (trans) 

3'^ — 9.25 (cis) 9.25 (cis) 
— 13.75 (Rem) 13.01 (^em) 

Table 6.15: 'H-NMR Data for Phe / Phe-(Propyl backbone) Schiff Base Ligand (250 MHz NMR; CDClj). 



282 

Chemical Shift Tppinl 

Carbon No. 114a 114b 114c 
C-1 156.6 157.6 157.9* 
C-2 55.3 55.2 65.6 
C-3 39.4 39.4 43.1 
C-4 156.2 — — 

C-5 80.4 — — 

C-6 28.3 — — 

Ph2C=N- — — 170.7* 
Aromatic CH's 126.7 111.2 102.2/114.1 

128.5 125.2 118.8/119.7 
129.3 130.9 126.4 / 127.4 

131.7 128.1 / 128.3 
128.4 
128.6 
130.2 
130.6 

Aromatic C's 122.2 134.9 135.2/135.5 
135.3 135.7 136.7/ 137.1 
136.9 137.0 139.1 / 144.6 

* May be reversed. 

Table 6.16: "C-NMR Data for Phe/Phe-(Napthyl backbone) Schiff Base Ligand (250 MHz NMR; CDCIj). 
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Chemical Shift (ppm). Multiplicity 

Number 108f 109f llOf lllf 
H-1 4.43 m 4.27 t 4.27 m 4.08 m 
H-2 3.69 m 3.78 m 4.05 m 3.76 m 
H-3 1.45 s 1.47 s — 

Benzylic CHj 4.53 s — — 

Coupling Constants (J „ Hz) 

5.06 

®The compounds exist as a mixture of rotomers in CDCI3. In d4-MeOH, the rotomers are 
minimized and allows for easier interpretation of the spectrums. 

Table 6.17: 'H-NMR Data for Ser / Ser Schiff Base Ligand (250 MHz NMR, d4-MeOH). 
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.,^Bn 
H 

O^NH HN^O 

• 2HCI 

1 .NH 

Chemical Shift rppm^ 

Carbon No. 108f 109f llOf lllf 
C-1 171.7 172.1 — 172.3-172.6 (2) 
C-2 56.5 58.3 — 61.8-70.5 (4) 
C-3 70.7 63.2 — 66.0 - 68.4 (3) 
C-4 157.7 157.8 — — 

C-5 81.1 81.0 — — 

C-6 28.7 28.7 — — 

Benzylic CHj 74.1 — — — 

Ph2C=N- — — — 173.0 - 173.2 
Oxazoline — — — 101.6 

Aromatic CH's 126.2 126.4 125.9-131.9 
126.4 127.2 (20 peaks) 
127.2 
128.7 
128.8 
129.3 

Aromatic C's 131.4 131.7 130.9 -144.6 
139.1 (13 peaks) 

®The compounds exist as a mixture of rotomers in CDCI3. In d4-MeOH, the rotomers are 
minimized and allows for easier interpretation of the spectrums. 

Table 6.18: '^C-NMR Data for Ser / Ser Schiff Base Ligand (250 MHz NMR, d^-MeOH). 
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'^"4 ,oV '^•'? 'V^' •'7-r 
no p o •* NH2 HzN 

Ca A'̂  'A X. P^"' 
11 11 

Chemical Shift (ppm). Multiplicity 

Number 108h 109h llOh lllh" 
H-1 8.61 s 8.59 s — — 

H-2 3.65 m 3.67 m 4.11 m — 

H-3 3.02 ddd 3.04 m 3.08 d — 

H-4 5.2 s 5.41 s — — 

H-5 1.39 s 1.36 s 4.19 m — 

H-6 8.34 m 8.63 s 3.85 m — 

H-7 3.90 m 4.46 m — — 

H-8 4.44 m 3.93 m — — 

H-9 4.54 d 4.30 s (-OH) — — 

H-10 5.47 m 5.73 m — — 

H-11 1.47 s 1.47 s — — 

Coupling Constants (J „ h- Hz") 

J 22 6.13 (trans) — 7.28 — 

J Z'3. 7.85 (cis) — — — 

J 33* 13.67 (gem) — — — 

J gq. 3.97 — — — 

"The compounds exist as a mixture of rotomers in CDCI3. 

Table 6.19: 'H-NMR Data for Phe / Ser Schiff Base Ligand (250 MHz NMR, CDCI3). 
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0=^" "*^=0 ''V ^NH HI^-^ ^)...../ 

c/̂ A> P 
5 12 \̂, 5 12 

6 13 6 13 

Chemical Shift fppm')' 

Carbon No. 108h 109h llOh lllh 
C-l/C-7 169.4/170.4 170.3 / 170.7 169.5 / 170.8 170.0/170.5* 
C-2 / C-8 54.8/56.1 56.0 57.1 60.6/67.3 
C-3 /C-9 38.3 / 69.5 38.4 / 62.6 39.3 41.3/65.5 

C-4/C-11 155.50 / 155.52 155.8 — — 

C-5/C-12 80.1/80.4 80.5 — — 

C-6/C-13 28.21/28.26 28.1/28.2 — — 

C-10 73.2 — — — 

Ph2C=N- — — — 171.4/ 171.8* 
Oxazoline — — — 99.9 

Aromatic CH's 125.1/126.2 125.4 128.6 124.1 -> 130.7 
126.7 /126.8 126.8 128.9 
127.7 /127.8 128.5 130.3 

128.4 129.3 130.5 
128.5 — 131.6 
129.2 — 131.9 

Aromatic C's 129.9 136.21 132.0 128.8 -> 143.3 
136.5 136.25 136.0 
137.3 — — 

"The compounds exist as a mixture of rotomers in CDClj. * May be reversed. 

Table 6.20: "C-NMR Data for Phe / Set Schiff Base Ligand (250 MHz NMR; CDCI3). 
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Q"< rU' 
K " 

^ ^0 

Chemical Shift (ppm). Multiplicity 

Number 1081 llOj lll.i llli 
H-1 8.27 s — 8.48 s 9.01 s 
H-2 4.46 m 4.25 t 4.28 dd 4.09 dd 
H-3 2.94 ddd 3.13 m 3.03 ddd 2.93 ddd 
H-4 5.26 s — 

H-5 1.37 s — 

H-6 8.32 s 8.97 s 9.20 s 
H-7 3.79 m 4.211 3.84 dd 3.94 dd 
H-8 2.58 m 2.94 m 3.19 ddd 2.32 ddd 
H-9 5.13 s — — — 

H-10 1.44 s — — — 
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Coupling Constants Hz) 

J 5.75 7.72 3.65 (trans) 2-81 (trans) 
J 23' 7.83 — 8.41 (cis) 9.43 (cis) 
J 3a — — 3.68 (trans) 2.94 (trans) 

y,2 — — 8.55 (cis) 8.98 (cis) 
J 3 J- 13.74 — 13.03 (gem) 12.95 (gem) 
J 4^ — — — — 

J 7.8 — 5.67 7.50 (trans) 4.35 (trans) 
J lA- — — 7.89 (cis) 6.73 (cis) 
J 8.7 — — — 4.37 (trans) 
J 8*,7 — — — 6.24 (cis) 
•^y — — 10.61 (gem) 11.32 (gem) 

Table 6.21: 'H-NMR Data for Phe / Cys Schiff Base Ligand (250 MHz NMR; CDClj). 
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13 
( P" 

S-^-.Ph 
8>-Oph 

HN 9 
10^=0 

/4<> 

M , o 
Ph "V-NH HN-̂  

3 NH 
0^4 

O 

5 11 12 

v5 î/ Ph >^H HN—? SH 
3v-<r 3 NHz H2N 8 

•2Ha 

13 

W2 8>-
"Ph 

>h 

Ph—  ̂
Ph Ph 

-̂Ph Ph—  ̂
Ph Ph 

Ph 

Chemical Shift fppm') 

Carbon No. I08.i llQi ilii llli 
C-1 169.5 170.4 170.4* 
C-2 56.1 66.2 64.6 
C-3 38.1 41.6 41.5 
C-4 155.3 — 

C-5 80.1 — 

C-6/C-12 28.2 — 

C-1 170.5 169.4 169.9* 
C-8 55.9 67.5 67.6 
C-9 33.4 39.2 37.1 
C-10 155.3 — — 

C-11 80.4 — — 

C-13 67.1 — 66.3 
Thiazoline — 87.6 — 

Ph2C=N- — 171.9 171.2/171.7 
Aromatic CH's 125.1 124.6 / 125.3 125.3 / 125.5 

126.2 126.1/126.3 125.8/126.1 
126.6 126.6 / 127.0 126.3 / 127.2 
126.7 127.4/128.0 127.5 / 127.7 
127.9 128.1/128.3 127.9/128.1 
128.4 128.4/128.5 128.4/ 128.6 
129.2 129.9 129.0/129.5 
129.3 130.7 130.0/130.5 

Aromatic C's 129.9 129.5 / 129.8 129.8/ 135.1 
136.5 135.0 / 136.9 135.4/ 137.4 
144.2 138.5 / 144.3 

145.4 
138.6/ 138.7 

144.5 
* May be reversed. 

Table 6.22: "C-NMR Data for Phe / Cys Schiff Base Ligand (250 MHz NMR; CDCI3). 
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•N02 
IH 

IH HI He >NH HI Hb 
Hb 

•NH HI 
Hb 

•3HCI Ph 

10 
10 

Chemical Shift (ppm). Multiplicity 

Number 108k 109k 110k 111k 
H-1 8.29 s 8.48 s — 9.20 s 
H-2 4.59 m 4.50 m 4.301 4.28 dd 
H-3 3.12 m 3.14 m 3.26 d 3.04 ddd 
H-4 5.55 d 5.55 s — — 

H-5 1.39 s 1.40 s — — 

H-6 8.84 s 9.46 s — 9.24 s 
H-7 4.59 m 4.50 m 4.23 t 4.08 dd 
H-8 3.03 m 2.84 m 3.08 d 2.62 ddd 
H-9 6.12 s 6.17 s — — 

H-10 1.50 s 1.49 s — — 

Ha 7.74 s 7.62 s 8.48 s — 

Hb 6.91 s 6.68 s 7.27 s 6.71 s 
He 7.63 d 4.08 m 
Hd 8.47 dd 3.76 m 
He 8.81 d — 
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Coupling Constants (J uv Hz) 

— — 3.11 (trans) 
J 2J' — — 9.58 (cis) 
J -iP. — — 3.16 (trans) 
J Y2 — 

— 9.52 (cis) 
J iS — — 13.0 (gem) 
J 4a lAl — — — 

J 7.8 
— — — 4.82 (trans) 

J  ig .  — — — 5.09 (cis) 
J 8,7 

— — — 4.98 (trans) 
J 8-.7 

— — — 5.28 (cis) 
J 8.8' 

— — — 14.8 (gem) 
J Hc-Hd 8.73 — — — 

J Hd-Hc 8.74 — — — 

J Hd-He 2.32 — — — 

2.40 — — — 

Table 6.23: 'H-NMR Data for Phe / His Schiff Base Ligand (250 MHz NMR; CDCI3). 
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'SL t° A • H 
"v. 6^ 5 11 \z 
6 ^ 5 11 12 

Chemical Shift (ppm') 

Carbon No. 108k 109k 110k 111k 
C-1 170.2 171.2 — 170.8® 
C-2 56.1 55.9 — 65.4 
C-3 39.3 39.1 — 41.3 
C-4 170.2 155.4 — — 

C-5 79.8 79.6 — — 

C-6 / C-12 28.2 28.3 — — 

C-7 170.5 171.2 — 171.3® 
C-8 54.1 54.9 — 68.0 
C-9 29.9 30.0 — 31.4 
C-10 170.2 155.4 — 

C-11 80.2 80.3 — 

Ph2C=N- — — — 171.7/172.0 
Aromatic CH's 121.1* 124.6* — 125.3*/ 125.9" 

128.2* 125.3' 126.3/127.1 
129.2* 126.2 / 126.5 128.0/ 128.1 

124.4/125.7 126.9 128.2/ 128.4 
126.5 / 126.7 128.3 128.5/ 128.7 
128.4/ 129.4 129.3 129.9/ 130.5 

130.8 
Aromatic C's 128.9* / 130.7 132.0 — 129.7/ 130.3 

134.8 / 136.7 135.2 135.2/ 137.3" 
143.8* / 146.5* 136.7* 138.6/ 138.9 

' Denotes carbons of the DNP-protecting group. * Denotes carbons of the imidazole ring. 
® May be reversed. 

Table 6.24: '^C-NMR Data for Phe / His Schiff Base Ligand (250 MHz NMR; CDCI3). 
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°\ P ^ \ °\ P / 

3 N N 3 N N 
Ar—^ ^Ar Ph—^ V-Ph 

Ar Ar Ph Ph 

Chemical Shift (ppm), Multiplicity 

Number 121 123 122 lllR 
H-1 9.11 s 9.05 s 9.38 s 9.2 s 
H-2 4.20 dd 4.27 dd 4.09 q 4.4 dd 
H-3 3.04 ddd 3.03 ddd 1.35 d 4.23 q 
H-4 3.71 s 3.74-3.78 (4 peaks) 3.79 / 3.85 s — 

H-5 — 9.52 s — — 

H-6 — 3.85 s — — 

H-7 — — — 2.0 s 

Coupling Constants (J Hz) 

2J 3.11 (trans) 3.12 (trans) 6.84 6.3 (trans) 
J 2J3- 9.20 (cis) 9.18 (cis) — 13.3 (cis) 
J 3^ 2.91 (trans) 3.02 (trans) 6.86 6.3 
J y,z 9.44 (cis) 9.34 (cis) — 

J 12.93 (gem) 12.95 (gem) — 

Table 6.25: 'H-NMR Data for p-Methoxy-Schiff Base Ligands (250 MHz NMR; CDCI3). 
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Chemical Shift fppm') 

Carbon No. 121 123 122 lllg 
C-1 169.5 169.5 173.5 169.3* 
C-2 67.6 67.7 61.1 65.0 
C-3 41.7 41.4 21.0 65.9 
C-4 55.0 54.9/55.0/55.1 — 

C-5 — 169.2 — 

C-6 — 56.3 — 

C-1 — — — 172.2* 
C-8 — — — 20.7 

Ph2C=N- 172.0 171.8/170.0 168.2 170.3 
Aromatic CH's 113.1 / 113.2 113.1/113.3 113.3 125.4 

113.4/125.2 113.4/113.9 113.9 126.3 
125.8 / 126.1 124.3 / 125.5 125.3 127.4 

127.9 125.7 / 126.0 125.9 128.0 
128.6 126.4 / 127.9 128.7 128.6 
129.9 128.7 / 128.9 130.4 128.8 
130.4 129.9 / 130.3 — 130.9 

Aromatic C's 127.6 127.5/128.1 127.8 130.0 
130.2 129.3/131.2 132.0 135.3 
131.9 131.7/132.0 159.5 138.4 
137.7 137.7/ 159.1 161.4 — 

159.1 159.7/161.3 — — 

161-3 161.5 — — 

* May be reversed. 

Table 6.26: "C-NMR Data for p-Methoxy-Schiff Base Ligands (250 MHz NMR; CDClj). 
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Chemical Shift (ppm). Multiplicity 

Number 115a 115b 116' 115c 
H-1 3.59 s — 3.63 s — 

H-2 7.43 s — 8.63 s 9.20 s 
H-3 4.37 q 4.221 3.13 d 4.25 dd 
H-4 3.12 dd 3.02 ddd 4.351 3.08 ddd 
H-5 5.18 d — 3.83 (2 peaks) — 

H-6 1.43 s — — — 

Coupling Constants (J yjj. Hz) 

^ 3,4 7.33 7.63 3.64 (trans) 
J 3.4- — — 5.73 8.55 (cis) 
J 4J 2.76 7.05 (trans) 6.18 3.66 (trans) 
J 4.4' 6.63 8.41 (cis) 8.59 (cis) 
J 52 6.92 13.55 (gem) 13.11 (gem) 

Table 6.27: 'H-NMR Data for mono-acylated-(Phe)-phenylene diamine. (250 MHz NMR; CDCl,). 
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Chemical Shift Cppm') 

Carbon No. 115a 115b 116' 115c 
C-1 169.9 169.1* — 

C-2 38.4 41.6 — 

C-3 38.4 67.0 — 

C-4 140.7 — — 

C-5 80.5 — — 

C-6 28.2 — — 

C-1 — 55.1 / 55.2/55.3 — 

Ph2C=N- — 171.3* — 

Aromatic CH's 117.2/118.9 113.3/113.6 — 

125.5 117.5/119.1 
127.0 124.6 /125.2 
127.2 126.5 /127.9 
128.8 128.7/130.12 
129.3 130.18 /137.3 

Aromatic C's 123.0 123.9 /127.6 — 

136.6 130.0 / 137.3 
140.1 /159.4 

161.5 
* May be reversed. 

Table 6.28: '^C-NMR Data for mono-acyIated-(Phe)-phenylene diamine. (250 MHz NMR; CDCI3). 
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EXPERIMENTAL PROCEDURES 

Ligand Syntheses: 

cyi 
PI 

Q^^NH 

Ph 

• 2HCI 

108e 110e Ille 

The following is a procedure for the synthesis of Ille, and is general for the synthesis of 

aU ligands described in Chapter 2. (108e —llOe —> Ille): 

fl-F2(S)-(2(S )-tert-Butoxvcarbonvlamino-3-phen\l-propionylamino )-phenylcarbamovl 1-

2-phenvl-ethvlf-carbamic acid tert-butyl ester. 108e. In a flame-dried 250 ml glass round 

bottom flask equipped with a magnetic stir bar and a drying tube, phenylenediamine (2.5 

g, 23.1 mmol) was dissolved in 200 ml of freshly distilled DMF. To the brown solution 

DIEA (8.9 g, 69 nmiol, 3 equiv.) was added in a single portion. The reaction mixture was 

cooled to 0°C. Boc-L-Phe (13.5 g, 50.8 mmol, 2.2 equiv.) and BOP (25.5 g, 57.7 mmol, 

2.5 equiv.) were added in a single portion. The solution was allowed to warm to room 

temperature and react for 24 hrs. The reaction progress was monitored by TLC (1:1 

EtOAc-hexanes; ninhydrin development). The reaction was then diluted with EtOAc 

(300 ml) and washed appropriately: distilled HjO (3 X 200 ml); IM HCl (2 X 200 ml); 

H2O (1 X 200 ml); sat. NaHCOj (2 X 200 ml); sat. NaCl (1 X 200 ml). The organic layer 
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was dried over MgS04, filtered and concentrated to a light brown foam. This material 

was passed through a short plug of silica gel to remove polar compounds. Isolation gave 

13.8 g of pure product in a 99% yield. 

'H NMR r250MHz. CDCU^: 5 1.38 ppm, (s, 18H, f-butyl CH3), {ABMX : 5 2.98-3.07 

ppm, (dd, 2H, -CHaHb-CHx-NHm-, Jbx= 7.30 Hz, J^b = 13.3 Hz), 5 3.21-3.28 ppm, (dd, 

2H, -CHaHb-CHx-NHm-, Jax = 5.82 Hz, 1^3 = 13.7 Hz), 5 4.43-4.51 ppm, (dt, 2H, -

CHaHb-CHx-NHm-» Jax = 6.71 Hz, Jbx = 6.96 Hz, J^x = 6.6 Hz), 5 5.33 ppm, G^road s, 

2H, -CHaHb-CHx-NHm")), 5 7.09-7.33 ppm, (m, 14H, aromatic CH), 6 8.49 ppm, (broad 

s, 2H, amide NH). 

'^C-APT NMR r62.5 MHz. CDCKV CH3 5 28.1 ppm, CHj 6 38.1 ppm, CH„ 5 56.1 ppm, 

Me3-C-OR 6 80.0 ppm, aromatic: CH 5 125.1, 126.1, 126.7, 128.4, 129.2 ppm; C 5 130.0, 

136.5 ppm, -NH-CO-OR 5 155.4 ppm, -NH-CO-R 5 170.7 ppm. 

2(S )-Amino-N-r2-(2(S )-amino-3-phenvl-propion\lamino )-phen\l 1-3-phenvlpropion-

amide-bis-hvdrochloride. llOe. The Boc protected compound 108e (13.8 g, 23.1 mmol) 

was dissolved in 50 ml of anhydrous MeOH. In a separate flask, 50 ml of MeOH was 

chilled to 0°C. AcCl (6.7 ml, 7.4 g, 92.4 mmol, 4 equiv.) was added slowly. The 

resultant methanolic HCl was stirred to 10 min. and then added to the chilled reaction 

mixture dropwise over 30 min. The reaction mixture was allowed to warm to RT for 24 

hours. Disappearance of starting material was monitored by TLC (1:1 EtOAc-hexanes) 
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and worked up in the following manner. MeOH was removed by rotary evaporation. 

The residual HCl was removed by dissolving the residue in MeOH and subsequent rotary 

evaporation (5 X 200 ml). This material was placed in vacuo until a brittle foam was 

obtained, then trimrated in Et20 until a fine suspension was achieved. The HCl salt was 

collected by filtration and dried in vacuo to provide a quantitative yield of the product (11 

grams), which could be stored for extended periods as the HCl salt. 

'H NMR r250MHz D.O^: 5 3.07-3.11 ppm (d, 4H, J = 7.27 Hz), 5 4.22-4.27 ppm (t, 2H, J 

= 7.23 Hz), 5 6.99-7.26 ppm (m, 14 H, aromatics). 

2( S)-(Benzhvdrvlidene-amino )-N-f2-f2(S )-(ben7hydrylidene-amino )-3-phenylpropionyl-

amino 1-phenyll-3-phenyl-propionamide. llle. In a 250 ml. 1-neck glass round bottom 

flask (previously flame-dried and purged with argon) the dry bis-HCl salt llOe (2.5 g, 7.7 

mmol) was suspended in 60 ml of dry CHjClj. Benzophenone imine (2.8 g, 2.65 ml, 15.8 

mmol, 2.05 equiv.) was added in a single portion. The slurry was stirred at room 

temperature and allowed to react for 12 hr. The progress of the reaction was monitored 

by TLC (9:1 toluene-EtOAc; ninhydrin development). Upon completion, the reaction 

was diluted with CH2CI2 and washed with saturated NaHCOj (2 X 100 ml). The organic 

layers were combined, dried over MgS04, filtered and concentrated. The crude oil was 

purified by silica gel flash colunm chromatography to provide 3.8 grams of a white 

crystalline foam in a 72% yield. Optical rotation: [ajo = (-) 160.9° (c = 0.42; CHCI3). 
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'H NMR rSOOMHz. CDCl^-t: {ABX: 5 3.09-3.14 ppm, (dd, 2H, -CHaHb-CHx-, Jbx= 9.39 

Hz, Jab= 13.0 Hz), 5 3.26-3.29 ppm, (dd, 2H, -CH^Hb-CHx-, J^x = 3.18 Hz, Jab = 13.1 

Hz), 5 4.21-4.24 ppm, (dt, 2H, -CHaHb-CHx-, Jax = 3.26 Hz, Jbx = 9.39 Hz), (aromatics, 

34 H): 5 6.39-6.41 ppm, (d, J = 7.23 Hz), 5 7.00-7.02 ppm, (dd, J = 1.88 Hz, J = 7.15 Hz), 

5 7.15-7.29 ppm, m, 5 7.32-7.35 ppm, (t, J = 7.47 Hz), 5 7.46-7.48 ppm, m, 5 7.61-7.63 

ppm, (dd, J = 1.29 Hz, J = 7.44 Hz), 5 9.06 ppm, (s, 2H, amide NH). 

"C-APT NMR (62.5 MHz. CDCl^): CH2 5 41.7 ppm, CH„ 5 67.9 ppm, aromatic: CH 

5 125.4, 126.0, 126.3, 127.2, 128.0, 128.1, 128.2, 128.7, 130.0, 130.5 ppm; C 5 130.2, 

135.3, 137.5, 138.7 ppm, -NH-CO-R5 170.4 ppm, -N=CPh2 5 171.7 ppm. 
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Q Q 

O^OCJ^O 

NH HI 

NH HI 

108 109 110 111 

Note: The synthesis of 108 can be achieved by using a single one-pot procedure. The key 

is that the intuitively larger amino acid should be attached first (0.97 eq. A.A. versus 

moles of diamine). Following the first acylation, the second amino acid (1.25 eq) and 

more BOP (1.5 eq) can be added to the same reaction flask. The work up is the same as 

that described above. 

f2(S )-Benzvloxrv-l -flfS)-(S-benzvloxv-l-tert-butoxvcarbonvlamino-propionylamio )-

phenvlcarbamovll-ethvll-carbamic acid tert-butvl ester. (108f —109f). In a 250 ml 

thick-walled glass jar lOSf was dissolved in 125 ml of MeOH. The solution was 

evacuated and purged with argon (3 times) and followed by addition of 10% Pd-C 

(spatula tip). The reactor was evacuated, pressured with H2 (40 psi) and agitated for 12h. 

Upon completion, the reaction was quenched with CHjClj, filtered through a bed of celite 

and concentrated to a semi-pure white foam. 

The compound was passed through a short plug of silica gel (9:5 CH2CI2 / 

MeOH). Isolation gave 4.85 grams of 109f in nearly a quantitative yield. [aJo = (-) 10.4 

deg (c = 1.085 g / 100 cc; MeOH). 
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fl-f2-f2(S)-tert-Butoxvcarbonvlamino-3-phenyl-propionvlamino)-phenvlcarbamovlJ-

2(S)-tritvlsulfanvl-ethvH-carbamic acid tert-butvl ester. (108i —llOi). In a 100 ml 

glass round bottom flask, 108i (1.65 g; 2.45 mmol) was dissolved in CH2CI2. TFA (12 

eq) and EtjSiH (370 mg; 1.3 eq) were added in a single portion. The reaction was 

allowed to stir overnight. The trityl deprotection was followed by TLC (1:1:1:1 — H2O 

with 1% NaCl : EtOAc : isopropanol : HO Ac). After the reaction, the solvent was 

removed in vacuo and the residue was redissolved in acidic MeOH. The conversion from 

the TFA salt to the HCl salt occurred over a 3-hour period. The solvent was removed and 

the residue was azeotroped with MeOH. The solid was titurated with EtjO then filtered. 

Isolation gave 1.05 g of 109i as a solid material in a quantitative yield, [ajp = (+) 64.3 

deg (c = 1.1 g / 1(K) cc; MeOH). 

fl-f2-(2(S )-tert-Butoxvcarbonvlamino-3-phenyl-propionvlamino )-phenvlcarbamovl /-

2(S)-( 1 -(2.4-Dinitrophenvl)-imida7ol-4-yl)-ethyll-carbamic acid tert-butyl ester. (108k 

—> 109k). In a 50 ml glass round bottom flask, 108k (Ig; 1.3 mmol) was dissolved in 

CH2CI2 (10 ml). Thiophenol (0.55 ml; 0.58 g; 5.26 mmol) was added via a syringe in a 

single portion. The reaction was allowed to stir at room temperature for 24 h. The 

deprotection was followed by TLC (9:1 EtOAc / hexanes). 

The solvent was evaporated (purged the flask with a stream of argon) and the 

residue was placed on the high vacuum for 2 h. The crude reaction mixture was purified 

in the following manner. The residue was dissolved in 9:1 EtOAc / hexanes and the 

yellow band was eluted off the silica gel column. The eluent was changed to 9:1 EtOAc / 
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MeOH and the compound was collected and concentrated to a solid. Isolation gave 760 

mg of 109k in a 97% yield, [a]^ = (-) 5.8 deg (c = 1.1 g / 100 cc; CHCI3). 
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2( S)-(BenTkvdrvlidene-amino )-N-f2-f2(S)-(benzhvdrvlidene-amino )-3-phenvlpropionvl-

amino 1-phenyl}-3-phen\l-propionamide-nickel(n)-complex. 130a In a 100 ml glass 

round bottom flask equipped with a reflux condenser, 108e (300 mg, 0.411 mmol) was 

dissolved in methanol (10 ml) and triethylamine (508 mg, 0.7 ml, 5.02 mmol). NiBr2 

(900 mg, 4.12 mmol) was added and the slurry was heated to reflux for 30 hours. A 

green precipitate formed upon heating (believed to be nickel oxide). The progress of the 

reaction was monitored by TLC (70% toluene / 30% ethyl acetate). 

The green solid was filtered and discarded. The mother liquor was stripped to a 

solid by rotary evaporation. The brown residue was dissolved in methylene chloride (40 

ml) and extracted with a 10% NaHCOs solution (2x40 ml). The organic layer was dried 

over anhydrous CaClj, filtered and stripped to a solid. Purification by flash 

chromatography (70% toluene / 30% ethyl acetate) and subsequent vapor crystallization 

(ethyl acetate / hexane) gave 209 mg of 130a as maroon crystals in an overall 65% yield. 

M.P. = >200°C. [alo = (-) 486 (2.87x10"' g / 100 ml in CHCI3). IR (KBr pellet): 3056, 

1642, 1570, 1483, 1448, 1373, 1029, 749, 705 cm"'. UV-VIS Xmax (DCM) = 234 nm (e 

= 33,670, A = 2.002), 254 nm (e = 31,954, A = 1.90), 370 nm (e = 4901, A = 0.29141). 

FAB Mass Spec. = 787.2603 g/mol. 
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'H NMR (250 MHz: CDCI^ 5 6.3 - 8.5 (m, 34 H), 3.8 - 4.0 (m, 4 H), 2.4 - 2.5 (dd, 

Jax= 12 Hz, Jbx = 3.2 Hz, 2 H). 

"C NMR f62.5 MHz: CDCl^ Y. 5 182, 174, 119 - 142, 78, 44 ppm. 
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0;><X 

2S-(Bemhydrvlidene-amino )-N-f2-r2S-( bem.hvdrvlidene-amino )-3-phenvlpropionvl-

amino 1-phenylf-3-phenvl-propionamide-copperfll)-complex. 130b In a 100 ml glass 

round bottom flask, 108e (100 mg, 0.137 mmol) was dissolved in DMF (5 ml) and DBU 

(72.3 mg, 0.457 mmol). CuClj was added to the solution. The resulting brown solution 

was stirred at room temperature for 10 minutes. The progress of the reaction was 

monitored by TLC (70% toluene / 30% ethyl acetate). 

The DMF was azeotropically removed with toluene. The resulting residue was 

dissolved in DCM (10 ml) and extracted with 10% NaHCOa (2x30 ml). A second 

extraction with saturated NaHCOj (125 ml), followed by a brine wash was performed. 

The organic layer was dried over KjCOj, filtered and stripped to a solid. Purification by 

flash chromatography and subsequent vapor crystallization from ethyl acetate and 

hexanes gave 72.1 mg of 130b as brown crystals in an overall 60% yield. M.P. = 

>200°C. [a]o= (-) 1920 (1.87x10*^ g / 100 ml in CHCI3) . IR (KBr pellet) 3056. 2925, 

1623, 1570, 1474, 1460, 1380, 1291, 758, 700 cm"'. UV-VIS Xmax (DCM) = 222 nm 

(e = 41,834, A = 1.0153), 244 nm (8 = 47,005, A = 1.1408), 272 nm (e = 32,528, A = 

0.78946), 340 nm (e = 3496, A = 0.08485). FAB Mass Spec. = 791.2463 g/mol. 
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Cyclic Voltammetry: Cyclic voltammetry experiments were conducted on a Electro 

Analysis System CYSYl voltammograph and recorded on a Hewlett Packard X-Y plotter 

under an argon atmosphere. Measurements were taken with a platinum electrode and 

referenced to a 0.1 M AgNOj / Ag° cell. Approximately 5 mg of 130a and 130b were 

dissolved in CH3CN containing 0.2 M n-Bu4NPF6 as supporting electrolyte. The 

potential was scanned from - 2.0 V to 2.0 V at a sweep rate of 100 mV/sec. 
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Epoxidation of Olefins: 

RHC=CHR' + 

CIS or trans 

nBu4NBr, CH2CI2 
NaOCI(pH = 11) 

trans 

5 mol% 

This procedure for the epoxidation of rra/z5-3-methyl styrene by 130a is general. 

In a glass vial, 0.05 M Na2HP04 (2.5 ml) was added to undiluted commercial household 

bleach (5.25% NaOCl; 6.6 ml). The pH of the resulting buffered solution (-0.5 M in 

NaOCl) was adjusted to II with a few drops of IM NaOH solution. The solution was 

cooled to 0°C and then added at once to a 0°C CHjClj solution of 130a (67.7 mg; 0.08 

mmol; 4 mol%), nBu4NBr (30 mg; 0.09 nunol; 4 mol%), and trans-^ -methyl styrene 

(0.26 ml; 2 nmiol). The two phases were agitated at room temperature and the progress 

was monitored by TLC (95:5 hexane / ethyl acetate). The original brown bi-phasic 

solution began to precipitate black solids upon reaction. After 5 hours, 15 ml of hexanes 

was added to the mixture and the phases were separated, washed twice with water and 

once with brine, and dries over K2CO3. The solvent was removed by rotary evaporation 

and the crude reaction was purified by flash colunm chromatography (95:5 hexane / ethyl 

acetate). Isolation gave 100 mg of the rran^-P-methyl styrene oxide in a 37% yield 

(based on starting weight of the olefin substrate). 'H NMR was used to determine the 

stereochemistry of the epoxide product. 
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Cyclopropanation Chemistry: 

,Ph CuPFs . EtgN 
CH2CI2 

rAS 
pn"' "COaEt 

A cs 
S A R 

Pt< ^COzEt 

10 h, 40°C 
R A R 

PH'" ^COzEt 
S^S 

Ptf''̂ "C02Et 

N=( + Ptf^ 

f|l 10 mmol 1 mmol 

Ptf^Ph 

General. Styrene, ethyldiazoacetate and CuPFg were purchased from Aldrich and used as 

received. CH2CI2 was freshly distilled from P2O5. EtjN was freshly distilled from CaH2. 

All glassware was cleaned thoroughly, flamed dried, cooled in a dessicator, assembled 

and purged with argon before use. Diastereoselectivity was determined by capillary GC 

analysis using a SPB-5 column (Size: 30m x 0.25mm). Injection temperature was set at 

200°C. Detector temperature was 275°C. Rate: 100°C for 2 min, then 10°C / min up to 

275°C. Flow: 80 ml / min He. Retention times of the cis- and trans-2-

phenylcyclopropane-l-carboxylates were 11.2 and 11.9 min respectively. 

Enantioselectivity was determined by capillary GC analysis using a P-pH (Beta-

cyclodextrin permethylated hydroxypropyl) column (Size: 30m x 0.25mm). Injection 

temperature was set at 200°C. Detector temperature was set at 225°C. Flow: 1ml / min. 

100°C isotherm. Retention times of the c/5-(15 and 1/?)- and rran5-(15 and I/?)-

cyclopropanes are 67.9, 71.5, 78.8 and 80.0 min respectively. 

Cyclopropanes from styrene. In a clean 50 ml glass round bottom flask equipped with a 

cold water condenser, CuPFg (2.1 mg; 0.05 mmol; 1 mol%), and ligand 115 (6.0 mg; 0.05 

mmol; 1 mol%) were dissolved in 15 ml of freshly distilled CH2CI2. EtjN (2 ml; 0.016 

mmol; 1.5 mol%) was added to the pale yellow colored solution. The reaction mixture 

was heated to reflux for 45 min to allow for ligand exchange. While at reflux, styrene 
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(1.14 ml; 1.0 g; 10 mmol) was added in a single portion. A CHjClz solution containing 

EDA (114 mg; 1 mmol) was added drop wise over a 10-h period. Slow addition of EDA 

helped to suppress the formation of diethyl fumurate and maleate. 

Upon addition, the reaction was cooled to room temperamre and passed through a 

short plug of silica gel to remove copper salts. The eluent was concentrated by rotary 

evaporation and placed under high vacuum to remove the unreacted styrene. 'H NMR of 

the crude reaction mixture showed the presence of 2-phenylcyclopropane-l-carboxyIates. 

The 'H NMR spectrum was simplified by separating the isomers by column 

chromatography (95:5 hexanes / EtOAc) followed by hydrolysis (1:1 10% NaOH / EtOH) 

of the ester groups. The 'H NMR data for cis- and fran^-l-phenylcyclopropane 

carboxylic acids is provided below. 

c/s-(t)-2-phenylcyclopropane 
carboxylic acid 

rrans-fc)-2-phenylcyclopropane 
carboxylic acid 

Ph H, J (Hz) Hz J (Hz) Ha J (Hz) H4 J (Hz) 

CIS 7.07 m 2.56 q 8.55 1.30 dt 5.06 g 1.61 dt 5.34 g 1.97 ddd 5.631 
8.21 c 
8.21 c 

6.39 t 
6.39 t 

7.76 c 
9.18 c 

trans 7.07 m 2.47 ddd 4.071 1.62 p 
6.37 t 
9.27 c 

4.75 1.36 ddd 4.59 g 1.86 ddd 4.281 
6.67 t 
8.29 c 

5.06 t 
8.44 c 

^H NMR data forcyclopropane carboxylic acid isomers (5ppm, from internal ^848!. 250 
MHz, in CDCI3): m, multiplet; q, quartet; dt, doublet of triplets; ddd, doublet of doublet of 
doublet. J values are in units of hertz; t, trans; c, cis ; g, geminal 
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Organo Zinc Chemistry: 

THF, reflux 

R'CHO, EtaZn 

THF 
-78°C - RT (S) - enantiomer 

R' 

•— 3 mol% —' 

The sjmthesis of llle is described above. Physical data for 111c and llld, along with 

the results from their synthesis, are provided below. 

2(S)-(Benzkvdrvlidene-amino )-N-f2-f2fS)-(benzhydrvlidene-amino )-propionylamino 1-

phenvlf-propionamide. 111c. 45% yield. M.P. = 180 - 181°C. [aJo = (+) 50.5° (c = 

0.56; CHCI3). 

'H NMR (250MHz. CDCl^): 5 1.36 ppm, (d, 6H, CH3, J = 6.9 Hz), 5 4.08 ppm, (q, 2H, 

CHa, J = 6.9 Hz), 5 7.05 - 7.77 ppm, (aromatics, 24H), 5 9.35 ppm, (s, 2H, amide NH). 

'^C-APT NMR (62.5 MHz. CDClj): CH3 5 20.9 ppm, CH^ 5 61.3 ppm, aromatic: CH 5 

125.3, 126.0, 127.2, 128.0, 128.6, 130.5 ppm; C 5 130.2, 135.5, 138.7 ppm, -NH-CO-R 5 

169.1 ppm, -N=CPh2 5 173.2 ppm. 

L-2(S )-(Bemhvdrvlidene-amino )-N-f2-f2(S)-(benzhvdrvlidene-amino )-3-methyl 

hutvrvlamino 1-phenylJ-3-methvl-butvramide. llld. 69% yield. [aJo = (-) 20.2° (c = 

0.82; CHCI3) 
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'H NMR f250MHz. CDCU): 5 0.82 ppm, (d, 6H, CH3, J = 6.9 Hz), 5 1.02 ppm, (d, 6H, 

CH3, J = 6.8 Hz), 5 2.13 ppm, (m, 2H, -CHCCHs)^), 5 3.81 ppm, (d, 2H, CH^, J = 4.25 

Hz), 5 7.1 - 7.85 ppm, (aromatics, 24H), 5 8.93 ppm, (s, 2H, amide NH). 

"C-APT NMR r62.5 MHz. CDCU): CH3 5 18.1, 19.4 ppm, CH 6 34.1 ppm, CH^ 5 71.3 

ppm, aromatic: CH 5 125.1, 125.7, 127.8, 127.9, 128.5, 128.6, 128.8, 130.4 ppm; C 5 

130.2, 135.8, 139.1 ppm, -NH-CO-R 5 170.1 ppm, -N=CPh2 6 171.8 ppm. 

Diethyl Zinc Addition to Aldehydes Catalyzed by Chiral Zn(ll)-L-(Phe)2, complex 130c. A 

general experimental for a typical catalyst study reaction is provided below. All reagents 

and solvents were freshly distilled and dried before use. The L-(Phe/Phe)-H2 (219 mg, 

0.3 mmol, 3 mole%) ligand was azeotropically dried with toluene. In a flame-dried 50 ml 

glass round bottom flask the ligand was dissolved in 3 ml of freshly distilled THF. To 

the clear homogeneous solution, a 0.5 M EtzZn solution in THF (0.64 ml, 0.32 mmol, 3.2 

mole%) was added in a single portion. The resultant reaction mixture was heated to 

reflux for 1 hour. The Zn-complex is relatively stable and its formation can be monitored 

by TLC (8:2 hexanes / ethyl acetate). Two UV active spots are observed corresponding 

to the complex (Rf = 0.2) and the ligand (Rf = 0.75) which is generated from the 

hydrolysis of the complex during the TLC development. After complete insertion, the 

reaction mixture was cooled to -78°C and hydrocinnamyl aldehyde (1.34 g, 0.01 mole) 

was added in a single portion. A 0.5 M EtjZn solution in THF (26 ml, 0.013 mole, 1.3 

equiv.) was then added dropwise over a 2 hour period. The reaction mixture was allowed 
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to warm to room temperature where it reacted for 16 hours. The reaction was then cooled 

to 0°C and quenched with 1 M HQ. The THF was removed by rotary evaporation. The 

residue was diluted with ethyl acetate was washed twice with 1 M HCl. The organic 

layer was dried over MgS04, filtered and concentrated to a oil. The crude mixture was 

purified by flash colunm chromatography to provide the 2° alcohol as either a white solid 

or a clear colorless oil. In order to ensure that the material was pure for optical rotation, 

l-phenyl-3-pentanol was sublimed and 3-undecanol was distilled under vacuum. If the 

alcohols could not be separated with the available chiral capillary GC's, the Mosher 

esters were formed. GC then proved to be an effective method for determining the 

enantioselecti vities. 
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)-l-phen\l-propan-l-ol. The alcohol was isolated in an 85% yield. The conversion 

was monitored by capillary GC (Hewlett Packard 5890 series) using an SPB-5 column. 

GC conditions are as follows: Initial temperature — 100°C / 2 min. Final temperature — 

275°C. Rate - 10°C / min. Injector - 200°C. Detector — 275°C. Flow — 80 psi. 

Retention times for the benzaldehyde and l-phenyl-propan-l-ol are 5.32 min. and 7.99 

min. respectively. The enantioselectivity was determined by capillary GC (Hewlett 

Packard 5890 Series n Plus) using a Chiraldex P-pH column. GC conditions are as 

follows; 100°C isotherm. Injector - 220°C. Detector — 250°C. Flow — 1 ml/min. 

Retention times for R and S-l-phenyl-propan-l-ol are 64 min. and 68 min. respectively. 

'H NMR r250MHz. CDCU): 5 0.80 - 0.86 ppm, (t, 3H, CH3, J = 7.42 Hz), 5 1.6 - 1.8 

ppm, (m, 2H), 5 1.92 ppm, (broad s, IH, -OH), 5 4.47 - 4.52 ppm, (t, IH, CH, J = 6.6 

Hz), 5 7.1 - 7.3 ppm, (m, aromatics 5H). 
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(S)-l-furan-2-yl-propan-l-ol. The alcohol was isolated in a 30% yield. The conversion 

was monitored by capillary GC (Hewlett Packard 5890 series) using an SPB-5 column. 

GC conditions are as follows: Initial temperature — 100°C / 2 min. Final temperature — 

275°C. Rate — 10°C / min. Injector — 200°C. Detector — 275°C. Flow — 80 psi. 

Retention times for the 2-furaldehyde and I-furan-2-yl-propan-l-ol are 5.22 min. and 

7.55 min. respectively. The enantioselectivity was determined by capillary GC (Varian 

3800 Series) using a Chiraldex y-TA (Ganmia-cyclodextrin trifluoroacetyl) column. GC 

conditions are as follows: 60°C isotherm. Injector - 200°C. Detector — 200°C. Flow — 

1.1 ml/min. Retention times for S and R-l-furan-2-yl-propan-l-ol are 63 min. and 66 

min. respectively. 

'H NMR r250MHz. CDCL): 5 0.92 - 0.98 ppm, (t, 3H, CH3, J = 7.42 Hz), 6 1.7 - 1.9 

ppm, (m, 2H), 5 2.05 ppm, (broad s, IH, -OH), 5 4.56 - 4.62 ppm, (t, IH, CH, J = 6.78 

Hz), 5 6.2 ppm, (d, IH, CH, J = 3.25 Hz), 5 6.31 - 6.33 ppm, (dd, IH, CH, J = 1.85 Hz, J 

= 3.19 Hz), 5 7.36 - 7.37 ppm, (dd, IH, CH, J = 0.7 Hz, J = 1.76 Hz). 



316 

)-l-phenvl-pentan-3-ol. The alcohol was isolated in a 30% yield. The conversion 

was monitored by capillary GC (Hewlett Packard 5890 series) using an SPB-5 colunm. 

GC conditions are as follows: Initial temperature — IOO°C / 2 min. Final temperamre — 

275°C. Rate — 10°C / min. Injector — 200°C. Detector - 275°C. Flow — 80 psi. 

Retention times for the hydrociimamyl aldehyde and I-phenyl-pentan-3-ol are 8.44 min. 

and 11.45 min. respectively. After purification of the crude reaction mixmre, formation 

of the Mosher ester was achieved by treating a small portion of the alcohol with the 

corresponding R-(-)-Mosher acid chloride. The enantioselectivity of the ester was then 

determined by capillary GC (Varian 3800 Series) using a Chiraldex P-TA (Beta-

cyclodextrin trifluoroacetyl) colunm. GC conditions are as follows: 140°C isotherm. 

Injector — 200°C. Detector - 200°C. Flow — 1.1 ml/min. Retention times for RR and RS 

Mosher esters of l-furan-2-yl-propan-l-ol are 297 min. and 306 min. respectively. 

'H NMR r250MHz. CDCl^) of rSVf+Vl-phenyl-pentan-S-ol (94% e.e. S enantiomer): 5 

0.90 - 0.97 ppm, (t, 3H, CHj, J = 7.42 Hz), 5 1.4 - 1.57 ppm, (m, 2H, CHj), 5 1.66 - 1.82 

ppm, (m, 2H, CHj), 5 2.59 - 2.85 ppm, (m, 2H, CHj, 5 3.49 - 3.58 ppm, (m, IH, CH), 

aromatics: (5H) 5 7.14-7.31 ppm. 
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"C-APT NMR C62.5 MHz. CDCI,> of rSVf+Vl-phenvl-pentan-3-oI (94% e.e. S 

enantiomer): CHj 5 9.8 ppm, CHj 5 30.2, 32.0, 38.5 ppm, CH 5 72.5 ppm, aromatic: CH 

5 125.7, 128.32, 128.35 ppm, C 5 142.2 ppm. 

^H NMR r250MHz. CDCl^) of rRV3.3.3-Trifluoro-2-methoxy-2-phenyl-propionic acid-

rS')-l-ethyl-3-phenyl-propvl ester (94% e.e. S enantiomer): 5 0.72 — 0.78 ppm, (t, 3H, 

CHj, J = 7.42 Hz), 6 1.53 - 1.64 ppm, (apparent pentet, 2H, CHj, J = 7.33 Hz), 5 1.78 -

1.96 ppm, (m, 2H, CHj), 5 2.47 - 2.59 ppm, (m, 2H, CHj), 5 5.02 ppm, (s, 3H, -OCH3), 5 

4.97 - 5.06 ppm, (p, IH, CH, J = 6.0 Hz), aromatics: (lOH) 5 7.04 - 7.23 ppm, (m), 5 7.3 

— 7.34 ppm, (m), 5 7.48 — 7.52 ppm, (m). 



f S ) - u n d e c a n - 3 - o l .  The alcohol was isolated in a 30% yield. The conversion was 

monitored by capillary GC (Hewlett Packard 5890 series) using an SPB-5 colunm. GC 

conditions are as follows: Initial temperature — 100°C / 2 min. Final temperature -

275°C. Rate - 10°C / min. Injector — 200''C. Detector - 275°C. Flow - 80 psi. 

Retention times for the nonyl aldehyde and undecan-3-ol are 7.41 min. and 10.37 min. 

respectively. After purification of the crude reaction mixture, formation of the Mosher 

ester was achieved by treating a small portion of the alcohol with the corresponding R-(-

)-Mosher acid chloride. The enantioselectivity of the ester was then determined by 

capillary GC (Varian 3800 Series) using a Chiraldex P-TA (Beta-cyclodextrin 

trifluoroacetyl) column. GC conditions are as follows: 140°C isotherm. Injector -

200°C. Detector — 200°C. Flow —1.1 ml/min. Retention times for RR and RS Mosher 

esters of undecan-3-ol are 143 min. and 146 min. respectively. 

'H NMR r250MHz. CDCUt of rSVf+Vundecan-3-ol (96% e.e. S-enantiomer^: 5 0.82 -

0.94 ppm, (m, 6H, CH3), 5 1.25 - 1.49 ppm, (m, 16H, CH2), 5 3.51 ppm, (m, IH, CH). 

"C-APT NMR (62.5 MHz. CDCl^) of fSVr+Vundecan-S-ol (96% e.e. S-enantiomer): 

CH3 8 9.85, 14.1 ppm, CHj 5 22.6, 25.6, 29.2, 29.5, 29.7, 30.1, 31.8, 36.9 ppm, CH 6 

73.3 ppm. 
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'H NMR (250 MHz, CDCI3) of (R)-3,3,3-Trifluoro-2-methoxy-2-phenyl-propionic acid-

1-ethyl-nonyl ester (racemic undecan-3-ol): _ 0.77 — 0.95 ppm, (m, 6H, CH3), _ 1.1 — 

1.25 ppm, (m, 12H, CH2), _ 1.55 - 1.72 ppm, (m, 4H, CH2), _ 3.55 - 3.57 ppm, (dd, 3H. 

-OCH3, J = 1.15 Hz, J = 1.3 Hz), _ 4.99 - 5.08 ppm, (p, IH, CH, J = 6.09 Hz), 

aromatics: (5H) _ 7.36 — 7.42 ppm (m), _ 7.53 — 7.56 ppm, (m). 

^^C-APT NMR r62.5 MHz. CDClj') of fRV3.3.3-TrifIuoro-2-methoxy-2-phenyI-propionic 

acid-l-ethyl-nonyl ester (racemic undecan-S-oD: CH3 6 9.1, 9.5, 14.0 ppm, CHj 5 22.6, 

24.8, 25.2, 26.3, 26.6, 29.12, 29.14, 29.3, 29.4, 31.8, 32.9, 33.1 ppm, CH 5 55.3, 78.71, 

78.76 ppm, C 6 121.1, 125.6, 132.4, 166.2 ppm, aromatic: CH 5 127.3,128.2, 129.4 ppm. 

^H NMR r250 MHz. CDCl^') of fR')-3.3.3-Trifluoro-2-methoxy-2-phenyi-propionic acid-

(SVl-ethyl-nonvI ester r96% e.e. S-enantiomer): 6 0.77 — 0.95 ppm, (m, 6H, CH3), 5 1.1 

- 1.25 ppm, (m, 12H, CH2), 5 1.52 - 1.69 ppm, (m, 4H, CH2), 6 3.55 - 3.56 ppm, (d, 3H. 

-OCH3, J = 1.15 Hz), 5 4.99 - 5.08 ppm, (p, IH, CH, J = 6.09 Hz), aromatics: (5H) S 

7.36 - 7.42 ppm (m), 5 7.53 - 7.57 ppm, (m). 

'^C-APT NMR f62.5 MHz. CDClj) of ('R')-3.3.3-Trifluoro-2-methoxy-2-phenyl-propionic 

acid-CSVl-ethyl-nonvI ester r96% e.e. S-enantiomer): CH3 5 9.1, 14.0 ppm, CH2 5 22.6, 
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24.8, 25.2, 26.3, 29.14, 29.4, 31.8, 32.9, 33.2 ppm, CH 5 55.3, 79.7 ppm, C 5 121.1, 

125.6, 132.5, 166.3 ppm, aromatic: CH 5 127.3,128.2, 129.4 ppm. 
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Solid-Phase Organic Synthesis: 

Heating/Cooling 
Jacket — Outlet 

 ̂Inlet 
3-Way 

Stopcock 

Argon Line 

Reactors Used for Solid-Phase Chemistry 
(50 ml, 200 ml, or 800 ml volume, as appropriate) 

Ketimine Resin Synthesis 

CN 

Arylnitrile attachment to Merrifield resin, 221 In a jacketed sintered glass reactor 

equipped with a cold water condenser, argon line and a heating bath, Merrifield resin 223 

(10 g, 1 mmol/g, 10 mmol) was swelled in 60 ml of freshly distilled DMF for 1 hr. Solid 

CS2CO3 (9.77 g, 30 mmol, 3 equiv.) and 4-cyanophenol (3.57 g, 30 mmol, 3 equiv.) were 

added in a single portion. The resulting suspension was agitated with a stream of argon 

while being heated to 60°C for 24 hrs. 

The resulting gray nitrile resin 227 was washed with dioxane (2 X 80ml); 1:1 

dioxane-water (4 X 80 ml); dioxane (4 X 80 ml); methanol (4 X 80ml); CH2CI2 (2 X 
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80ml); and dried in vacuo at 60°C for 5 hours. Elemental analysis showed >98% 

displacement (CI analysis) in several runs. FT-IR (KBr Pellet) nitrile stretch at 2224 

Resin-bound (Merrifield) ketimine, 228. In a jacketed sintered glass funnel equipped with 

a cold water condenser, and an argon line the nitrile resin 227 (-10 g, 1 mmol/g, 10 

mmol) was swelled in 60 ml of freshly distilled THF. To a separate 250 ml flask (flame-

dried and purged with argon) containing magnesium turnings (1.25 g, 50 mmol, 5 equiv.) 

in THF, 4-bromoanisole (5.6 Ig, 30 mmol, 3 equiv.), diluted with 20 ml of dry THF, was 

added in a dropwise fashion, then stirred at 40°C for 1 hr. This brown Grignard reagent 

was then added dropwise to the suspended resin with argon agitation. Agitation was 

continued for 24 hrs at 40°C, at which time the resin was washed with anhydrous MeOH 

(3 X 100 ml); CH2CI2 (3 X 100 ml); MeOH (3 X 100 ml); and CH^Clj (3 X 100 ml) for a 

final time. The resin was dried at 50°C for 24 hours in vacuo. FT-IR (KBr Pellet) 

showed the absence of nitrile stretch at 2224 cm~'. '^C-NMR (CDCI3; 125 MHz) 

Aromatic methoxy 55.3 ppm, benzylic CH2 70.1 ppm. Resin Backbone 40 — 45, 113 — 

114,125 - 133, 144 -145, 160 - 161 ppm. 
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Resin-bound (Wang) ketimine, 230. This material was synthesized using the same 

protocol, starting with the bromo Wang resin 224 (available from Advanced ChemTech, 

5609 Fern Valley Road, Louisville, Kentucky, 40228-1075 USA. www.peptide.com). 

http://www.peptide.com
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Solid-Phase Aziridine Example (228 —> 239 —241 —242). 

•OMe 

Polystyrene Resin-bound 2-fF(4-Ben7yloxv-phenyl)-(4-methoxv-phenvl)-methvlene/-

amino f-1 -phenyl-ethanol. 239a. All reagents were azeotropicaJJy dried with toluene 

before use. In a jacketed sintered glass funnel the ketimine resin 228 (2 g, 0.87 mmol/g, 

1.74 mmol) was suspended in 60 ml of freshly distilled toluene. To the suspension 1-

phenylethanolamine (1.2 g, 8.75 mmol. 5 equiv.) and anhydrous TsOH (300 mg, 1.74 

mmol, 1 equiv.) were added in a single portion. The suspension was agitated at 70°C 

with a stream of argon for 18 hrs. 

The resin 239a was filtered, washed with anhydrous MeOH (2 X 50 ml); CH2CI2 

(2 X 50 ml); dried under vacuum at 40°C for 12 hrs. FT-IR (KBr Pellet) analysis showed 

only traces of hydrolysis (C=0 stretch at 1644 cm"'). 

'^C-NMR (CDClf. 125 MHz') aromatic methoxy 55.1 ppm, CH, 61.2 ppm, benzylic CH, 

70.0 ppm, benzylic CH 73.7 ppm, aromatic CH 113 - 114, 125 — 130 ppm, aromatic C 

128.1, 132.1, 142.3, 145.5, 160.6 ppm, resin Backbone 40 - 45 ppm. 

Polystyrene Resin-bound 2-{F(4-Ben7\loxv-phenyl )-f4-methoxy-phenvl )-methyl 1-amino f-

1 -phenyl-ethanol. 241a. In a jacketed sintered glass funnel equipped with a cold water 
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condenser the imino alcohol resin 239a (1.3 g, 0.87 mmol/g, 1.13 mmol) was suspended 

in 50 ml of dry THF. LiBH4 (250 mg, 11.4 mmol, 10 equiv.) was added in a single 

portion. The suspension was heated to reflux with argon agitation, and MeOH (2 ml) was 

added dropwise over a 10 minute period. The reaction mixture was allowed to react for 

10 hrs. The resin 2a was filtered, washed with a 1:1 dioxane-water mixture (4 X 50 ml); 

dioxane (3 X 50 ml); MeOH (4 X 50ml); CH2CI2 (4 X 50 ml); dried in vacuo at 60°C for 

12 hrs. 

'^C-NMR rCDCl^: 125 MHz) aromatic methoxy 55.1 ppm, methylene 55.3 ppm, 

benzhydryl CH 65.6 ppm, benzylic CHj 70.0 ppm, benzylic CH 72.3 ppm, aromatic CH 

113.9, 114.7, 124 - 128 ppm, aromatic C 136.1, 142.4, 145.2, 157 - 158 ppm, resin 

backbone 40.3 - 46.0 ppm. 

Polystyrene Resin bound l-F(4-Ben7yloxv-phen\l)-(4-methoxy-phenvl)-meth\l1-2-phenyl-

aziridine. 242a. In a jacketed sintered glass funnel equipped with cold water condenser, 

the amino alcohol resin 241a (513.8 mg, 0.87 mmol/g, 0.45 mmol) was swelled in 40 ml 

of dry CH2CI2. The suspension was cooled to 0°C, and PhjP'Brj (943mg, 2.23 mmol, 5 

equiv.) was added in a single portion. EtsN (1.13g, 11.1 nunol, 25 equiv.) in 5 ml CHjClj 

was added dropwise over a 10 minute period. The suspension was slowly warmed to 

45°C and held there for 48 hours. The resin 242a was then filtered, washed with CH2CI2 

(5 X 50 ml); dried at 50°C for 12 hours in vacuo. 
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"C-NMR CCDCl^: 125 MHz) methylene 38.0 ppm, benzhydryl CH 41.9 ppm, aromatic 

methoxy 55.1 ppm, benzylic CH2 69.9 ppm, benzylic CH 77.3 ppm, aromatic CH 113 -

114,125 — 128 ppm, aromatic C 135.0, 145.2, 158.2 ppm, resin backbone 40 —45 ppm. 

Acetic acid 2-ff('4-ben7vloxv-phenyl)-f4-methoxv-phenvl)-methvlJ-amino/-l-phenvl-ethvl 

ester. 278 In a jacketed sintered glass funnel, the resin-bound aziridine 242a (80 mg, 

0.87 mmol/g, 0.07 mmol) was suspended in a 1:1 mixture of glacial HO Ac and CHjCN. 

The suspension was agitated at RT with a stream of argon for 24 hrs. The resin 278 was 

filtered, washed with CH^Clj (3 X 40 ml); 1:1 dioxane-10%NaHC03 (3 X 40 ml); 

dioxane (3 X 40 ml); MeOH (3 X 40 ml); CHjClj (3 X 40 ml); and dried in vacuo at 60°C 

18 hours. FT-ER. (KBr Pellet) C=0 stretch 1738 cm~'. 

'^C-NMR fCDCl^: 125 MHz) methyl 25.4 ppm, methylene 52.4 ppm, aromatic methoxy 

55.1 ppm, benzhydryl CH 65.3 ppm, benzylic CH2 70.0 ppm, benzylic CH 75.2 ppm, 

aromatics 113 — 114, 126 — 128, 145.4- 145.8 ppm, carbonyl 170.1 ppm, resin backbone 

40.3 - 45.8 ppm. 

•OMe 
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Solution-Phase Aziridine Studies; 

MeO .OMe 

239a" R = Ph 
239b-R = H 
239c- R = Me 

241«'R=Ph 
241b'R = H 
241c'R = Me 

242a' R = Ph 
242b'R = H 
242c' R = Me 

MeO .OMe MeO .OMe MeO .OMe 

O 

MeO 
or 

.OMe 
NH 

R^OH A R' 

NH 

Synthesis of 2-ffBis-(4-methoxv-phen\l)-methvlenel-aminoI-l-phenyl-ethanoL (239a' 

e.g. solution version of 239a, M = Me). In a 500 nal glass round bottom flask equipped 

with an oil bath, Soxlet containing CaHj, and a cold water condenser, 1-phenyl-ethanol 

amine (2.03 g; 14.7 mmol; 1.38 equiv.) was dissolved in 250 ml of xylenes. To this 

solution, 4,4-dimethoxy-benzophenone (2.58 g; 10.6 mmol), and BFj'EtjO (1.5 ml) were 

added in a single portion. The solution was heated to reflux for three days. The progress 

of the reaction was monitored by TLC (75;25 hexanes / EtOAc ; UV/ Ninhydrin). 

Purified by flash column chromatography followed by crystallization from EtOAc 

and hexanes. Isolation gave 785 mg of 239' as a white crystalline solid in an overall 20 

% yield. M. P. = 112° - 115°C. 

NMR: 250 MHz (CDClj): 5 3.38-3.63 ppm, (ddd, 2H, CH2, = 3.83 Hz, Jeu = 8.69 

Hz, = 14.3 Hz), 5 3.76-3.77 ppm, (d, Ar-OCHj (oxazoline form), J = 2.18 Hz), 

5 3.80_3.81 ppm, (d, 6H, Ar-OCHj, J = 1.03 Hz), 5 4.88-4.93 ppm, (dd, IH, CH benzylic, 

Jtrans = 3.87 Hz, Jc.s = 8.68 Hz), aromatics (13H): (m), 5 6.82-6.92 ppm, (m), 56.97-7.01 
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ppm, (m), 5 7.20-7.35 ppm, (m), 5 7.53-7.60 ppm, 5 8.28 ppm (broad s, IH, R-NH-CO-R 

oxazoline form). 

"C-APT NMR: 62.5 MHz rCDCl^^: Ar-OCHj 5 55.1, 55.2 ppm, CH2 5 61.2 ppm, CH 

benzylic 573.6 ppm, aromatic: CH 5113.2, 113.4, 113.7, 125.8, 126.0, 127.0, 127.2, 

128.0, 128.3, 129.0, 130.0 ppm; C 5 128.7, 132.4, 142.2, 159.4,161.2 ppm, (Ar)2C=NHR 

6 169.0 ppm. 

Synthesis of of 2-f FBis-f4-methoxy-phenvl )-meth\l 1-amino f-l-phenvl-ethanol. (241a' e.g. 

solution version of 241a, M = Me). In a 250 ml glass round bottom flask 239a' (673 mg; 

1.86 mmol) was dissolved in 20 ml of dry CH3CN. NaCNBHj (187 mg; 2.98 nmiol; 1.6 

equiv.) was added in a single portion. The slurry was cooled to 0°C and the pH was 

adjusted to 5 with glacial acetic acid. The progress of the reaction was monitored by 

TLC (7:3 hexanes /EtOAc ; UV / Ninhydrin), purified by flash colunm chromatography, 

and then crystallized from EtOAc and hexanes. Crystallization gave 359.2 mg of the 

reduced product 241a' (white needles) in an overall 53% yield. M.P. = 95-98°C. 

'H NMR: 250 MHz CCDCl^): 5 2.63-2.83 ppm, (ddd, 2H, CH^, = 3.67 Hz, = 8.80 

Hz, = 12.1 Hz), 5 2.9 ppm, (broad s, IH, CHj-QH), 5 3.720-3.726 ppm, (d, 6H, Ar-

OCH3, J = 1.55 Hz), 5 4.67-4.72 ppm, (dd, IH, CH benzyUc, = 3.69 Hz, = 8.80 

Hz), 5 4.74 ppm, (s, IH, CH benzhydryl), aromatics (13H): 5 6.76-6.82 ppm, (m), 5 7.20-

7.29 ppm, (m). 



329 

"C-APT NMR: 62.5 MHz rCDCl^^: Ar-OCHj 5 54.8 ppm, CH^ 5 55.3 ppm, CH benzyUc 

5 65.5 ppm, CH 5 72.0 ppm, aromatic: CH 6 113.6, 125.6, 127.1, 127.9 ppm, C 5 135.7, 

142.6, 158.2 ppm. 

Synthesis of 1 -FBis-(4-methoxv-phenyl )-metkvl l-l-phenvl-aziridine. (242a' e.g. solution 

version of 242a, M = Me). In a 50 ml glass round bottom flask 241a' (300 mg; 0.825 

mmol) was dissolved in 3 ml of dry CHjCN. Triphenylphosphine dibromide (522 mg; 

1.24 mmol; 1.5 equiv.) was added in a single portion. The reaction mixture was cooled to 

0°C and a l-ml CHjCN solution, containing triethylamine (189.4 mg; 1.87 mmol; 2.25 

equiv.), was added dropwise over a 1-minute period. The progress of the reaction was 

monitored by TLC (7:3 hexanes / EtOAc ; UV / PMA), and purified by flash coluimi 

chromatography (9:1 hexanes / EtOAc). Isolation gave 209 mg of 241a' as an oil in an 

overall 73% yield. 

'H NMR: 250 MHz TCDCI^^: 6 1.87-1.97 ppm, (dd, 2H, CHj, = 3.32 Hz, = 6.49 

Hz, = 20.5 Hz), 6 2.55-2.59 ppm, (dd, IH, CH, = 3.3 Hz, J,,, = 6.42 Hz), 5 3.65 

ppm, (s, IH, CH benzhydryl), 5 3.72 ppm, (s, 3H, Ar-OCHj), 6 3.78 ppm, (s, 3H, Ar-

OCH3), aromatics (13H): 8 6.74-6.78 ppm, (d, 2H, J = 8.7 Hz), 5 6.84-6.88 ppm, (d, 2H, 

J = 8.71 Hz), 5 7.2-7.7 ppm (m, 9 H). 

'^C-APT NMR: 62.5 MHz rCDClj^: CHj 5 38.0 ppm, CH benzhydryl 541.9 ppm, Ar-

OCH3 6 55.0, 55.1 ppm, CH benzylic 5 77.3 ppm, aromatic: CH 5 113.5, 113.6, 126.2, 
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126.6, 128.1, 128.5 ppm, C 6 135.8, 136.0.140.1, 158.2, 158.5 ppm. 

Synthesis of 2-ffBis-f4-methoxv-phenvl )-meth\lene 1-amino /-ethanol. (239b' e.g. solution 

version of 239b, M = Me). In a 500 ml glass round bottom flask equipped with an oil 

bath, a cold water condenser, and a Soxlet extractor containing CaH2, ethanolamine (1.5 

g; 24.5 nmiol; 2.8 equiv.) was dissolved in 250 ml of xylenes. 4,4'-dimethoxy 

benzophenone (3 g; 8.76 nmiol) and BFj^EtzO (1.5 ml) were added in a single portion. 

The solution was heated to reflux for two days. The progress of the reaction was 

monitored by TLC (6:4 EtOAc / hexanes ; UV/ Ninhydrin). 

The solvent was removed by rotary evaporation. The crude was dissolved in 

CH2CI2 and washed with 10% NaHCOj; sat. NaHCOj; sat. NaCl; the organic layer was 

dried over MgS04, filtered and concentrated to an oil. Flash column chromatography 

(7:3 EtOAc / hexanes) gave 1.39 of pure compound as an oil in a 40% yield. 

'H NMR: 250 MHz rCDCl^^: 5 3.46-3.50 ppm, (t, 2H, -CHj-N-, J = 5.29 Hz), 53.82 

ppm, (s, 3H, Ar-OCHs), 5 3.86 ppm, (s, 3H, Ar-OCHj), 5 3.77-3.88 ppm, (m, 2H, -CH;-

0-), aromatics (8H): 5 6.82-6.86 ppm, (d, J = 8.90 Hz), 56.95-6.98 ppm, (d, J = 8.71 

Hz), 57.08-7.11 ppm, (d, J = 8.69 Hz), 57.46-7.50 ppm, (d, J = 8.81 Hz), 57.55-7.58 

ppm, (d, J = 8.86 Hz), 5 7.77-7.81 ppm, (d, J = 8.86 Hz). 

'^C-APT NMR: 62.5 MHz rCDCl^^: Ar-OCHj 5 54.6, 54.8 ppm, -CH.-N- 555.4, 45.6 

ppm, -CH^-Q- 562.1, 64.3 ppm, C5 98.9 ppm, aromatic: CH 5 112.7, 112.9, 112.9, 
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113.2, 126.8, 128.9, 129.6, 131.7 ppm; C 5128.4, 130.1, 132.4, 135.7, 158.9, 158.3, 

160.6, 162.3 ppm, (Ar)2C=NHR 5 168.7 ppm. 

Synthesis of 2-fFBis-f4-methoxv-phenvl)-meth\l 1-amino/-ethanol. (241b' e.g. solution 

version of 241b, M = Me). In a 250 ml round bottom flask 239b' (1.1 g; 3.8 mmol) was 

dissolved in 60 ml of fireshly distilled CH3CN. NaCNBHj (382 mg; 6.0 mmol; 1.6 

equiv.) was added in a single portion. The slurry was cooled to 0°C and the pH was 

adjusted to 5 with glacial acetic acid. The reaction was warmed to room temperature and 

monitored by TLC (8:2 EtOAc / hexanes; UV / Ninhydrin). 

The solvent was removed by rotary evaporation. The crude amino alcohol was 

dissolved in EtOAc and washed with 10% NaHCOj; sat. NaHCOs; sat. NaCl; the organic 

layer was dried over MgS04, filtered and concentrated to an oil. Flash column 

chromatography (8:2 EtOAc / hexanes) gave 830 mg of 241b' as an oil in a 76% yield. 

NMR: 250 MHz fCDCl^^: 5 2.64-2.68 ppm, (t, 2H, -CH,-N-. J= 4.95 Hz), 5 3.56-3.60 

ppm, (t, 2H, -CH3-O-. J = 4.91 Hz), 5 3.77 ppm, (s, 6H, Ar-OCHj), 5 4.69 ppm, (s, IH, 

CH benzhydryl), aromatics (8H): 5 6.83-6.87 ppm, (d, 4H, J = 8.65 Hz), 5 7.20-7.23 

ppm, (d, 4H, J = 8.63 Hz). 

'^C-APT NMR: 62.5 MHz TCDCl^^: -CH,-N- 5 51.4 ppm, Ar-OCHa 5 57.3 ppm, -CH2-O-

5 62.8 ppm, CH benzhydryl 5 67.5 ppm. Aromatic: CH 5 116.1, 130.2 ppm, C 6 137.3, 

160.7 ppm. 
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Synthesis of l-fBis-(4-methoxv-phenyl )-methvl J-ariridine. (242b* e.g. solution version of 

242b, M = Me). In a 50 ml glass round bottom flask 2-{[Bis-(4-methoxy-phenyl)-

methyl]-amino }-ethanol 241b' (724.6 mg; 2.52 mmol) was dissolved in 3 ml of dry 

CHjCN. Triphenylphosphine dibromide (1.28 g; 3.03 mmol; 1.2 equiv.) was added in a 

single portion. The reaction mixture was cooled to 0°C and a 1-ml CH3CN solution, 

containing triethylamine (554 mg; 5.47 mmol; 2.25 equiv.) was added dropwise over a 1-

minute period. Upon addition, triethylamine hydrochloride began to precipitate. The 

slurry was allowed to warm to room temperature and was held there for 10 minutes. The 

progress of the reaction was monitored by TLC (5:5 EtOAc / hexanes ; UV / PMA). 

The solvent was removed by rotary evaporation. The crude was dissolved in 

EtOAc and washed with 10% NaHCOj; sat. NaHCOj; sat. NaCl; the organic layer was 

dried over MgS04, filtered and concentrated to an oil. Flash column chromatography 

(9:1 hexanes / EtOAc) gave 335 mg of pure compound 242b' as an oil in a 50% yield. 

NMR: 250 MHz rCDCI^^: 5 1.34-1.36 ppm, (m, 2H, CH2), 5 1.88-1.90 ppm, (m, 2H, -

CH2), 5 3.28 ppm, (s, IH, CH benzhydryl), 53.77 ppm, (s, 6H, Ar-OCHj), aromatics 

(8H): 6 6.81-6.87 ppm, (m, 4H), 5 7.27-7.33 ppm (m, 4H). 

'^C-APT NMR: 62.5 MHz rCDCl^^: CH^ 5 27.8 ppm, Ar-OCHs 5 54.8 ppm, CH 

benzhydryl 5 77.3 ppm, aromatic: CH 5 113.4, 128.0 ppm, C 8 135.8, 158.2 ppm. 
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Synthesis of l-f[Bis-(4-methoxy-phenyl)-methyleneJ-amino}-propan-2-ol (239c' e.g. 

solution version of 239c, M = Me). In a 100 ml glass round bottom flask l-amino-2-

propanolamine hydrochloride (754.6 mg; 6.8 mmol) and 4,4'-dimethoxy-benzophenone 

imine (1.82 g; 7.54 nmiol; I.l equiv.) were suspended in 30 ml of dry CHjClj. The 

heterogeneous mixture was stirred at room temperature for 12 hr and monitored by TLC 

(6:4 EtOAc / hexanes ; UV / Ninhydrin). Upon reacting, the reaction mixture became 

milky as the ammonium chloride precipitated from solution. 

The reaction was diluted with CH2CI2 and washed with 10% NaHCOs; sat. 

NaHCOs; sat. NaCl; the organic layer was dried over MgS04, filtered and concentrated to 

an oil. Flash column chromatography (6:4 EtOAc / hexanes) gave 2 g of 239c' as an oil 

in a 94% yield. 

'H NMR: 250 MHz fCDCl^): 5 1.15-1.18 ppm, (d, 3H, CH3, J = 6.21 Hz), 5 3.13-3.43 

ppm, (ddd, 2H, CH2, Joans = 3.52 Hz, = 8.33 Hz, = 14.23 Hz), 5 3.82 ppm, (s, 3H, 

Ar-OCHj), 5 3.86 ppm, (s, 3H, Ar-OCHa), 5 3.94-4.01 ppm, (m, IH, CH), aromatics 

(8H): 5 6.83-6.87 ppm, (d, J = 8.80 Hz), 5 6.96-6.99 ppm, (d, J = 8.53 Hz), 5 7.08-7.12 

ppm, (d, J = 8.55 Hz), 5 7.56-7.60 ppm, (d, J = 8.72 Hz). 

"C-APT NMR: 62.5 MHz CCDCl^^: CH3 5 20.2, 20.4 ppm, Ar-OCHj 5 54.8, 54.9 ppm, 

CHj 5 60.6, 53.0 ppm, CH 5 67.4, 72.8 ppm, aromatic: CH 5 113.0, 113.5, 127.0, 127.1, 

129.0,129.7 ppm, C 6 128.7, 132.4,159.2, 160.9 ppm, (Ar)2C=NHR 5 168.3 ppm. 
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Synthesis of of l-{[Bis-(4-methoxy-phenyl)-methyl]-aminoJ-propan-2-ol, (241c' e.g. 

solution version of 241c, M = Me). In a 100 ml glass round bottom flask 239c' (1.11 g; 

3.7 mmol) was dissolved in 30 ml of dry CHjCN. NaCNBHj (373 mg; 6.0 mmol; 1.6 

equiv.) was added in a single portion. The slurry was cooled to 0°C and the pH was 

adjusted to 5 with glacial acetic acid. The progress of the reaction was monitored by 

TLC (5:5 EtOAc / hexanes ; UV / Ninhydrin). 

The solvent was removed by rotary evaporation. The crude was dissolved in 

EtOAc and washed with 10% NaHCOs; sat. NaHCOj; sat. NaCl; the organic layer was 

dried over MgS04, filtered and concentrated to an oil. Flash column chromatography 

(7:3 EtOAc / hexanes) gave 900 mg of242c' as an oil in an 82% yield. 

NMR: 250 MHz rCDCl^-): 5 1.10-1.12 ppm, (d, 3H, CHj, J = 6.22 Hz), 5 2.30 ppm, 

(broad s, IH, -OH), 5 2.35-2.69 ppm, (ddd, 2H, CH^, = 3.07 Hz, = 9.24 Hz, = 

12.0 Hz), 5 3.77 ppm, (s, 6H, Ar-OCHj), 5 3.74-3.83 ppm, (m, IH, CH), 5 4.75 ppm, (s, 

IH, CH benzhydryl), aromatics (8H): 5 6.82-6.86 ppm, (d, 4H, J = 8.47 Hz), 5 7.24-7.27 

ppm, (d, 4H, J = 8.35 Hz). 

"C-APT NMR: 62.5 MHz rCDCl^h CH3 5 20.4 ppm, Ar-OCHa 5 55.0 ppm, CH, 5 55.0 

ppm, CH benzhydryl 565.6 ppm, (-CH-(Me)-O-) 566.2 ppm, aromatic: CH 5 113.7, 

128.0, 128.1, 128.2 ppm; C 6 135.8, 136.2, 158.4 ppm. 
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Synthesis of l-[Bis-(4-methoxy-phenyl)-methyl]-2-methyl-aziridine (242c' e.g. solution 

version of 242c, M = Me). In a 100 ml glass round bottom flask 241c' (613 mg; 2 mmol) 

was dissolved in 30 ml of dry CHjCN. Triphenylphosphine dibromide (1.03 g; 2.44 

mmol; 1.2 equiv.) was added in a single portion. The reaction mixture was cooled to 0°C 

and a 1.5-nil CH3CN solution, containing triethylamine (452 mg; 4.4 mmol; 2.2 equiv.), 

was added drop wise over a 1-minute period. The progress of the reaction was monitored 

by TLC (6:4 hexanes / EtOAc ; UV / PMA). 

Purified by flash column chromatography (8:2 hexanes / EtOAc). Isolation gave 

576 mg of 242c' as an oil in an overall 84% yield. 

'H NMR: 250 MHz rCDCl^): 5 1.20-1.23 ppm, (d, 3H, CH3, J = 4.84 Hz), 5 1.44-1.46 

ppm, (d, IH, CH, J = 5.9 Hz), 5 1.54-1.59 ppm, (m, 2H, CH2), 8 3.39 ppm, (s, IH, CH 

benzhydryl), 5 3.76-3.79 ppm, (4 singlets, 6H, Ar-OCHa), aromatics (8H): 5 6.8-6.87 

ppm, (m, 4H), 5 7.24-7.35 ppm, (m, 4H, CH). 

'^C-APT NMR: 62.5 MHz rCDCl^^: CH3 5 20.3 ppm, CH2 5 37.0 ppm, CH 5 37.6 ppm, 

Ar-OCHj 5 57.2 ppm, CH benzhydryl 579.2 ppm, aromatic: CH 5 115.6, 115.7, 130.3, 

130.6 ppm; C 5 138.2, 138.4, 160.6 ppm. 
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Soludon Phase efforts towards L-PDMP via an aziridine: 

M OMe iMe 

TBSO '̂ HO 

OMe "OMe 

Methvl-0-( tert-butvl-dimethvlsilyl )-N-(4.4'-dimethoxv-diphenvmethvl-ene )-L-serinate. 

248. In a 500 ml, 1-neck, glass round bottom flask equipped with a magnetic stir bar and 

a rubber septa, the N-(4,4'-dimethoxy-diphenylmethylene)-L-Serine methyl ester (5.35 g, 

12.6 mmol) was dissolved in 50 ml of freshly distilled DMF. TBS-CI (3.05 g, 20.2 

mmol, 1.6 equiv.) and recrystallized imidazole (2.15 g, 31.5 mmol, 2.5 equiv.) were 

added in a single portion. The reaction mixture was allowed to stir at room temperature 

for 16 hours. The progress of the reaction was monitored by TLC (70% toluene : 30% 

ethyl acetate). 

The reaction was diluted with ethyl acetate, transferred to a separatory funnel and 

washed with distilled water to remove the DMF. This procedure was repeated a second 

time. The organic layer was then washed with sat. NaHCOj followed with a brine wash. 

The top organic phase was collected and dried over anhydrous MgS04, filter and 

concentrated to an oil. Flash colurrm chromatography (20% ethyl acetate : 80% hexanes) 

provided 4.32 g of the compound as a clear oil in a 75% yield, [ajp = (-) 91.2° (c = 1.25 

g/100 cc, CHCI3). 

'H NMR r250 MHz. CDCl^V (s, 3H, Si-CHa), 5 -0.0264 ppm, (s, 3H, Si-CHj), 5 -0.001 

ppm, (s, 9H, Si-CMej), 6 0.81 ppm, (s, 3H, -COjMe), 8 3.67 ppm, (s, 3H, Ar-OCHj), 5 
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3.789 ppm, (s, 3H, Ar-OCHs), 5 3.838 ppm, (d, IH, CHJ, 5 3.878-3.908 ppm, J = 7.51 

Hz, (dd, IH, CHa), 5 4.06 - 4.13 ppm, = 5.58 Hz, = 9.68 Hz, (dd, IH, CHb), 6 

4.28 - 4.33 ppm, = 5.54 Hz, = 7.52 Hz, Aromatics (8H): (m, 2H), 5 6.78 - 6.82 

ppm, (m, 2H), 56.91 - 6.95 ppm, (m, 2H), 6 7.10 - 7.14 ppm, (m, 2H), 5 7.54 - 7.58 

ppm. 

'^C-APT NMR r250 MHz. CDCI^): fSi-CH^l 5 -5.54, -5.41 ppm, (Si-CMcj), 5 18.1 ppm, 

(Si-CMgj), 6 25.7 ppm, (-COzMe), 5 51.7 ppm, rAr-OCH^>. 5 55.1 ppm, (-O-CHj-), 5 

64.8 ppm, (-CH-), 5 67.5 ppm, Aromatics: (CH), 5 113.0, 113.5, 129.5, 130.4 ppm, (C), 5 

128.3, 132.7, 159.5, 161.2 ppm, (-N=CAr2), 5 170.7 ppm, (-C02Me), 5 171.3 ppm. 
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iMe 

TBSO^""| 

HO ' 

(1S.2S)-( + )-2-Amino-N-(4.4 '-dimethoxy-diphenylmethvlene )-3-0-( tert-butvldimethyl-

silvl )-l -phenyl-propane-1.3-dioL 285. In a 250 ml, long neck, glass round bottom flask 

equipped with a magnetic stir bar, rubber septa and an argon line, methyl-0-(re/t-butyl-

dimethylsilyl)-N-(4,4'-dimethoxy-diphenymethylene)-L-serinate 284 (2.28g, 5.0 mmol) 

was dissolved in 30 ml of freshly distilled DCM. The clear homogeneous solution was 

cooled to —78°C using a dry ice-acetone bath. A 0.5 M hexane solution (10 ml, 5 mmol, 

1 equiv.), containing an equi-molar ratio of Dibal-H / Tribal, was then added slowly 

down the sides of the cooled reaction vessel. The addition was carried out over a 1 hour 

period and controlled by use of a mechanical syringe pump. Upon addition, the reaction 

mixture turned a bright yellow color. After the addition, the reaction was stirred for 30 

minutes. While maintaining a temperature of -78°C, a 3.0M diethyl ether solution (5 ml, 

15 mmol, 3 equiv.) containing phenylmagnesium bromide was added drop wise directly 

into the reaction solution over a 2 hour period. Following the addition, the cooling bath 

was slowly warmed to room temperature where the reaction was allowed to stir at that 

temperature overnight. 

The reaction solution was chilled to 0°C and quenched with the slow addition of 

sat. NaHCOj. Solids began to precipitate out of the reaction during the quenching. The 
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slurry was then diluted with DCM and transferred to a separatory funnel. A 50% 

NaHCOj solution was added and the phases were gently rocked. The bottom organic 

layer was separated. The top aqueous layer was back extracted with DCM four times. 

The organic extracts were combined and washed with sat. NaHCOj. The organic phases 

was then dried over MgS04, filtered and concentrated to an oil. Flash column 

chromatography (10% ethyl acetate : 90% hexanes) gave 1.38 g of pure compound in a 

55% yield. [aJo = (+) 108.3 (c = 0.94 g/lOOcc, CHCI3) 

"C-APT NMR r250 MHz. CDCl^Y (Si-CHj), 5 -5.5 ppm, (Si-CMe,), 6 18.1 ppm, (Si-

CMej), 5 25.7, 25.9 ppm, (Ar-OCH^), 5 55.1, 55.2 ppm, (-O-CH2-), 5 59.2, (64.2) ppm, 

(-CH-), 5 68-4, (69.1) ppm, (-CHB„,y„,), 5 81.8, (72.7) ppm, (-CAr^), 5 99.9 ppm, 

Aromatics: (CH), 6 113.29, 113.36, 125.9, 126.6, 126.9, 127.1, 127.5, 127.9, 128.3, 

128.9, 130.1 ppm, (C), 5 137.8, 138.2, 140.6, (143.7), 158.7, 158.9 ppm. 
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(lS,2S)-f + )-2-Amino-N-(4.4 '-dimethoxv-diphenvlmethvl )-3-0-( tert-butvl-dimethylsilyl )-

1 -phenvl-propane-1.3-dioL 286. In a 100 ml, 1-neck, glass round bottom flask equipped 

with a magnetic stir bar and a drying tube, (IS, 2S)-(+)-2-Amino-N-(4,4'-dimethoxy-

diphenylmethylene)-3-0-(tert-butyl-dimethylsilyl)-l-phenyl-propane-l,3-diol 285 (1.38g, 

2.7 mmol) was dissolved in 10 ml of freshly distilled acetonitrile. NaBH4CN (272 mg, 

4.33 mmol, 1.6 equiv.) was then added in a single portion. The reaction slurry was 

cooled to 0°C using an ice-water bath. The pH was adjusted to 5 by slow addition of 

glacial acetic acid. The mixture became homogeneous, but then quickly precipitated 

boron salts upon reacting. The slurry was allowed to warm to room temperature and react 

for 2 hours. The progress of the reaction was monitored by TLC (25% ethyl acetate : 

75% hexanes). The reaction mixture streaks on the TLC plate, but upon basic work-up, a 

tight spot for the product was observed. 

The acetonitrile was removed by rotary evaporation. The solid residue was re-

dissolved in ethyl acetate and washed with 50% NaHCOs. The bottom aqueous layer was 

removed and the top organic washed with sat. NaHCOs. The aqueous layer was then 

back extracted with ethyl acetate. The organic layers were combined and dried over 

MgS04. The slurry was filtered and the filtrate was concentrated to an oil. Flash 
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chromatography of the crude oil gave 1.23 g of pure compound in an 89% yield, [alp = 

(+) 53.4 (c = 0.3 g/lOOcc, CHCI3) 

'H NMR (250 MHz. CDCl^): (s, 3H, Si-CHj), 5 0.030 ppm, (s, 3H, Si-CHj), 5 0.036 

ppm, (s, 9H, Si-CMcj), 5 0.89 ppm, , (m, IH, CHJ, 5 2.62 - 2.67 ppm, (dd, IH, CHb), 

5 3.29 - 3.34 ppm, = 2.57 Hz, = 10.5 Hz, (dd, IH, CHJ, 5 3.68 - 3.72 ppm, = 

3.58 Hz, = 10.5 Hz, (s, 3H, Ar-OCH,), 5 3.75 ppm, (s, 3H, Ar-OCHj), 5 3.76 ppm, 

(d, IH, CHBcnzyiic), ^-.58 - 4.61 ppm, J = 7.47 Hz, (CHe^zhydryi). 4.75 ppm, Aromatics 

(13H): (m), 5 6.78 - 6.86 ppm, (m), 8 7.17 - 7.29 ppm. 

"C-APT NMR f250 MHz. CDCI^^: (Si-CHj), 5 -5.67, -5.61 ppm, (Si-CMCa), 5 18.0 ppm, 

(Si-CM^), 5 25.7 ppm, (Ar-OCHa), 5 55.0 ppm, (-O-CH2-), 6 59.5 ppm, (-CH-), 5 61.8 

ppm, (-CHb^^,;^), 5 62.7 ppm, (-CHB„zhydryi). 5 72.8 ppm, Aromatics: (CH), 6 113.74, 

113.79, 126.8, 127.3, 128.0, 128.3 ppm, (C), 6 135.1, 136.5, 142.1, 158.50, 158.52 ppm. 
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•OMe M 

HO' 

f lS.2S)-(+)-2-Amino-N-(4.4'-dimethoxv-diphenylmethvl)-l-phenvl-propane-l .3-dioL 

287. In a 50 ml, 1-neck, glass round bottom flask equipped with a magnetic stir bar and a 

drying tube, (1S,2S) - (+) - 2 — Amino — N-(4,4'-dimethoxy-diphenylmethyl)— 3-0-

(tert-butyl-dimethylsilyl)-l-phenyl-propane-l,3-diol (1.23 g, 2.4 mmol) was dissolved in 

20 ml of freshly distilled THF. A 1.0 M THF solution (2.4 ml, 2.4 mmol, 1 equiv.) 

containing TBAF was then added drop wise to the reaction solution over a 5 minute 

period. The solution turned yellow upon addition. The clear yellow homogeneous 

solution was allowed to stir at room temperature for 2 hours. The progress of the reaction 

was monitored by TLC (25% ethyl acetate : 75% hexanes). 

The THF was removed by rotary evaporation. The residue was dissolved in a 

95% DCM ; 5% methanol mixture and passed through a short plug of silica gel. 

Purification of the crude gave 946 mg of pure compound in an 88% yield. [aJo = (+) 

55.7 (c = 1.4 g/lOOcc, CHCI3) 

'H NMR f250 MHz. CDCl^V (m, IH, CH,), 5 2.71 - 2.77 ppm, (dd, IH, CHb), 6 3.37 -

3.42 ppm, = 3.0 Hz, = 11.1 Hz, (dd, IH, CH^), 5 3.62 - 3.68 ppm, = 3.97 Hz, 

= 11.1 Hz, (s, 3H, Ar-OCHj), 6 3.75 ppm, (s, 3H, Ar-OCHj), 5 3.76 ppm, (s, IH, 
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CHBenzhydryi). 4.68 ppm, (s, IH, CHb^uJ^ 4.70-4.73 ppm, J = 6.37 Hz, Aromatics (13H): 

(m), 5 6.77 — 6.83 ppm, (m), 6 7.11 — 7.33 ppm. 

"C-APT NMR (250 MHz. CDCl^): (Ar-OCH^), 5 55.0 ppm, (-O-CHj-), 5 60.0 ppm, (-

CH-), 5 61.2 ppm, (-CHBe„zyhc). 5 62.8 ppm, (-CHBe„2hydryi). 5 73.4 ppm, Aromatics: (CH), 

5 113.6, 126.3, 127.3, 128.0, 128.1, 128.15 ppm, (C), 5 135.17, 136.17, 141.9, 158.33, 

158.36ppm. 
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•OMe M 

OH 

(lS.2S)-(+ )-2.3-Amino-N-f4.4'-dimethoxy-diphenvlmethvl)-l-phenyl-1 -oL 288 In a 250 

ml, I-neck, glass round bottom flask equipped with a magnetic stir bar and a drying tube, 

(IS ,2S )-(+)-2-Amino-N-(4,4' -dimethoxy-diphenylmethy 1)-1 -phenyl-propane-1,3-diol 

287 ( 836 mg, 2.1 mmol) was dissolved in 60 ml of freshly distilled acetonitrile. 

Triphenylphosphine dibromide (1.07 g, 2.5 mmol, 1.2 equiv.) was added in a single 

portion. The homogeneous reaction mixture was cooled to 0°C using an ice-water bath. 

Freshly distilled EtjN (482 mg, 0.7 ml, 4.77 mmol, 2.25 equiv.) was then added dropwise 

over a 5 minute period. Upon addition, white needles of EtjN-HBr began to form and fall 

out of solution. The slurry was allowed to warm to room temperature and react 

overnight. The progress of the reaction was monitored by TLC (25% ethyl acetate : 75% 

hexanes). 

The acetonitrile was removed by rotary evaporation. The residue was dissolved 

in ethyl acetate and washed with sat. NaHCOj. A second wash with brine was then 

performed. The top organic layer was dried over MgS04, filtered and the filtrate was 

concentrated to an oil. Purification by flash chromatography gave 194 mg of the pure 

aziridine product in a 24% yield. [aJo = (+) 66.7 (c = 0.315 g/lOOcc, CHCI3) 
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'H NMR (250 MHz. CDCI^): (d, IH, CH^), 5 1.57 - 1.59 ppm, = 6.39 Hz, (m, IH, 

CH), 5 1.95 - 2.01 ppm, (d, IH, CH2), 5 2.07 - 2.09 ppm, = 3.45 Hz, (s, IH, -OH), 5 

2.55 ppm. Absent in D20, (s, IH, CHBe„2hydryi)» 3.52 ppm, (s, 3H, Ar-OCHj), 8 3.76 ppm, 

(s, 3H, Ar-OCHa), 5 3.77 ppm, (t, IH, CHB,„^y,ic), 5 4.33 - 4.37 ppm, J = 4.56 Hz, In 

D20, (d, IH), 5 4.33 - 4.35 ppm, J = 5.35 Hz, Aromatics (13H): (m), 5 6.76 - 6.87 ppm, 

(m), 5 7.11 - 7.37 ppm. 

"C-APT NMR r25Q MHz. CDCl^l: (-CH2-), 5 32.5 ppm, (-CH-), 5 45.3 ppm, (Ar-OCHa), 

5 54.9, 55.0 ppm, (-CHB<.„zy,ic), 5 73.6 ppm,, (-CHBenzhydiyi). 5 75.9 ppm, Aromatics: (CH), 

6 113.5, 113.8, 125.6, 127.1, 127.9, 128.0, 128.5 ppm, (C), 5 135.0, 135.7, 142.0, 158.4, 

158.7 ppm. 
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Solid-Phase Reductive Alkylation: 

.OMe 

228 

294 

Polystyrene Resin-bound 2S-ff(4-Ben7vloxv-phenyl)-f4-methoxy-phenvl)-methvlene 1-

aminol-3-kvdroxv-propionic acid methyl ester. 291. In a jacketed sintered glass funnel, 

the ketimine resin 2 (2 g, ~1 mmol/g, 2 mmol) and L-serine methyl ester hydrochloride 

salt (1 g, 6 mmol, 3 equiv.) were suspended in 60 ml of dry CH2CI2. The suspension was 

agitated with a stream of argon at RT for 24 hours. The resin 291 was washed with 

anhydrous MeOH (3 X 50 ml); CH2CI2 (3 X 50 ml); dried in vacuo at 60°C for 24 hrs. 

FT-IR (KBr Pellet) ester C=0 stretch at 1741 cm~'. 

Polystyrene Resin-bound 2S-{[(4-Benzyloxy-phenyl)-(4-methoxy-phenyl)-methylene]-

amino}-3-(tert-butyl-dimethyl-silanyloxy)-propionic acid methyl ester, 292. In a jacketed 

sintered glass funnel 291 (2 g, ~1 mmol/g, 2 mmol) was swelled in 40 ml of freshly 

distilled DMF. To the suspension, fe/t-butyldimethylsilylchloride (1.8 g, 12 mmol, 6 

equiv.) and imidazole (1.2g, 18 mmol, 9 equiv.) were added in a single portion. The 

resultant reaction mixture was agitated with a stream of argon for 24 hrs. The resin 292 

was washed with CH2CI2 (3 X 50 ml); anhydrous methanol (3 X 50 ml); CH2CI2 (3 X 50 

ml); dried in vacuo at 60°C for 24 hrs. No significant change was observed in the FT-IR 

spectrum. 
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Polystyrene Resin-bound 2S-{[(4-Benzyloxy-phenyl)-(4-methoxy-phenyl)-methyieneJ-

amino}-3-(tert-butyl-dimethyl-silanyloxy)-lS-phenyl-propan-I-ol, 293. In a jacketed 

sintered glass funnel, 292 (1.02g, ~1 mmol/g, 1.02 mmol) was suspended in 15 ml of 

freshly distilled CH2CI2. The suspension was cooled to —78°C and agitated with a stream 

of argon. A 0.5M hexane solution containing an equimolar amount of Dibal-H/Tribal 

(2.2 ml, 1.1 mmol, 1.1 equiv.) was slowly added down the sides of the reactor over a 30 

minute period. Once added, the suspension was allowed to agitate for an additional 30 

minutes. A 3.0 M etheral solution of phenylmagnesium bromide (1 ml, 3 nrniol, 3 equiv.) 

was then added dropwise to the suspension over 10 min. The reaction mixture was held 

at -78°C for 5 hrs and then slowly warmed to RT. The resin 293 was filtered; washed 

with anhydrous MeOH (4 X 50 ml); CHjClj (3 X 50 ml); MeOH (3 X 50 ml); dried in 

vacuo at 60°C for 12 hrs. FT-IR (KBr Pellet) absence of the ester C=0 stretch at 1741 

cm~'. Lack of a C=0 stretch 1645 cm"' indicated that no hydrolysis of the imine had 

occurred. 

Cleavage of 292 to 2S-Amino-3-(tert-butyl-dimethyl-silanyloxy)-lS-phenyl-propan-l-ol, 

294. Approximately 500 mg of 292 was suspended in 10 ml of wet THF. PPTS (250 

mg, 2 equiv.) was added in a single portion. The suspension was agitated with a stream 

of argon for 5 hours. The resin was filtered; washed with MeOH (4X3 ml); CH2CI2 (4 X 

3 ml); dried resin. FT-IR (BCBr Pellet) ketone C=0 stretch at 1648 cm"'. 

The filtrate was concentrated to a solid. Dissolved in CH2CI2 and washed with 

sat. NaHCOj. The organic phase was dried over MgS04, filtered and concentrated. 
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Analysis of the crude reaction mixture was performed by 'H NMR and integration ratio 

of the benzylic protons. Threo : Erythro ratio of 294 was determined by capillary GC. 
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Resin-bound L-Phe-L-Phe Ligand: 

230 +• 

llOe (3 equiv.) llOe (3 equiv.) 

H 
N. 

,L-Phe .N=CPh2 

Synthesis of 2S-amino-N-[2-(2S-amino-3-phenyl-propionylamino)-phenyl]-3-phenyl-

propionamide, llOe. In a flame-dried 250 ml glass round bottom flask equipped with a 

magnetic stir bar and a drying tube, <?-phenylenediamine (2.5 g, 23.1 mmol) was 

dissolved in 200 ml of freshly distilled DMF. To the brown solution DIEA (8.9 g, 69 

mmol, 3 equiv.) was added in a single portion. The reaction mixture was cooled to 0°C. 

Boc-L-Phe (13.5 g, 50.8 mmol, 2.2 equiv.) and BOP (25.5 g, 57.7 mmol, 2.5 equiv.) were 

added in a single portion. The solution was allowed to warm to room temperature and 

react for 24 hrs. The reaction progress was monitored by TLC (1:1 EtOAc-hexanes; 

ninhydrin development). The reaction was diluted with EtOAc (300 ml), washed with 

distUled H^O (3 X 200 ml); IN HCl (2 X 200 ml); HjO (1 X 200 ml); at. NaHCOg (2 X 

200 ml); sat. NaCl (IX 200 ml); the organic layer was dried over MgS04, filtered and 

concentrated to a light brown foam. This material was passed through a short plug of 

silica gel to remove polar compounds. Isolation gave 13.8 g of the Boc-protected 

bifurcated dipeptide in a 99% yield. 

The Boc protected compound (13.8 g, 23.1 mmol) was dissolved in 50 ml of 

anhydrous MeOH. In a separate flask, 50 ml of MeOH was chilled to 0°C. AcCl (6.7 ml, 

7.4 g, 92.4 mmol, 4 equiv.) was added slowly. The resultant methanolic HCl was stirred 
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for 10 min, and then added to the chilled reaction mixture in a drop wise fashion over 30 

min. The reaction mixture was allowed to warm to RT for 24 hours. Disappearance of 

starting material was monitored by TLC (1:1 EtOAc-hexanes) and worked up in the 

following manner. 

MeOH was removed by rotary evaporation. The residual HCl was removed by 

dissolving the residue in MeOH and subsequent rotary evaporation (5 X 200 ml). This 

material was placed in vacuo until a brittle foam was obtained, then triturated in EtjO 

until a fine suspension was achieved. The HCl salt was collected by filtration and dried 

in vacuo to provide a quantitative yield of 110e*HCl (11 grams), which could be stored 

for extended periods as the HCl salt. 

Polystyrene Resin-bound (Wang) N-f2-(2S-Amino-3-phen\l-propion\lamino)-phenyl1-2S-

fff4-(4-ben7\loxy-ben7yloxy )-phenyl ]-(4-methoxy-phenyl )-methylene 1-amino/-3-phenyl-

propionamide. 295 and N-(2-f2S-fBen7.hydrvlidene-amino)-3-phenvl-propionylamino 1-

phenyl }-2S-f f f4-f4-benzyloxy-benzyloxv )-phenvl l-(4-methoxy-phenvl )-meth\lene 1-

aminof-3-phenyl-propionamide. 296. In a jacketed sintered glass funnel, 230 (1.09 g, 

1.28 mmol/g. 1.39 nunol) was suspended in 80 ml of fireshly distilled toluene. The salt 

110e*HCl (2g, 4.2 mmol, 3 equiv.) was converted to the free base with NaHCOs and 

azeotropically dried with PhCHj before use. The free amine and dried TsOH (240 mg, 

1.39 mmol, 1 equiv.) were added to the suspension in a single portion. The reaction 

mixture was heated to 90°C and agitated with a stream of argon for 24 hours. The resin 

295 was then cooled, filtered, and washed with CH2CI2 (3 X 100 ml). A portion of the 
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resin was analyzed by FT-IR (KBr Pellet) to show the presence of the amide carbonyl at 

1681 cm~'. 

The resin 295 was re-suspended in 80 ml of dry toluene. TsOH (240 mg, 1.39 

nuBol. 1 equiv.) and benzophenone imine (1.17 ml, 1.26 g, 6.97 mmol, 5 equiv.) were 

added in a single portion. The reaction mixture was heated to 60°C for 24 hours. The 

resin 296 was then cooled and worked up in the following manner. 

The resin was filtered and washed with anhydrous methanol (3x50nil); CH2CI2 

(3x50ml); methanol (2x50ml); dried resin under vacuum at 60°C for 16 hours. Analysis 

of 296 by FT-IR (KBr Pellet) showed no discemable change in the spectrum. 
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Metal Insertion: 

Me 

296 

297a Ni(ll) 
297b Co(ll) 
297c Cu(ll) 

297d Zn(ll) 

M 

The resin 296 was suspended in dry THF and EtsN (5 eq). Anhydrous NiBrz (1 

eq) was added in a single portion and the reaction was agitated with argon at reflux for 24 

h. Upon reaction the yellow resin turned brown and sank to the bottom of the reaction 

vessel. The resin 297a was filtered and washed with THF until all the nickel salts were 

removed. The beads were dried in vacuo at 60°C for 12 h in the same reaction vessel and 

analyzed by FT-IR. 

The same protocol was repeated for insertion of cobalt 297b (DMF / DBU-10 

equiv. / CoC^S equiv. / 50°C) and copper 297c (DMF / DBU—10 equiv. / CuClz—5 

equiv. / 50°C). 
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Solid-Phase Catalysis: 

.N=CPh2 

EtzZn/THF/O'C 

Diethyl zinc addition to benzaldehyde: A general experimental for a typical catalyst study 

reaction is provided below. All reagents and solvents were freshly distilled and dried 

before use. In a jacketed sintered glass funnel, 296 (100 mg; 0.8 mmol/g; 0.08 mmol; 3 

mole%) was suspended in a 0.5 M EtjZn solution in THF (6 ml; 370 mg; 3 mmol; 1.15 

equiv.). The suspension was cooled to 0°C and freshly distilled benzaldehyde (283 mg; 

2.6 mmol) was added in a single portion. The reaction was agitated with a stream of 

argon and monitored for conversion and rate by capillary GC (SPB-5 column). Upon 

completion, the resin was filtered, washed with CH2CI2, dried in vacuo. The supernatant 

was washed with IM HCl, dried over MgS04, filtered and concentrated. The 

enantioselectivity was determined by capillary GC (Chiraldex P-PH - 100°C isotherm). 
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