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Molecular Recognition Studies of
Chloramphenicol Acetyltransferase by Substrate Modification 
Keroisa J. Paul

ABSTRACT

IWs thesis was a study of the molecular recognititm process of chloran^henicol 
acetyltransferase (CAT .̂ In an approach which is complementary to site-directed 
mutagenesis, the substrate, chlorançhenicol (CM), has been modified in a variety of ways 
to allow quantitative evaluations of the eno-getics of individual mzynte-ligaixl 
interactitms to be made. Nineteen diastereo- aiai enantiopure chlwampltenicol analogites 
have been piepaiW and their kinetic parameters as substrates for CAT determined. 
These compounds were (krived fiom l -  aM D-amino tunds and chloramphenicol W e, 
( 1R, 2R)-2-amino-1 -(p-nitrophenyl)-propan-1,3-diol.

The asymmetric synthesis of a series of 2-amino 1,3-diols via alternative routes was 
investigated. The first started with the N-BCXZ-protected amino acid D-saine and 
involved ctmversion of the acid to a ketone with cn:gaiK)lithium reagents fbllowW by 
asymmetric reduction to give the diol. For the second route N,0-diprotected D-serinal 
was converted to the amino diols via reaction with wganmnetallic reagents. Addition of 
[RCu]'MgX2 (X=Br or Cl) to the aldehyde led to essentially enantiopure single 
diastereonters with the rWo-configuration.

From kinetic studies of the CAT reaction with the modified ligaiuis the apparent biikling 
energies, AAG^, of each of the substituents of chloramphenicol has been evaluated. 
Examination of analogues in which the p-nitrophenyl group of chloramphenicol was 
rq)laced by alkyl groups suggested that the aiyl binding pocket is a local hydrqjhobic 
regicMi approximately 1.5 tintes more hydrophobic than n-octanol. There is a linear fiee 
enagy relationship between the q>edficity constant, kcg,/K„, of these liganls ami tiie 
hydrophd)iciQr of the alkyl substituent. The iiterentental apparent tnmiing enetgy for 
each methylene group bound in this pocket is estimated to be l.OkcalmoM and it is 
proposed tiiat this bimiing site can müy eitelose an alkyl chain up to C4. A large number 
of chloramphenicol analogues were fourni to be substrates for CAT. This is believed to 
be due to the dominant hydrt^hobic interactitms in the CAT:CM complex ami the lack of 
many direct hydrogen tonds, which for son* ligands apparently leads to alternative 
bimiing modes.
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CHAPTER 1 

GENERAL INTRODUCTION



INTRODUCTION

1.1 MOLECULAR RECOGNITION

Molecular recognition processes control all chemical and biological reactions vital to 

life. Essentially, molecular recognition is the intowtion of two molecules, be they two 

simple molecules whose interaction involves mutual rwognition, or two 

maoomolecules such as DNA and protein. Of relevance to this work is the molecular 

recognition involved in the interaction between a large molecule and a small one such 

as that between an enzyme and its substrate.

The ability of individual molecules to recognise and discriminate between closely 

related partners is a key determinant of many fundamental processes such as enzymic 

catalysis, gene regulation and biological fidelity in DNA and protein synthesis. The 

goal of molecular recognition studies is to understand in a quantitative manner the 

origin of this specificity. Understanding molecular recognition processes, particularly 

those which influence the binding of small molecules to complex proteins, is a vital 

component of rational drug design. Drugs must be highly discriminating at the 

ntolecular level so that diseases can be controlled without any undesirable side effects. 

It is therefore essential that drug molecules are designed to recognise and bind 

selectively to target receptors or enzymes identified as being involved in the disease 

process, and to show considerably lower affinities for other potential binding sites. At 

the limit, this may involve discriminating between two enzymes that catalyse the same 

reaction but are encoded respectively by host and invading agent (virus or bacteria).

Recent developments in structural and molecular biology have greatly enhanced the 

ability to examine the structure-function relationships of biological macromolecules and 

to obtain new insights into the molecular recognition proces%s which form the basis of



biological specificity. It is the goal of much recent research to make quantitative 

estimates of the thermodynamic contributions of individual interactions to the overall 

molecular recognition process. This has been facilitated by high resolution structural 

studies based on NMR spectroscopy or X-ray crystallography to identify key 

interactions and to define structural changes in both the receptor and/or ligand made by 

genetic or chemical means. The increasing number of enzymes and enzyme-substrate 

complexes whose structures are available at high resolution provides an important 

framework within which to determine the basic rules that govern biological molecular 

recognition.

Site-directed mutagenesis involving the systematic changing of one amino acid residue 

to another in a protein, and substrate modification are two valuable means of 

quantitatively evaluating the energetic contributions to binding and catalysis of 

individual enzyme-ligand interactions. Such a use of site-directed mutagenesis is well 

established, as is the general principle that amino acid substitutions should not disrupt 

the protein structure.^ This approach, however, is limited in the comparatively small 

number of possible changes that can be made, being restricted at present to the side 

chains of the twenty naturally occurring amino acids found in proteins and specified by 

the genetic code.^ A further disadvantage is that interactions of ligands with backbone 

functional groups cannot be investigated by this method. “Mutation” of the substrate, 

however, affords a considerably wider range of chemically defined alterations to the 

enzyme-ligand interaction and provides access to the same energetic data.

To achieve in-depth studies in the area of molecular recognition requires the 

collaboration of biochemists, molecular biologists and chemists. Use of substrate 

modification alongside genetic manipulation provides a powerful tool in analysing the 

enzyme-substrate interaction. Once the various interactions are understood in sufficient 

detail it should be possible, from a Imowledge of the structure and properties of the 

binding site, to design de novo tight-binding ligands. Such an approach would define



target molecules for the synthetic chemist which would be further refined by the usual 

structure-activity analysis.

1.1: Intei^ctions Between Nonbonded Atoms

Although chemists have mastered the control of œvalent bonds, in order to be 

predictive it is necessary to understand the weak forces involved in noncovalent 

interactions. The four types of interactions that contribute to such molectdar 

recognition are electrostatic, van der Waals, hydrogen bonding and hydrophobic. 

The quantitative importance of electrostatic intaactions, those between charged or 

dipolar atoms and molecules, is difficult to calculate because the eno-gies depend on the 

dielectric constant of the surrounding medium. It is particularly difficult to calculate 

electrosmtic effects in proteins because the dielectric constant is not uniform throughout 

the protein but depends on the microenvironment. Van der Waals or dispersion 

energies depend on the induction of a dipole and so polarisability is an important 

determinant of the strength of the interaction between any atoms. Typical dispersion 

eno-gies for pairs of atoms at the optimal distance of contact are for example: 

0.0186 kcal mol"i for the H—H intMw;tion; 0.1366 kcal mol'^ for N—N; and 

0.0679 kcal mol'i for 0 “C.  ̂ Although the attractive forces are weak and the van der 

Waals energies low, because they are additive they can make a significant contribution 

to binding when summed over the whole molecule. Different types of hydrogen botuls 

have quite different hydrogen bond dissociation energies. Examples of calculated 

values in vacuo are: HOH"OH2, -6-4 kcal mol'^; H20*“HSCT3, -3-2 kcal mol'^; 

H0 H-S(H)CH3, -31 kcal mol'i; CH3CO2- -HOH, -19 0 kcal mol L  ̂ Charged groups 

have greater hydrogen bond dissociation energies because of the higher electrostatic 

energies. Hydrogen bonds in biological systems are particularly important because they 

are stable enough to provide significant binding energy, but sufficiently weak to allow 

rapid dissociation. The hydrophobic “bond” can be considered as the tendency of



nonpolar compounds to transfer from an aquœus solution to an organic phase. The 

classic thwry of the hydrophobic effœt is that it arises primarily from the strong 

attractive forces betw%n water molecules which must be disrupted or distortW when a 

nonpolar solute is dissolved in the water.* To date, however, many conflicting 

explanations have bœn offered for the behaviour of hydrophobic molecules in water 

and these are discussed in detail in Chapter 4. One particular method for measuring 

the hydrophobicity of a molecule is to measure its partition between two phases, 

n-octanol and water being a commonly chosen system. The distribution of the solute 

depends on the competing tendencies of the hydrophobic regions to entw the wganic 

phase and the polar regions to be solvated and hence stabilised by the aqueous phase. 

From such partition experiments the methylene group has an incremental Gibbs free 

energy of transfer from n-octanol to water of 0.68 kcal mol

1.1Ü Binding Energies of Enzymes and Substrates

There are several difficulties in estimating the contributions of the different types of 

interactions to the overall binding energy of a substrate and enzyme from the physical 

measurements outlined in Section l.li. The main re t^n  for this is that the binding 

process is an exchange re^tion, the substrate exchanges its solvation shell of water fw 

the binding site of an enzyme. Therefore, the major problem of predicting values of 

binding energies in biological systems is that they represent the differences in energy 

between molecules intenteting with water, and molecules in a complex interacting with 

each other.

It is difficult for example to evaluate the energy of salt linkages because the ions are 

solvated in solution and the ena-gy of interaction in the complex critically depends on 

tiie dielectric constant of the surrounding medium. The solvation energies are very 

high, it is estimated that a -COg" ion is stabilised by about 65 kcal moT^  ̂and this must



be compensated for if removal from water is associate with complex formation. 

Similarly in the case of hydrogen bonds evaluation of the net energy is difficult because 

the substrate (S) and the enzyme (E) are normally hydrogen-bondW to water molecules 

in aquœus solution, and the overall eno-getics result from the intCTchange of hydrogen 

bonding partners [1.1].

E---H —  O + S O —   E---S + O —  H---O^ ..«.[1.1]

A distinction must be made between the overall energetics of the exchange reaction and 

the hydrogen bond dissociation energy. The energetics depend on the enthalpies of 

formation of each of the bonds and the entropy changes in both solvent and reagents. 

By simply carrying out a hydrogen bond inventray^ a great deal of insight into the net 

energetics of hydrogen bonding in water can be gained. As can be seen in [1.1] there is 

no net gain in the number of hydrogen bonds. If there are no geometric constraints on 

bond formation and each hydrogen bond takes up its optimal conformation then to a 

first approximation the reaction is isoenthalpic.* The enthalpies tend to cancel out even 

if the bonds are of different types. Even though there is an increase in entropy on the 

formation of intramolecular bonds in the enzyme-substrate complex since the substrate 

is probably immobilisé in the complex anyway there is no further loss of entropy on 

the formation of the intramolecular hydrogen bonds. Hydrogen bond formation in 

enzyme-substrate interactions is favouré entropically because there is a gain in entropy 

on the release of bound ordered water molecules into bulk water.*"

The evaluation of hydrophobic interaction energies is also not easy bwause there are 

basic differences between the hydrophobic interaction of a solute between an organic 

solvent and water, and the interactions which are form é by the binding of hydrophobic 

substrates to an enzyme. The former case involves the formation of a cavity in the 

organic solvent, transfer of the solute to the cavity and closure of the cavity in the



aqueous phase, whereas the latter involves the occupation of a preformé cavity in the 

protein and the likely transfer of water fiom this to the aqueous phase.

Instead of using model reactions a quantitative analysis of the energetics of individual 

interactions within the enzyme-substrate complex can be achievé by a direct 

comparison of dissociation constants for the modified and unmodifié complexes. Such 

a comparison yields an apparent binding energy, A G ^, for the inta-action.’ Hiis can 

be applié to modifié substrates binding to a single enzyme or to a single substrate 

binding to modifié enzymes dérivé fiom site-directé mutagenesis of the wild-type 

enzyme. In order to met^ure the contribution to the binding energy of a group R on a 

ligand R-S it is usual to replace R by H and to compare the affinities of R-S and H-S. 

For the case of altéré substrates, the apparent binding energy of a substituent R in a 

substrate R-S is given by [1.2], where and Kg(R.s) are the dissociation constants

from the enzyme of the altéré substrate and the unmodifié substrate respectively.

= RT In (Ks(r.sj/Ks(h_s)) ....[1.2]

A G ^ can be relaté to the eno-gies of the specific bonds in the complex that have been 

a l to é  in the modification according to a simple therméynamic cycle (Figure 1).'®

^R-S ^S(RS) %'RS
E + R - S  -  E .  R — S

I
E + H — S ----------7  E .  H — S

OHj %«-S) Oe.h.s

Figure 1.1

Therméynamic cycle relating differences in dissociation constants to differences in 
free energies of unmodified and altéré substrates and their enzyme-substrate

complexes.



If the free energy of em:h complex is dénoté by G, then

AGgjç = (Gh_s - Gr.s) - (Gg.H.s - Ge.r-s)

From [1.3] it can be seen that A G ^ depends upon the differences in free eno-gy 

betwwn E R-S and E H-S and those betwœn R-S and H-S. Since the binding process 

is an exchange reætion between water and the binding site A G ^ can be expressé as

= (Gh-s/w ■ Gr.s/w) " (Ge*h-s ■ Ge*r-s) + ....[1.4]

where GH_s/w and ^R-Sfw i* die energy of interaction between modifié substrate and 

water and that between substrate and water. A G^g is a reorganisational energy term 

that includes any conformational changes, pmurirntions to the binding of the rest of the 

substrate to the enzyme, and changes to the solvent arising from the modification of 

substrate. A G ^ therefore results from the dissociation energies of the specific boiuk 

between enzyme and substrate that are changé and the energetic changes associaté 

with any structural reorganisation of the solvent and modifié ligand. Since A G ^ is 

dérivé from relative binding constants it is an experimental measure of binding. On 

the other hand AGy^j is «suivaient to an incremental binding energy in the E-S 

complex. If a group R on a substrate binds to a group X on an enzyme then the 

exchange reaction is shown in [1.5] where w represents water.

E-X-w + wR-S E-X'R-S + ww ....[1.5]

The binding energy of X and R, A G,^, may be considéré as a free energy of transfar 

of X and R from water to their binding environment. The overall energetics of the 

interaction, as shown in [1.6], depend on the relative individual interaction energies in 

[1.5] and also on any changes in entropy and energetics of tolvent structure that cx*ur.



AGbind = Gx'R + Gw - Gx-w - Gr.,̂

The interaction energy of X and R is Gx-r, of X and w is Gx #, of R and w is Gr.,„, and 

the free energy of water enteing bulk water and any associated changes in the free 

energy of solvent is G,̂ . The value of A G ,^ depends on the fit between X and R. 

When there is perfect complementarity between the group R and its binding cavity in 

the enzyme and there is no strain or undue loss of entropy on binding then the binding 

energy will be the maximum that can be ^h ievé . In this case AG^^^ tends to the 

intrinsic binding energy value.^i AGy^d relates the binding energy of en:yme and R 

with each other compared with their binding energies to water, whareas A G ^ 

compares the binding energy of enzyme and modifié substrate with that of enzyme and 

unalteré substrate. ITierefore, in general AG,^ does not equal AG^w However, if 

the removal of a group on a substrate or enzyme allows free access of water to the 

cavity creaté by the deletion then AG,pp can be considéré as a crude measure of

AGw«,.M

l.liii Examples of the Calculation of Binding Energies for Different Systems

Fersht has u s é  both site-directé mutagenesis and substrate modification to obtain 

binding energies for specific hydrogen bonds. Mutations of several side chains at the 

active site of tyrosyl-tRNA synthetase were désigné to remove hydrogen-bond 

donating groups from the enzyme in the enzyme-substrate complex. Application of the 

theoretical work outliné above gave the apparent binding energies of several hydrogen 

bonds from the tyrosyl-tRNA synthetase (an enzyme that catalyses the formation of 

tyrosyl éenylate) to its substrates.̂ »® The results showé that deletion of a hydrogen 

bond to an unchargé hydrogen bond donor or acceptor weakens binding by 

0.5-1.8 kcal mol"1.̂  ̂ These values are much smaller than the hydrogen bond 

dissociation energies calculaté in vacuo. The weaker binding on removal of -XH from



an enzyme E-XH is thought to result from small changes in solvation energies and 

possible losses of dispmion energy in the complex because deletion potentially caures 

a cavity between the substrate and enzyme which the missing group once occupied. In 

contrast, the deletion of a bond to a charged donor or acceptor weakens binding by as 

much as 3-6 kcal mol'i.*^ The higher value reflects the higher bond dissociation 

energies of charged groups. The deletion of hydrogen-bonding groups from a substrate 

gave similar results when the glycogen phosphorylase-glucose complex 

investigated.!'* Removal of a hydrogen-bonding partnw of a neutral group was shown 

to weaken the binding energy by about 1.5 kcal mol"* and that for a charged group by 

about 3 kcal mol *.

Bartlett and co-workers have used substrate modification to evaluate the influence of 

hydrogen bonding and hydrophobic effects on the inhibition of thermolysin, a zinc 

protease. TTiey prepared several series of analogues which included those shown in 

Figure 1.2.

O O

N C o f
!
R

(1) X=NH, (2) X=0, (3) X=CHz 

Figure 1.2

X-ray crystal structures of the thermolysin complex of (1) and (2) have shown that the 

two are essentially superimposable, and the specific interactions that were identified 

between the inhibitors and the active site are shown in Figure 1.3.!**

Replacement of the phosphorus linked NH group with an oxygen atom to give a series 

of phosphonate esters (2) resultW in a uniform decrease in binding affinity of



4 kcal mol"1 across the series, There are two main factors which can explain the 

dififwence in binding energies of the amidates and the estere.

MH

Zm

Figure 1.3

Interactions between the inhibitors and thermolysin in the vicinity of the phosphores
and amide linkages.

As can be seen from Figure 1.3 the -NH- for -O- substitution causes the loss of a 

hydrogen-bonding interaction because of the inability of the ester to donate a hydrogen 

bond to the carbonyl oxygen of Ala 113, and the loss of this interaction was judged to 

be the major cause of the reduced binding affinity of the esters. However, since the 

binding process is an exchange reaction the difference in solvation of the 

phosphonamidates and the phosphonates is also an important factor. The favourable 

energy of the amidate-enzyme hydrogen bond is partially offset by the greater fiee 

energy loss on desolvation of the amidates compared with the esters, due largely to the 

hydrogen bonding capability of the former. Using fiee energy perturbation calculations 

Bash et al. supported this interpretation by also obtaining a value of 4 kcal mol  ̂for the 

difference in binding energy between the amides (1) and the esters (2).^  ̂ They did this 

by separately calculating the differences in the energy of their interactions with the 

jtetive site and with solvent. In a similar manner Kollman and Merz predictW the effect 

of substituting the -NH- group with a -CH2- group.^* They æcinately predicted that the

10



binding of the pliosphinates (3) to thermolysin would be almost tlie same as that of the 

phosphonamidates (1) despite the former not being able to hydrogen-bond to the 

Ala 113 residue.

Bartlett then prepared a series of phosphinates (3) and demonstrated that the 

replacement of the -NH- group with a -CHg- moiety alters the affinity of the inhibitors 

by a relatively constant amount across the series.^ The phosphinates (3) were shown 

to bind with only a 0.1 kcal mol" ̂  decrease in binding affinity compared with the 

corresponding phosphonamidates (1), which is in contrast to the phosphonates (2) 

which bind an average of 4 kcal mol"  ̂less tightly. These differences in binding affinity 

show that the difference in inhibitor-active site interaction must be balanced against the 

differences in solvation of inhibitor. The binding affinities of the phosphinates and 

phosphonamidates are approximately the same which can be explained by the loss of 

the hydrogen bond in the enzyme-inhibitor complex for the phosphinates which is offset 

by the decrease in hydrophilicity maldng the phosphinates easier to desolvate. In the 

case of the phosphonates (2) the loss of the hydrogen bond active site interaction was 

not balanced by a comparable decrease in solvation energy which accounts for the 

decrease in binding affinity when compared with the phosphonamidates. Bartlett 

concluded that the affinities can be attributed to the importance and relative magnitudes 

of both the hydrophobic and hydrogen-bonding characteristics of the phosphorus 

substituents.

Williams has recently tried to develop a quantitative understanding of molecular 

recognition phenomena based on a combined experimental and theoretical approach.^ 

He presents an equation for the estimation of approximate binding constants for 

bimolecular associations in solution. The free energy of binding, AG, is separated into 

five factors as shown by [1.7]. This expression is only applicable if the ligand and 

receptor show good complementarity and there is no strain in the bound complex, that

11



is if the conformations of the bound comix>nents correspond closely to conformational 

eno-gy minima in the separated states.

AG = AGt+r + AGj + LAG] + AGŷ v̂  + AGy ....[1.7]

AGj+r corresix>nds to the probability of bringing the ligand and receptor together, it is 

the change in translational and rotational energy upon association. The association of 

two molecules is always unfavourable entropically due to the loss of three degrees of 

translational freedom and three degrees of rotational freedom on formation of the 

complex. By also taking into account the small enthalpy loss on association can 

be estimated. Williams presents a plot of molecular weight of ligand against AGj+j 

from which the Mva-se effect on the binding constant can be determined. For example, 

for a ligand of mass 150, AG(+, adverse to binding by a factor of 10̂ ® which 

corresponds to approximately 60 kJ moT^. He has shown that AĜ +y is relatively 

insensitive to the shape of the ligand. A molecule of a given weight has the same value 

of AGt+r to within 4 kJ moT^ whatever its shape.

AGj corresponds to the probability of orienting the ligand appropriately once it has 

formed the complex. It is the adverse free energy change, which is largely entropie, 

associated with the restriction of any internal rotations of either component on 

formation of the complex. In agreement with Page and Jencks,^ Williams estimates 

the value of AG, to be approximately 5-6 kJ mol'i per rotor frozen out upon 

complexation.

EAGj is the sum of the free eno-gy of binding that results from the interaction between 

polar functional groups in the complex. This value requires a knowledge of the 

intrinsic binding energies for evoy portion of a component involved in the binding 

into-action. These values can be obtained experimentally by the method of comparison 

of dissociation constants or taken from previously calculated values. It should be noted
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that by definition intrinsic binding energies are essentially the same value for a similar 

environment and the same solvent. However, until a detailed quantitative 

understanding of the molecular recognition process has been gained it is not Icnown 

whether intrinsic binding energies have the potential to be fundamental and useful 

constants.

AGy^w is a favourable term that arises because the molecular packing in a complex, 

whether it is intramolecular or intermolecular, may be more efficient than that of the 

individual components in the solvent. Only hydrocarbon-to-hydrocai’bon interactions in 

the complex need be considered because the polar interactions are included in the SAGj 

term.

AGy is due to the hydrophobic effect and so is only relevant to binding in aqueous 

solution. It corresponds to the favourable release of water from the hydrocarbon 

surfaces as they are removed from exposure to water upon binding. Williams has 

calculated a favourable effect on binding of 0.125 IcJmoT  ̂ per of hydrocarbon 

removed from exposure to water by the binding process.^  ̂ This value was obtained 

from considerations of thermodynamic data on the solubilities of hydrocarbons in 

water. Williams later adjusted this value to be 0.19 kJ mol"  ̂per by correcting for 

the favourable entropy of mixing.^

As previously mentioned, [1.7] is only applicable to systems which show good 

complementarity and no strain, for example binding sites which evolved under the 

pressure of natural selection to majcimise the binding strength. For a more general case 

an additional factor, AHcgn&nn ™ st be included in the equation. represents

the total conformational strain energy produced upon binding due, for example, to the 

introduction of unfavourable bond lengths and bond angles. Before association there is 

essentially no strain present in either component.
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Williams has applW his expression [1.7] for estimating binding constants to the 

inta-action in aqueous solution of the antibiotics vanomycin and ristocetin A with the 

peptide cell wall analogue N-Ac-D-Ala-D-Ala and related ligands. He assumes for 

these systems that and AGvdw are zero. The complex formed upon the

binding of ristocetin A to N-Ac-D-Ala-o-Ala is ^own in Figure 1.4.

on

.OH, OH

M#

M*

Figure 1.4

Interactions between the cell wall peptide analogue N-Ac-D-Ala-D-Ala and the 
antibiotic ristocetin A. The broken lines indicate intermolecular hydrogen bonds.

By comparing the binding free energies of two ligands which differ in their binding to a 

common receptor by removal of an amide-amide bond, the intrinsic binding energy of 

that bond can be measured. In order to obtain the intrinsic binding free energy for the 

amide-amide interaction from the acetyl carbonyl group of N-Ac-D-Ala-D-Ala to the 

antibiotics (the left most hydrogen bond in Figure 1.4) the thermodynamic parametos 

for N-Ac-Gly-D-Ala (4) and N-Ac-D-Ala (5) were compared (Figure 1.5).
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O H O W k' H

(4) (5)

Figure 1.5

In the case of the lattor ligand (5) the hydrogen bond being considMW is deleted. To 

calculate the requiml intrinsic binding energy the differences in enthalpy [A(AH)] and 

entropy [A(TAS)] of binding the two ligands are requiiW. Calorimetric data on the 

binding of the two ligands to vancomycin and ristocetin A gave a mean value of 

-1 kJ mol’i for A(AH), this is the enthalpy of the hydrogen bond, AHH-bwid- The data 

also show that the entropy change, A(TAS), has a mean value of 10 kJ mol k This 

change in the entropy of binding arises from three sources: i) the difference in rotational 

and translational free energies of the two ligands which is estimated to be 3 kJ mol'k 

This value has been calculated on a semi-empirical basis using gas-phase rotational and 

translational free energies which are then corrected to allow for the fact that the binding 

occurs in aqueous solution; ii) the freezing out of two rotors of glycine on formation of 

the hydrogen bond which has an unfavourable entropy of 10 kJ mol'^; iii) the entropy 

change, TAŜ .̂ ^md associated with the hydrogen bond formation. Thus

A(TAS) =10 = TASn-bond-3 -1 0  

. . TASy-bond = 23 kJ mol k

The intrinsic binding energy for the amide-amide hydrogen bond is therefore

AG{ = AH .̂btmd - TASji.bOTd = -1 *23 

AGj = -24 kJ mol'i (5.7 kcal mol'i).

This value is significantly higher than those previously reported by Fersht for individual 

uncharged hydrogen bonds.'^

15



It should be noted that Williams has subsequently re-evaluated the strength of this 

amide-amide hydrogen bond.^ The above estimate of the value of AGt+j. assumed that 

there was no residual overall relative translation and rotation of the associating 

components (A and B) in the complex (A°B), however, it is now thought that this 

situation is unlikely in practice.^ Williams now regards residual relative motions, 

including new soft vibrations, remaining in the complex as constituting translational 

and rotational entropy of A and B that was not lost. Also, the initial value of AGj. of 

5-6 kJ mol"i for each rotation removed upon association corresponded to severe 

restriction or complete loss of a rotation, but Williams now argues that smaller values 

of 3.5-5 kJ mol"  ̂ may be appropriate for associations involving noncovalent bonds.^ 

Furthermore, initially no increase in the binding of (4) over (f ) was attributed to the 

hydrophobic effect but this has been reassessed and it is now estimated that this 

contributes to a difference of -8 kJ mol'i. Therefore, by removing credit for residual 

motions and allowing for a larger hydrophobic effect than originally envisaged, the 

“new” estimated value for the amide-amide hydrogen bond is -(4-7) kJ mol'i which 

corresponds closely to the existing view of these bonds of -2 to -8 IcJ mol'̂ .î »̂ ®

The work carried out for the purpose of this thesis was the synthesis of a wide range of 

modified ligands as a means of maldng quantitative evaluations of the energetics of 

individual enzyme-ligand contacts. The enzyme being investigated is chloramphenicol 

acetyltranskrase (CAT), the enzymic effector of bacterial resistance to the antibiotic 

chloramphenicol (CM).^ There are several reasons why CAT is an attractive 

candidate for detailed analysis of its molecular recognition process: i) the reaction it 

catalyses is a relatively simple one; ii) the functionality and stereochemistry of 

chloramphenicol, one of its substrates, can be altered in a variety of significant ways; 

iii) the system is being used extensively in protein engineering studies (W.V.Shaw, 

Leicester University); iv) high resolution crystal structures of the binary complexes of 

the type IE CAT are available.^^
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BACKGROUND

1.2 CHLORAMPHENICOL

Chloramphenicol was the first broad-spectrum antibiotic brought into medicinal use and 

also the first to be produced by organic synthesis rather than by fomentation. It is a 

fermentation product of a soil bæ^rium (Streptomyces venezuelae) and was first 

isolated in 1947.“  Subsequent charzKterisation revealed that although its structure m s 

relatively simple it was novel in two respects and interesting stereochemically.“  

Chloramphenicol has a N-dichloroacetyl substituent and it was the first natural product 

found to contain a nitro group. It possesses two asymmetric carbon atoms in the 

propanediol side chain which gives rise to four possible stereoison»rs. It is, however, 

only the naturally occurring D-(-)-rhreo-2-N-dichloroacetamido-l-p-nitrophenylpropan- 

1,3-diol (6) which has significant antimicrobial activity (Figure 1.6) “

CkN

CHOz

' ^ N - H

(6)

O
H

Figure 1.6

HO

HO H

(A)

In 1952, Dunitz carried out an X-ray diffraction study of the dibromo£u;etyl analogue of 

chloramphenicol which showed that the antibiotic exists in a preferred 

conformation (A) where the two hydroxyl groups are within 2.7 Â of one another.^'
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Due to the close proximity of these two groups he proposed that an intramolecular 

hydrogen bond was the force rcsponâble for staUlising the {A)-confomwr. 

hidepeitoent investigations have suppwtod this hypothesis by concluding that this 

conformation also exists in solution.^  ̂ However, Bustard etcU. re-examhtod the 

conformation of chloramphenicol in solution by NMR and IR spectrosccqjy and th%e 

studies did not reveal the {nesence of intramolecular hydrogen bonds.^ This led them 

to believe that the (A)-conformer might be stabilised through minimal polar and/or 

solvent interactions. After recent work using high dilution FT-IR Fitzhugh has 

proposed that (A) is stabilised entirely by noncovalent means through the 

cmiqilementary action of bodi intramolecular hydrogen bonding and dipolar attractive 

forces between the carbonyl oxygen and the p-nitrophenyl group (Figure 1.7).^

H—N

o“

H — NO

Figure 1.7

The preferred conformer of chloramphenicol showing two pairs of intranwlecularly 
hydrogen-bonded O-H groups.

There are two important molecular recognition events that involve chloramphenicol. 

i)11ie binding of CM to the bacWal ribosome which is crucial to its antibiotic 

m:tion,^ and ii) the recognition of CM by CAT which is the molecular baas of bacterial 

resistance to the antibiotic.^ Although the former recognition process is the most 

biologically intocsting little is known about it (see Section 1.3i). In contrast, the 

molecular recognition of chloramphenicol by CAT is known at atomic resolution and 

provides an excellent test-bed for developing a quantitative understanding. The latter 

binding site may be viewed as a surrogate for the riborome site allowing the exploration 

of the impwtant rcteognition features of chloramphenicol.
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1.3 ANTIBIOTICS

Although all antibiotics are able to prevent the growth and multiplication of susceptible 

bacteria, microbial inhibition is not brought about by a common mechanism. After 

many years of extensive study of the mechanisms by which specific antibiotics interact 

with œmponents of bactoial cells it was possible to divide antibiotic action into five 

groups according to the genml biochemical site upon which they acted.^ These five 

targets for antibiotic action are: 1) energy metabolisn^ 2) the function of Imcterial 

membranes; 3) the synthesis of protein; 4) the metabolism of nucleic acid and 5) the 

synthesis of peptidoglycan. Each of these sites however is complex and different 

antibiotics within a particular group may have different modes of action.

Chloramphenicol prevents peptide bond formation and so belongs to group 3. Among 

the antibiotics which inhibit protein synthesis many show selective toxicity in that they 

are active against prokaryotes but not against eukaryotes (or vice versa) 

e.g. chloramphenicol, whereas others can inhibit growth of both prokaryotic and 

eukaryotic cells e.g. puromycin. The majcnity of antibiotics whose action is targeted at 

protein synthesis do so by inhibiting functions of ribosomes, the multi-macromolecular 

complexes on or in which dmxiing of the genetic message occurs.

1.31 Mode of Action of Chloramphenicol and its Binding to Ribowmes

After it was discovered that chloramphenicol inhibits protein synthesis in bacteria^  ̂it 

was soon shown that at bacteriostatic concentrations the antibiotic does not inhibit the 

synthesis of cell-wall peptidoglycan,^ nucleic acids^  ̂or polysaccharides.^ As well as 

inhibiting protein synthesis in prokaryotes chloramphenicol can also achieve tins in 

intact mitochondria^^ and chloroplasts,^* but not in mammalian or plant cells.^* In 

1964 Traut and Monro demonstrated that chloramphenicol inhibits the peptide
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bond-forming reaction.^ Chloramphenicol inhibits peptidyl transferase reactions in the 

absence of messenger RNA (mRNA) or 30S ribosomal subunits, but it does not prevent 

the binding of mRNA to ribosomes nor does it inhibit the non-enzymic binding of 

aminoacyl-tRNA into the ritosomal aminoacyl acceptor site (A site). It is widely 

supposed that chloramphenicol allows the binding of the latter into the A site but 

prevents recognition by the peptidyl transferase of its acceptor substrate, but it is not 

clear how chloramphenicol achieves this. Chloramphenicol inhibits peptide chain 

elongation and with it the movement of ribosomes along mRNA.̂ ®

Studies by Vazquez on the binding of '̂^C-labelled chloramphenicol to ribosomes 

showed that the antibiotic bound preferentially with the 50S subuniL** At bacteriostatic 

concentrations one molecule of chloramphenicol binds per 70S ribosome, however, 

another molecule can bind at high drug concentrations.^® Work by Lessard and Pestka 

confirmed the existence of a second ribosomal binding site for chloramphenicol.'^^ 

Ribosomes of E. coli possess a high affinity site (IQ = 2x10"® M) together with a low 

affinity site (IQ = 2x10"^ M) evident only at high drug input. This second site is 

located on the 30S subunit but it is not Icnown whether it is involved in the primary 

action of the drug. The high affinity site is located on the larger 50S subunit and it has 

been suggested that chloramphenicol binds with slightly higher affinity to ribosomes 

carrying peptidyl-tRNA in the peptidyl donor site (P site) compared with the A site.'̂  ̂

One of the main concerns is to establish which ribosomal proteins constitute the 

peptidyl transferase and which are present in the A and P sites where the enzyme 

recognises its acceptor and donor substrates. Affinity labelling studies have identified 

several ribosomal proteins in the vicinity of the peptidyl transferase centre.'*  ̂ In 

addition to ribosomal proteins, several nucleotide residues of 23S RNA have been 

implicated as components of the chloramphenicol binding site.'̂ ® Recent evidence 

suggests that there is a specific interaction between rRNA and chloramphenicol within 

the peptidyl transferase centre of the 50S subunit.®®
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By 1950 chloramphenicol was being produced synthetically and was being widely ured 

as a promising broad-spectrum antibiotic (i.e. it was effective against both 

Gram-positive and Gram-negative bacteria). However, its clinical applications were 

severely curtailed after reports of toxic side-effects being associated with its use, which 

included bone marrow toxicity and adverse reactions in newborn infants. Some of the 

undesirable effects could possibly be related to the action of chloramphenicol upon 

mitochondrial ntetabolism in the spleen and bone marrow. The drug is currently usai 

in veterinary practice, but is used only on a very limited scale in man. Soon after its 

introduction as an antibiotic it was discovered that many bacteria had become resistant 

to chlwamphenicol and in the vast majority of cases this was due to the presence of the 

enzyme chloramphenicol acetyltransferase.

1.3H Bacterial Resistance to Antibiotics

The sudden and epidemic spread of resistance to multiple antibiotics was first detected 

in Japan in the 1950s. Since then the problem of bacterial resistance has reached huge 

proportions. TTie general trend is that when a new antibiotic is introduced there is a 

short period during which it is effective on a large scale, but this is followoi by the 

appearance of a higher and higher proportion of resistant strains, even up to the point 

where an organism has developed an absolute resistance. For example, the penicillin 

dose presently usai to control Gram-positive bacteria is several thousand times that 

used in the forties. For more than thirty years |tenicillin was the drug used for the 

treattnent of gonorrhoea but its continued prolonged thoapeutic use world wide has led 

to the development of gonococci that are completely resistant to penicillin.®*

Microorganisms can achieve resistance to antibiotics through biochemical, 

physiological and morphological modifications. There are five main ways in which this 

can be achieved:®*
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1. Modification of the bacterial site at which the antibiotic acts so that it is insensitive to 

the drag yet still able to carry out its normal physiological function - this type of 

resistance mechanism accounts for sulphonamide resistance among pneumococci.

2. Prevention of access of the antibiotic to its active site - loss of cell wall permeability 

to antimicrobial agents has been detected in ampicillin-resistant mutants of Salmonella 

îyphimurum and E.coU which have been shown to possess modified cell wall 

polysaccharides.

3. Reduction in the physiological importance of the target site - certain penicillin and 

cephalosporin resistant bacteria malce use of this mechanism.

4. Duplication of the target enzyme, the second version being the one resistant to 

inhibition - this type of resistance is effective against the antimicrobial agent 

trimethoprim.

5. Synthesis by the bacteria of an enzyme capable of inactivating the antibiotic - many 

clinically important bacteria confer resistance in this way, the enzymes either destroy 

the antibiotics by cleaving one or more covalent bonds or by chemical modification of 

key functionalities rendering them inactive. (3-lactamases are an example of the first 

type, they effect tlie hydrolysis of the P-lactam ring of penicillins and cephalosporins. 

Enzymes that inactivate antibiotics by substitution are generally of three distinct types, 

adenylating, phosphorylating and acetylating enzymes. CAT belongs to the class of 

enzyme that catalyses the acétylation of the antibiotic, and is central to this thesis.
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1.4 MECHANISM OF THE CAT REACTION

When bacteria containing CAT are exposed to chloramphenicol the antibiotic is 

convCTted to three acetylated products by a combination of two enzymic steps and a 

nonenzymic isomaisation (Scheme 1.1 ) .^ 2

H NHCOCHCk H NHCOŒCI2
'  OH U k X / O A c

H OH

OgN

AcSCoA HSCoA H  o h

(7)

H OAc

O2N
NHCOCHa,

OAc CAT

HSCoA AcSCoA

(9)

H NHGOCHOg

H OAc 

(8)

Scheme 1.1

Reactions catalysed by chloramphenicol acetyltnmsfrause.

The initial ^etylation reaction (Step 1) is catalysed by CAT and is dependent on 

acetyl coenzyme A (AcSCoA) as the acyl donor. The primary (C-3) hydroxyl group of 

chloramphenicol is acetylated to give 3-O-acetylchloramphenicol (7) which fails to bind 

tightly to Wcterial ribosomes and so is inactive as an antibiotic.*  ̂ (7) then undergoes a 

nonenzymic, pH-dependent rearrangement (Step 2) involving an intran»l«:ular acyl 

transfer to the secondary (C-1) hydroxyl group to give 1-O-acetylchloramphenicol (8) 

which exposes the primary hydroxyl to re^etylation.*^ (8) is then converted to 

1,3-diacetylchloramphenicol (9) by the second CAT catalysed acétylation (Step 3).
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Of these reactions it is the first step which is of most interest since it leads to bacterial 

resistance, the second and third reactions merely result from the 1,3-diol structure of 

chloramphenicol and the acyl migration that occurs in vivo and in vitro. The overall 

rate of formation of 1,3-diacetylchloramphenicol is a function of the rate of the slow 

rearrangement step and that of the reacetylation, the latter being at least two orders of 

magnitude slower than the initial acétylation.** The remaining discussion on the 

mechanism of the CAT reaction is concerned with Step 1 only. This step is freely 

reversible but the forward reaction is highly favoured due to the difference in free 

energy between acetyl thioesters and acetyl oxyesters.**

The results of steady-state kinetic studies of the forward and reverse CAT catalysed 

reaction suggest a rapid-equilibrium mechanism leading to the formation of a ternary 

complex.*^ Although the addition of substrates in both the forward and reverse 

reactions is random, a preference for AcSCoA as the leading substrate has been detected 

in the forward reaction. Chemical modification studies were undertaken to find out 

which amino acid residues play a role in catalysis. 3-Bromoacetylchloramphenicol, an 

affinity reagent that is an analogue of the acetylated product of the forward reaction 

catalysed by CAT, was found to uniquely alkylate a histidine residue. His 195.*® 

Inactivation was stoichiometric, 1 mole of the inhibitor being covalently bound per 

mole of enzyme monomer, with the consequent loss of acétylation and hydrolytic 

activity associated with CAT. Histidine modification in proteins often shows 

preference for one of the two possible tautomeric forms.*®* In this case 

N^-(carboxymethyl)histidine was identified as the only alkylated amino acid, 

implicating the presence of a unique tautomeric form of a reactive imidazole group at 

the catalytic centre. Since it was only the N-3 of the imidazole ring that was alkylated 

this suggests that either the imidazole ring is fixed such that only the N-3 nucleophilic 

centre is available for catalysis or that one of the two ring tautomers of His 195 is 

favoured on electronic grounds. X-ray crystallography has shown that tautomeric 

stabilisation of the imidazole of His 195 is achieved by the presence of a novel



hydrogen bond from the N-1 hydrogen of His 195 to the bwkbone carbonyl of the same 

residue.2'̂ *

The results of the kinetic and chemical modification studies IW to the proposed 

mechanism shown in Scheme 1.2 where the role of His 195 is one of general base.^

His 195

— I

o®
(10)

Scheme 1.2

Proposed reaction mechanism for CAT leading to the formation of an oxyanion 
tetrahedral intermWiate.

His 195 increases the nucleophilicity of the primary hydroxyl group by deprotonating 

the C-3 hydroxyl of chloramphenicol and promoting the attack of its oxygen on the 

carbonyl of the thioester of CoA. This leads to the formation of an oxyanion tetrahediul 

intermediate (10). The availability of the struchires of the two binary complexes has 

allowed the proposed intomediate to be modelled with only very small changes in 

either the conframation of the enzynte or the position of the substrates.*®
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LS STRUCTURE OF CAT

ITiere are eleven natural variants of CAT for which amino mud sequence data are 

available, but it is the type m  enzyme, CATm, which has been studied in the greatest 

detail, both structurally and mechanistically.**'*' CATjn is the most active of known 

CAT variants and is the enzyme that is the subject of this went. When CAT is referred 

to it will be concerning CATgg.

CAT is a trimer of identical subunits, each with a mass of 25,000, and the active sites 

are located at each of the three subunit interfaces (see Figure 1.9).*'̂  The secondary 

structure of the monomer consists of a six-stranded mixed parallel and antiparallel 

P-pleated sheet with five a-helices packed against one side and the end of it 

(Figure 1.8).

Figure 1.8

Structure of CAT showing the secondary structural elements of a monomw (left) and 
the trimer viewed (as the monomer) down the threefold axis.

There is an additional small three-strandW P sheet which is formal by the N-terminus 

and an extended loop between helix %  and strand Pg. The three subunits associate so 

that the six-stranded p sheet of each monomer extends across the subunit interface via
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Figure 1.9 (opposite)

(Top) Model of CAT showing the trimer of identical subunits. Chloramphenicol (shown 

in green) is bound at each of the three subunit interfaces.

(Bottom) Model of both chloramphenicol and CoA (red) bound at one of the three active 

sites of CAT.

The molecular modelling was carried out with the Biosym software using the coordinates 

of the two binary complexes taken from the X-ray structures.^^



»
m

m



Üie strand Ph of the adjacent subunit to form the trimer (Figure 1.8). This gives rise to 

eight intereubunit main chain hydrogen bonds which contribute to the stability of the 

trimer. On fmmation of the trimer about 20% of the total surface area of each 

rttonomer is buried. Hydrophobic residues make up approximately half of the buried 

mea and there are eight charged polar side chains at the interface. Another important 

stabilising in^action is provided by solvent molecules, five of which are fully buried.

1.5: The Binding Site of Chloramphenicol

The structure of the binary complex of CAT with chloramphenicol has been refined to 

1.75 A resolution.27' Chloramphenicol binds in a deep pocket which is situated at the 

subunit interface (see Figure 1.9). The high-resolution structure of the binary complex 

shows that the majority of the residues forming the binding site are contribuW by toe 

face of one of toe two subunits forming toe interface, whereas His 195 arises fitïm toe 

adjacent monomer (Figure 1.10). It is clear therefore, that a single monomer alone 

cannot be catalytically active.
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Figure 1.10

Stoeo diagram of toe CM binding pocket. # indicates residues which arise from the 
subimit providing His 195. Double circles represent ordered water molecules.
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Figure 1.11 (opposite)

Model of the CAT:CM binary complex. Chloramphenicol is shown bound in the deep 

binding pocket situated at the subunit interface.

The molecular modelling was carried out with the Biosym software using the coordinates 

of the binary complex taken from the X-ray structure.^’̂*
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Boüi hydrophobic and polar residues are involved in binding chlwamphenicol, and 

there are extensive van der Waals contacts between chloramphenicol and the side chains 

of the pocket (see Figure 1.11). The phenyl ring of chloramphenicol lies next to the 

side chains of Leu 29, Cys 31, Leu 160 and Be 172, ami the dichloro group makes van 

der Waals contact with Ala 105, Phe 135 and Asn 146. The interaction of 

chloamphenicol with CAT involves only two direct hydrogen bonds, one betwœn the 

carbonyl oxygen of the dichloroaœtamido group of chloramphenicol and the hydroxyl 

of Tyr 25 and the other between the C-3 hydroxyl of chlwamphenicol and the 

imidazole N-3 of His 195. A third hydrogen bond exists between the C-1 hydroxyl and 

Thr 174 but this occurs via a bridging water nrolecule. There are two water molecules 

associated with the primary hydroxyl group of chlwamphenicol and three with the 

secondary hydroxyl, some or all of which are presumably displaced during the CAT 

reaction. The extensive hydrophobic intoactions together with the hydrogen borxis 

reflect the amphipathic nature of chloramphenicol.

1.511 The Binding Site of Coenzyme A

The structure of the binary complex of CAT with CoA, the product of the forward 

reaction, has been solved at 2.4 A resolution.^ When CoA binds the pantetheine arm 

is in an extended conformation with the polar phosphate groups in contact with solvent 

on the enzyme surface and the thiol group completely buried (Figure 1.12). The 

pantetheine binding pocket appears as a tunnel which leads from the surface of the 

protein into the catalytic site. It is lined with hydrophobic residues which make van der 

Waals contact with the apolar groups of CoA. Although the adenine ring binds in a 

hydrophobic pocket it makes two hydrogen bonds to main chain atoms and one to m 

ordered water nrolecule. The majority of the polar groups of CoA are hydrogen bonded 

to ordered water molecules rather than to specific residues.
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Figure 1.12

Schematic diagram of the CoA binding site of CAT. # indicates residues which arise 
from the subunit providing His 195. W represents ordered water molecules.

Chloramphenicol and acetyl CoA approach the active site from opposite faces of the 

enzyme and approach is ftteilitated via the tunnel which extends through the protein and 

accomnxKlates the pantetheine arm. The chloramphenicol binding pocket, positional in 

the upper surface of the enzyme (as viewed in Figure 1.8), is linked to the CoA binding 

tunnel which emerges from the lower surface. Therefore, when no substrates are bound 

to CAT, this provides a solvent-accessible channel which runs from one side of the 

molecule to the other.
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LSiii The Active Site

As discussed in Secticm 1.4, the N-3 of the imidazole ring of His 195 was identified as 

the nucleophilic/tosic centre responsible fw analysis. In the binary complex of CAT 

and chloramphenicol this nitrogen is 2.8 A away from the C-3 hydroxyl of 

chloamphenicol which is consistent with its role as a general base.*^* It has bron 

shown that there is no obvious need for a wnfomational change in the ternary complex 

to bring the reactive groups of substrates and enzyme into close proximity since in the 

binary complex of CAT and CoA the sulphur of CoA is only 3.3 A fix>m the N-3 

imidazole nitrogen of the catalytic histidine residue. Modelling of the proposed 

tetrahedral intermediate (10) has shown that it is more readily accommodated than the 

ternary complex implying enzyme-transition state complementarity.*® It is catalytically 

advantegeous for the enzyme to be complementary to the structure of the transition state 

of the substrate rather than to the original structure. The increase in binding enagy as 

the structure changes to that of the transition state lowers the activation energy of 

and so increases the rate of reaction. A furtha result of the nmdelling studies is that a 

conservai residue, Ser 148, may play a role in the stabilisation of the transition state 

(Figure 1.13).
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Figure 1.13
Stereo diagram of the proposal tetrahedral intermediate. Parallel lines indicate the 

position of the C„ backbone.
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Ser 148 is 3.2 Â from the putative oxyanion and so there is the possibility of hydrogen 

bonding between them, whereas the same residue lies 4.3 Â away from the 

C-3 hydroxyl of chloramphenicol and so is not likely to play a direct role in tlie acetyl 

transfer. A second residue, Thr 174, is also involved in the transition-state stabilisation, 

by forming a hydrogen bond to the tetrahedral oxyanion via an ordered water molecule.
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1.6 STUDIES OF THE CHLORAMPHENICOL BINDING SITE OF CAT BY 

SITE-DIRECTED MUTAGENESIS AND SUBSTRATE MODIFICATION

A large number of site-directed mutants of CAT have been prepared to assess substrate 

recognition, catalysis and general aspects of protein structure and stability. For the 

specific purpose of this thesis it is modifications to the chloramphenicol binding site 

that are of interest Both site-directed mutagenesis and substrate modification have 

been employed to investigate enzyme-ligand interactions at the C(l)-hydroxyl 

substituent of chloramphenicol.

In the binary complex of CAT and chloramphenicol the substrate lies in a deep pocket 

whCTe it makes extensive van der Waals contacts with the side chains lining the jxteket, 

but there is a small cavity situated at the base of the pocket which in part accommodates 

the 1-hydroxyl group of chloramphenicol.^^* The cavity is linai by the side chains of 

Ser 148, Leu 160, He 172 and Thr 174, and is otxupial by three water nmlecules, 

Wat 249, Wat 252 and Wat 360 (Figure 1.14). Wat 252 forms a bridging hydrogen 

bond between the 1-hydroxyl of chloramphenicol and the hydroxyl group of Thr 174.

LBUteo L&U160

HA'pSZ 

.'""W%249 WAra49
YAT360YÂT360 Tmi74 THR174

Figure 1.14

Stereo diagram of the cavity inpart occupied by the 1-hydroxyl group of CM.
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In Section 1.4 it was noW that the acétylation of 1-O-acetylchloramphenicol (8) to 

give 1,3-diacetylchloramphenicol (9), Step 3 Scheme 1.1, was slow compared to Step 1 

which gave 3-O-acetylchloramphenicol (7). Modelling suggested that the acetyl 

substituent of (8) could be ^x:ommodated in the 1-hydroxyl cavity but this would 

probably cause the displacement of bound water and a minor rearrangeoKnt of eithar 

the substrate or enzyme to alleviate unfavourable van der Waals contacts. In otdra- to 

examine the binding of l-O-awtylchloramphenicol, Leu 160 was substituted by 

glutamine to give Q160CAT and phenylalanine to give F160CAT.*® Glutamine is 

approximately isosteric with leucine but less hydrophobic and so could affect the 

m^anisation of the water molecules, whereas phenylalanine was expected tt> impair the 

binding due to stoic effects.

Initially the kinetics were determined for the reaction of wild-type CAT with 

chloramphenicol (6), 1-O-acetylchloramphenicol (8) and 1-deoxychloramphenicol (11) 

wherein the 1-hydroxyl is replaced by a hydrogen atom (Figure 1.15)^

r  M H NHC0CHCI2

OH
(11)

1 -Ikoxychloramphenicol 

Figure 1.15

The results showed that for wild-type CAT the spoziticity constant, kç„/K„, for 

1-O-acetylchloramphenicol was 150-fold lower than frar chloramphenicol which 

confirmed the relative inefficiency of Step 3 to give the diacetyl product The 

difference arises mainly from the large dœrease in suggesting that either the side 

chain of Sct 148 is displaced and so disrupts coordination of the oxyanion of the 

transition-state, or that 1-O-acetylchloramphenicol is bound in an alternative nmde to
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that observed in the binary complex of CAT and chloramphenicol. The 1-deoxy 

analogue (11) was found to be a good substrate for CAT, and by comparison with 

chloramphenicol the interaction between the 1-hydroxyl of chloramphenicol and the 

cavity was calculated to account for only 0.8 kcal mol"  ̂of binding energy.

The kinetics of the above substrates, (6), (8) and (11) were then determined with the 

mutant enzymes. The results show that the L160Q substitution caused an increase in 

values which is as expected if hydrophobic considerations are dominant in the 

binding of chloramphenicol with CAT because the amide substitution causes the 

binding to become more hydrophilic. The specificity constants however, indicated that 

the substitution did not enhance or impair discrimination against the alternative 

substrates.

In the case of the L160F substitution it was shown that the binding affinities of all three 

substrates were only very slightly altered in comparison with wild-type CAT, whereas 

the kgjjt values were significantly reduced. There was a slightly enhanced 

discrimination against the analogues but this was not thought to be due to the steric 

hindrance of the aryl group of Phe 160. The structure of the binary complex of 

chloramphenicol and Phe 160 CAT revealed that although the introduction of the 

aromatic substituent did not impair the apparent binding affinity of CAT for 

chloramphenicol, the substrate was bound in an alternative and probably nonproductive 

mode. However, since Phe 160 CAT can acetylate chloramphenicol and the 1-deoxy 

and 1-acetyl analogues this implies that there is an additional productive mode for these 

substrates.

In order to examine the tolerance of wild-type CAT for increasing chain length of the 

C(l)-substituent, a series of potential competitive inhibitors were prepared wherein the 

3-hydroxyl of chloramphenicol was replaced by iodine and the C(l)-substituent was 

either a hydroxyl, acetyl or propionyl group (Figure l.M).®
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^  ”  NHCCX3ia2

(12) X=OH, 3-IodochlOTamphenicol
(13) X=OAc, l-Acetyl-3-iodochlorampheiiicol
(14) XaOCIOCHzCHg, 3-Iodo-l-propionylchloraii^henicol

Figure 1.16

The above analogues were all found to be potent inhibitors of wild-type CAT, the Kj 

values were 3,7 pM, 7.2 pM and 29 pM fw (12), (13) and (14) respectively. Modelling 

studies on (14) had suggested that the binding of the propionyl moiety would cause a 

major di^ltuxment of the rest of the molecule. The high affinity observed for (14) 

suggests that the chloramphenicol binding site of CAT is extremely accommodating in 

its respond to substitution of the 1-hydroxyl of chloramphenicol, and is further 

evidence that the 1-acetyl group is unlikely to bind in the cavity next to the 1-hydroxyl 

in the native CAT-chloramphenicol structure.

From these studies it can be concluded that the acyl substituents of these analogues éo 

not bind in close proximity to Leu 1 ^  as does the 1-hydroxyl of chloramphenicol, and 

at least two novel binding modes for the acetyl aœeptor are implied by the kinetic and 

structural analyses. The lack of many direct hydrogen bonds together with die 

dominant hydrophobic interactions in the CAT-chlraramphenicol complex seem to allow 

for such alternative binding modes.

Substrate modification studies have been carried out to examine the interaction of the 

3-hydroxyl group of chloramphenicol with the N-3 of the imidazole of His 195.® In 

principle, site-direct^ mutagenesis could have been used to probe this intoraction but 

thwe were several factors which disfavoured this approach; i) His 195 is central to 

catalysis and so substituting it with other amino «;ids that are not hydrogen-bond
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acc^tora will almost certainly lead to little or no catalytic activity, as has inde«l been 

found, and so steady-state kinetics could not be used to evaluate the intouction; 

ii) enzyme mutageneâs may lead to disruptive structural changes th^ are difficult m 

detect; iii) the N-1 hydrogen of His 195 forms a novel hydrogen bond to the backbone 

carbonyl of the same residue which is likely to be of importance to the geometry of die 

active site. It was therefore decided to alter the substrate initially by replacing the 

hydroxyl group with a hydrogen, leading to 3-deoxychloramphenicol (15), 

(figure 1.17).

H NHCXXBa

H OHH H

(IS)

3-DcoxychlOTamphenicol 

Figure 1.17

The results of kinetic studies showed that deletion of the 3-hydroxyl of chloramphenicol 

caused a decrease in binding affinity. 3-Deoxychloramphenicol wm found to be a 

œmpetitive inhibitor with a Kj of 48 pM compared to a Kj for chloramphenicol of

3.6 pM. Comparison of these results gave an apparent binding energy, A G ^, of

1.5 kcal mol"1 for the hydrogen bond between the C(3)-hydroxyl of chloramphenicol 

and His 195. This value is at the high end of the range for neutral hydrogen bonds in 

enzyme-subsirate complexes as reported by Fersht^* indicating a relatively strong 

hydrogen bond. It was thought that the calculated value might underestimate the 

contribution to binding of this hydrogen bond because deletion of the hydroxyl group 

may also cause a loss of favourable van der Waals intei^tions, but this could be 

balanced by a favourable hydrophobic interaction, 3-deoxychloramphenicol being 

significantly more hydrophobic than chloramphenicol.
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In order to probe more fully the environment of the 3-hydroxyl group a smes of 

3-halo-3-deoxychloramphenicol derivatives (16), (17), (18) and (19) were prepared 

(Figure 1.18).® Substitution of the 3-hydroxyl group with a halogen removes the 

hydrogen-bond donor to His 195 and also affects the solvent interactions of the 

resulting analogues.

r  n H NHCOCHOz

H OH X

(16) X=F, (17) X=a, (18) X=Br, (19) X=I 

3-Deoxy-3-halochloramphenicol 

Figure 1.18

Kinetic results showed that the binding affinity of these compounds increased in the 

order F<a<Br<I, and it was thought that hydrophobic effects would explain the 

obsCTved trend. The hydrophobicity of 3-deoxychloramphenicol and the halo 

derivatives was estimated on an empirical basis using an HPLC method which had 

previously shown that the retention time on a rev«se-phase column was related to the 

partition coefficient between water and an organic phase.® A plot of ln(l/Kj) versus 

hydrophobicity of inhibitors showed a linear ftee energy relationship. This was 

consistent with all the ligands being bound to CAT in the same manner and that their 

major interactions with CAT were not disrupted, even in the case of the io<k) 

derivative (19), the most stoically demanding substitution. Chltnamphenicol was 

shown not to fall on the straight line, binding with a higher affinity than proUcted fix>m 

its hydrophobicity due to the formation of the hydrogen bond of intorst. It was 

expected that in the absence of the hydrogen bond chloramphenicol would fall on the 

same regression line as the other ligands. On this basis, the extent to which 

chloramphenicol is displaced from the line can be considered as a direct measure of the 

additional stabilisation energy provided by having a hydroxyl group at the C(3)-position
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in the native enzyme-chloramphenicol complex. This analysis gave a binding energy, 

AGbind» of 2.7 kcal mohi. This value is larger than the AĜ pp value obtained by simply 

replacing the hydroxyl group with a hydrogen and as such is higher than the typical 

values reported by Fersht.

The overall results show that the binding of the C(3)-position of chloramphenicol by 

CAT is dominated by hydrophobic effects. This is reflected by the linear free energy 

relationship shown by the inhibitors and also by the larger than normal value of AĜ ĵ .̂ 

The hydrogen bond being studied is located in a comparatively hydrophobic cavity 

which is out of contact with bullc solvent, it is therefore expected to be stronger than a 

hydrogen bond in a more polar environment. The difference in A G ^ and AG^^d may 

also in part be contributed to favourable van der Waals interactions between the 

hydroxyl group and CAT.
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1.7 THIS THESIS

The aim of the work carried out for this thesis was to gain a deeper understanding of the 

molecular recognition of chloramphenicol by chloramphenicol acetyltransfeme, and in 

particular to develop a quantitative understanding of the origin of this speciflciQr. This 

was to be achieved by “mutating” the substrate chloramphenicol. This tqipromrh 

provins a wide range of chemically defined alteraticms to the intention of the enzynte 

and substrate and allows quantitative evaluations of the ene-getics of individual 

enzyme-ligand contacts to be made. By systematically removing or replacing a certain 

substituent of chloramphenicol the alternative substrates were specifically designed so 

that the contribution to binding and catalysis of each of the substituents of 

chloramphenicol could be estimated quantitatively.

Chapter 2 investigates a synthetic route to chloramphenicol analogues in which the 

p-nitrophenyl group of CM is replaced by an alkyl group R. The aim was to prepare a 

series of compounds which have the same relative configuration as chloramphenicol 

and in which the length of the R group is systematically increased. It was anticipated 

that this could be achievoi via convmion of the amino acid D-serine to a smes of 

ketones with organolithium reagents RLi, followed by asymmetric reduction of the 

ketones to give the required rhrgo-l,3-diols.

An alternative approach to the above required compounds is discussed in Chapter 3. 

The proposed route to the chloramphenicol analogues is via a suitably protKted 

a-amino aldehyde. It was prolictW that reaction of the aldehyde with an appropriate 

organometallic reagent would lead to the desired rArgo-l,3-diols.

The chloramphenicol analogues in which the p-nitrophenyl group was replaced by alkyl 

groups of increasing chain length were prepared to probe the incremental binding 

energy derived from this part of CM. Chapter 4 discusses the kinetic results obtained
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for these ligands as CAT substrates. As shown in the CAT:CM binary complex^" the 

phenyl ring of chloramphenicol is located in a hydrophobic pocket and it was therefore 

predicted that these substrates would show a linear free energy relationship with respect 

to the hydrophobicity of the R group. In addition, by preparing a range of /^-substituted 

chloramphenicol analogues, tlie role of the nitro group in binding of chloramphenicol 

by CAT could be investigated. The synthesis and kinetic studies of these compounds 

are also discussed in

In addition to making systematic changes to chloramphenicol more radical alterations to 

the ligand are examined to see if there is potential for using CAT as a “reagent” in 

organic synthesis. The preparation and kinetic studies of these alternative substrates are 

discussed in Chapter f. The role of the N-acyl group in the binding of

chloramphenicol by CAT is also discussed. The origin and energetics of

enanticdiscrimination shown by CAT is investigated because it was not known if CAT 

would be able to bind and catalyse the acétylation of a compound which has the 

opposite relative configuration of chloramphenicol. Chapter f  ends with a summary of 

the overall conclusions that can now be made regarding the interaction of CAT with its 

substrates and is a culmination of the results obtained for this thesis.

s, the final chapter, is the experimental section. It includes the synthesis and 

full characterisation of the compounds discussed above together with the kinetic 

methods.
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CHAPTER 2

SYNTHESIS OF CHLORAMPHENICOL DERIVATIVES VIA THE 

AMINO ACIDS SERINE AND THREONINE



2.1 INTRODUCTION

The major part of the synthetic work that was carried out involved the preparation of a 

series of 1,3-dioIs in which the p-nitrophenyl group of chlorampheniœl (6) was replaced 

by an alkyl group R (20).

NHCOCHCl-

OH OH

(6)

H NHCOCHCI2 

H OH IOH 

(20)
Figure 2.1

It should be noted that when using conventional numbering the secondary hydroxyl of 

chloramphenicol is at €-1 whereas with the proposed analogues it is at C-3 

(see Figure 2.1).

In cttder to obtain n^aningful comparisons of the interaction of chloramphenicol and 

CAT calculated Aom kinetic data with that for analogues in which the p-nitrophenyl 

group has been replaced by various alkyl groups, it was imperative that the absolute 

configuration of these analogues at both chiral centres was the same as in 

chloramphenicol. It was therefore necessary to find a general route in which R could be 

systematically varied and which would give enantionKiically pure compounds with the 

required configuration (D-threo in the case of chloranq)henicol), see Figure 2.1.

Chkwamphenicol is produced commercially by the addition of benzaldehyde to 

P-nitroethanol to yield 2-nitro-1 -phenylpropan-1,3-diol to give mostly rAreo-racemate, 

followed by reduction and subsequent transformation to chloramphenicol.^ Only two 

asymmetric syntheses of the antibiotic have been repmted, both of which are very 

recent.**
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The firet route started with Z-(p-nitro)cinnamyl alcohol (21) which was subjected to 

titanium isopropoxide catalysed asymmetric epoxidation, the reaction taking 7 days at 

-20®C (Scheme

OHOH

(21) (22)

OH
(24)

OH
(23)

NHCOCHO-

OH
(6)

Scheme 2.1

The epoxicte (22) was opened regioselectively at C-2 with ona-selectivity using «xlium 

ande. C-2 was attacked preferentially on stetic grounds due to the aryl group being 

Wider than the hydroxymethyl functionality. By carrying out the reaction under acid 

catalysis the C-2 selectivity was enhanced because the carbocationic character in tiie 

tmnsitim state is stabilised more at C-2 than C-3 due to the presence of tiie
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electrcmegative p-nitrophenyl n»iety. The aâde diol (23) was converted to the amino 

diol (24) which was tlten reacted with methyl dichloroiteetate to give chloianqiheniœL

The second route also onployed an asymntetric epoxidaticm but sterted fiom E-cinnamyl 

alctdtel (25).*® TTie epoxidaticm was carried out with L-(+)-diisopropyl tartrate und^ 

Shaipless ccmditions (Scheme 2.2).

(25)

OBz

(29)

OH

(26)

HO

(27)

H HNBz

(30)

Scheme 2.2

The epoxide (26) was ringed ojtenni regioselectivly with benzoic acid in the piesenœ of 

titanium isopropoxide. The benzoate ion wta shown to have attackai the epoxide with 

inverâon of configuration at C-3 to give the diol (27). Boizoylation and subsequent 

mesylaticm of (27) gave (28) which was then reacted with scxiium tndcte to afford
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compound (29). N-benzoyl-amino diol (30) was obtained after reduction of (29) and 

subsequent hydrolysis. (30) could then be converted to chloramphenicol following the 

procedure described by Controulis.*^

Although it may be possible to prepare the required chloramphenicol analogues (20) 

using similar methodology to that shown above it is not an ideal general route, in part, 

because the required starting materials are not readily available. In the development of 

routes to optically active compounds the use of chiral starting materials is highly 

advantageous. For example, a-amino acids are chiral, nonracemic natural products and 

as such are valuable building blocks in stereocontrolled synthesis. Most of the common 

L-amino acids have long been utilised in this way, and with much diversity.®  ̂ However, 

due now to the commercial availability of the unnatural antipode (the enantiomeric 

D-foim) of many amino acids, the versatility of these chiral starting materials has greatly 

increased. The synthesis described in this and the subsequent chapters shows how the 

use of only a few amino acids can be exploited to make a large range of chloramphenicol 

analogues.

In order to prepare the series of 1,3-diols shown in Figure 2.1 it was initially thought 

that a synthetic route could be found which started with the amino acid D-serine (31), 

which provides the appropriate absolute configuration at C-2. With D-serine suitably 

protected the key step in the variation of R can be achieved by the direct conversion of 

the carboxylic acid to the ketone by the reaction of an organolithium reagent, RLi 

(see Scheme 2.3).
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(31)
i

H NHCCXHCI2 H NH2 H N0 2

"ÿS "ÿS_
H OH OH H OH OH H OH O 0

(20)
= Protecting group

Scheme 2.3

TTie reduction of a-amino ketones has been studied extensively with varying degrees of 

success.** In general the reported cases refer to eitiier, racemic starting materials and so 

little information is available regarding posâble racanisation during their synthesis and 

reacticms, or to systems bearing groups on nitrogen that are difficult to cleave. By 

finding appropriate conditions to steiwselectively reduce the ketone to the r^uirod 

alcohol and then deprotecting and reacting the free amine with methyl dichloroacetate 

the proposed route shown in Scheme 2.3 should lead to the required product (20).
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RESULTS AND DISCUSSION

2.2 CONVERSION OF CARBOXYLIC ACIDS TO KETONES WITH 

ORGANOLITHIUM REAGENTS

A genoal ntethod for the synthesis of ketenes is the reaction of carboxylic acids with 

organolithium reagaits which has been reviewed by Jwgenson.®* The synthetic pt^ntial 

of the reaction was first rox)gnised in 1933 when Gilman ami Van Ess discovered this 

transformation as a side reaction during there studies of the cariwnatitm of organolithium 

reagents^® Tbey made the significant obsavations that the reaction of benzoic acid 

(1 equiv.) with phenyllitiiium (2 equiv.) gave benzophenone (37%) and triphenylcartrinol 

(14%), and that refluxing lithium benzoate (1.4 equiv.) with phenyUithium (1 equiv.) ftw 

5.5h gave only benzophenone (70%). Later work by Tegnér^i investigating the reaction 

of 2 equiv. of methyllithium with 1 equiv. of a soies of carboxylic acids for Ih gave the 

corresptxiding imthyl ketones and no tertiary alcohols.

Hie reaction of 2 moles of wganolithium reagent with 1 mole of carboxylic acid can be 

considered as taking place in two discrete steps.

RCO2H + R:U    ► RCO2 U  + RiH ....[2 .1]

OU o

RGO2U + RiU "°* R — C — OLi R —C — R̂  + 2UOH ....[2.2]

Rl
(32)

The first step [2.1], which is very fast, produces the lithium salt of the carixjxylic acid. 

ITie sœond step [2.2] is the relatively slow reaction of the lithium carboxylate with the 

second mole of organolithium reagent to form the intermediate dUithium salt (32) which 

only decomposes on woric-up to give the ketone.
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The sucœss of the reaction in the synthesis of ketones is believed to be due to the 

stability of the düiüiium salt which does not break down until the hydrolyms step. The 

significance of this stability can be seen by ccxnparing this reaction with that of 

or^nolithium reagents with carboxylic esta"s, mud chlorides or anhydride. In the latto* 

cases the major product is gmoally the ^ tia iy  alcohol rather than the ketone ami diis is 

due to the facile decompositioi of the organometallic intermediate to a ketone in die 

reaction mixture prior to hydrolysis.

Further evidence to support the theory that it is the stability of the dilithio adduct (32) 

that is inqxntant is shown by the work of Levine et al.!^ They conduct»! a series of 

reactions in which equimolar amoints of phenyllitiiium and the lithium salts of various 

carboxylic mtids were refluxed for 24h and then quenched with water. In ax out of the 

seven reactions they obtained high yields of ketone ami no carbinol. In contrast to this 

they foui^ that the reaction of equimolar amounts of various Grignard reagents witii 

litiiium n-butyrate and litiiium benzoate gave, after refluxing for 24h, mixtures of ketone 

and totiary alcohol, and in most cases it was the alcohol that was the major pixxiuct 

Firom these results they suggest that in the reactions using Grignard reagents flee ketone 

may slowly be fo m ^  during the reaction prior to hydrolytic work-up of the intermediate 

adduct [2.3]. The ketone then reæts rapidly with more Grignard reagent to give the 

halomagnesium salt of the tertiary alcohol as shown in [2.4].

O^MgX® O

RCOzU + R'MgX R _ C  — O li -Ü Z # . R - C  — R»+UOMgX ..42 .3]

Ri
(33)

O 0®MgX® OH

R _ C _ R l  + RiMgX —  »  R — C  Ri R — C ---- Rl ..42 .4]

R» R>
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It is the better leaving-group teiutency of -OMgX ccnnpared to -Oli that mak% die 

intermediate (33) less stable than its dilithio counterpart

2.21 Tertiary Alcohcd Formaticm

One of the main concerns associated with the mxiversion of a carboxylic acid to a ketone 

is the preventitxi of the most genml ride reacticm that can occur aW that is the 

formation of a tertiary alcohol. The alcohol is produced via the genmticm of free ketone 

in the presence of organolithium reagent, ami the ketone is formed fiom the mcxiolithium 

salt (34) which can be produced in two ways [2.5] and [2.6].*®

OU OH
I I

R - C - O U  + RCOzH ------- ► R — C —OU + RCOgU ....[2.5]

Ri Ri
(32) (34)

OLi OH

R - C - O U  + HaO  ► R — C —OU + UOH ....[2.6]
I I
R‘ R‘

It is the decomposition or disproportionation of (34) that gives rise to fiee ketone as 

shown by [2.7] and [2.8].'”

OH Q OU

2 R — C — OU -► R — C — R̂  +R —C —OU ....[2.7]

I .  I
R* Rl

OH O

R — c  — OU  ^  R — c  — Rl + UOH .."[2.8]

Rl
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There are two ways in which the reaction shown in [2.5] can occur during the addition of 

the carboxylic acid and the organolithium reagent:

1. If the rate of mixing of the carboxylic acid and organolithium reagent is not very 

much faster than the reaction of the dilithium salt (32) with free carboxylic acid

2. If the rate of reaction of the lithium salt of the carboxylic acid with the organolithium 

reagent is not significantly slower than the reaction of the carboxylic acid with the 

organolithium reagent

In theory it is possible to prevent the reaction shown in [2oil from occurring if free acid 

and (32) are not present together i.e. by adding the carboxylic acid to the organolithium 

reagent with very fast stirring. However, it is impossible to stop the reaction entirely due 

to the rate of mixing being crucial. Therefore, the reaction should be carried out by the 

slow addition of the organolithium reagent to the free acid with very efficient stirring. In 

this way the carboxylic acid is converted to the lithium carboxylate before any 

appreciable amount of (32) has been produced.

As shown in [2.6] tertiary alcohol can also be formed during the hydrolysis, particularly if 

a significant amount of unreacted organolithium reagent remains at the end of the 

reaction. Work by Levine et al. has shown that the amount of carbinol formed in the 

reaction can depend on the reaction time.”  By increasing the reflux time by increments, 

from 0.5h to 24h, for the reaction of equimolar amounts of lithium w-butyrate and 

phenyUithium they obtained increasing amounts of ketone and decreasing amounts of 

tertiary alcohol. A reflux time of 0.5h gave n-butyrophenone (39%) and diphenyl- 

M-propylcarbinol (30%) whereas after 24h only w-butyiophenone (85%) was obtained. 

They suggest that during a short reaction time tertiary alcohol results from a slow 

reaction between the lithium carboxylate and the organolithium reagent combined with a 

slow hydrolysis of the dilithium intermediate. The unreacted organolithium compound 

then reacts during die hydrolysis with ketone to give the carbinol [23].
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ou  o Rl
I Hop II rIu  I

R —  C — o u  ------ ► R — C — Rl ------ ► R —  C — OU

I I .
Rl R

^  H20

Rl 

1
R — C —OH

I
Rl ....[2.9]

Alcohol formation however can be minimised 1^ taking spatial precautions in the 

work-up. By adding the reaction mixture slowly, dropwise aixl with rapid stkring to a 

large volume of the hydrolysing ritedium the organolithium reagent should be 

immediately hydrolysed before it can re»:t vdth the fiw lœtone.

2.211 Application to the Synthesis of Chloramphenicol Analogues

As shown in the proposed route (Schenre 2.3) the amino acid D-serine was chosen as the 

carboxylic add which was to be converted to a series of kemnes using (xganolithium 

reagents.

The presence of an amino group has been shown not to interfere in the ccmversion of a 

carboxylic add to a methyl ketone.*® However, since possible solubility difficulties had 

been antidpated, protection of the amino group of D-serine was considoed to be 

advantageous. Protection with a bulky group would aid with solubility problems aixl it 

was d»:ided to protect the amino group as the fcrr-bumxycarbonyl (BOC) ami&L 

N-BOC-D-serine is ccwnn»rcially available and the BOC group can be readily removed 

by brief treatment with a strong add such as trifluoroacetic add.
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It was initially thought that the hydroxyl group of D-s«riite would have to be protected, 

particularly in order to increase carboxylate soluWliQr. HowevCT, it has been shown that 

the hydroxyl group ^ « a l ly  does not intofere with the reaction if a sufficient excess of 

organolithium reagent is present to allow one équivalait of w^nolithium per hydroxyl 

group.”  Protection of the hydroxyl group was thoefore considered to be unnecessary, 

but tetrahydrofuran (THF) was chosen as the reaction solvent to ovocome the possibility 

of the reaction being very slow due to the insoluWli^ of the dilithium salt of the hydroxy 

carboxylic As well as increasing solubili^ THF is also a favourable solvent

bœause it is miscible with the tqueous hydrolysing medium which aids in die work-up.

As shown in the previous section special precautions must be taken during the 

experimental procedure in order to obtain a good yfeld of the required ketone. The 

reactions were carried out by slow dropwise addition of the organolithium reagent to a 

r^ d ly  stirroi solution of N-BOC-D-serine in THF at -78°C. The reaction mixture was 

then stirred at 0®C for Ih aM at room temperature for a further 3h. The hydrolyris step 

was carried out by slow, portionwise ackiition of the reaction mixture to a large volume 

of ice-watCT with fast stirring.

2.2:1: Synthesis of the Methyl and Butyl Ketone from N-BOC-D-Serine

It w ^  dotided to initially make oily the methyl and the butyl ketone. This was because 

it was not known if the proposed route would be a viable way of preparing a whole 

series of compounds, and also it was thought that the difference in size of the two alkyl 

groups might be c(xis»}uential in this and/or subsequent reactions. Using the carefully 

chosen reaction conditions given in Section 2.2ii the ccmversion of N-B(X!-D-serine to 

its corresponding ntethyl and butyl ketone was carried exit as shown in Scheme 2.4.
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H NHBOC H NHBOC

” V S  4 -  * v s
o  OH O OH

(35) (36) R=Me
(37) R=Bu

Reagents: i) RLi (6-8 equiv.), THF, -78°C -4  R.T., 5h. 
ii) Water.

Scheme 2.4

ITie reaction was carried out under a variety of conditions, aiui the results are shown in 

Table 2.1. Rom this it can be seen that the crude yiel^ were reasonable but despite the 

product being contaminated with only very mhux* in^urities as shown TLC, the 

overall yield after purification was disappointingly low. The main inqiurity was a h i^ y  

ncMi-polar compound which was thought to pœsibly have a polymeric nature.

When MeU as the LiBr complex was used the reaction mixture was in solution 

throughout or, as in some cases, a snail amount of fine precipitate formed during the 

addition of the organolithium reagent but this r^ssolved as the addition continued. 

However, when only MeLi was used (Entry 1) a large amount of rolid formed during its 

addition and this did not dissolve throughout the entire reaction period. TLC indicated 

that after 5h no reaction had occurred and this is thought to have been due to the 

insolubility of the diUthium salt of the hydroxy carboxylic acid.

ITie results show that the use of 6 or 8 equivalents of organolithium reagent makes voy 

little difference to the overall yield (Entries 5 and 8). Howevo-, in the former reaction a 

fine precipitate was observed which readily redissolvoi, but in the latter case a mirch 

larger amount of ̂ latmtxis solid formed approximately half-way through the addition of 

the BuLi which made stirring very difficult, but this did later dissolve.
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Table 2.1 Experiimntal Results for tbe Reaction of N-BOC-o-Serine with 

Organolithium Reagents.

Bitry (^lantityofN-
BOC-D-soine

(kgarmlidrium
Reagan

Number of 
Equivalents

Crude yield* 
(%)

Yield** aftCT 
Purification (%)

1 0.5 g 1.4 M MeLi in 
Et,0

6 Noreactitm

2 0.5 g
1.5 M MeLi as 
LiBr complex 

inEt,0
6 41 30

3 1.5 g
1.5 M MeLi as 
LiBrœmplex 

in E U )
6 59 40

4 2.5 g
1.5 M M ^i as 
UBr complex 

inEt,0
6 61 44

5 0.5 g 2.0 M BuLi in 
pentane

6 31 16

6 0.5 g 2.0 M BuLi in 
pentane

6 48= 18

7 2.75 g 2.0 M BuLi in 
pentane

6 60 37

8 0.5 g 2.0 M BuLi in 
pentane

8 43 19

9 1.5 g 2.0 M BuLi in 
pentane

8 44 24

* Based on weight o f total organic extractable material - æe text Purification was by flarii column 
chrcMnalognmhy. ® An alternative wotk-up procedure was used - see text

Entry 6 shows the result of an alternative work-up procedure which was investigated by 

Rubottom as a means of miniinising totiary alcohol formation in the hydrolysis step.”  

Instead of quenching the reaction by addition to ice-water as carried out in all the other 

reactitxis, a large excess of chlorotrimethylsUane was added at 0°C to the reaction 

mixture followed by 1 M NaHCDg after the solution hW warmed to room temperature. 

It should be noted that Rubottom used 1 M HQ rather than NaHCOg but it was thought 

that in this case the acidic cmditims might cause the removal of the BOC group. After
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standard extraction and purification the product was obtained in only 18% yield, thus 

showing the choice of work-up made no difference to the yield.

The factor which appeared to have the greatest influence on the overall yield was the 

scale of the reaction. It was found that the greater amount of N-BOC-D-serine used the 

higher the yield (Entries 2, 3 and 4, 5 and 7, 8  and 9). The data obtained for the methyl 

ketone (36) and the butyl ketone (37), including accurate nrnss, were consistent with 

their proposed structures. The NMR signals corresponding to the methyl CH3 CO- 

protons of (36) and the methylene -CH2 CO- protons of (37) were at the expected 

chemical shifts, occurring at 6 2.25 ppm and 8 2.49-2.67 ppm respectively.
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23  CONVERSION OF KETONES TO SECONDARY ALCOHOLS

Having prepared the methyl ketone (36) and the butyl ketone (37) the next stage was to 

reduce these compounds to their corresponding secondary alcohols. The reductions had 

to be carried out asymmarically in otdo* to achieve the required configuration at C-3,

i.e. the rhreo-product (38) (see figure 2,2).

H NHBOC

R

OH
(38)

Figure 2,2

It was decided to initially use sodium borohydiide to see what selectivity was achieved 

with a ample, noiKhiral reducing agent Since the keto group has an a-chiral centre its 

two faces are diastoeotopic and so nucleophilic addition can lead to two pœsible 

diastereomers. However, it was difficult to predict which diasteieomer would be the 

major product because there are %v«al fiunors to consider.

If CMily stetic interactions were important in affecting the transition state then applying 

Oram’s rule and using FeUdn-Ahn ccmformations^* the predicted major product 

diasterromer would have the desii«l ctmfiguration. Work by Felkin and Ahn has slmwn 

that when the a-carbon has a small (S), medium (M), and laige (L) group then the most 

restive conformation, i.e. that which leads to the major product, is where the groups are 

staggered so that the aubonyl oxygen is between the large and nwdium groups. The 

minor product is formed when the carbonyl group lies between the large and amll 

groups. In both confamations nucleophilic attack occurs anti to the large group as 

shown overleaf.
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Felkin-Ahn Conformations

H

H OH

H NHBOC

H OH OH 
(38)

major diasteiromer

H®

J0

A -
S L

HO
M

H R

H NHBOC
R

HO H OH 
(39)

minor diasteieon^

It can be s%n that in these ctxifcmnaticms the most inqxntant storic intoacticms are 

(ktmnined by R, and so it can be predict^ that the larger the R group the greats the 

preference fra- the most restive ccMiformation and so the higher the selectivity.
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T hœ  is also the possilnlity of chelation control.^ If tfie nitrogen lone ]Kiir coordinates 

to the metol then the (arbonyl group and the nitrogen would be held syn-periplanar by a 

S-membered chelate ring. In this relatively rigid amformatitm prrferraitial attack oœurs 

faxa the less hindoed dde to give the major diasteieonœr which in this case would be 

the unrequited gryfW-product (39) as shown below.

a-Chelatlon control with the Urethane Nitrogen

NHBOC

HO H OH 

(39)
majOT diastneana:

HowevCT, if the reaction is controlled by P-chelation with the hytboxyl oxygen and the 

carbtmyl oxygen cotsdinating to the tr^tal, then the major diastereomer would be the 

required product (38) as shown below.

p-Chelation with the Hydroxyl Oxygen

NHBOC
H® R

H NHBOC

H OH OH

(38)
majOT dtastmecHner

As can be seen there are sevaal possible ways in which the asymnœtric reaction may be 

wntrolled. Because the various models discussed above lead to predicticm of différait 

diastereomm as the major product it was decided that the reduction should be stixlied 

oqierimentally.
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2M  Synthesis of the Methyl and Butyl Alcohol.

Reduction of the mohyl and butyl ketone (36) and (37) was carried out with sodium 

borohydride in ethanol at room temperature as shown in Scheme IS .

H NHBOC H NHBOC H NHBOC

'yS 'xS * '>0
O OH H OH OH HO H OH

(36) R=Me (40) R=Me (41) R-Me
(37) R=Bu (42) R=Bu (43) R=Bu

Reagents: i) NaBH» (5 equiv.), EtOH, RT., 2-3h.

Scheme I S

AfW work-up and purification by flash column chromatography the correqionding diols 

were obtained in good yield (65% combined yield for (40) and (41), and 71% for (42) 

and (43)). Satisfactory data, including ̂ curate masses, were obtained for the products.

The iH NMR spwtrum of the mixture of diastereomers (40) and (41) drowed the two 

sets of doublets at 5 1.19 ppm and 8 1.24 ppm cmresponding to the nwthyl protons of 

CHgCHfOH) to be in a ratio of 1:2.1 respwtively as calculated from the peak heights 

(a ratio of 1:2.3 was obtained from the integration). In the case of the %  NMR 

spectrum of the diastereomers (42) and (43) the doublets at 5 5.40 ppm and 5 5.50 ppm 

corresponding to the NH signal were examined and found to be in a ratio of 1:3.4 

resparively as calculated from peak heights (and 1:3.0 firom the integration). It should 

be noted that at this stage it was not possible to assign the relative configuration of the 

major product.

Despite the fitet that the products were purified by fladr column chromatography the 

diastereon^ were not separated as shown by TTC, and so the calculate ratios wctb  

considérai to be an indication of the stereoselwtivity of the reduction, and therefme

58



show that the reductions had occurred with low diastaeoselectivity. However, since 

greater selectivity was achieved with the butyl compound this suggests that steric 

interactions were important and so the reactions had possibly occurred mainly under 

nonchelation control.
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2.4 SYNTHESIS OF 2-N-DICHLOROACETAMIDO-BUTAN-13-DIOL

The mixture of N-BOC diols (40) and (41) were depiotecred by rewztion with 

trifluoroacetic acid which caused the reaction mixture to becon% extren»ly daric. 

Extraction of the product was difficult due to its highly polar nature aM (2R, 3R)-2- 

aminobutan-l,3-diol (44) and (2R, 3S)-2-aminobutan-l,3-diol (45) were afforded in a 

low combuKd crude yield (53%). This matnial was immediately reactni with methyl 

dichloroacetare, the reaction mixture being heated at reflux in dry ethanol 

(see Scheme 2.6). The product was obtained by renK>ving remaining starting m ariai 

with an acid wash. No further purification was carried out due to the snail scale of tiiis 

recond step (<70 mg).

H NHBOC

H OH OH

Me
H NHBOC

x S
HO H OH

(40)

H NHCOCHOg

!"

H OH OH 

(46)

(41)

H NHCOCHOz

HO H OH 

(47)

Reagents : i) CF3CO2H (10 equiv.), R.T., Ih.
ii) ClzCHCOgMe (2 equiv.), EtOH, A. 5h.

Scheme 2.6

The %  NMR spectrum of (46) aM (47) was difficult to interpret due to the mixture of 

producte. However, the two single» at 5 6.33 ppm aiui 6 6.37 ppm corresponding to the 

-CHQ2 proton were seen to be in a ratio of 1.8:1 respectively as ca lcu la i from the
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peak heiglits (and 1.7:1 from the integration). Determination of which diastereomer, 

(46) or (47), was the major product is discussed in the remainder of this chapter.
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2.5 ALTERNATIVE SYNTHESIS OF l-N-DICHLGROACETAMIDO-BUTAN.

13-DIOL

Hie naturally occurring aimno acid L-thieonine (48) has the required absolute 

configuration at both C-2 and C-3 (s% Figure 2.3).

NH.
Me OH

(48)

2S, 3R L-(-)-Threonine 

Figure 2.3

By preparing the ntethyl analogue of chlmampltenicol (20, R=Me) fiom L-threonine a 

ccxnpound will have been synthesised whose absolute configuration at both chiral centres 

is known. It can then be used to assign the absolute ctmfiguration of the mediyl 

analogues arising firom the route discussal above. By comparing this con jura i with die 

mixture of diastereooters (46) and (47) previously prepared via the metiiyl ketone (36) 

the major diastereomer farmed in the sodium bordiydiide reduction of the ketone to the 

alcohol can be directly assigned.

2.5: Synthesis of N-Dlchionracetamldo-L-Threonlnol

Since L-threonine methyl estCT hydrochloride (49) is axnntetcially available this was the 

starting material used rather than L-threonine. N-Dichloroacetamido-L-thra>ninol (46), 

(2R, 3R)-2-N-dichlororteetamido-butan-1,3-diol, was prepaml in two steps as sWwn 

ovCTleaf in Scheme 2.7.
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HîNJiCl
Me

H NH,XX XX21N «xxv^i A  j

“y S
H OH O H OH OH

(49) (44)

H NHCOCHCI2

Me

H OH OH 
(46)

Raigents; i) NaBH^ (7 equiv.), water, <4®C, 20h.
ii) ClzCHCOzMe (2 equiv.), EtOH, A, 7h.

Scheme 2.7

It is generally considered that sodium bordhydride does not reduce esters. However, 

thae are reports in the literature that in certain cases, especially in the field of sugar 

chemistry, reduction of the ester group to the ccoresponding primary alcohol has bœn 

observed.^ Work by Seki et al. has shown that the reduction of a-amino acid esters 

(including D-threonine ethyl ester) with sodium borohydride occurs without racémisation 

to give (^tically active a-amino alcohols, and that the q)timum reaction oxiditicMis woe 

the use of 4 moles or more of sodium booAydride in either water at 0®C or 50% 

aqueous ethanol heatai under reflux.^»

L-threonine methyl ester hydrochloride (49) was reduced with sodium bordiydride in 

water, the reaction ndxtioe being stirred at <2®C for 2h and then left to stand in a fiidge 

ovOTiighL TTie work-up ctescribed by Seki for the preparation of D-threoninol involved a 

continuous extraction with ether for over 10(Hi and the obtained yield was only 47% 

showing the difficulty of extracting such a highly water soluble compound into mr^mic 

solvent. Due to the inqpracticaUty of such an extraction an al^native work-up was uted 

following a method developW by J. Williams (Leicestw University).*® This consisted of 

several steps:
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1. Formation of L-thieoninoi oxalate and its extraction into boiling ethanol followed by 

evaporation to give a solid residue.

2. Basification with aqueous barium hydroxide, filtration and evaporation to give a 

residue containing free amino alcohol, barium oxalate and barium hydroxide.

3. Addition of hot ethanol followed by filtration to remove barium oxalate and 

evaporation of the supernatant to give a residue.

4. Addition of hot acetone, filtration to remove barium hydroxide and evaporation of the 

final filtrate to give L-tlueoninol.

Although this procedure was somewhat involved L-threoninol (44) was afforded in 72% 

yield after final purification by Kugelrohr distillation. Due to the instability of the free 

base it was reacted immediately with methyl dichloroacetate to give, after purification by 

flash column chromatography, N-dichloroacetanoido-L-threoninol (46) in 54% yield.

The data obtained for (46), including C, H and N microanalysis and an accurate mass, 

were consistent with its proposed structure. The low resolution mass spectrum showed 

the typical pattern of molecular ions containing two chlorine atoms. When recorded in 

DgO both the and %  NMR spectra gave very sharp signals, allowing in the latter 

case determination all the coupling constants, including the %% and constants 

corresponding to the CHxCH^Hg(OH) protons. It was noted however, that when 

recorded in CDCI3  the NMR spectrum showed either two sets of signals or broad 

peaks. Similarly in the %  NMR spectrum the signals were mainly broad, but when the 

probe temperature was raised to 40°C and then to 50°C there was a sharpening of peaks. 

This phenomenon is believed to be due to the restricted rotation about the amide bond 

due to a resonance interaction, or to partial N-H/D exchange.
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2.51: Synthesis of N-DIchloriMiœtamido-D-Thremiinol.

In order to examine tlw origin and enwgedcs of enandodiscrimination shown by CAT the 

enandomo" of (46) was also synthesised. N-Diddmwcetamido-D-thieoninol (53), 

(2S, 3S)-2-N-dichloroacetaimdo-butan-l,3-diol, was prepared in three steps starting 

from D-threonine (50), (see Scheme 2.8).

H _ H^N H

HO H O HO H O

(50) (51)

HNCOCHCl;

Me

OHHO

(53)

H2N H

HO H OH 

(52)

Reagents: i) SOCl? 1.1 equiv.), MeOH (8 equiv.), 50®C, 4.5h.
ii) NaB% (4 equiv.), water, <4°C, 20h.
iii) OgCHCOzMe (1.5 equiv.), EtOH, A, 7h.

Scheim 2.8

D-Threonine was reacted with thionyl chlcnide in dry methanol using an adaptadon of a 

literature method.** The resulting n%tfayl ester was initially recovered as the 

hydiochloricte but this material was found to be extrenwly hygroscopic making handlmg 

very difficult However, craiversion to the free base gave D-threonine nxthyl ester (51) 

as a non-hygroscopic solid in 47% yield

Conversion of (51) to (53) was cairioi out in the same way as its conespoiKling 

enandomer as detailed in the previous secdon. The reducdon to give D-threoninol (52)
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and its subsequent reaction with methyl dichloroacetate afforded N-dichloroacefâmido- 

D-threoninol (53) in good yield (63% and 72% respectively for the two steps). The data 

obtaiiKd for (53) were identical to that for (46) consistent with it being the enandomer. 

ITie %  NMR signal for H-C(3) was in this case confiimed by irradiation of the Me-C(3) 

signal which caused the former signal, a doublet of quartets, to collapse to a doublet

The results of the enantiospecifidty of CAT towards N-dichloroacetami(k)-L-threoninol 

(46) and dichloroacetamido-D-threoninol (53) are discussed in Chapter 5.

2.5Iii Verification of Relative Ccmftguration and Optical Purity.

Since N-dichloroacetamido-L-threoninol (46) derived firom L-threonine was to be used as 

a standard it was imperative that its relative configuration and enantiomeric purity was 

confimtod. In order to verify its relative ctmfiguration and show that the sodium 

borohydride reduction of the methyl ester to its corresponding primary alcohol had 

occurred without epimmsation the acetonide derivative of (46) and the Mosher esters*  ̂

of (46) and (53) were prepared.

ITie acetonide (54) was affœded in high yield (86%) fiom the reaction of (46) with 

2,2-dimethoxypropane (DM?) and pyridinium p-toluenesulphonate (PFTS) as shown in 

Scheme 2.9.

NHCOCHOg Me
Me

H OH OH

HNCOCHaz
i

O . .OX
(46) (54)

Reagents: i) BMP (20 equiv.), PPTS (1 equiv.), CHzOg, R.T., 20h. 

Scheme 2.9
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NMR analysis of (54) showed that the crucial coupling constant between H-C(4) and 

H-C(5) was 1.6 Hz. The signal for H-C(4) was confirmed by irradiation of the Me-C(4) 

signal which caused the former signal, a doublet of quartets, to collapse to a doublet. 

For six-membered rings in the chair conformation Jaxwi,equMoriai ^  typically below 5 Hz 

and J«iai.axiai above 10 Hz.® This vicinal coupling constant value of 1.6 Hz is therefore 

consistent with an axial-equatorial relationship of the protons H-C(4) and H-C(5) of (54) 

in the chair conformation (Figure 2.4) and so confirms the threo stereochemistry. The 

structure of (54) was confirmed by its mass spectrum and accurate mass.

Me

H Me

Me

HNœCHClj

Figure 2.4

The Mosher ester of a mixture of equal quantities of (46) and (53) was prepared using 

(R)-a-methoxy-a-trifluoromethyl-phenylacetyl chloride (MTPA-Cl) as shown overleaf in 

Scheme 2.10.
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H NHCOCHOz

H OH OH 

(46)

HNœCHCli 
H

1 '

HO H OH

NHCOCHCL
Me

OMTPA
OMTPA

HNCOCHa

Me

MTPAO OMTPA

(56)

Reagents: i) MTPA-Q (6 equiv.), pyridine, CCI4, R.T., 20h.
Scheme 2.10

NMR of (55) and (56) showoi four signais at -71.40 ppm, -71.46 ppm, -71.78 ppm 

and -71.82 ppm all of equal intensity. The Mosher ester of (53) only was also prepared 

aiKl its NMR showed two rignals at -71.40 ppm aiul -71.82 ppm in a ratio of 1:1. 

The measured optical rotation of (46) was +8.5® and -8.4® for (53).

These results therefore confirm that both enantiomers, (46) and (53), were prepared 

without any detectable racémisation and that, as expected, the relative configuration of 

N-dichloroacetamido-L-threoninol (46) is consistent with the r/ireo-structure.

6 8



2.6 COMPARISON AND CONCLUSION

Having prepared N-dichlorotteetamido-L-threoninol (46) aiKl its ctmfiguration bong 

satisfacttnily confirmed it was then possible to compare it with the mixture <rf 

diastereomors (46) aiKi (47) formW via the methyl ketone (36).

H NHCOCHCI2 H NHCOCHCI2

H OH OH HO H OH

(46) (47)

An NMR sample of (46) and (47) derived from the reduction of the ketone was imxed 

with a sangle of authentic N-dichloroacetamido-L-threoninol (46). Analysis of the 

resulting ^H NMR spœtrum clearly showed that the nunor diastereomer had the same 

ctMifiguration as (46). For ease of comparison the signal corresponding to the -CHCI2 

proton was the simplest to examine. As discuss^ in Sectimi 2.4 the sprotrum of (46) 

and (47) showed the two -CHCI2 singlets at 6 6.33 ppm and 5 6.37 ppm in a ratio of 

1.8:1 respectively. The spectrum of the sample after addition of authentic 

N-dichloroacetamido-L-threoninol showed an increase in intensity of the peak at 

6.37 ppm. In a similar way the mixture of diastereomers of the N-BOC protected butyl 

diol, (42) and (43), was examined and the minor product diastereomer was found to be 

the required product. This will be discusred in Chapter 3.

The results show that the sodium bordiydride reduction of the ketones to dieir 

corresponding sœondary alcdiols favoured the cryrAro-products (39) in preference to 

the required rAreo-counterparts (38). Therefore, for the proposed route shown in 

Scheme 2.3 (Section 2.1) to be a viable method of preparing the requirW 

chloramphenicol analogues (20) certain adjustments would have to be made.
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A first sys^natic study of a non-racemising syndiMis and stereoselective reduction oi 

chiral a-amino ketones has recently been reported in the li^ature.^ It was shown that 

reduction of the NJN-dibenzyl-protwted a-amino ketone (57) with sodium borohydride 

in methanol occurred und^ nonchelation control to give (58) and (59) in a ratio of >9:1 

(Scheme 2.11).

B“2N H BnoN H Bn^N HR ' .  V  Rl ‘  '
R

MeOH
o  HO" H H OH

(57) (58) (59)

Scheme 2.11

Additional functionality in the R-substituent was found not to effect the stereoselectivity, 

h i^  rWo-selectivity being achieved in the reduction of the L-sœrine doived ketone (57), 

R-CHgOBn.

ThCTefore, if O-benzyl-D-serine was protected at the nitrogen in a mmilar way, i.e. as the 

N,N-dibenzyl daivative rather than the NHBOC derivative, then the proposed route may 

give the requiroi analogues (20) as the major products. Alternatively, different reducing 

agents could be examined for the reduction of the ketone. This particular route howevw 

was not investip^ted any further, in part, because of the a>mparatively low yields 

achieved in the synthesis of the intermediate ketone. The results suggest that the 

reduction of the ketone had occurred under chelation control, via a-chelation with the 

urethane nitrogen (as shown in Section 2.3) and this led to the decision to pursue a 

different apprmch which is diœussed in the following chapter.
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CHAPTER 3

ASYMMETRIC SYNTHESIS OF CHLORAMPHENICOL DERIVATIVES VIA 

A PROTECTED a-AMINO ALDEHYDE



3.1 INTRODUCTION

As discussed in Chapter 2, convmion of the alcohol to the ketone gave mainly the 

unroiuiied e/yt/iro-product. Consideration of these results piedicted that if the same 

HMxiel applied. Le. a-chelation control, reaction of the cmresponding aldehyde with an 

appropriate oiganometallic reagent should lead directly to the desired r/irco-l,3-diol as 

the major diastereomer (see below). This cluster discusses an alternative route to the 

r^uired chloramphenicol analogues (20) via a suitably protected aldehyde.

Ketone to Alttohol Conversatm

HO

H
BOON

OH

R

HO

H NHBOC

- y s
HO H OH 

Major prochict

BOON

HO

Aldehyde to Alcohol Conversion 

H
BOON,OH

RM

HO

H NHBOC

H OH OH 

Major product?

Aldehydes are an important class of compounds due to their versatility in organic 

synthesis, and they are especially useful if they are chiral and enantiopure. Due to the 

availability of both L- and D-amino acids, as discussed in Sectitm 2.1, a-amino acids are 

a valuable source of chiral substrates. When the amino functionality is suitably 

protected they can be transformed into the omesponding a-amino aldehydes without
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racémisation. Due to the increasing interest in these aldehydes and their potential 

applications, the preparation and reactions of optically active a-amino aldehydes have 

recently been reviewed by Jurczak*  ̂and Reetz.“

3.11 Preparation of N-Protected a-Amlno Aldehydes

a-Amino aldehydes are mainly obtained from a-amino acids. The general method of 

preparation is via esters or active amides of a-amino acids which are then reduced to the 

corresponding aldehydes. A common reducing agent for the reduction of N-BOC- or 

N-Cbz-protected methyl or ethyl esters is diisobutylaluminium hydride (DIBAL).*'  ̂

Reported yields of the required aldehyde are varied but generally high. A disadvantage 

of the reaction is that it often affords some corresponding amino alcohol produced by 

further reduction of the required aldehyde. This also applies to the reduction of 

imidazolides with lithium aluminium hydride (IJAIH4).** Nonetheless, there are 

examples in the literature which indicate that the reaction can occur without 

overreduction, such as the reduction of N-BOC-protected 3,5-dimethylpyrazolides with 

LiAlH4.*® Fehrentz and Castro have reported an efficient method which occurs without 

racémisation or overreduction.^ The reduction of N-BOC-protected N-methoxy- 

N-methyl amides with LiAlH^ proceeds via a stable lithium-chelated intermediate Which 

precludes further reduction due to intramolecular complexation, and so upon hydrolysis 

only aldehyde is obtained (Scheme 3.1).^

Me HNBOC

Me^ .N.
^  'R  

O

Me HNBOC

Li O

Scheme 3.1

HNBOC

H
R

O

Lubell and Rapopon achieved similar results for the reduction of 

N- [9-(9-phenylfluoreny 1)] -L-alanine isoxazolidide.*^
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An altonative approach is the oxidation of N-protected a-amino alcohols which are 

generally obtained ftom the reduction of N-protected a-amino acids with borane-THF®* 

or sodium borohydride-lithium chlOTide,*̂  or fiom the reduction of the corresponding 

methyl ester with sodium borohydride-calcium chloritte.*  ̂ Evans and co-workers have 

shown that the reduction of N-B(XZ-L-leucine with borane-THF followed by oxidation 

with chromium trioxide-pyridine (Collin’s reagent) occurred with complete retention of 

chiral integrity.^* Oxidation with a variety of activated diuKthyl sulphoxide reagents is 

also firee from racémisation.*^ An alternative method suitable fw a-amino alcohols 

with nonpolar side chains is the enzymic preparation of nonprotected a-amino aldehyde 

semicarbazones using horse liver alcohol dehydrogenase followed by hydrolysis to 

regenerate the aldehyde.*^

3.1Ü Reactions of N-Protected a-Amino Aldehydes

The three main types of restions which use the carbonyl group of N-protected a-amino 

aldehydes to form a new chiral centre are aldol additions, Diels-Alder reactitms, and 

CH-ganometallic additions. It is of great importance to fî nd highly stereosælective 

methods of carrying out C-C bond formations, and with the above reactions this has 

been achieved with varying degrees of success. Aldol addition restions with

N-protected a-amino aldehydes are generally characterised by fairly low 

diasterosela:tivity*^*»*L9S4W and can occur via either chelation** or nonchelation*®® 

control. However, Diels-Alder reactions of N-BOC-protected a-amino aldehydes with 

activated 1,3-dienes has been shown to occur with high diastereoselectivity in favour of 

the chelation-controlled product*®* with the steieoselectivity being reversed to give 

almost exclusively the nonchelation-controlled product with N, N-dibenzyl protectW 

aldehydes.*®»*®* The reaction of organometallic reagents with N-protected a-amino 

aldehydes is of great interest in the context of carrying out C-C bond formations 

stCTCoselectively, and it is especially important to this work. The examples outlined
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below show that a number of factors can influence the selectivity, including tempo-ature 

and choice of protecting groups.

In order to prepare novel dipeptide analogues Hanson and Lindberg carried out the 

acklition of vinylmi^esium bromide to N-BOC-L-phenylalaninal ( ^ )  as shown in 

Scheme 3.2.»«3

HNBOC H
H

HNBOCH

O %

(60)

'MgBr
HNBOC

HO H ph 

(61)

H

H OH Ph 

(62)

-78"C 56 
25«C 70

44
30

Scheme 3.2

When the addition was carried out at -78°C the chelation-controlled rhrco-product was 

slightly favoured, (61) and (62) being afforded in a ratio of 56:44. It was found, 

however, that the selectivity was improved by carrying out the addition at 25®C, which 

gave a 70:30 ratio of (61) to (62).

The reaction of N-BOC-L-leucinal (63) with a chiral Grignard reagent occurred with 

higho- diastereoselectivity (Scheme 3.3), the rWo-product (64) being the major 

diastereomer. The two products (64) and (65) were fwmed in a ratio of 4:1.1**

HNBOC

H

O (63)
HNBOCh

BzlO

HO

(64)

BzlO

HNBOCh

OH

(65)

Scheme 3.3
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In contrast, Rœtz has found that the reaction of NJ4-dibenzylamino aldehydes (66) with 

Grignanl and alkyl lithium reagents (Scheme 3.4) occurs with nonchelation control i.e. 

the eryrhro-pioduct (59) is the favoured diastereomer, and the reaction is generally 

highly diasrereoselective (>W%).*®®“

Bn2N jj BngN  ̂ HBnoN

'  A  *HO H H OH

(58) (59)

Schenre 3.4

It WM only on addition of the very reactive allylmagnesium chloride (CgHgMgCI) that 

the degTM of selectivity was reduced, (58) and (59) being formed in a ratio of 28:72 

respectively. It was shown that the ratio could be improved by prior titanation of the 

Grignard reagent with OTi(NEt2)3, reaction of C3HgTi(NEt2)3 with (66) gave (58) and

(59) in a ratio of 7:93. Chiprates, howevmr, were shown to reduce the selectivity. 

Revmal of selectivity was seen with Lewis acidic or chelating agents of die type 

CHgTiCIg or allylSiMeg/SnCl^. The results show that with RMgX, RLi and RgCuLi no 

chelation effects were observed, chelation only being possible when strong Lewis acidic 

reagents wwe used. It was thought that formation of the 5-membered chelate ring must 

be prevented on steric grounds.

To investigate the above proposal the Grignard-like addition of cuprates to aldehydes 

with less sterically demanding protecting groups was examined (Scheme 3.5).**̂ *®̂  

The results show the effectiveness of protective-group “tuning”. By changing fiom 

benzyl protecting groups to the smaller groups present in (70), (73) and (76) a complete 

reversal of diastereoselectivity was achieved. It should be noted that it is only the 

protecting group that effects die selectivity since the reaction of (70) and (73) with
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alkyllithium reagents shows no selectivity as does the r e ^ o n  of (76) with Grignanl 

reagents.

O HO H H OH

(67) (68) (69)

25 : 75

o

Me

HO

Me

OHO

(70) (71) (72)

R-CH] 90 : 10
R=Œ2Ph 95 : 5

AUylgN H AUyljN H ^ y lzN  H

• • w  ■W'mHO H H OH

(73) (74) (75)

75 : 25

O HO H H OH

(76) (77) (78)

99 : 1

Scheme 3.5
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Aldehyde Stability

N-Protected a-amino aldehydes are relatively unstable both configurationally and 

chemically, particularly in solution. Ito et al. investigated the optical stability of various 

N-Cbz-a-amino aldehydes during chromatogny)hy on silica gel.*^ They foiuid that the 

order of the degree of racémisation was N-Cbz-S-Bzl-L-cysteinal »  N-Cbz- 

L-phenyklaninal > N-Cbz-L-leucinal »  N-Cbz-N°-nitro-L-argininal, and that the longer 

the contact time with the silica the much greater the extent of racémisation. The 

merhanism they proposed to account for the racémisation involves acid-catalysed 

énolisation to give the enol form of the amino aldehyde as shown in Scheme 3.6

CHzR' CH,R> CHjR'

.H® ^  R . J ^  .OH

I  Ï -  1  % -  Î  »
Scheme 3.6

Aldehydes with a group at the p-position which is enol-stabilising can racemise very 

quickly during exposure to silica gel. This was shown with the cysteine derivative 

(R^=SH) which after 6h exposure underwent 99% racémisation.*^ Since the only 

structural difference between cysteine and serine is that the former has a thiol group and 

in the latter this is replaced with an hydroxyl group, it was anticipated that similar 

racémisation problems could occur with a protected soinal derivative.

As shown, the optical lability of a-amino aldehydes depends on their structure. Work 

by Evans et al. has illustrated that even crude N-BCXZ-L-leucinal has some 

configurational lability.®* It retained its chirality reasonably well in the œld (S 5% 

racémisation after 9 days at -30°C) but after 9 days at room temperature it racemised 

relatively rapidly (62% racémisation), its optical rotation going from +18-2® to +6 9®, 

thus showing the need to use the aldehyde as soon as possible after its preparation.
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Gamer and Park, however, have describol the synthesis of N,0-diprotectai 

L-serinal (79) and L-threoninal (^ ) , (Figure 3.1), and they repent that they have 

unambiguously demonstrated that these aldehydes remain configurationally stable 

during purification by either flash column chromatography or vacuum distillation.'®*

O H

O

NBOC

(79)
NBOC

(80)

Figure 3.1

N,0-Diprotected D-serinal (81), the enantiomer of (79), was thought to be a suitably 

protected form of terinal ideal for the asymmetric synthesis of the required 

chloramphenicol analogues (20).

NBOC
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nH OH
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HO
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1
H OH
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H NHCOCHOz

Scheme3.7

H OH

HO ^  R 

H NHBOC

H NHCOCHCI2

H OH OH 
(20)
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Scheme 3.7 shows a proposed route for the required analogues, the crucial step in which 

is the conversion of the formyl group to the hydroxy allcyl group. In order for this to be 

a viable route to (20) it was necessary to be able to carry out this reaction highly 

stereoselectively to preferentially afford the required threo-pméucî, and also to be able 

to systematically vary R. The aldehyde (81), referred to in the literature as the Gamer 

aldehyde, was prepared and its chemistry investigated.

79



RESULTS AND DISCUSSION 

3.2 SYNTHESIS OF THE GARNER ALDEHYDE

The Gamer aldehyde (81) was prepared from N-BOC-o-serine via the reduction of an 

oxamlidine ester (83) with DIBAL. The synthesis involved three stqis and the 

prowdure usW was a modified veraion of that reported by Gama* and Park 

(Scheme 3.8).'®*

HO
H NHBOC

A
H NHBOC

MeOA
(35)

NBOC NBOC

Reagents: i) CHjNj (1.5 equiv.), EtgO, QPC, 0.5h.
ii) DMP (2 equiv.), Bp3.0 Et2 (0.1 equiv.), acetone, R.T. 48h.
iii) DIBAL (2 equiv.), dry toluene, -78®C, 2.5h.

Scheme 3.8

The first step was protœtion of the acid by forming the methyl ester (82) by reaction 

with diazomethane. The scale of the rettetion was limited by the siœ of the Diazald 

apparatus and consequently a maximum of 10 g of the protected amino tteid could be 

processed at any one time. The reaction was repeated several times and always gave 

quantitative yields, further purification by chromatography or distillation was not 

necessary. A recent report in the literature, published after the research had been carriW
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out for this thesis, describes an alternative procedure fw the preparation of the methyl 

ester due to the limitations of using diazomethane. This ntediod makes use of the 

Mitsunobu reaction (see Scheme 3.9) and is repented to proceed in almost 100% yield 

on a laige scale (up to 100 g).'®*

HNBOC HNBOC ^

“ V S  ^
°  OH O OH

Reagents: i) P(Ph)3 (1.1 equiv.), dry MeOH (1.1 equiv.), DEAD (1.1 equiv.), 
dryEt20, < 45‘»C, Ih.

Scheme 3.9

Protection of the O-H and N-H functionalities was achieved by fcnming a 

2,2-dimethyloxazolidine ring. The Gamer method involved the slow distillation of a 

solution of the methyl ester, 2,2-dimethoxypropane (DMP) and p-toluenesuphonic acid 

as the catalyst in benzene,'®* but it has been reported that boron trifluoride etherate is a 

prefwable catalyst giving high^ yields and simpler reaction conditions.'®^ For these 

reasons die ester (82) was reacted with DMP and a catalytic amount (10%) of Bp3.0 E^ 

in acetone giving the oxazolidine (83) in 81-86% yield after purification by flash 

column chromatography. The reaction was found to be fairly slow, it was genmilly left 

at room temperature for 2 days. When more Bp3.0 Et2 was added the reaction was 

quicker but a certain amount of deprotection was also observed giving D-serine methyl 

ester as a side product.

The aldehyde (81) was prepared by reduction of the methyl ester with DIBAL. By 

carefully k^ping the reaction mixture below -68®C throughout the reaction and also 

during the quenching with cold methanol, the aldehyde was produced in 70-80% yield 

afto- purification by flash column chromatography. It was thought that the Gamer 

aldehyde would not racemise on silica because énolisation would create an unfavourable 

interaction with the rigid N-BOC moiety.
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The data obtained for compounds (82), (83) and (81) were consistent with their 

proposed structures and the ligature data.'^ The inqxntant features of the IR 

inclutte i) the broad signal at 3420 cm*' for (82) correqionding to the O-fl and N-H 

groups which is absent for (83 and (81) and ii) the carbonyl stretching frequencies, 

which occur at 1750 cm*' and 1710 cm*' for (82) cmresponding respectively to the estw 

and urethane groups, at 1760 cm*' and 1710 cm*' for (83) and at 1740 cm*' and 

1710 cm*' for (81). The c u ra te  mass of each œnqxMmd was correct and in all three 

cases was obtained as the [MH]+ molecular ion. An important point must be made 

about the NMR spectra. The 'H and '^CNMR data for (83) and (81) given in 

Chapter 6 show two sets of signals when the spectra were recordW at room 

temperature. Gamer also found this but when he raised the probe temperature to 75“C 

fo€ recording the 'H NMR spectrum of (83) and to 60°C for (81) the signals merged into 

one set.'®* On raising the probe temperature to 60°C for recording the spectra of (83) 

we found drat each pair of the '^C signals became one signal with the exception of the 

two isopropylidene methyl carbons, but in the case of the 'H NMR the signals were 

found to broaden, indicating that the probe temperature was not high enough for the 

coalescence point to be reached. These spectral results are a general phenomenon of the 

oxamlidene system and are believed to be due to the restricted rotation about the amide 

bond due to resonance interaction in the carbamate (see below).

R ^  ^ R

0•N

03u ^  6®

The oxazolidene derivatives exist as slowly interconverting rotomers on the NMR time 

scale and samples thCTefore require heating to obtain averaged spœtr%.
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3.2: Stability of the Garner Aldehyde

It had been incorrectly assumW that the Gamer alcfôhyde was both chemically and 

configurationally stable if left for a period of tinte after its purification. Initially a single 

batch of (81) was prepaiW and then several reactions wee carriW out with it ove- a 

period of 2 weeks. It was found that if the aldehyde was not reæted imn^iiately after 

its preparation then the yields of required product wee very low. For this reason the 

DIBAL reduction of the oxarolidine ntethyl este- (83) was carried out many times, on 

each occasion only preparing a sufficient amount of aldehyde for purifying and reacting 

immediately.

The optical rotation of three dry samples of the aldehyde stored under nitrogen in a 

fridge was recorded after varying lengths of time. It was found that after only 2 days of 

storage the rotation had gone from +91.8® to +78.4®, and after 3 weeks it was as low as 

+55®. As reflected by the low yields of product, the change in optical rotation is 

believed to tte due mainly to the chemical instability of the aldehyde rather than 

racémisation. If the 'HNMR spectrum of (81) was recorded several days after its 

preparation it was noted that the integration of the -CHO proton was lower than 

expired. TTierefore, one possibility is that after a short period of time the aldehyde is 

converting to its corresponding hydrate.
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3 J  REACTION OF THE GARNER ALDEHYDE WITH MeMgBr

Having prepared the aldehyde the next stage was to test the predicticm given in the 

introduction of this chapter that the aldehyde would react with m  cuganon^taUic 

reagent with a-chelation control as the lœwnes (36) and (37) had when they w«e 

reacted with sodium borohydride.

The first organometallic reagent reacW with (81) was the Grignard reagent MeMgBr 

(see Scheme 3.10). The reaction was carried out in THF, and after addition at -78°C the 

reaction mixtiure was stirred at room temporatme for 3h followed by heating at reflux 

for a further Ih. Standard aqueous work-up of quenching with sat. NH^Cl, extraction 

into ether and washing with 0-5 M HCl and sat. NaCl, followed by purification by flash 

column chromatography gave the alcohols (84) and (85) in 51% combined yield.

H

O H O

NBOC

OH

Me

HO H

NBOC

Me

NBOC

(81) (84)

H NHBOC H NHBC

H OH OH HO H OH

NHBOC

(85)

H OH OH

(40)

HO H

(41)

Reagents i) MeMgBr (1.5 equiv.), THF, -78°C-^A, 4h.
ii) p-TsOHHzO (0.04 equiv.), MeOH, A, 2h.

Scheme 3.10

It was difficult to determine the ratio of the two possible diastereomers (84) and (85) 

fmm the %  NMR spectrum bwause apart from the presence of two products there was 

the additional problem of doubling up of signals as explained in S«Alon 3.2.
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A 1% NMR spectrum was also not suitable for accurate d.e. determination because the 

fer?-butyl peak dominated the spectrum and the otiier signals were weak and somewhat 

broadened. Therefore, because of these reasons, the ratio of products was determined 

from the NMR spectrum of the subsequent mixture of deprotected products (40) and 

(41) which were obtained by treatment of (S4) and (Si) with methanolic 

p-toluenesulphonic acid at reflux temperature (Scheme 3.10). The BOC group was 

stable to these acidic reaction conditions, but surprisingly, when deprotection of (84) 

and (8i) was carried out in trifluoroacetic acid in an attempt to remove the BOC group 

and open the oxazolidine ring in one step, only removal of the BOC group was 

observed. Purification of the products (40) and (41) was not necessary due to the 

reaction having gone to completion. It should be noted that although the oxazolidines

(84) and (85) were purified by flash column chromatography the two diastereomers 

were not separated on TLC. Therefore, the ratio of the deprotected products was 

considered to be the same as that obtained in the Grignard reaction.

The %  NMR spectrum of the mixture of N-BOC diols (40) and (41) showed the two 

sets of doublets at 6 1.20 ppm and 5 1.26 ppm corresponding to the methyl protons of 

CHgCH(OH)- to be in a ratio of 1.2:1 respectively as calculated from peak heights 

(a ratio of 1.1:1 was obtained fiom the integration). The results therefore show that 

there was virtually no diastereoselectivity in the reaction of the aldehyde with MeMgBr. 

However, comparison of the ^HNMR spectrum of tlie diastereomers (40) and (41) 

prepared via the aldehyde with the spectrum of the corresponding diols (40) and (41) 

formed from the reduction of the methyl ketone (36), (Section 2.35), suggested that it 

was the required threo-vsomes (40) that was the slightly favoured product i.e. it appeared 

that there was a slight preference for the reaction to occur via a-chelation control as 

opposed to nonchelation.
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3.4 REACTION OF THE GARNER ALDEHYDE WITH VARIOUS 

ORGANOMETALLIC REAGENTS

A literature search on the Gamer aldehyde'®* revealed the great potential for its usage as 

a chiral synthon in stereoselective synthesis, and in particular, woric by Herold on the 

synthesis of D-erythro- and D-f^eo-sphingosine Privatives has shown encouraging 

results. Herold has Aown that the reaction of the Gamer aldehyp (79) with metallated 

ethynyltrimethylsilane (Scheme 3.11) selectively affords either the corresponding threo- 

or erythro-product, (86) and (87) respœtively, depending upon the choice of metal and 

the reaction conditions employed.'®**

H OH

O

NBOC
SiMea

(87)

Scheme 3.11

O

NBOC
(79)

H

O

HO H 

NBOC
(86)

SiMeg

Selected results of Herold's work are given overleaf in Table 3.1 which shows the high 

degree of diasterwselectivity (ds) that can be achieved with the Gamo" aldehyde. 

Herold has shown that using lithiated ethynyltrimetiiylsilane in THF œnsiderable 

eryrAro-selectivity was obtained (Entry 2). When cation-complexing agents were added 

the co’fAro-selectivity increased even more, HMPT being the nwst effective agent 

affording (87) with 95% diastereoselectivity (Entry 1).
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Table 3.1 Addition of Metallated Ethynyltrinrathy^lane to the Garner Aldehyde

Entry M AtWitive Solvent 86:87 ds(%)

1 Li HMPT THF 1:20 95

2 U none THF 1:8 89

3 MgBr none THF 1:7 87

4 Li ZnBrg EtzO 11:1 91

5 MgBr Cul THF/MegO 20:1 95

In contrast, high rWo-selectivity was obsaved when anhydrous ZnBrg was added to the 

lithiated tteetylide in Et^O (Entry 4), but the highest fhreo-selectivity obtained was in the 

reaction of (79) with the Grignard reagent in the presence of Cul with THF and Me2S as 

solvent As the table shows, the latter reaction affcnded (86) with 95% 

diastereoselectivity (Entry 5). Herold also noted that the choice of solvent can influence 

the selectivity. When the reaction was carried out with the Grignard reagent and ZnBr2 

as the additive in THF there was 71% diastaeoselectivity in favour of the 

eryrW-product, whereas a reversal of selectivity was obsovW when the same reaction 

was carried out in Et20, this affording a diastereoselectivity of 84% in favour of the 

fWo-product.'®** This effect is presumably a result of competing coordination to the 

metal, with the solvent preferentially coordinating to the metal when the reaction was 

carried out in THF and the oxazolidene preferentially coordinating when in ether.

Even though direct extrapolation of Herold’s work using metallated 

ethynyltrimethylsilane, to other organometallic reagents would be unjustified, it was 

dœided to investigate various re^tion conditions used by Herold. It was anticipated
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that this would lead to a general method for the preparation of the required 

chloramphenicol analogues (20).

The Gamer aldehyde was reacted with a metallated ntethyl reagent using three different 

reaction conditions as shown in Scheme 3.12.

H OH

NBOC — I-------NBOC — -------- NBOC

HO H 

'Me

(81) (84)

H NHBOC

■ > ^ s
H OH 6h

(85)

H. NHBOC
Me.

HO" H OH

(40) (41)

Reagenb: i) Method B 
Method C 
Method D

MeU (1.5 equiv.), THF, -78®C, 2h.
MeLi (1.5 equiv.), ZnBr̂  (2.0 equiv.), Et̂ O, 0“C — RT, 20h. 
MeMgBr (2 equiv.), Cul (2.9 equiv.), THF/MegS (5:1),
-78®C —RT,10h.

ii) p-TsOHJijO (0.08) equiv.), MeOH, A, 2h.

Scheme 3.12

Method B followed a procedure used by Herold'®** and involved the addition of (81) to 

MeLi in THF at -78°C followW by stirring for 2h at that temperature. After the 

standaid aqueous work-up as given in Section 3.3, the mixture of alcohols (84) and (85) 

was obtained in 46% combined yield.

Method C was based on a procedure reported by Asami.'®® MeLi and (81) wote addW 

to a suspension of ZnBr2 in Et20 at 0°C and the reaction mixturo was left to warm to 

room temperature overnight Standard work-up gave (84) and (85) in only 16% yield. 

Initially it was thought that this low yield was due to the ZnBr2 which may not have
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been rotally dry, but when the reaction was repeated using a new batch of anhydrous 

ZnBr2 a very pocnr yield was still obtained. The reaction was also attemptW with fircsh 

MeLi and Meli as the LiBr complex but they too affbrdW little product Thoefore, the 

low yield that was obtained is believed to be due to the instability of the alPhyde which 

for these reactions had been stored for a couple of weeks prior u> its use.

Method D followW Herold’s procedure'®** and involved the addition of MeMgBr to 

Cul in THF/Me2S (5:1) at -78®C. The reaction mixture was stirred at -78®C fcff 0.5h 

and at -30®C fw 0.5h. followed by addition of (81) td -78®C The reaction mixture was 

then left at to warm to room temperature over 9h. Standard work-up afforded the 

diastneomoic alcohols (84) and (85) in 63% combined yield.

As explained in Section 3.3 the ratio of the two possible diasta-eomo-s had to be 

Ptermined from the product afforded in die deprotection step i.e. (40) and (41), which 

in all cases was obtainW in high yield and purificadon by column chromatography vms 

not carried out The product ratios w«e calculated from the 'HNMR spectra by 

examining the doublet corresponding to the methyl protons of CHgCHfOH)-, as it had 

been for the product obtained via reaction of (81) with MeMgBr (Section 3.3). Tie 

ratios of the threoxerythro products obtained from the different methods are shown 

overleaf in Table 3.2 which also includes the result from the MeMgBr reaction.

Since examination of prior usage of the Gamer aldehyde showed no examples of simple 

alkyl organometallic addition a direct comparison of these results could not be made, the 

majority of the literature reactions being metallated vinyl'®***»® or alkynyl'*®*»**"* 

aPition or Diels-Aldo* cycloaddition.'®***»W As shown in Table 3.2 low 

diasterroselectivity was achieved with addition of both the organolithium reagent 

(Entry 1) and Grignard reagent (Entry 2) to the aldehyde, and, as expected, addition of 

anhydrous ZnBr2 to the Meli reaction (Entry 3) reversed the selectivity in favour of the 

required rAreo-product. The degree of selectivity in the latter reaction was not as high 

as was hoped but this may have been due to the actual reaction conditions.
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Table 3.2 Addltira of Methyl Or^nometallic Reagente to the Garner Aldehyde

Entry Method Organometallic
Reagent

Additive Solvent ThreoiErythro
(84):(85)«

ds(%)

1 B MeU none THF 1:2.5
(1:3)

71

2 A MeMgBr none THF 1.2:1
(1.1:1)

55

3 C MeU ZnBr2 EtgO 1.6:1
(2.8:1)

62

4 D MeMgBr Cul THF/
MejS

20 >100:1**
(25->100:1)

95 >99

* The ratios were calculated from peak heights and the ratios in brackets were calculate 
from the integration.
b The results were obtained from several experiments.

Rœent work by Coleman on the addition of vinyl organometallic reagents to the Gamer 

aldehyde has revealed some interesting results, the most significant of which are shown 

overleaf in Table 3.3.'®***

The reaction corresponding to Entry 2 (Table 3.3) involved precomplexing the aldehyde 

with ZsiCl2 followed by addition of vinyllithium. Unexpectedly, this had little effect on 

the diastereoselectivity of the reaction compared to Entry 1, the slight increase in the 

proportion of threo-pmduct being possibly a result of the change of solvent rather than 

the addition of the Lewis acid. For Entry 3 vinylzinc chloride was prepared from 

vinyllithium and ZnCl2 and then added to the aldehyde, this resulted in a levo-sal of 

diastereoselectivity affording the threo-adduct highly sterœselectively. As shown by 

Entry 4, addition of vinylzinc chloride to the aldehyde precomplexed with ^ C l2 had no 

effect on the selwtivity.
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Table 3.3 Additlcm of Vinyl Organometallic Reagents to the Gamer Aldehyde

Entry Vinyl
Nucleophile

Solvent,
Temperature

Equiv. Additive Solvent ThreoxErythro

1 CîHsLi THF,
-78*C

1.6 none THF 1:5

2 C2%Li pent/EtaO,
-78'C

3.0 1.0 ̂ uiv. 
ZnClg

EtgO 1:3

3 penVEt^O,
-78'C

1.5-3.0 none EtgO 6:1

4 CzHi^ZnCl pent/EtjO,
-78'C

3.0 1.0 equiv. 
ZnClg

EtzO 6:1

Coleman’s results suggest that to favour the threo-prodact the important factor is the 

vinyl nucleophile rather than the addition of a chelating reagent to the aldehyde.

Since Method C (Table 3.2) involved the immediate addition of MeLi to a mixture of 

the aldehyde and ZnBr ,̂ rather than addition of the aldehyde to methylzinc bromide, the 

modest selectivity observed in the reaction is in accord with Ctoleman’s work. In 

contrast, excellent diastereoselectivity in favour of the required fWo-adduct was 

achievW by the reaction of the Gamer aldehyde with [MeCuJ.MgBr (prepared from 

M eM ^r and Cul in THF/Me2S, Method D, Table 3.2). This rettetion was repeated 

several times and routinely affordoi the threo-prodact almost exclusively. It is not 

known why such high selectivity is observed with organocopper compounds, but 

Macdonald suggests that it is the depressed rettetivity of the carbon nucleophile 

compared to the Grignard reagent that is responsible for this behaviour."®
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3.4: Confirmation of the Threo and Erythro Assignment

As discussed in Section 2.5 the minor diasteieomer formed fmm the reduction of the 

methyl ketone (36) was the required threo-product (40) as verified by comparison of the 

mixture of diastereomers (46) and (47) with authentic N-dichloroacetamido-L-threoninol 

(46) prepared via L-threonine.

Me
H. NHBOC

A
H NHBOC H NHBOC

Me

(36)

H Q j j

(40)

H NHCOCHOj
I

Me,

HO H QJJ 

(41)

/  OH OH

(46)

H NHCOCHQa
Me 

ho" H OH

(47)

ITierefore, by comparing the ^HNMR spœtra of (40) and (41) formed via 

organometallic addition to the Gamer aldehyde with the s%%ctrum of the corresponding 

diols formed from the methyl ketone the threo- and gyyfAro-product could be tentatively 

assigned.

O

H NHBOC H NHBOC

H

NBOC H OH OH HO H C

(40)(81)

HO H OH 

(41)

Confirmation of these assignments was obtained by preparing the acetonide derivative 

of (40) which had been prepared via Method D and so was essentially 

diastereonœrically pure. The lœetonide (88) was afforded in good yield from DMP and 

PPTS as shown in Scheme 3.13.
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H NHBOC 

H OH OH

HNBOC

(40) (88)

Reagents: i) DMP (20 equiv.), PPTS (1 equiv.), CHgClg, RT, 20h. 

Scheme 3.13

The ^H NMR spectrum of (88) showed that the coupling constant between H-C(4) and 

H-C(5) was 1.9 Hz. This value is consistent with an axial-equatorial relationship of 

these two protons,*  ̂and so confirms that the major diastereomer formed via Method D 

was the required r/rco-product.
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3.4:1 Proposed Mechanisms

In proposing mechanisms that account for the stereoselectivity in the systems discussed 

above it should be noted that the many functional groups present offCT sevmd 

altmiative chelate structures, and the relative contribution of these possible chelates, as 

well as relevant nonchelate models, will influence the stereochemical outcome of 

addition.

Formation of the c/yr/iro-product is thought to proceed via either a nonchelated 

FelMn-Ahn type transition state (B)^* or a p-chelation-controlled model in

which the ring oxygen and the carbonyl form a 6-membered chelate with the metal ion, 

with nucleophilic attack occurring from the least hindered face.

Proposed transition i^ tes  for erythro formation

R®

R®

I
BOC

(B)

( y

NBOC

I
BOC

(C)
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Predominant t/ireo-selectivity can be ascribed to several possible models. It is generally 

considered that the threo-product is formed via either a-chelation control with the 

urethane nitrogen (D) or 5-chelation control with the urethane carbonyl

Proposed transition states for threo formation

R0

H

/  BOC

(D)

R®

H

O

(E)

NBOC

The results of Coleman’s work however are not consistent with the proposed chelation 

models (D) and (E). He offers an alternative modeP®*** which occurs with a 

coordinated delivery of nucleophile via a transition state such as (F) to account for the 

observed threo-selectivity (see overleaf).
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OH

NBOC

R M O

(F)

The above model could explain the results of the reaction of the Gamer aldehyde with 

[MeCu].MgBr, the reagent precomplexing with the urediane carbonyl and thereby 

adding from the re-face.

It should be noted that the above transition states are merely proposed nrechanisms to 

rationalise the formation of either the threo- ot erythro-product. It is speculated that the 

cases which proceed with low selectivity are the result of competition between the 

different models of staeochemical control. In conclusion, it is clear that many factors 

can influence the stereochemical courae of the reaction and these include temperature 

and solvent effects, choice of metal and addition of chelating reagents.
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3.5 APPLICATION TO THE SYNTHESIS OF CHLORAMPHENICOL 

ANALOGUES

Since such exceptionally high threo-selectivity was achieved with the reaction of the 

Gamor aldehyde (81) with MeMgBr in the presence of Cul in THF/Me2S this mis 

thought to be a suitable genmal route for the preparation of the series of 

chloramphenicol analogues (20) in which the p-nitrophenyl group of chlmamphenicol 

(6) was replaced by various alkyl groups.

H NHCOCHCU H NHCOCHCI2

R.
NHCOCHCI2 

OH H" OH ÔH
x S

(6) (20)

A further advantage to this route is that the aldehyde could be prepared in 3 steps in a 

high overall yield (60-70%) and also, through experience of using the aldehyde, ite 

limitations with regard to stability were known. The synthetic route for the fneparation 

of the required analogues is shown ovwleaf in Scheme 3.14, and this was usai to 

prepare a total of seven compounds, six of which had straight chain alkyl groups 

(R=Me, Et, Pr, Bu, Pent and Hex) and the seventh an alicyclic group (R=Cyclohex).

The Gamer aldehyde (81) was prepared in several batehes as described in Section 3.2 

and was used immediately after its purification. The hydroxy ozaxolidines (84) and 

(^-94) were all prepared in a similar manner following Method D (Section 3.4), and 

generally afforded in good yield after purification by flash column chromatography, 

with the exception of the cyclohexyl analogue (94) which was afforded in a very low 

yield (18%). The IR spectra of (84) and (89-94) showed peaks at 3600-3400 cm*̂  

inferring the presence of an O-H group, but the room temperature NMR data fw these 

compounds were difficult to fully interpret due to the broadness of the signals as
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previously discussed. It was also obsoved that if the NMR samples were left in solution 

for any length of tinM then some deprotection occurred to give the correspondmg 

N-BOC diols. Correct accurate masses woe obtained for all the analogues and the low 

resolution mass spectra showed fragmentations consistent with their proposed structures, 

including the characteristic loss of •RCHOH.

u o

H NHBOC ------

(35)

H O ' y ç  'OMc 
H NHBOC

(82)

NBOC

(83)

H OH

HO
H

R
NHBOC

H OH

(40)R-Me (97)R-Pent
(95)R-Et (98)R.Hex
(96)R-Pr (99)R-Cyclohex 
(42)R-Bu

m

NBOC

(84)R-Me (92)R-PUit
(89)R-Et (93)R-Hex
(90)R -ft (94)R.Cydohex
(91)R-Bu

O ' ^  'H  

—  NBOC

(81)

H OH H (m H NHCOCHOî

H^ NHj H NHC0CHO2 H^ OH ^
HO' ^  "R  

H' NHj
(44)R-Me (103)R-Pent

(100) R - Et (104) R-Hex
(101)R-Pr (105)R-Cyclohex
(102)R-Bu

HO y ç  'R
H NHCOCHOj

(46)R-Me (109)R-Pent
(106)R - Et (110)R.Hex
(107)R-Pr (IIDR-Cyctohex
(108)R-Bu

Reagents: i) RMgX (2 equiv.), Cul (2.9 equiv.), THF-DMS (5:1), -78°C -»R.T., lOh.
ii) P-TSOH.H2O) (0.08 equiv.), MeOH, A, 2h.
iii) 1 M HO, dioxane. A, 0.5h.
iv) ClgCHCOzMe (2.5 equiv.), EtOH, A, 6h or ClgCHCOzMe (5 equiv.), 

EtgNd equiv.), MeOH, R.T., 24h.

Scheme 3.14
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The first deprotection step, which was carried out as previously described with 

p-toluenesulphonic acid in methanol, gave the corresponding N-BOC diols (40), 

(95=96), (42), and (97=99) in high yield (62-95%) after purification by flash column 

chromatography. The data obtained for all the products were consistent with their 

structures. The ^HNMR. spectra showed an N-H and two O-H DgO exchangeable 

protons, and also confirmed that in all cases the fAreo-product was obtained with >97% 

diastereoselectivity. The low resolution mass spectta of all the analogues routinely 

showed fragments corresponding to the loss of CHgOH, RCHOH and °0%u, and the 

accurate mass of each compound was correct. The observed [ajp values of the 

N-BOC diols showed a reversal of rotation compared with those of the hydroxy 

oxazolidines and the final N-dichloroacetylated products, they were also found to be 

very low, and in the case of (99) it was too low to read

Removal of the BOC group had previously been carried out by treatment with 

trifluoroacetic acid (Section 2.3) but the reaction mixture showed a tendency to darken 

considerably. It was therefore decided for the second deprotection step, which involved 

removing the BOC group of (40), (95-96), (42) and (97=99), to use the procedure 

described by H e r o l d . T h i s  involved heating at reflux a solution of the N-BOC diols 

and 1 M HCl in dioxane for 0.5h. This method afforded the amino alcohols (44) and 

(100=105) in a high crude yield (68-100%). The free amine bases are unstable and 

difficult to handle and so they were reacted immediately with methyl dichloroacetate to 

afford, after purification by flash column chromatography, the final products (46) and 

(106=111) in varying yields (42-81%). The propyl analogue (107) was prepared by the 

reaction of (101) with methyl dichloroacetate in ethanol at reflux temperature, this was 

the method previously used to prepare N-dichloroacetamido-L-threoninol (46), 

N-dichloroacetamido-D-threoninol (53) and the mixture of diastereomers (46) and (47) 

prepared via the methyl ketone. As shown by TLC a large amount of starting material 

remained unreacted using this method and so an alternative procedure was used for the 

preparation of the remaining analogues. This method followed a procedure described
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by Schumacher and involved the addition of 1 equiv. of EtgN to a solution of the 

crude amino alcohols and methyl dichloroæetate in methanol at room temperature. 

Even though the yields of product were varied they tended to be higher than those 

obtain^ using the previous method. CD3OD and/or D2O solutions woe used for 

recording the NMR spectra of (46) and (106-111) which gave very sharp signals and 

confirmed that all the compounds were >97% diastoeomerically pure. In all cases the 

NMR spectra showal a distinct ABX pattern corresponding to the -CHxCH2(OH) 

protons which allowed the J^x. Igx coupling constants to be calculated. Hie

spectrum of the methyl analogue (46) was particularly well defined enabling calculation 

of all the possible coupling constants. Correct accurate masses were obtainai for all the 

analogues and the low resolution mass spœtra showed the typical pattern of molecular 

ions containing two chlorine atoms. With the exception of the cyclohexyl analogue 

(111) all the compounds were highly crystalline and correct C, H and N analysis was 

obtained for (46) and (106-110).

3.51 Verification of Relative Configuration and Optical Purity

The r/ireo-assignment of the N-BOC diol (40) prepared via the aldehyde was confirmed 

by the preparation of its acetonide derivative (88) and analysis of its %  NMR ^tectrum 

as discussed in Section 3.4i. Verification of the r/ireo-configuration of the final product 

(46) was obtained in an analogous manner by preparing its acetonide derivative. Hie 

acetonide (54) was afforded in high yield (91%) from the reaction of (46) with DMP 

and PPTS as shown overleaf in Scheme 3.15. The NMR spectrum of (54) showed 

that the coupling constant between H-C(4) and H-C(5) was 1.7 Hz, which as previously 

discussW is consistent with an axial-equatorial relationship of these two protons. Hie 

data obtained for (54) preparW via the aldehyde were identical to that of the acetonide 

derivative of authentic N-dichloroacetamido-L-threoninol, consistent with it being the 

same diastereomer.

1 0 0



H NHCOCHCI2
MexS

HNCOCHCI2

Me

H OH OH

v °
(46) (54)

Reagents: i) DMP (20 equiv.), PPTS (1 equiv.), CH2CI2, RT, 20h.

Scheme 3.15

Further evidence of the relative configuration of the final products derived from the 

Gamar aldehyde was obtained frx>m the X-ray structure of the propyl analogue (107) 

which is shown in Figure 3.2.

cn

cu

C6

C5

I2A02

Figure 3.2

X-ray crystal structure of (2R, 3R)-2-N-dichloro^etamidohexan-l,3-diol.
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The X-ray structure shows that (107) exists in a preferred conformation (G), figure 3 

Comparison of (G) with the preferred conformation (A) of chlorampheniœl 

(seeSectirm 1^ )  shows that the intramolecular hydrogen bonds proposed to exist 

between the two hydroxyl groups of CM are clearly absent in the (G)-conforma‘.

OH

HO

(G)

Figure 33

The X-ray structure of (107) does however show the presence of inteimolecular 

hydrogen bonds (Figure 3.4).

Figure 3.4

Stereo diagram of a unit cell of (2R, 3R)-2-N-dichloroacetarmdohexan-l,3-diol.
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As shown in Figure 3.4 there are hydrogen bonds between H3A and 02 and between 

H2A and 01. These are strong hydrogen bonds, the distances between them being 

1.943 Â and 1.913 Â respectively.

Comparison of the data obtained for (46), derived fiom the alckhyde, and 

N-dichloroacetamido-L-threoninol (46), daived from L-threonine, showed thm the two 

products were identical. ITiis was also vaified by preparing an NMR sample of a 

mixture of the two products prepared via both routes, the resulting NMR q)œtrum 

showing that the two compounds were the same diastereomer.

As discussed in Section 2.5 the minor diastereomer formed via the sodium borohydride 

reduction of the methyl ketone (36) was shown to be rAreo-product. In a similar way 

the configuration of the minor product from the reduction of the butyl ketone (37) was 

confirmW.

H NHBOC H NHBOC NHBOC
Bu _ Bu. Bu

NJriBOC y

O OH H 1OH H OH HO H

(37) (42) (43)

A sample of the butyl N-BOC diol (42) prepared from the aldehyde was added to an 

NMR sample of the mixture of diastereomers (42) and (43) derived from the reduction 

of the butyl ketone. The resulting ^HNMR spectrum confirmed that the minor 

diastereomer had the same configuration as (42) Le. it was the r/reo-product. For 

comparative purposes the doublet corresponding to the -NH proton was the simplest to 

examine. The spectrum of the mixture of diastweomers (42) and (43) showed the two 

doublets at 8 5.49 ppm and 5 5.31 ppm to be in a ratio of 3.4:1 respectively, and aft» 

addition of (42) prepared via the aldehyde the spectrum showed an increase in intensity 

of the signal at 8 5.31 ppm.
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The Mosher esters of (46) and (107-110) were prepared using MTPA-Q (Scheme 3.16). 

and their nMF spectra indicated that all the compounds had been preparW without 

any detectable racémisation. (The Mosher ester of the ethyl analogue (106) and the 

cyclohexyl analogue (111) could not be prepared due to an insufficient anmunt of 

matorial being available).

H NHœCHClz H NHCOCHOz
R

OH OH

(46) R=Me (109) R=Pent
(107) R=Pr (110) R=Hex
(108)R=Bu

H OMTPA 
OMTPA

(55)R=Me
(112) R=Pr
(113) R=Bu

(114) R=Pent
(115) R=Hex

Reagents: i) MTPA-Cl (6 equiv.), pyridine, CCI4, R.T., 20h.

Scheme 3.16

Comparison of the 1% NMR spectrum of the Mosher ester (55) of the methyl analogue 

with die spectrum of the Mosher esters préparai from the racemic mixture of 

N-dichloroacetamido-D-threoninol (53) and N-dichloroacetamido-L-threoninol (46) and 

that of the Mosher ester of (53) only (see Section 2.5111), confirmed that (46) preparW 

via the aldehyde wt^ the same enantiomer as authentic N-dichloroacefrunido- 

L-threoninol. This was also verified by the measured optical rotation which was +8.7° 

for (46) prepared via the aldehyde and +8.5° for N-dichloroacetamido-L-threoninol.
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3.6 CONCLUSION

The work carried out for this thesis together with that reported in the litraature*®* shows 

great potential fw use of the Gama- aldehyde in the straeoselective synthesis of

2-amino-1,3-diols. Use of varying reaction conditions together with the availability of 

both D-serine and L-serine gives a versatile enmttio- and diasterospecific route leading to 

all four possible diastereomers. The results discussed in this Chapter show that the 

required chloramphenicol analogues (20) were succes^uUy prepared via addition of 

[RCu].MgX2 (X=Br or Q), to the D-serine daivative of the Gamer aldehyde, and that 

all final products were essentially single diastereomers formed without racémisation.
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CHAPTER 4

KINETIC STUDIES AND THE HYDROPHOBIC EFFECT



4.1 INTRODUCTION

As discussed in Chapter 1, one of the main aims of much recent research in the field of 

molecular recognition is to make quantitative estimates of the themMdynamic 

contributions of individual noncovalent interactions to the overall binding energy of a 

ligand to an enzyme. Although different groups have established typical values for 

hydrogen bonds rather less work has been repented on hydrophobic “bonding”. TTie 

majority of the amino acid residues that form the chlenamphenicol binding pocket 

possess hydrophobic side chains (see Figure 1.10) suggesting that this is a major source 

of specificity in CAT. Section 1.6 discussed an analysis of the contribution of the

3-hydroxyl group of chloramphenicol to the binding of CAT which demonstrated a 

linear free energy relationship between the dissociation constants for binding to CAT 

and tiie hydrophobicity of the inhibitors. The work discussed in this chapter is an 

analysis of the contribution of the p-nitrophenyl group of chloramphenicol to the 

binding and specificity exhibited by CAT.

Previous work by J. Williams (Leicester Univ.) has shown that N-dichloroacetyl serinol 

(116), an analogue of chloramphenicol in which the p-nitrophenyl group is repltœed by 

a hydrogen, is a substrate for CAT.*®

H NHCOCHOg

HO OH 

(116)
N-DicMoroacetyl serinol 

Figure 4.1

Although the structure differs significantly from chloramphenicol having destroyed the 

asymmetry in the molecule (C-2 is now a prochiral centre) it is believed that CAT binds 

this analogously to CM because of the enantiotopic discrimination which was shown in
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the first acétylation step.*® This deletion dramatically increases Kg, and decreases 

however, because CATm is such a catalytically efficient enzyme it was possible to 

determine reliable kinetic parameters -  Kg,=15 mM and kcm=20 s"̂  cf 11.6 pM and 

599 s"̂  respectively for chloramphenicol.*® The change in kgg/Kg, corresponds to a free 

energy difference of 6.3 kcal moT^, which corresponds to the AĜ pp for the 

p-nitrophenyl group.

Chapter 3 described the synthesis and characterisation of a series of chloramphenicol 

analogues in which the p-nitrophenyl group was replaced by allcyl groups of increasing 

chain length. These compounds, in which the opportunities for hydrophobic 

interactions are progressively built back into the ligand, were prepared to probe the 

incremental binding energy derived from this part of chloramphenicol and so extend the 

above approach.
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s —  s NO,

RESULTS AND DISCUSSION

4.2 KINETIC STUDIES

Hie rate of l-O-utetylation of the chloramphenicol analogues by the CAT catalysed 

reaction and assay of CAT activity was measured UV qiectrophotemetiy by 

nmnitoring the release of CoA by its reaction with 5,5 -dithiobis-2-nittobenzoic acid 

(DTNB), see Scheme

H^NHCXxaia,

+ AcSCoA + CjN
H OH OH 

(4)

 ------------ Q - « - .
H GHqac CO%H OO2H

Scheme 4.1

As shown above, reaction of CoASH with DTNB yields 1 equiv. of 

5-thio-2-nitrobenzoic acid, this has a molar extinction coefficient of 13,®X) at 412 nm, 

and the rate of reaction is measured by monitoring the increase in absorbance at this 

wavelength.

Kinetic œefficients in the initial-rate equation [4.1] were calculated from linear 

intacept and slope replots from manually drawn double-reciprocal plots.^
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In equation [4.1], [E] is tiie monomer concentration of ttetive enzyme, calculated from 

the CAT standard assay (see Section 6 . 6 ) ;  V q  is the linear initial rate determined from 

each assay; [A] is the substrate concentration; and [B] is the AcCoA concentration. 

Each double-reciprocal plot was constructed from a matrix of four substrate and four 

coenzyme concentrations, and all reactions were performoi in triplicate resulting in a 

total of 48 assays per substrate.

In order to ctetermine the and kg,, values for each substrate three graphs had to be 

plotted: Graph 1 was a plot of [E]/Vo against 1/[A]; Graph 2 a plot of the gradients from 

Graph 1 against 1/[B]; and Graph 3 a plot of tire intercepts from Graph 1 against 1/[B]. 

The kinetic coefficients 0  ̂ and 0g are equal to the intercept of the plot from Graph 2

and Graph 3 respectively. From these values the kinetic parameters and kg^ can be 

calculated, as shown by [4.2].

For substrate A, = ^  and kg^ = —  ....[4.2]
4*0 4>o
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43  KINETIC RESULTS

The chloramphenicol analogues in which the p-nitrophenyl group was replacW by an 

alkyl group wrac all shown to be substrates for CAT. The kinetic parameters for tiiese 

ligands as CAT substrates are shown in Table 4.1.

Table 4.1 Kinetic parametera for a series of CAT substrates

H NHCOCHO: 

H OH ^

R Km(rnM) k c ( r i )

H(116)" 15.00 20 1.3

Me (46) 8.70 90 10

E t(106) 2.80 103 37

Pr(107) 0.77 300 390

Bu (108) 0.35 303 867

Pent (109) 0.16 263 1644

Hex (110) 0.13 263 2023

CHex (111) 0.30 500 1667

® The preparation and determination of kinetic parameters for (116) was carried out by 
J. Williams (Leicester University).

As expectW, for the substrates where R = H-»Hex, there is a clearly identifiable trend in 

the series. Increasing sire of the alkyl group improves both the binding (as 

approximated by K^) and the turnover number (kg^, and this trend continues as far as
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the butyl derivative (108) where the maximum rate is rehieved. Fot the pentyl and 

hexyl derivatives (ICW) and (110) the decrease in is noticeably less pronounced and 

the catalytic rate has decreased.

The interaction of a substrate with its active site involves either the complete or partial 

(ksolvation of both ligand and active site. The energetics of this balance out only if 

hydrogen bonds to water are replaced by appropriate hydrogen bonds between enzyme 

and substrate. In addition, displacement of water molecules from the active site has an 

attendant favourable entropy, which is considered to be part of the hydrophobic effect. 

To this extent biological specificity can be seen to arise at least in part firom the ease of 

removal of the ligand from solvent water. If the binding of a substrate by an enzyme 

involves the removal of the substrate firom an aqueous environment to the hydrophobic 

region of the enzyme this can be considered as analogous to a partitioning tetween 

aqueous and organic phases. Since the aryl ring of chloramphenicol is in a hydrophobic 

pocket it was predicted that the above substrates would show a relationship between the 

hydrophobicity of the R group and the energies involved in their binding. If the trend 

teen in the data in Table 4.1 arises from the differences in the hydrophilic/hydrophobic 

character of the ligands there should be a linear free energy relationship between the 

binding or specificity of CAT and the hydrophobicities of the ligands.

4.3: Partition Coefficients and the Hansch Equation

The distribution of a solute between two phases in which it is soluble is a subject that 

has been studied for many years. Over a century ago investigations showed that the 

ratio of the concentrations of solute distributed between two immiscible solvents was a 

constant and did not depend on the relative volumes of solutions used.^*  ̂ In 1891, 

Nemst stated that the partition coefficient would only be a constant if a single molecular 

species was being considered as partitioned between the two phases.'*'* Partitioning was
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then treated as an equilibrium process whoe the tendency of any single molecular 

species of solute to leave one solvent and enter another would be a measure of its 

activity in that solvent. It is however, only the relatively recent use of partition 

coefficients as extrathontodynamic referenre parameters for “hydrophobic bonding” in 

Wochemical and pharmacological systems that has gen«%ted renewed interest in their 

measurement**

A variety of work has been carri«l out to examine the relative roles of the various 

binding forces which determine the way a solute distributes itself between two 

phases.®**»® A study of hydrocarbons in water showed that although the enthalpy change 

is favourable the compounds are highly insoluble. This is the result of a large entropy 

change for the process, the large energy cost of reordering the hydrocarbon solute and 

the water molecules is what keeps the two in separate phases. It is this phenomenon that 

regulates the distribution of nonpolar solute molecules in an apolar solvent-water 

system. It was Frank and Evans who first clearly appreciated the origin of the large 

negative entropy change that is associate with partitioning between aquœus and 

nonaqueous phases.®** TTiey concluded that when organic compounds are placW in 

water, the water molecules arrange themselves around the apolar parts in what were 

later refmed to as “flickering clusters”, and that it is the removal of these water 

molecules that results in a large entropy change due to the randomisation of the water 

molecules.

In evaluating data from solvent-water distribution studies potential hydrogen bonding 

within the organic phase must be considered, as must the fact that quite large amounts of 

water may be present in certain solvents when saturated during the partitioning process. 

n-Octanol, for example, dissolves in water only to the extent of 4.5 mM, but the 

concentration of water in octanol is 2.3 M, and that in butanol is 9 M. Therefore, when 

a solute molecule transfers from the aqumus phase to the organic phase it seems likely 

that in octanol the polar functions would be more or less solvated by the dissolved wata"
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and/or the hydroxyl group of the alcohol. Solvent versatility however, iiteieases when it 

can act as both a hydrogen bond donor and acceptor, as with alcohols and amines. Since 

th«e are many -NH- and -OH groups present in enzymes and memkanes the 

alcohol-water system, and in particular n-octanol-water, is most widely used as an 

extrathamodynamic reference system for evaluating partitioning of active compounds 

in biological systems. Increasing the hydrocarbon chain length in the alcohol increases 

the dissimilarity of the alcohol-water phases and increases the sensitivity to solute 

changes.

In 1963 Hansch demonstrated the advantage of using partition coefficients in connretion 

with the Hamrttett constant a  to correlate the effect of a given substituent on the growth- 

prontoting activity of phenoxyreetic acids and the bactericidal action of 

chloramphenicol analogues on various bacteria."* He developed a comparative 

substituent construit n, which was found to be of great use in evaluating the 

lipo-hydrophilic character of a molecule upon which biological activity is highly 

dependent"** it is defined as the difference in the logarithms of the partition 

coefficients of the substituted and unsubstituted compounds, as shown by [4.3].

jc = log(Px/PH) .[4.3]

In the above equation Pj| is the partition coefficient of a parent compound between two 

solvents and Px is that of a derivative. The reference system is n-octanol-water. it, like 

a, is a free energy related constant, it is a measure of the relative free energy change 

resulting from moving a derivative firom one phase to another.

Hansch went on to determine the partition coefficients betwren n-octanol and water for 

203 rrwno- and disubstituted benzenes from which he calculated ic values for 67 

functional groups."^ It was found that although it varies for a given substituent firom 

system to system depending on its elwtronic environment, the range o vct which it 

varies is not great When strong electronic interretion is absent n is constant and
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additive in characto*. The additive nature of it is of value when making gross 

modifications in the structure of biologically active compounds in aréex to make more 

retive or selective drugs. Hansch has shown that it can be used to account for the 

hydrophobic forces involved in the binding of organic compounds by proteins"* and

enzymes 119

4.311 Analysis of Kinetic Results and Estimation of Incremental Binding Ener^es

kca/K^ (also referred to as the “specificity constant”) is the apparent second-orda- rate 

constant for the conversion of free enzyme and substrate to enzyme and products, and 

according to the transition state themy the log(kç,/K^) is proportional to the 

truisition-state binding energy.'^ Using the data from Table 4.1, a plot of the 

log (kca/Km) against the hydrophobicity constant n shows a good linear free enwgy 

relationship, see Figure 4.2. Although in considering the solvation of polyfunctional 

organic molecules the assumption of group additivity may not always be a good one, it 

is valid in this case because the soles of substrates used in the study involves extending 

a straight saturated hydrocarbon chain while keeping the otho functional groups in the 

ntolecule constant The good fit for this data provides evidence that the alkyl group is 

located in the choramphenicol p-nitrophenyl binding pocket and that this is a local 

hydrophobic region. It shows that the relative differences between transition-state 

binding energies can be accounted for by differences in the hydrophobicity of the side 

chain R.
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Figure 4.2 Hydrophobic Interaction at the p-Nltrophenyl Binding Site

Pent

C.Hex
Bu

Me

OJ

0 1 I J 32

X axis = hydrophobicity constant, 
y axis = log for the data from Table 4.1

As can be seen fix>m Figure 4.2, the plot is linear up to C4 (R = Bu) at which point thrae 

appears to be a break and the plot begins to level off. This is readily explained by the 

expectation that from this point additional methylene groups are no longo- located 

within the active site cleft but protrude into the solvent. TTiis being the case the tmninal 

two methylene groups of for example the hexyl analogue are solvated to similar extents 

in both the free state and within the binary complex, and furthmnore, they do not make 

significant adventitious contttets with the enzyme.

In the CAT:CM binary complex the phenyl ring is in the mouth of the cleft that fonns 

the chloramphenicol binding pocket and the nitro group is in contact with solvent as 

shown in Figure 4.3.
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Figure 4.3 (opposite)

Model of the CAT;CM binary complex showing that the nitro group and a chlorine of 

chloramphenicol (dark blue) are not located in the active site cleft but are in contact with 

solvent.

The molecular modelling was carried out with the Biosym software using the coordinates 

of the binary complex from the X-ray structure.^’̂*





Figure 4.4 is a comparison of the lengths of the various alkyl chains in extended 

conftmnation with the corresponding atomic separations in the aryl ring and the 

p-nitrophenyl group of chloramphenicol. This suggests that the upper limit for alkyl 

chains to be fully ttecommodated in the hydrophobic cleft is reached at C4, i.e. with the 

butyl analogue (108), and this is in agreement with the above experimental results.

A2

N H C O C H a

OH5.7

635

o H  NHCOCHCI2

OHHO

Figure 4.4

Further evidence to support this proposal is shown in Figure 4.5. Taking the 

coordinates of the CAT:CM binary complex the hexyl analogue (110) has been 

modelled into the chloramphenicol binding site using the Biosym software, and as the 

model shows, the terminal two methylene groups of the hexyl chain are in contact with 

solvent, as is found with the -NO2 group of chloramphenicol.

116



Figure 43 (opposite)

Model of the binary complex of CAT and the hexyl analogue, (2R, 3R)-2- 

N-dichloroacetamidononan-1,3-diol (110), showing that the terminal methylene groups of 

(110) (dark blue) are not accommodated in the hydrophobic cleft but protrude into 

solvent

The molecular modelling was carried out using the Biosym software by taking the 

coordinates of the CAT;CM complex fix>m the X-ray structure^^* and replacing the 

p-nitrophenyl group of chloramphenicol with a hexyl chain.





The contribution to binding, AAG^, of the substituent R can be nteasuiW by 

comparing the values of kcai/Km for the two substrates R-S and H-S. In Section l  liii it 

was shown that AAG,^ could be calculated by comparing the dissociation constants, K,, 

of the substrates, [1.2]. It is however, usually nmre reliable to use an alternative 

equation [4.4] because the quantity include both the activation ena-gies and the

binding energies, and avoids the underestimates that may result firom using K, values 
Otily 7a,120

AAG^ = -RTln ...[4.4]

When making a quantitative analysis of the energetics of an individual into-action the 

group being investigated is usually replaced by a proton. If the group was replied by 

another substituent then the apparent binding ena-gy could also include possible 

favourable and/or unfavourable interactions according to the precise substitution. In the 

above aquation -AAG^ is the incremental Gibbs firee energy of transfer of R from the 

enzyme to water, relative to H. It is only in certain cases that the results of [4.4] can be 

interpreted as incremental binding energies. In the present case it is valid for substrates 

R = Me-»Bu because the increasing length of the side chain sequentially fills up an 

extended binding site.

The calculated values of AAĜ pp (obtained firom the data in Table 4.1 and [4.4]) are 

shown in Table 4.2 together with the Gibbs energy of transfer of the alkyl groups ftom 

n-octanol to water.
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Table 4.2

R -AAG„„* 
(kcal mol'i)

-AAG_
p e rŒ 2

1C AO,b
(kcal mol'i)

Me 1.2 1.20 0.5 0.68

Et 1.9 0.95 1.0 1.36

Pr 3.4 1.13 1.5 2.04

Bu 3.8 0.95 2.0 2.72

Pent 4.2 0.84 2.5 3.41

Hex 4.3 0.72 3.0 4.09

• The Gibbs free energy of transfer from CAT to water 
The Gibbs free energy of transfer from n-octanol to water

The AGt values were calculat«l ftom the Hansch equation [4.3], RTln (Px/Pn)» 

i.e. 2.303 RTw, being the incremental Gibbs ena-gy of transfa- of the group R from 

n-octanol to water (relative to H). The substitution of, for example, a methyl group for 

a hydrogen is the same as the addition of a methylene group since it is equivalent to the 

interposing of a -CH2- group between the hydrogen and the rest of the molecule. For a 

range of ntodel systems the incremental Gibbs energy of transfar ftom n-octanol to 

water for a methylene group is 0.68 kcal mol’i.® The observed additivity only Weaks 

down for long alkyl chains where the chains have the opportunity to adopt more 

compact structures whao presumably the alkyl chain associates with itself either intra- 

or intermolecularly.

A plot of -AAGgpp for the substrates R = Me-»Hex against AG(„ t̂«ioi-^wMw) is shown 

in Figure 4.6. The gradient of the linear portion of the plot (C1-Æ 4) is 1.5. Since die 

slope is greater than unity this suggests that the chloramphenicol aryl binding pocket is 

more hydrophobic than n-octanol, indeed 1.5 times nrare hydrophobic. This is also the
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case for chymotrypsin, where the hydrophobic binding pocket appears to be 2.2 times 

more hydrophobic than n-octanol. (A similar analysis of subtilisin showed it to be 

1.2 times more hydrophobic than ethanol or dioxane).'^

Figure 4.6 Relationship between the Gibbs free energy of transfer from CAT to 

water and the Gibbs free energy of transfer from n-octanol to water for a series of

alkyl groufML

lexRent4 ■ -
Bu

3.5 -■

3

2.5 -•

2 ■ ■

1.5 -■

1

0.5 -■

50 1 42 3

X axis = AĜ im,£|2 iio|_̂ w]|ter) 
y axis = -AAG(CAT̂ w*ter)

Energies are in kcal mol'  ̂and are relative to the hydrogen atom.

The incremental binding energy for a methylene group in the aryl binding pocket of 

CAT is therefore estimated to be 1.0 kcal mol k This value is similar to those of the 

incremental hydrophobic free energy of a -CHg- group calculated ftom a range of model 

systems. These values together with various explanations of the hydrophobic effect are 

discussed in the following section.

119



4.4 THE HYDROPHOBIC EFFECT

In aqueous solution one of the most important enzyme-ligand interactions is that 

between lipophilic regions in the substrate and the protein. The variety of conflicting 

explanations that have been offered (see below) fw the behaviour of lipophilic particles 

in water are a clear reflection of the current state of uncertainty with respect to the 

physical principles that govern molecular recognition. Indeed, even from model 

systems a range of values have been obtained for, for example, the incremental 

hydrophobic free energy of a -CH^- group.

The classic tiieory of the hydrophobic effect originates from the anomalously large loss 

of enteopy which accompanies dissolution of nonpolar substances in water.® The 

“classical” hydrophobic effect arises primarily from the reorganisation of the normal 

hydrogen-bonding networic in water by the presence of a hydrophobic compound. A 

highly polar or ionic solute forms strong bonds to water molecules which more than 

compensates for the disruption or distortion of the hydrogen bonds existing in pure 

water, and so tends to be readily soluble. However, with nonpolar groups no such 

compensation occurs. In order to presave the number of hydrogen bonds the water 

molecules arrange themselves around the nonpolar groups, and so it is a loss of entropy 

ratho" than bond energy that leads to an unfavourable ftee energy change fw the 

process. Not all authors howevo', regard the entropy factor as the basis for the 

hydrophobic effKL In particular, it has b%n argued that dispersive intoactions are 

entirely*^ or partially*^ sufficient to explain thermodynamic data obtained with noble 

gases or alkanes in water. Various explanations which have been offoed to explain the 

effect together with estimated values of the free eno-gy change for the process are 

discussed below.
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Tanfiwd® '̂“  ^fines hytbophobic free energy in ^ n s  of the unitary fiee energy of 

transfer of a nonpolar solute from a nonpolar refereitee solvent, such as a hydrocarbon, 

to an aqueous medium. The hydrophobic free ena-gy (i.e. the difference betwwn the 

free energy of the intoaction of the solute with the hydrocarbon and diat wiA water) is 

given by [4.5] and can be determined from solubility measurements.

M-®w ■ M-®hc "  RT In (XiK^X^) ....[4.5]

Xhc is the concentration of solute in the organic phase at equilibrium in mole fraction 

units, Xiff is that in water, and and p®nc are the standard chemical potentials of 

water and hydrocarbon respa:tively. This equation is only valid for very dilute 

solutions. If it is the pure liquid hydrocarbon that is being considered (i.e. the solute is 

the same as the solvent) then [4.6] applies, whoe Xg is the solubility of the hydrocarbon 

in w a ^  in nmle fraction units.

~ "RT In Xg ....[4.6]

Using solubility measurements made by McAulifre,*^  ̂Tanfcnd has shown that a plot of 

the hydrophobic free energy, as definal by [4.6], against the number of carbon atoms in 

the solutes alkyl chain is linear for normal saturated aliphatic hydrocarbons.®* From tins 

he obtainol a free energy value of 0.884 kcal mol"  ̂per -CH2- increment It was found 

tiiat for Wanched or cyclic hydrocarbons the free energy of transfer is less than for an 

unbranched chain of the same number of carbon atoms. This is in agreement with the 

idea that the hydrophobic free energy arises from œnto^ts between hydrocarbon and 

water at the solute-solvent interface and so would be expected to be a function of the 

surface area of the hydrocarbon nrolecule ratha- than chain length.

By re-examining reportai data Tanftwd went on to confirm that the hydrophoWc free 

enargy for linear, branchai and cyclic hydrocarbons was proportional to the surface area 

of the cavity created by the solute in the aqueous solution. Previous wodc by 

Hermann had shown this to be so, and he calculatai the free energy per unit area, at the
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distance of closest approach of water molecules to the cavity surface, to be 

33 cal mol'i per Â2 at 25°C .^ This value corresponds to a hydrophobic free energy of 

1.049 kcal mol" 1 per -€%- increment. The plot drawn by Hermann indicated that 

solutes of similar size to He or Ne would show no hydrophobic effect, which is contrary 

to experimental observations. Tanford, using the same solubility data and computed 

cavity surface area as Hermann, replotted the results including some extra data points. 

He obtained a straight line which passed through the origin and corresponded to a 

hydrophobic free energy of 25 cal moT  ̂ per A further plot by Tanford, this time 

using relative areas obtained by manual packing of models,^ gave a value of 

2 0  cal moT  ̂per A .̂

From his empirical results Tanford concluded that the hydrophobic repulsive free 

energy between water and hydrocarbon chains (straight, cyclic or branched) is 

proportional to the area of contact measured at the distance of closest approach of water

molecules. This value of 20-25 cal moT^ per A ,̂ which corresponds to 

630-795 cal moT  ̂ per -CH2 - increment, is significantly less than that calculated by 

Hermann. The uncertainty of these figures is mainly due to the uncertainty of the 

measurement of contact area, but also depends on the accuracy of the best straight line 

plot of the data points.

Tanford also remarks that although the origin of the hydrophobic effect is a result of a 

large entropy change, the enthalpies and entropies of transfer are not necessarily regular 

functions of contact area. The very large change in heat capacity for the process of 

transfer to water is believed to be due to the water molecules at the solute-water 

interface arranging themselves in two or more ways.®° It is probably the shape of the 

cavity that leads to these different states, but even though these arrangements must 

differ in enthalpy and entropy, they must do so in a mutually compensating way since it 

has been shown tliat the free energy change is linearly dependent on the cavity surface 

area.

1 2 2



Cramer, on the other hand, regards dispersive interactions as sufficient to explain 

thermodynamic data obtained with noble gases and alkanes in water. As presented by 

several authors including Hanscĥ ^® and Tanford,̂ '̂® Cramer shows that there is a linear 

relationship between the bullc of the solute and its free energy of partitioning between 

water and M-octanol.^^ From the slope of the least-square lines he calculates the 

transfer energy of each incremental -CHg- to be -0.72 kcal mol'k Previous descriptions 

of the hydrophobic effect have focused on the unique solvation properties of water. In 

contrast, Cramer has separated the partitioning equilibrium into two components: 

solvation by water and solvation by n-octanol. He argues that if the prevailing 

theories of the hydrophobic effect are correct and thus result almost exclusively from 

bulk-dependent repulsions between water and solute, then i) a plot of solvation free 

energy (AGg) by water versus molecular volume should resemble the similar plot of free 

energy of transfer from water to n-octanol (AGJ, and ii) a plot of AG, by n-octanol 

should be an almost horizontal line. This, however, was not the case. For both plots of 

AG®g against solute molecular volume Cramer constructs a straight line for the rare 

gases, and another straight line for the C2 -C5  alkanes. The resulting V-shape line for 

n-octanol is quite similar to the V-shape obtained for water. Cramer concludes that the 

two lines of different slope obtained for n-octanol require two different modes of 

solute-solvent interaction, one for the rare gas-solvent interaction and one for the 

n-allcane-solvent interaction. He also suggests that because both solvents give rise to 

V-shaped lines the mechanism of solvation by n-octanol and water must have many 

common features, the linear relationship between partition coefficient and molecular 

volume resulting from mutual compensation between relatively irregular solvation 

energies in water and n-octanol.
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Abraham wanted to establish whether ot not w i ^  is unique with respect to the 

solvation of hydrocarbons. He observed that plots of AG®, for a soies of solutes against 

solute radius gave good straight lines with every solvent studied with the exception of 

water. For water, a straight line was obtained for solution of the rare gases but not 

for the solution of alkanes, and he suggests the latto gives rise to anomalous free 

energies. It should be noted that any analysis of AG®, values and solute size will not 

give unambiguous results because of the inhoent difficulty of assigning solute radii.

Following Cramer,i24 Abraham constructed plots of AG®, against solute molecular 

volume for n-alkanes and rare gases. Taking n-octanol and benzene he shows that, 

instead of drawing two straight lines resulting in a V-shape, a snrooth curve can be 

drawn through all the points. From this he implies, in contrast to Cramer, that the 

ntechanism of solvation of the rare gases and the n-alkanes could be similar. Cramer’s 

analysis in terms of AG®, and nmlecular volume is largely a po-sonal judgement as to 

whether the plot few n-octanol is treated as two straight lines, or whether it is actually a 

snmoth continuous curve.

Abraham went on to show that AG®, values for both rare gases and alkanes in over 

sixteen nonaqueous solvents are well correlated through two linear equations, [4.7] and 

[4.8], whoe R is a solute parameter related to solute radius.

AG®g(,olvcfit) — ® ̂ ^^s(boiz«ie) ® ..«[4.7]

AG®ŝ ,oiyent) = 1R + d ....[4.8]

When applied to AG®, values for solution in water, the equations showed (inclusively 

that the solution of alkanes (but not rare gases) in water is quite anomalous. Once again, 

this implies that in any nonaqueous solvent the nature of the solution process of the rare 

gases and n-alkanes is basically the same, as is the solution of rare gases in water and in 

organic solvents, but the solution of n-alkanes in water is fundamentally different from

solution in the nonaqueous solvents. The AG®, values for the n-alkanes in water were
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more positive than expected confirming the existence of the hydrophobic effect. Further 

reasons why Cramer and Abraham have made different conclusions are that Abraham 

used considerably more data with regard to both the number of solutes and solvents, and

Cramer’s analysis relies very much on a given set of molecular radii or volumes.

From the standard free energies of solution of gaseous solutes, Abraham obtained a 

value of 0.92 kcal mol"  ̂per -CHg- increment for transfer of n-alkanes from hexane to 

water. This was separated into a favourable gas-$hexane contribution of

0.74 kcal mol" 1 and an unfavourable (hydrophobic) gas—»water contribution of 

0.18 kcal mol" .̂ From this it appears that the hydrophobic effect is very small but this 

value for the gas-»water transfer includes a negative effect due to a normal solution 

process as well as the positive hydrophobic effect. The increment for the gas—»water 

transfer of 0.18 kcal mol"  ̂was further separated into a true (unfavourable) hydrophobic 

effect of 0.54 kcal mol" ̂ and a favourable normal solvent effect of 0.36 kcal mol" .̂ 

Therefore it can be seen that the actual hydrophobic effect per -CHg- increment 

estimated at 0.54 kcal moT  ̂ is much larger than the overall effect in the gas—»water 

transfer of 0.18 kcal moT .̂ Abraham’s conclusions are in terms of free energy but 

whether or not the solution of hydrocarbons in water is anomalous in terms of enthalpy 

or entropy can not be determined on the basis of this free energy data.

Comparison of the above values of the hydrophobic effect per -CHg- increment with the 

estimated incremental binding energy for a methylene group in the aryl binding pocket 

of CAT (1.0 kcal moT^) shows the latter value to be slightly higher. This is as 

expected because there are basic differences between the hydrophobic interaction of a 

solute between an organic solvent and water and the binding of hydrophobic substrates 

to an enzyme. The former case involves the formation of a cavity in the organic 

solvent, transfer of the solute to the cavity and closure of the cavity in the aqueous 

phase, whereas the latter case involves transfer of the substrate to a preformed cavity in 

the enzyme and the likely transfer of water from this to the aqueous phase.
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4J  1-DEOXYCHLORAMPHENICOL AND ANALOGUES

In order to explore the role of the nitro group in binding of chloramphenicol by CAT a 

range of p-substituted l-deoxychloramphenicol analogues were prepared (Figure 4.7), 

and their kinetic parameters as substrates fw CAT woe determined. In the X-ray 

structure of the CAT:CM binary complex the nitro poup is largely solvent accessible 

although some protein contact with one of the oxygens appears to exist.*^* The strong 

electron withdrawing propmies of a nitro group on a benzene ring could in principle 

give rise to an electronic contribution to binding through, for example, donor-acceptor it 

stacking. To test this it was necessary to compare the binding of ligands with 

p-substituents that differed significantly in electronic effect, ranging from strongly 

eloitron withdrawing to strongly electron donating.

H NHCOCHCI2

Figure 4.7

In principle, the synthesis of such compounds could be achieved by the genoal route 

describai in Chapter 3. However, the easy access to the corresponding 1-deoxy 

compounds (Figure 4.7) with X = NO2, H, OH and OMe from the amino acids 

L-phenylalanine and L-tyrosine provided a quick way to access the influence of the 

p-substituent on binding. Although the X-ray structure^^" shows a hydrogen bond to the 

1-hydroxyl of chloramphenicol from Thr 174 it is via a bridging water molecule and the 

eno-getic contribution to binding is small (0.8 kcal mol'i).^ Indeed, 1-deoxy- 

chloramphenicol (11) is a good substrate for CAT, particularly bœause of the removal 

of complications from acyl migration and a second round of acétylation leading to

1,3-diacetylchloramphenicol (9) seen with the natural substrate.%®^
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1-Deoxychlcîramphenicol (11), XzNOg, was prepared in four steps from the amino 

alcohol L-phenyWaninol (117) which has the desired absolute configuration at C-2 

(see Scheme 4.2).

(117)

H NH2

OH

(120)

H NH2

OH

(118)

I-

OAc

O2N

(119)
OAc

OiN
I H NHCOCHCI2

(11)
OH

Reagents: i) (MeCX))20 (2.1 equiv.), dry pyridine, <4°C, 20h.
ii) Fuming HNO3, OT-4R.T., 2h.
iii)5%aq.Ha,A,2.5h.
iv) Cl201C02Me (2.5 equiv.), EtOH, A, 3h.

Scheme 4.2

L-Phenylalaninol was protKted as the diacetyl derivative by reaction with acetic 

anhydride and dry pyridine at <4°C for 20h. After work-up N,0-diacetyl- 

L-phenylalaninol (118) was afforded in high yield (91%) and further purification was 

not necessary. The next step was nitration of the protected amino alwhol by trefttotent 

with fuming nitric acid, addition was carried out at 0°C and the reaction mixture was 

then left to warm to room temperature. Wotk-up afforded N,0-diacetyl-
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L-p-nitrophenylalaninol (119) in high yield (91%). The ^HNMR q)ectmm of the 

product diowed that the nitration had also produced 17% of the conesponding ortho- 

product (as calculated from the peak height of the doublets correqwnding to the -NH> 

proton), but this was not remove at this stage. Deprotection was carried out by heating 

(119) in 5% aqueous HQ at reflux for 2.5h, and L-p-nitrophenylalaninol (120) was 

obtained in a high crude yield (90%). Due to the instability of the free amine, (120) was 

reæW  immediately with methyl dichltmmxtate in dry ethanol to afford, after 

purification by flash column chromatography, l-deoxycMoramphenicol (11) in 

82% yield. Despite achieving reasonable separation of the para- and ortho- products on 

TLC, flash column chromatography did not completely separate the two products even 

aftCT a number of attempts. Repeated reciystallisations were then carried out to remove 

the small amount of orrAo-material that had not been separated by chromatography. Die 

data obtainW for (11) were consistent with its proposed structure including a cmrect 

accurate mass and C, H and N analysis.

The enantiomer of (11), N-dichloroacetamido-D-p-nitrophenylalaninol (125), was also 

synthesised. It was prepared via the same route as (11) but starting from

D-phenylalaninol (121) as shown in Scheme 4.3.

HNCCXMaa
►(122) --- ► (123) — ^(124)---- ► ( I

(121) (125) OH

Scheme 4.3

Protection of the amino alcohol to give the N,0-diacetylated product was again afforded 

in high yield (86%) as was the subrequent nitration (94%) to give N,0-diacetyl- 

D-p-nitrophenylalaninol (123). Deprotection of (123) to give D-p-nitrophenylalaninol

(124) followed by reaction with methyl dichloroacetate afforded, after purification by 

flash column chromatography, N-dichloroacetamido-D-p-nitrophenylalaninol (125) in
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82% yield. Similar purification difficulties as encountered with (11) woe also found 

with (125), but again, repeated recrystallisations successfully removed the small 

proportion of remaining orfAo-product. The data obtained for (125) w«e identical to 

that for (11), consistent with it being the enantionœr. Results of the kinetic study of

(125) with CAT are discussed in Chapter 5.

N-Dichlorom:etamido-L-phenylalaninol (126), X=H, was prepared in one step from 

L-phenylalaninol as shown in Scheme 4.4.

(I J H NHCOCHCk

—

(117) (126) OH

Reagents: i) agCHCOgMe (2 equiv.), EtOH, A, 5h.

Schenm 4.4

Reaction of L-phenylalaninol (117) with n^thyl dichloroacetate in ethanol at reflux 

temperature afforded N-dichloroacetamido-L-phenylalaninol in 57% yield after 

purification by flash column chromatography. The data obtained for (126) w c t b  

consistent with its proposW structure including a correct C, H and N analysis.

M-Dichloroacetamido-L-tyrosinol (128), X=OH, was also prepared in only one step, this 

time starting from the amino alcohol L-tyrosinol which has the desired absolute 

configuration at C-2 (Scheme 4.5). L-Tyrosinol hydrochloride (127) was reacted with 

methyl dichloroacetate in methanol with 1.2 equiv. of dry triethylamine at room 

temperature. After purification by flash column chromatography, dichloroacetamido- 

L-tyrosinol was affordW in 72% yield. The data obtained for (128) were consistent with 

its proposed structura including a correct accurate mass and C, H and N analysis.
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HO
H HzRHQ H NHCXXHCI2

V U x ,  ^  V L X
(127) (128)

OH

Reagents; i) OzCHCOgMe (5.1 equiv.), EtgN (1.2 equiv.), MeOH, R.T., 48h.

Scheme 4 J

Attempts to methylate the p-hydroxyl group of (128) to give the corresponding 

p-methoxy compound (129), X=OMe, were problematic and led to mixtures that were 

difficult to separate. Unfortunately, due to time restraints, a pure sample of (129) was 

not obtained and so its kinetic parameters as a substrate for CAT could not be 

detmnined.
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4,51 Kinetic Results

1-Deoxychloramphenicol (11), N-dichloroacetamido-L-phenylalaninol (126) and 

N-dichloroacetaimdo-L-tyrosinol (128) w«e all shown to be substrates for CAT. The 

kinetic parameter for the ligands as CAT substrates are shown in Table 4 J .

Table 43  Kinetic parameters for a series of CAT substrates

%  ^  H NHCOCHOz

OH

X KmOiM) kcat (s'O kcat/Km

N O zdl) 20 (23)' 323 (312)' 16.15

H (126) 47 230 4.89

OH (128) 215 154 0.72

• Literature value ^

As reflected by the plot of log kc,̂ /Km against hydrophobicity (Figure 4.2), the results 

obtained for the chlwamphenicol analogues in which the p-nitrophenyl substituent was 

replaced by an alkyl group suggested that hydrophobic interactions were not involved in 

the binding and specificity of the nitro group of chloramphenicol by CAT. If, however, 

using the data from Table 4.3, a plot of log kc./K^ versus the Hammett constant Op 

shows a linear free enwgy relationship then this would be evidence that thrae is an 

electronic contribution to the binding of the p-substituents (see Figure 4.8). Even 

though it is appreciated that it may not be considwed fully reliable to use only three
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points to construct a graph, it is thought to be valid in this case because it is only a 

general trend in the plot that is being sought

Figure 4.8

14

NO:

OJ

04

oa

OJ04
OH

X axis = Hammett constmit, 
y axis = log (kcg/Kg,) for the data in Table 4.3

As shown in Table 4.3 there is a clear trend in the series, going from a strongly e l« ^ n  

donating group (128) to a strongly electron withdrawing group (11) improves both the 

binding and the catalytic rate. However, the above plot suggests that this is not a linear 

free enCTgy relationship.

Further work carried out at Leicester University has examined a range of p-substituted 

chloramphenicol dialogues to assess their binding by C A T.^ These compounds, all of 

which were obtained from the Research Laboratories of Parke Davis & Co., posses%d 

p-substituents which were electron withdrawing. The kinetic data for these ligands as 

CAT substrates is however limited. The values of some, but not all, of die 

substrates are available and are given overleaf in Table 4.4.
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Table 4.4 Binding existants for a series of CAT substrates

X ^  H NHCOCHCI2

"S oH OH OH

X K_(pM) %

H(130) 85 0

1(131) 15 0.18

Hr (132) 20 0.23

CH3CO (133) good substrate 0.50

CN(134) 12 0.66

S02CH3(135) poor substrate 0.72

NO2 (6) 11.6 0.78

As found with the 1-deoxychloramphenicol analogues, the binding of the above 

substrates generally improves with the strength of the electron withdrawing group. Ibe 

main exception to this, however, was found with the chloramphenicol analogue with the 

P-SO2CH3 group (135). If the binding of the p-substituent was dominated by electronic 

effects then it would be predicted that (135) would have a similar to 

chloramphenicol, which it clearly does not. Although there is a tendency for the 

binding and specificity of the substrates to improve with the electron withdrawing 

capabilities of the p-substituents, the overall results imply that there is not a strong 

electronic contribution. This result is not unexpected since the nitro group in the 

CAT:CM complex is largely in contact with solvent.
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The kinetic parameters obtained for 1-deoxychloramphenicol and N-dichloroacetamido- 

L-phenylalaninol can be used to determine the contribution to binding, AAG^, of the 

-NO2  group and the secondary hydroxyl group of chloramphenicol. Using equation 

[4.4] and the kinetic parameters for 1-deoxychloramphenicol and N-dichloroacetamido- 

L-phenylalaninol an apparent binding energy, -AAGgpp, of 0.7 kcal moT^ is obtained for 

the -NO2  group. Similarly by comparing the kinetic parameters of chloramphenicol and 

1-deoxychloramphenicol a binding energy of 0.7 kcal mol"  ̂ (lit. value 0.8 kcal mol-̂ )®̂  

is calculated for the secondary hydroxyl group of chloramphenicol. This value is fairly 

low for a hydrogen bond^  ̂and shows that this hydroxyl contributes little to binding.
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CHAPTER 5

ADDITIONAL KINETIC STUDIES AND OVERALL CONCLUSIONS



5.1 INTRODUCTION

The previous chapter (kscribed a systonatic changing of the chltwampitenicol ligand in 

order to probe the hydrc^hobic œmptxient of the Wnding of the p-nitrophenyl ring. In 

this chapter mme radical changes to the liquid have been made. Some fnelinnnary 

exploratitm of the possible range of structures that nmy save as substrates for CAT has 

been undertaken as a prelude to exploiting the CAT-catalysed reaction to access 

enantiopure chiral molecules of potential application in organic synthesis. In addition, the 

role of the N-acyl group in binding has been investigated to evaluate the importance of 

the hydrogen bond to the carbonyl oxygen located in the X-ray structure.^^* With these 

final results the energetics of almost all the individual CAT: CM interactions will now 

have been evaluated quantitatively. The enantiodiscrimination shown by CAT has been 

investigated, in particular the interaction of CAT with N-dichloroacetamido-D-threoninol 

has been studied extensively. This chapter ends with a summary of the overall 

conclusions that can now be made regarding the interaction of CAT with its substrates, 

and in particular with chloramphenicol.
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5 ^  ANALOGUES OF CHLORAMPHENICOL IN WHICH THE 

DICHLOROACETYL SUBSTITUENT IS VARIED

As discussW in Section U l  thee are only two dirMt hydrogen bonds between CAT and 

chloran^henicol, one between the C-3 hydroxyl of CM anl the imidazole N-3 of His 195 

mà the oth«r betw^n the carforaiyl mygen of the dichlormœtyl group of CM ami the 

hydroxyl of Tyr 25. It is the latter hydrogen bond that is of intwest to the work 

described in this secticm, die aim was to inv^gate the effect of wying the 

electronegative groups of the acetyl substituent.

A saies of chloramphenicol analogues woe piepared in which die dichlcxoacætyl group 

was varied (Figure 5.1).

NHCOCX,

H OH Qjj 

Figure 5.1

Hiree compounds were syndiesi^d, (IR, 2R)-2-N-chlorom:etamido-l-(p-nitix^lwnyl)- 

inx>pan-l,3-diol (136), X3=H2Q, (IR, 2R)-2-N-trichloroacetamido-l-(p-nitix^henyl)- 

propan-l,3-diol (137), XgzClg airf (IR, 2R)-2-N-trifltK)roacetamido-l-(p-nitrc^henyl)- 

propmi-l,3-diol (138), Xgapg. They woe all prepared in one step by reaction of 

chloramphenicol fire base (24), ( 1R, 2R)-2-amino- l-(p-nitrophenyl)-propan-1,3-diol, 

with the appropriate methyl acetate (see Scheme 5.1).
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NH,

OH
(24)

O2N
H NHCOCX3

H OH OH

(136) X3=H2Q
(137)X3=Cl3
(138) X3.F 3

Reagents: i)C%3C02Me (5 equiv.), Et3N (1 eqiv.), MeOH, A, Ih.

Scheme 5.1

Aminolysis of nwthyl chioroacetate occurred sIow ct and in a lower yield than that of 

oKthyl trichloroacetate and nwthyl trifluoroacetate. After lOh at reflux temperature 

(1%), X3=H2a ,  was afforded in 54% yfcld whereas (137), X3=Q3, and (138), X3=p3, 

were olxaiiKd in >80% yield after Ih. The data obtained for all three compounds w»e 

consistent with their proposed structures. A correct accurate mass was otxained for

(136) and the low resolution mass spectrum showed the typical pattern of molmilar itxis 

conmining one chlraine atom. The material was obtainW as a white foam which 

solidified on standing, attempted recrystallisations w ctc unsuccessful and so C, H and N 

analysis was not carriW out. A correct C, H and N analysis however was obtained for

(137) and (138). It should be noted that in the NMR spectra of (137) aiKi (138) the 

quaternary carbon of Œ I3 and Œ 3 was not s%n, but the low resoluticm masî spectrum 

of (137) indicated the presence of mol^ular ions containing thiw chlorine atoms.

5.2: Kinetic Results

As shown in Table 5.1, the analogues of chloramphenicol in which the dichloroacetyl 

substituent was varied were all shown to be gocxi substrates for CAT. TTie table iitelWes 

the kinetic parameters for chloramphenicol and also for (IR, 2R)-2-N-acetamido- 

1 (p-nitrophenyl)-propan-1,3-diol (139), X3=H3, which had previously been prepared by 

an Undergraduate at Leicester University.
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Table 5.1 Kinetic parameters for a series oi CAT sulMStrato

H NHCOCX3 

OH

X3 KmOlM) k«t(s-i)

H3(139) 52 286 5.5

% a(136) 36 606 16.8

Haz(6) 12 599 49.9

03(137) 6 185 30.8

FgdSS) 20 200 10.0

The caitxHiyl oxygen of the dichlœmcetyl group of chloramphenicol is directly 

hydrogen-bond^ to CAT, and so th^xetically the greater the electronegativity of the 

acetyl substituents the greater the strength of the hydrogen bond. However, sittee the 

biiKÜng process is an exchange reaction, if the substrate could potentially bW  tighter to 

the enzytite due to an increase in the strength of the hydrogen borxi it would also be 

harder to desolvate and so there would be a greater free energy loss on transfo* of the 

substrate finom wato* to oizyme. The aim was to detemüne the q>timum Wance, aM as 

expected this was obtainW with the natural substrate chloramphenicol as reflétai by the 

specificity constant, kca/K^.

As shown in Table 5.1, thao is a clear trend in the series. Increasing the number of 

chlorine substituents from 0-*3 improves the biiuling (as approximated by K^), with the 

trichloro analogue (137) acteally bhWing tighter than chloran^henicol. The aystal 

structure of the binary con^lex of CAT:CM^^" suggests that the two chlcnines of
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chloramphenicol make van der Waals contact with the enzyme, and so the tighter binding 

of (137) could be due to an increase in van der Waals contact with the additional chlorine 

and/or to an increase in the hydrogen bond strengtii.

By comparing the kinetic parameters of (139), X3 -H 3 , and chloramphenicol, an apparent 

binding energy, AAGq— of 1.3 kcal mol"  ̂ for the dichloro group of chloramphenicol is 

obtained. This contribution to binding is presumably due to the increase in the strength

of the hydrogen bond and also to the extra van der Waals contacts on going 60m CH3  to 

CHCI2 . The effect of removing the dichloroacetyl group altogether has also been 

investigated.^ Chloramphenicol base (24) was found to be a poor substrate for CAT 

with a greatly increased of 4300 p,M and a k,^ of 123 s"i. The standard assays are 

carried out at pH 7.5, at this pH (24) is protonated therefore making desolvation difficult, 

as reflected by the high I^ .  Evidence to support this was obtained when the pH was 

raised to 8.5. Under these conditions it was found that the binding of chloramphenicol 

base was dramatically improved, its kinetic parameters being K^=64.5 |aM and 

kçjjj=161 s"̂ . Comparison of these parameters with those of chloramphenicol itself give 

an apparent binding energy, AAGgpp, for the COCHCI2  group of 1.8 kcalmoT^. This 

result together with the AAGgpp of 1.3 kcal moT  ̂ for the dichloro group implies that the 

strength of the hydrogen bond between the carbonyl oxygen of chloramphenicol and 

Tyr 25 is greatly influenced by the presence of the electronegative chlorine atoms.
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5.3 ALTERNATIVE SUBSTRATES FOR CAT

TTiere has been considerable interest in the use of emtymes as “reagents” in cx’pnic 

synthesis, particularly to give access to enantiopure chiral molecules.^ In principle, if 

CAT is able to discriminato between a pair of enantiomm it could be used in such a way. 

For «cample, if a racemic mixture of P-amino alcohols were subjected to CAT and 

acetyl CoA, and CAT catalysed the acétylation of one enantionoer in preference to the 

othor, this would be a means of separating the two enantiom«s. The acetylated product 

and unreacted alcohol could be extracted fiom the catalyst and coenzyme and then be 

separated by, for example, flash column chromatography.

This would be particularly useful because P-amino alcohols are Uologically and 

pharmaceutically interesting compounds. TTiere are many cases where these structures 

are found as components of complex active sutetances or natural products.^ Examples 

of which are statine (140) and sphingosine (141), Figure 5.2. Statine is a constituent of a 

number of protease inhibitors, nombly pepstatin which is a strong inhibitor of aspartic 

proteases such as pepsin and renin,*̂ '̂  and sphingosine is the lxu;kbone comptment of the 

biologically important sphingolipids and is usually present as the n-{-¥)-erythro isomer.^

HO

(140) (141)

Figure 52
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A series of mono alcohols were prepaml (Figure S3) in ordo- to make a {nelinunary 

investigation of the range of structures that may be substrates for (HAT.

H NHCOCHOz

OH 

Figure S3

The only rimilarities between these compounds and chloramphenicol are the primary 

hydroxyl and N-dichloroacetyl group, and also the same relative configuration as CM 

was retained at C-2. As discussed in Chapter 4, even though chloramphenicol has the

1,3-diol structure the presence of a secondary hydroxyl group was not considered to be a 

praequisito for posrible CAT substrates because it has previously been shown that tiie 

C-1 hydroxyl of CM only contributes 0.7-0.8 kcal mol'^ to binding. The four compouiuls 

that were prepared were all derived fiom naturally occurring amino acids.

(2S)-2-N-Dichloroacetamido-1 -propanol (143), RsCH^, (2S)-2-N-dichloroacetamido- 

3-methyl-1 -butanol (145), R=*Pr, and (2S)-2-N-dichloroacetamido-4-methyl-1 -pentanol

(147), R=‘Bu, were obtainW in high yield (87-94%) by aminolysis of methyl 

dichloroacetate with L-alaninol (142), RzCHg, L-valinol (144), R=>Pr, and L-leucinol 

(146), R=‘Bu, respectively (see Schenw 5.2).

K  ,NH2 H. NHCOCHCL

R

OH ÔH

(142)R=CH3 (143)R=CH3
(144) R=*Pr (145) R=^Pr
(146) R=^Bu (147) R=*Bu

Reagents: i) CliCHCOzMe (2 equiv.), EtOH, A, 6h. 

Scheme 5.2
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(2S.3S)-2-N-Dichlc»oa(Xtaim(io-3-methyl-l-pentanol (150), R=CH3CH2(CH3)CH, was 

prepared in two steps by rediKtion of Lrisoleucine methyl esta* hydiochlmide follow«l by 

reacticKi with methyl dichlwoacetate (Schenw S3).

H H2N.HO H NH2

Me H O Me H ^

(148) (149)

NHCOCHCI2

Me

(150)

Reagmts: i) NaB% (4 equiv.), water, <4°C, Mh.
Ü) a 2CHC02Me (2.5 equiv.), EtOH, A. 7h.

Scheme S3

L-Isoleucine methyl ester hydrochloricte (148) was leducol with sodium borohydride in 

water to afford L-isoleucinol (149) in moderate yield (58%) after purification ly 

Kugeliohr distillation. The amino alcohol (149) was then reacted inm^diatdy with 

mediyl dichloroacetate in ethanol to give N-dichloroacetamido-L-isoleucinol (150) in 

99% yield. The data obtained for (143), (145), (147) and (150), including C, H and N 

analyris aiKl accurate mass, were consistent with their proposed structures.
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5.3: Kinetic Results

All four mono alcohols wctc shown to be CAT substrates, the kinetic parameters for 

which are shown in Table 5.2.

Table 5.2 Kinetic parameters for alternative CAT substmtes

Substrate Krn(mM) kogî K,,,

H NHCOCHO;

OH
4.1 4.4 1.07

H NHOOCHO*

Me OH
1.1 3.4 3.09

Y" H NHCOCHO;

OH

1.2 5.2 4.33

H NHCOCHCIz 

Me H OH
1.7 2.0 1.18

When carrying out assays to determine the kinetic parameters of a substrate for CAT, the 

rate of acétylation is imasured by monitoring the release of CoA by its reaction with 

DTNB (see Section 4.2). It has been shown that single hydrolysis of AcCoA does occur 

and this is another source of CoA in the assay mixture,^ the rate of this , however, is 

very slow, approximately 10  ̂ times slower than the rate of acétylation of 

chloramphenicol which is 6(X) s'k Even though the turnover number (k^^ of each of the
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mono alcohols is very low the possibility that the measured rate is due to hydrolysis of 

AcCoA or even to contaminating chloramphenicol can be excluded. For each set of 

assays where the AcCoA concentration was constant and the substrate concentration was 

varied it was shown that the rate of release of CoA increased with the concentration of 

substrate, and was therefore due to acétylation of the substrate.

This series of compounds were prepared to find out whether there is potential for using 

CAT in organic synthesis. These alcohols lack many of the features of chloramphenicol 

and tlie initial aim was to see if they would in fact be substrates for CAT. Future work 

could examine the extent of the range of alcohols that CAT could recognise and catalyse 

the acétylation of, leading possibly to the kinetic resolution of racemic amino alcohols. It 

should be noted that these were only preliminary investigations to see how specific CAT 

is, but as the following discussion shows the above results have led to a greater 

understanding of the binding process and the interactions between CAT and its 

substrates.

The results obtained for N-dichloroacetamido-L-alaninol (143) can be compared with 

those for N-dichloroacetyl serinol (116) since the only difference in their structure is that 

in the former there is a proton at C-3 and in the latter a hydroxyl group. As shown in 

Table 4,1 the kinetic parameters for (116) are: I(^=15 mM, kgg[=20 s“̂  and kca/K^=1.3. 

The change in k^g/Kg, gives an apparent binding energy, AAO^, of only 0.12 kcal moT  ̂

for the secondary hydroxyl group. This value is considerably lower than the 

0.7 kcal moT  ̂ obtained fiom the Idnetic parameters of chloramphenicol and 

1-deoxychloramphenicol (Section 4,5!). A possible explanation for this difference is that 

for the serinol derivative (116) the lack of a substituent in the p-nitrophenyl binding site 

may allow rotation about the bond as shown overleaf in Figure 3.4. Therefore, on 

formation of the hydrogen bond to the hydroxyl of (116) a rotational degree of fioeedom 

would be frozen out and this would have an adverse entropy change.
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OH

Figure 5.4

In the case of chl<nramphenicol, rotation about the bond shown in Figure 5.4 is p rev en t 

due to the Wnding of the large p-nitrophenyl group, and so formation of the hydrogen 

bond does not have to freeze out this rotation therefore the hydrogen bomi appears 

stronger.

Conparison of the kinetic parameters of N-dichloroacetamido-L-alaninol with 

l-deoxychloranq)henicol (Table 4.3) allow an apparent binding enetgy for die 

p-nitrophenyl group to be calculated. The change in kc/K„ corresponds to a free energy 

difference of 5.7 kcal mol“i which is âmilar to the value of 6.3 kcal mol'i obtained from 

the kinetic parameters of N-dichloroacetyl serinol and chloranqihenicol. It was 

previously estimated that the aryl biixiing pocket of chloramphenicol is ^proximately 

1.5 times more hydrophobic than n-octanol (Section 4 Jill). The free energy of transfer, 

AG(, of a phenyl ring from n-octanol to water is 2.91 kcal mol’^ therefore if the above 

proposal is correct it could be prWicted that the aryl ring of chlorampheniœl wtwld 

contribute approximately 4.4 kcal mol'^ to binding. Examination of the kinetic 

parameters of N-dichloroacetamido-L-alaninol and N-dichloroacetanndo-L-phenylalanhml

(126) gives an apparent binding ena-gy for the aryl ring of 5.0 kcal mol'^ which is in 

good agreement given the errors in measurement

N-Dichloroacetamido-L-valinol (145) aixi N-dichloroacetamido-L-thra>ninol (46) 

(Kg,=8.7 mM, kcat=90 s '^  Table 4.1) are isosteric, the former having a n^thyl group at 

C-3 and the latter an hydroxyl group. Conçarison of their kinetic parameters shows that 

the binding of (145) (as approximated by K„) m greater than that of (46). However,
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N-dichloroacetamido-L-threoninol is a better substrate for CAT as reflected by the 

specificity constant As with chloramphenicol, the secondary hydroxyl is

probably hydrogen bonded to Thr 174 via a bridging water molecule and the additional 

stabilisation provided by this lowers the activation energy of and so improves 

catalysis.

As shown in Table 5.2 N-dichloroacetamido-L-leucinol (147) is the best substrate for 

CAT out of the mono alcohol series. The additional binding energy provided by the *Pr 

group, which is presumably bound in the hydrophobic pocket which accommodates the 

p-nitrophenyl group of chloramphenicol, also contributes to the catalytic rate. Even 

though the binding of N-dichloroacetamido-L-isoleucinol (150) is similar to that of (147) 

it is a poorer substrate for CAT as shown by the specificity constant. This is probably 

due to the fact that it has a second chiral centre at C-3. The ethyl group is expected to be 

positioned in the p-nitrophenyl binding pocket and so consequently the methyl group is 

forced into an area normally occupied by a proton, the result of which is an increase in 

the energy of activation and a reduction in kĝ .̂
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5.4 ENANTIODISCRIMINATION

N-DicMoroacetamido-i>th]%oninol (53), (Figure 5.5), was prepared in order to 

investigate enantiodiscrimination shown by CAT, its synthesis wt^ previously describe 

in Section 2311.

Me

OH

(53)

Figure 5.5

Since (53) has the opposite relative configuration of chloramphenicol it was not known if 

it would be a substrate for CAT. Enzymes show varying degrees of stereospœificity, 

however, as a class the transfames are genoally much more substrate- aiui stereo- 

specific.

Kinetic studies on the reaction of CAT with (53) revealed that it was, indeed, a substrate, 

with a stmllo* compared to N-dichloroacemmido-L-threoninol (46) but the rate of 

acétylation, kç̂ t, was considerably reduced. These results were rather surprising since the 

inversion of the two chiral centres was expected to disrupt the major polar interactions 

with the protein.
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Table S3  Kinetic parameters for a gmir of enantiomers

Substrate Km(rnM)

N-Dichloroacetamido-L-threminol 8.7 91 10.5

(derived fiom L-threonine)

N-Dichloroacetamido-D-threoninol 

(derived fiom D-threonine)
5.0 0.8 0.16

For the analogous CAT-catalysed reaction to occur i.e. acétylation of the primary 

hydroxyl, the C-1 hydroxyl of (53) would have to be positioned next to His 195, the 

amino acid directly involved in the catalysis (Section 1.4).

H OH

NHCOCHOg 
OH

HNCOCHQ

Me OH

HO

(H)
Figure 5.6

HNCOCHOz 
H

H . :  OH

Me OH

(D

As shown by Figure 5.6, in this orientation, (H), the comparatively lar^e 

N-dichloroacetyl group is displaced fiom the normal position in chloramphenkol (6), 

although there may be a ctmfimnation of (53) that can compensate for this, fit die
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absence of such a ccnnpensating conformational change there would be a loss of the 

diTKt hydrogen bond betwwn Tyr 25 and the dichlcaoacetyl aubcmyl group of 

chloramphenicol (Section U i). Furthermore, for N-dichloroacetamido-D-threoninol to 

retain the hydrogen bond which occurs between the secondary hydroxyl of 

chloramphenicol and Thr 174 via a bridging water molecule, then it is likely that a further 

conformational change is required e.g. the methyl group would have to be accommodated 

in the chloramphenicol H-C(l) pocket as shown in conformation (I), (Figure 5.6).

In contrast, by changing the orientation of (53) in the active site, (J) in Figure 5.7, the 

N-dichloroacetyl group of (53) is positioned correctly in the chloramphenicol 

dichloroacetyl pocket but the secondary (C-3) hydroxyl lies next to His 195.

H  ̂ NHCOCHCI2 H NHCOCHCI2
OH H V ,OH

H OH Me H H OH

(J) (116)
Figure 5.7

Positioned in this way the only difference between N-dichloroacetamido- D-threoninol and 

N-dichloroacetyl serinol (116) is a methyl group at C-3 rather than a hydrogen. If (53) 

bound to CAT in this orientation the normal hydrogen bonds would be retained and the 

only difficulty would be accommodating the methyl group in the site that normally 

accommodates a hydrogen.

The possibility that the very slow reaction of (53) could occur via (J) could not be 

excluded. That is to say, CAT could in principle process a pair of enantiomers in two 

different ways i.e. by catalysing the acétylation of the primary (C-1) hydroxyl of 

N-dichloroacetamido-L-threoninol (46) and the secondary (C-3) hydroxyl of 

N-dichloroacetamido-D-threoninol (53).
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In order to invMtigate tfiis inoposal the CAT catalysed reactions of (46) and (53) tm c  

mtmitmed by %  NMR over a paiod of approximately Ih. To assist with the analyds of 

the enzymic reaction 1-O-acetyl- (151), 3-0-a<»tyl- (152) and 1,3-diacetyl-

N-dichl(noacetamido-L-threoninol (153) were prepared in advance in ord^ to de^mine 

%NMR data for each conqmund. They were synttesised by the reaction <rf 

N-dichloroacetami(k>-L-tfareoniiK}l and acetic anhydride in pyridiiM (Scheme 5.4).

NHœCHaz
Me,VS

H OH i n  
(46)

H NHCOCHaz H NHCOCHOg H NHOOOiaz

“ V s  • • “ > V i
OH OAC H GAc OH H GAc qAc

(151) (152) (153)

Reagents: i) Acetic anhydride (1 equiv.), pyridine, <4°C, 3 days.

Scheme 5.4

The imxture of products was separated tqr flash column chromatography to afifcnd

1,3-diacetyl-N-dichloroacetamido-L-threoninol (20%), 1-O-acetyl- (22%) aW 3-0- 

aceQrl-N-dichloroacetami(k>-L-threoninol (7%). The polarity of the products on TLC was 

shown to be in the ordw 3-acetyl- > l-acetyl-> 1,3-diacetyl-, and their identification was 

confirmed by the %  NMR spectrum of each compound. The crucial chemiad shifts vdth 

respect to identification were those corresponding to the H-C(3) promn and the prochiral 

nKthyleire protons at C(l). Selected chemical shifts in ppm observed for (151), (152) 

and (153) are shown in Figure 5.8, the spectra of (149) and (150) were recorded in D^O 

and that of (151) in CDQj.
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6.38(S)

/
H NHOOCHOg

1 .2 1 (d) — ► H3 C — 4.26 (/̂ X)

H OH OAc ^4.29(A B X )

(151)

The signals for H-C(3) and H-C(2) slightly overlapped at 4.01 - 4.16 (m).

6.37(8)

H NHCOCHOz 

1.27(d)— ►H3C ^ — 3.66 (ABX)Y Y 'LI r\A ̂  I1H GAc QJJ ^ 3 . 7 2  (ABX)
5.11(dq) ^

(152)

5.99(8)

i
H NHCOCHCI2

1.29(d)— ► H3C----------------------------------  4.15 (AB)Q

x Y r ‘
H GAc oAc ^  4.17 (ABX)

5.17(dq) ^
(153)

Figure 5.8

Typical 8 values for methylene ami nwthine protons attachai to caiix>ns bearing an -GH 

and an -GCGR group are given in Table 5.4. Tlie observed values are consistent with 

those given in the table ccmfirming the identification of each ctxnpound.
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Table 5.4

Protons Typical Value*̂ ® 
5 (ppm)

-CH2OH 3.6

-CH(OH)- 3.9

-CH2OCOR 4.1

-CHOCOR 4.8

Tbe CAT catalysed reaction of both enantiomers, (46) and (53), was contimmusly 

mcHiitored by NMR and shown to produce the same product throughout the reaction 

period, and this was the primary acetylated product, 1-0-acetyl-N-dichlmoacetyl 

threoninol, the soondary acetylated product was not detectW. After em;h reaction had 

been monitored for Ih the reaction mixture was acidified to pH 5-6 (in an attempt to 

inhiMt the ison^sM on reaction, see Scheme 1.1), extracted into ethyl acetate, and 

evaporated to give a mixture of product and unrem:ted N-dichloroacetamido-threoninoL 

The residue was then examined by ^HNMR in DgO solvent, ami in both cases the 

presence of 3-O-acetyl-N-dichloroacetyl threoninol could now be detectoi. The 

extracted product fiom the reaction of the L-enantimner (46) was shown to consist of 

79% 1-O-acetylated product and 21% 3-O-acetylated product, and that fiom the remztion 

of the D-enantiomar (53), 74% and 26% respectively. The parentages were calculate 

from the i^ak height of the singlet corresponding to the -CHfZl̂  proton.

The results imply that it was the primary acetylated product that formed in the CAT 

catalysed reaction of N-dichloroacetamido-D-threoninol (53), with 3-O-acetyl- 

N-dichlorom:tamido-D-threoninol being produced during the work-up and/or while in the 

solvent To confirm that 1-0-acetyl-N-dichloroacetamido-D-threoninol was the initial 

product it was necessary to determine whether the soondary m;etylated product could
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iscHiMrise iimiMdiatidy to the conresponding pmmiy acetylated product under the NMR 

reaction cotations. A saoq>le of (152) was dissolved in the D2O Ixiffer (pH 7.1) and its 

%  NMR spectrum was recorded immediately tuid dim after a further l.Sh (Scheme SS). 

The ratios were ca lcu h ^  from the peak height of the doublets corresponding to the 

Me-C(3) protons.

H NHCDCHOz H NHOOCHag

H OAc i n  H « I  OAc

Oiî) (151)

Immediately 93% 7%

After IJh  71% 29%

Scheme 5 J

As shown in Scheme S£  the initial NMR sample containW 7% of the primaiy acetylated 

product but it was not possible to determine whethm this wtK a result of inmtediate 

ismnerisation, or whether the sangle of (152) which had bmn purified ty  fiadi column 

chromatography contained a anall anmunt of (151). A ft» being in solution for 1.5h the 

amount of (151) present had increased to cmly 29% thus confirming that the l-O-amtyl- 

N-dichloroactetamido-D-thrmninol ob^ved during the monitoring of the CAT reaction 

was the product oWainW in the CAT catalysed acétylation of N-dichloroaœtamido- 

D-threoninol.

The equiliteium of the isomérisation reaction was also studied. A sample of 1-Oacetyl- 

N-dichloroacetemido-L-threoninol (151) was dissolved in the DgO buffer (pH 7.1) arul its 

%  NMR spectrum reœrded after 3 days and after 6 days (Scheme 5.6 overleaf). The 

above results in^ly that the equilibrium position lies in favour of the primary acetylated 

compound, (151) and (152) existing in a ratio of approximately 2:1 reqtectively.
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H NHCOCHOz H NHCOCHO]

H OH H OAc (Li

(151) (152)

Aft» 3 days 64% 36%

Aft» 6 days 62% 38%

Scheme 5.6

Having shown that the enzymic acétylation of N-dichloroacetami(k>-D-thr»xiinol 

produces the unexpected primary acetylated product the next consideraticm is how is the 

substrate bound at the active site? TTiCTe is clearly no direct evidence to suggest that it is 

bound at the active site with the same ccKifmnaticm as its enantiomer. One pœsiWlity is 

that th»e is more than one mode of Wmting of this substrate, such that it may band in an 

alternative unroactive mode at the active site in competition with a weaker productive 

mode of binding. Work on 1-substituted chloramphenicol analogues in conjunction with 

site directed mutagmesis ami X-ray structure detamination has previcmsly suggested 

alternative binding nxxles for CAT substrates® (see Section 1.6). At present work is 

being carried out at York University to obtain a X-ray structure of the binary (x>nq)lex of 

CAT and N-dichloroacetamido-D-threoninol which will assist gre^y in the interpretation 

of the observed results.

Having det»minai that CAT could Wnd and acetylate N-dichloroacetamido-D-tluecminol 

(53), we decided to examine another analogue which has the opposite relative 

configuration of chloramphenicol. The compomd investigated was N-dichlormcetamido 

D-p-nitrophenylalaninol (125), the enantiomer of 1-deoxychloramphenicol, its Qmthesis 

was previously described in Section 4.5.
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HNCœHOz

(125)

Since (53) was shown to have been acetylated at the primary hydroxyl, inqxlying that the 

N-dichloroacetyl substituent could be ^^m nrodated in the active site of CAT, it was 

thought that (125) would be a potential substrate. Kinetic studies, however, in^lied that 

this was not the case. Further investigations showed that (125) was in fact a potent 

competitive inhibits of CAT witii a Kj of 15.0 pM. Comparison with its enantiomo*, 

l-tkoxychlœamphenicol, which has a of 20 pM (Table 4 J) shows that the inhibiux* 

is bound very tightly by CAT, however, since (125) is not acetylated by CAT this 

suggests that it too is bound in an altanative nonproductive mode.
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SS  OVERALL CONCLUSIONS

As shown in Chapter 2^  a wide range of diastereo- ami enantiopure cMoramphoikol 

analogues have been aiccessAiUy synthesised, the majority of which were derived ftran 

L- and D-amino adds. By studying the kinetics of the CAT reaction with these mod&d 

li^nds the contributif to tnnding and catalysis, AAG^, of each of the substituents of 

chkxramphenicol has been evaluated quantitatively. When ocamining biixling ei^rgies of 

specific interactions it is important to define how they were derived. In each case 

AAG^ was calculated using equation [4.4] and as such is the difference between the 

binding energies of the functional groups involved in the comparison. It would be 

incorrect to interpret these values as the actual binding energies of the specific groups, 

AGbind- because as discussed in Section l.llii there is a fundamental difference between 

AGgpp and A G j^ However, if the removal of a group on the substrate allows access of 

water to the region where the deletion occurs then A G ^ can be considered as a crude 

approximation of AGŷ wi- The apparent binding energies for the different substituents of 

chloramphenicol are shown in Figure 5.9.

0.7 kcal mol'̂
1.8 kcal mol^

5.0 kcal mol*̂

OHS.7-6.3 kcal mol*̂ 1.5-2.7 kcal mol^OH

0.7-0.8 kcal mol'̂

Figure 5.9
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The necessity of acknowledging which two substrates were used for obtaining the above 

values can be seen by the following examples. By comparing the kinetic parameters of 

1-deoxychloramphenicol (11) and N-dichloroacetamido-L-alaninol (M3), (Section §.3i), 

the contribution to binding of the p-nitrophenyl group of chloramphenicol was estimated 

to be 5.7 kcal moT^ whereas comparing chloramphenicol and N-dicblomcetyl sennol 

(116), (Section 5.1), a value of 6.3 kcal moT  ̂ was obtained. The apparent binding 

energy of the secondary hydroxyl group of chloramphenicol was calculated as 

0.7-0.8 KcalmoT  ̂by comparing chloramphenicol with 1-deoxychloramphenicol, however 

a considerably lower value, 0.12 KcalmoT ,̂ was obtained when N-dichloroacetyl serinol 

was compared with N-dichloroacetamido-L-alaninol (Section 5.3:). The above 

differences in binding energy clearly depend on the basis of the comparison.

Examination of the aryl binding pocket of chloramphenicol using a series of analogues in 

which the p-nitrophenyl group of CM was replaced by alkyl groups suggests that this 

region of the active site is approximately 1.5 times more hydrophobic than n-octanol 

(Chapter 4). The linear &ee energy relationship shown by these substrates is evidence

that the alkyl chain is located in this pocket and that it is a local hydr ophobic region. The 

incremental apparent binding energy for each methylene group bound in the hydrophobic 

cleft is estimated to be 1.0 kcal moT .̂ The binding site can only enclose an allcyl chain up 

to C4 , if the chain is longer than this it is proposed that the terminal methylene groups 

will be in contact with solvent. This is demonstrated by the break in the linear free 

energy plot and confirmed by molecular modelling of these ligands in the CAT X-ray 

structure.

As a result of the work carried out for the purpose of (his thesis together with previous 

studies^^^ it can be concluded that hydrophobic effects are dominant in chloramphenicol 

recognition by CAT. A large number of chloramphenicol analogues have been shown to 

be substrates for CAT. It is believed that this is due to a lack of many direct hydrogen 

bonds together with the dominant hydrophobic interactions in the CAT:CM complex,
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which in some cases apparently leads to alternative binding modes. However, the 

apparent lack of specificity may be a reflection of the fact that CAT is such a catalytically 

efficiait oi^nne, the for its natural substrate being 6W) s" .̂ If, kco/Km *he altered

substrates is compared widi that of ddotanq)henicol it can be seen just how qwdfic CAT 

actually is towards chloramphenicol.
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CHAPTER 6

EXPERIMENTAL



6.1 GENERAL EXPERIMENTAL DETAILS

6.1: Materials

Ali Chemicals w«e oteained from:-Aldrich Chemical Qxxçany Ltd. (Gillingham, 

Dorset), Sigma Chemical (Company Ltd. (Poole, Dorset), or Lancaster Synthesis 

(Mœecambe, Lancs.), with the excepticm of Coen^me A which was obtained fixxn 

Pharmacia LKB Biotechmlogy (Milton Keynes, Bucks.).

6.IÜ Solvoits

Dichloromethane was distillai from calcium hydride.

Diethyl ether (ether) was distilled from LiAlH  ̂under a nitrogen atmosphere.

Ethyl acetote was distilled.

Methanol and ethanol were distilled from magnesium and iodine under a nitrogen 

atmosphere and stored over 3 Â aM 4 Â molecular sieves respectively.

Tetrahydrofuran (THF) was passed through an alumina column and distilled from sodium 

in the presence of benzophencme under a nitrogen atmosphere.

Toluene was dried over calcium chloride, distilled and stored over 5 Â n»lecular sieves. 

Triethylamine was distilled frxm calcium hydride and storol over 4 Â naolecular sieves. 

W a^  was obtained from the Elgastat Option 4 water purifro-.

6.1IÜ Instrumentation and Methods

Thin layer chromatography (TLC) was perfomtod on Mock & Co. silica gel 60 F254 

plates aiul aqueous KMnO  ̂was used for staining. Flash column chromatogny)hy was 

carried out using silica (Merck & Co., Kiesel 60,230-400 mesh).

Melting points were determined using a Kofler hotstage and are uitoorrected.
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Optical rotations were determined at ambient temperature with a Perkin-Elmer 141 

polarimeter and are the average of at least she measurements.

Microanalysis (C, H & N) was performed by Butterworth Laboratories, Teddington, 

Middlesex.

Infra red (IR) spectra were recorded with a Perkin-Elmer 298 spectrometer.

and NMR spectra were recorded with a Broker AM 300 spectrometer. For 

%  and spectra, trimethylsilane (TMS) or 2,2-dimethyl-2-silapentane-5-sulphonic 

acid sodium salt (DSS) was used as an internal standard, and for spectra 

trichlorofluoromethane (CFCI3 ) was used.

Low resolution mass spectra [Electron Ionisation (El)] were recorded with a Kratos 

Concept H mass spectrometer. High resolution accurate mass spectra [El or Chemical 

Ionisation (Cl)] were also recorded with the above spectrometer or carried out by the 

SERC Mass Spectrometry Centre, University College of Swansea.

Ultra violet (UV) spectra were recorded on a Shimadzu UV-visible UV-240 

spectrophotometer.
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6.2 SYNTHESIS RELATING TO CHAPTER 2

(3R)-3-Amino-3-N-lerr-butoxycarbonyl-4-hydroxybutan>2-one(36)

1.5 M M eli (as the LiBr complex) in ether (50 ml, 75.00 nunol) was adtkd diopwise 

over 45 min. to a itq>idly stirred solutitxi of N-*erf-butoxycaib<myl-D-seriiw (2.50 g, 

12.%) mmol) in THF (100 ml) at -78®C, undo- a nitrogen atmosphoe. The reaction 

mixture was stirred at 0®C for Ih and at room température for 3h.

The reaction mixture was added slowly portionwise to a rtqiidly stirred mixture of 

ice-water (150 ml) and ether (100 ml). The phases woe separated and the aqueous 

phase extracted with ether (2x100 ml). The œmbined organics were dried (Na2S04) 

aiKl evaporated to residite in vacuo to give an mange oil which was purified by flarii 

column chromatography (3:1 dichloromethane-ethyl acetate) to give the title conqwund 

(1.081 g, 44%) as a colourless oil.

Rf 0.42 (ethyl acetate);

[a]o reading too low to record;

Vm« (CH2a 2)/cm-i 3670w, 3600w, 3420m, 3050w, 2970m, 2930w, 1705s, 1495s, 

1390w, 1365s, 1315w, 1230m, 1165s, 1060m, 1025w, 955w, 900w, 885w, 865w;

Sh (300 MHz; D2O+CD3OD) 1.41 (9H, s, € (€ « 3)3), 2.25 (3H, s, CH3CO), 3.83 (IH, 

ABX system, Jbx=4.2 Hz, 1.8 Hz, CH2OH), 3.93 (IH, ABX system, Jj^=43 Hz, 

Jgem=l 1.8 Hz, CH2OH), 4.25-4.27 (IH, m, CHCH2OH);

8c (75 MHz; D2O+CD3OD) 29.35 (CH3), 30.30 (CH3), 63.35 (CH2), 64.89 (CH), 

83.94 (C), 159.97 (C), 212.95 (C);

m/z 203 (M+, <1%), 161 (12), 160 (100), 133 (38), 130 (38), 119 (17), 117 (22), 104 

(58). 89 (15), 73 (15);

161



C9H18NO4 [MH]+ requires 204.1236 

found 204.1235.

(2R)-2 Amino-2-N-tert-butoxycarbonyl-l-hydroxyheptaii-3-one (37)

Method A 6 equivalents of B uli

2 M BuLi in pentane (40 ml, 80.00 mmol) was added diopwise ovct  45 min. to a isq)idly 

stirred solution of N-rm-butoxycarbcmyl-D-serine (2.75 g, 13.41 mnwl) in THF (100 ml) 

at -78“C, under a nitrogen atmosphere. TTie reaction mixture was stirred at 0®C for Ih 

and at room tempoature for 3h.

The reaction mixture was added slowly portionwise to a rapidly stirred mixture of 

ice-water (150 ml) and ether (100 ml). The phases were separated ami the aqueous 

phase extracted with ether (2x100 ml). The tombinoi organics were dried (NagSO )̂ 

and evapmated to residue in vacuo to give an orange oil which was purifiai flarii 

a>lumn chromatography (3:1 dichloromethane-ethyl acetate) to give the title conqx>und 

(1.219 g, 37%) as a colourless oil.

Method B 6 equivalents of BuLi with an altonative work up

2 M Buli in pentane (7.25 ml, 14.50 mmol) was added dropwise ovct  45 miiL to a 

rapidly stirred solution of N-tert-butoxycarixmyl-D-serine (0.495 g, 2.42 mmol) in 

THF (20 ml) at -78°C, under a nitrogen atnmsphere. The reaction mixture was stirred at 

0®C forlh and at room temperature for 3h.

Chlorotrimethylsilane 7.0 ml, 55.(X)mnx>l) was added rapidly to the stirred reaction 

mixture at 0®C, and the resulting colourless solution was left to warm to room 

temperature. 1 M NaHCOg (15 ml) was added slowly and the mixture was stirred for 

0.5h. The phases were separated and the aqueous extracted with ether (2x25 ml). The 

combined organics were washed with water (15 ml), dried (Na2S04) aiwl evtqxnated to 

residue in vacuo to give a brown oil which was purifiai by fla^ column chromatography
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(3:1 dichloromethane-ethyl acetate) to give the title compcxmd (0.107 g, 18%) as a 

colourless oU.

Method C 8 equivalents of Buli

Following the same procedure as Method A except uang 8 equiv. of BuLi ratho* than 6 

equiv., N-tcrt-butoxycarixmyl-D-soine (1.50 g, 7.32 mnml) ami 2 M B uli in pentane 

(30 nd, 60.00 mmol) gave, after purification by flarii column chromatography (3:1 

dichlormnethane ethyl acetate), the title compound (0.432 g, 24%) as a colouiless oil.

Rf 0.53 (ethyl acetate);

[alo -18.3® (c=1.0 in CHzQz);

Vn«x (CHzOzVcm-i 3670w, 3600w, 3420m, 3060w, 2960m, 2930m, 2870m, 1705s, 

1490s, 1390w, 1370m, 1230w, 1165m, 1050m, 1025w, 980w, 900w, 860w;

6h (300 MHz; CDOg) 0.91 (3H, t, J=7.3 Hz, CH3CH2), 1.19-1.66 (13H, s and m, 

C(CH3)3 and (313( ^ 2)2), 2.49-2.67 (2H, m, CH2CO), 2.83 (IH, br s, OH, exchanged 

with D2O), 3.87 (IH, ABX system, Jgx=3.8Hz, 1,^=115 Hz. CH2OH), 3.95 (IH, 

ABX system, J^ 3 .9 H z , J,m -115H z, CH2OH), 4.24-4.40 (IH, m, CHCH2OH),

5.67 (IH, d, 1=5.7 Hz, NH, slowly exchanged with D2O);

8c (75 MHz; CDOg) 13.81 (CH3), 22.27 (CH2), 25.50 (CH2), 28.33 (CH3), 39.70 

(CHg), 61.61 (CH), 63.01 (CH2), 80.21 (C), 155.96 (C), 208.25 (C);

m/z 246 ([MH]+, 2%), 190 (11), 172 (29), 160 (94), 159 (10), 104 (100), 87 (21), 86

(11). 85 (80);

C12H24NO4 [MH]+ requires 246.1705 

found 246.1707.
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(2R, 3R)-2-Aimno-2-N-teif-butoxycarbonylbutaii-l^-diol (40) and 

(2R, 3S)-2-Amino-2-N-lert-butoxycarbonyibutan<i;3-diol (41)

A soluti(»i of the methyl ketone (36) (0.449 g ,  2.21 mmol) in ethanol (10 ml) was adcted 

dropwise o v c t  5 min. to a stirred solution of sodium borcdiydride (0.452 g ,  11.90 mmol) 

in ethanol (10 ml) at room temperature. The reaction mixture was stirred for 3h at room 

temperature.

The reaction mixtine was evaporated to residue in vacuo, taken up in 1.19 M acetic acid 

(10 ml), and when effavercence had ceased ethyloie glycol (0.66 ml, 11.85 mmol) was 

added. Ibe reaction mixture was basified with NaOH aixl extracted with 

dichloromethane (5x10 ml). The combined organics were dried (NagSO )̂ and 

evaporated to residue in vacuo to give a colourless oil which was purified by fW r 

column chromatography (ethyl acetate) to give a 1:2.1 mixture of the title conqxiuMs 

(40) and (41) respectively (0.294 g, 65%) as a white wax-like solid.

Rf 0.28 (ethyl acetate);

m.p. 57-69°C (without furtha- purification);

V m a x  (CH2a 2>/cm-i 3610w, 3500br, 3430w, 2970w, 2930w, 1700s, 1495m, 1365m, 

1220w, 1165m, 1050br, 860w;

5h (300 MHz; CDOg) 1.24 [1.19] (3H, d, 1=6.5 Hz [1=6.4 Hz], CHgCH), 1.45 (9H, s, 

C(CH3)3), 3.30-3.51 (3H, br m, CHCH2OH and 2xOH, two of which exchanged with 

D2O), 3.63-4.12 (3H, m, CH2OH and CH3CH), 5.59 [5.47], (IH, 1=7.5 Hz [1=7.8 Hz], 

NH, exchanged with D2O); N.B. For the sets of âgnals which were clearly due to the 

two different diasteromers those corresponding to the minw diasterromer are shown in 

square brockets, otherwise only one value ot range is given;
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8c (75 MHz; D2O) 20.95 [21.55] (CH3), 30.43 (CH3). 60.22 [59.83] (CH). 63.65 

[64.28] (CH2), 69.82 [69.10] (CH), 83.71 (C), 160.87 (C); N.B. Signals cœresponding 

to the miiKH- diastoeomer are shown in square brackets;

m/z 206 ([MH]+, 1%), 174 (22), 160 (50), 143 (73), 132 (47), 118 (33), 104 (60), 88 

(15), 87 (63), 75 (10), 74 (100), 70 (13);

C9H20NO4 [MH]+ requires 206.1392 

found 206.1392.

(2R, 3R)-2-Amino-2-N-terr-Butoxycarbonyiheptan-l,3-diol (42) and 

(2R, 3S)-2-Amino-2>N-terf-Butoxycarbonylheptan-13-di(d (43)

Following the method used for the preparation of (40) and (41), the butyl ketone (37) 

(0.314 g, 1.28 mmol) and sodium borohydride (0.243 g, 6.40 nunol) gave, afto- 

purification by flash column chromatography (ethyl acetate), a 1:3.4 mixture of the title 

compounds (42) and (43) respectively (0.245 g, 78%) as a white wax-lilœ solid.

Rf 0.39 (ethyl acetate);

m.p. 54-67®C (without further purification);

V m a x  (CH2a 2)/cm-i 3610w, 3500br, 3430m, 3050w, 2960m, 2930m, 2870w, 1700s, 

1495s, 1400m, 1365m, 1330w, 1240w, 1165s, 1050m, 870w, 750br,

8h (300 MHz; CDOg) 0.88-0.93 (3H, m, CH2CH3), 1.20-1.65 (15H, m, C(CHg)3 and 

(CH2)3Œ 3), 3.45-4.13 (6H, m, C3 i(0 H)CHCH20H, two of which exchanged with 

D2O), 5.50 [5.40] (IH, d, J=8.1 Hz [J=9.1 Hz], NH, slowly exchanged with D2O); N.B. 

For the set of signals which was clearly due to the two different diastereomos that 

corresponding to the mincH- diastereomer is shown in square brackets, othœvise a range 

is given;

8c (75 MHz; CDQ)) 13.88 (CH3), 22.54 [22.44] (CHg), 27.99 [27,69] (CHg), 28.29 

(CH3), 33.88 [33.64] (CHg), 54.96 [54.39] (CH), 62.24 (CHg), 73.60 (CH), 79.55 (C),
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156.09 [156.51] (C); N.B. Signals corresponding to the minor diastereomo' are shown in 

square brackets;

m/z 248 ([MH]+ 2%), 216 (18), 174 (28), 160 (66), 144 (19), 143 (100), 116 (99), 115

(12), 104 (65), 95 (11), 88 (12), 87 (96);

Ci2H26N04[MH]+ requires 248.1862 

found 248.1862.

(2R, 3R)-2-N-DichIoroaœtamidobutan-13-diol (46) 

and (2R, 3S)-2-N-Dlchloroacetamidobutan-13-d!ol (47)

Trifluoroacetic add (1 ml, 12.98 mnwl) was added to the 1:2.1 mixture of the pro^ted  

amino diols (40) and (41) prepared via the methyl ketone (36) (0.251 g, 1.22 mn»l). 

The reaction mixture was stirred at room temperature for Ih.

Hie reaction mixture was evaporated to residue in vacuo and extracted with 

ethyl acetate (10x5 ml). Hie combined organics were dried (NagSO )̂ and ev^orated to 

residue in veu:uo to give a crude mixture of (2R, 3R)-2-aminobutan-1,3-diol (44) and 

(2R, 3S)-2-aminobutan- 1,3-diol (45) (0.068 g, 53%) as a yellow oil which was reacted 

immediately.

Methyl dichloroacetate (0.13 ml, 1.26mnK>l) was added to a solution of (44) and (45) 

(0.068 g, mmol) in dry ethanol (5 ml). Hie reaction mixture was heatW to reflux and 

ago! at that temperature for 5h.

The reaction mixture was evaporated to residue in vacuo to give an orange oil which was 

taken up in ethyl o:etate (5 ml). Hie soluticm was washed with 2 M HCl (2x1 ml), driW 

(Na2S04) and evaporatW to residue in vacuo to give a 1:1.8 mixture of the title 

compounds (46) and (47) respectively (0.071 g, 51%) as a yellow oil.
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8h (300 MHz; DgO) 1.18 [1.17] (3H, d. J=5.1 Hz [J=6.5 Hz], CH3CH), 3.61-4.05 (4H, 

m. CHCH2OH and Œ 3CH), 6.33 [6.37] (IH, s, 0 1 0 2 ); N.B. For the sets of signals 

which were clearly due to the two different diastereomos, those ccnresponding to the 

minor isomer are shown in square brackets, otherwise a range is given.

(2R, 3R)-2-N-Dlchloroacetaiiiidobutan-l^dioI (46) 

(N-Dichloroacetamldo-L-threonlnol)

A solutitm of L-threonine ntethyl ester hydrochloride (3.940 g, 23.24 mmol) in water 

(40 ml) was added dropwise over 10 min. to a stirral solution of sodium borohydricte 

(4.00 g, 0.11 mmol) in water ( ^  ml) at <2®C. The reaction mixture was stirred for 2h at 

<2®C and then left to stand in a fridge overnight

The reaction mixture was acidified to pH 4 with aqueous oxalic acid and evaporated to 

residue in vacuo. The residue was extracted with boiling ethanol (3x50 ml) and the 

combined organics woe evaporated to residue in vacuo. The residite was dissolved in 

wata- (60 ml), basified to pH 12 with barium hydroxide and filtered. The aquwus 

solutitm was evaporated to residue in vacuo, hot ethanol (40 ml) was addoi aixl the 

mixture filtoed. The ethanolic solutitm was evaporate to residite in vacuo, hot acetone 

(40 ml) was added and the mixture filtoed. The filtrate was evaporated to residue 

in vacuo, dissolved in dry ethanol, dried (Na2S04) and evaporated to residue in vacuo to 

give a yellow oil which was purified by Kugelrohr distillation (80®C, 2x10"  ̂mbar) to 

give (2R, 3R)-2-aminobutan-1,3-diol (Lthrmninol) (44) (1.750 g, 72%) as a colourless 

oil which was reacted immediately.

Methyl dichloroacetate (3.45 ml, 33.32 mmol) was added to a soluticm of L-thretminol 

(1.750 g, 16.67 mmol) in dry ethanol (20 ml). The reaction mixture was heated to reflux 

and ago! at that temperature for 7h.
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The reaction mixture was e v ira te d  to residue in vacuo, triturated with petroleum ether 

(2x5 ml) and purified by flash column chromatography (ethyl acetate) to give the title 

compound (1.942 g, 54%) as a white solid.

Rf 0.36 (ethyl acetate);

m.p. 82.5-84®C (from ethyl acetate/hexane);

[a]o +8.5®(cl.OinEtOH);

CfiHi iNOgQi requires C. 33.35; H, 5.1; N, 6.5% 

found C, 33.3; H, 5.0; N, 6.4%;

v^(nujoVcm-i 3350m, 3240m, 3070w, 1685s, 1570m, 1335w, 1305w, 1235w, 

1215W, 1200W, 1150W, llOOw, 1065m, 1020m, lOlOw, 960w, 930w, 900w, 845w, 

805m,780w,720w,670w;

ÔH (300 MHz; DgO buffer, pH 7.1) 1.17 (3H, d, J=6.5 Hz, CH3CH), 3.66 (IH, ABX 

system, Jgx=7.6Hz, Jgem=H.6 Hz, CHgOH), 3.75 (IH, ABX system, Jax=4.9Hz, 

Jpm-11.6Hz, OT2OH), 3.88 (IH, ddd, J=3.8, 4.9, 7.6 Hz, CH Œ 2OH), 4.02 (IH, dq, 

J=3.8,6.5 Hz, CH3CH), 6.38 (IH, s, Œ C I2);

8c (75 MHz; D2O) 21.63 (CH3), 59.87 (CH), 63.62 (CH^, 68.70 (CH), 68.93 (CH), 

169.95 (C);

m/z 216 ([MH]+, 2%), 186 (24), 184 (38), 170 (14), 168 (23), 166 (35), 155 (53), 153 

(82), 120 (12), 118 (37), 106 (8), 85 (13), 83 (23), 76 (12), 74 (30), 71 (9), 70 (100);

C6H12NO3CI2 [MH]+ requires 216.0194 

found 216.0193.
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Methyl (2R, 3S)-2-amino-3-hydroxybutanoate (51)

(D-Threonine methyl ester)

Thitmyl chloride (9.40 ml, 12.88 mmol) was added dropwise ova- 10 min. to a stkred 

suspension of D-thieonine (13.94 g, 11.71 mntol) in dry methanol (38.0 ml, 93.93 mmol) 

at <5®C. The reaction mixture was left to warm to room tempoature and then stirred 

for 4.5h in a water-bath maintained at 50®C.

The reaction mixture was evaporated to residue in vacuo aM basified to pH 9 with 

10% NaHCOg solution. The reaction mixture was evaporated to residue in vacuo and 

extractoi with dichloromethane (10x40 ml). The combined organics were washed with 

saturatai brine (20 ml), driai (Na2S04) and evaporated to residue in vacuo to give the 

title compound (7.35 g, 47%), as a white solid).

Rf not recorded-baseline with ethyl acetate; 

m.p. 61-63®C (without further purification);

Vm« (CH2a 2>/cm-i 3610W, 3400m, 3230w, 2980m, 2960m, 2880w, 1735s, 1605w, 

1590w, 1435m, 1400m, 1265br, 1205s, 1190m, 1120m, 1055m, 1040w, 1015w, 990m, 

930w, 910w, 850br,

8h (300 MHz; CDQg) 1.22 (3H, d, J=6.4 Hz, CH3CH), 2.46 (3H, br s, OH and NHg, 

exchanged with D2O), 3.28 (IH, d, J=4.9Hz, CHCO2CH3), 3.75 (3H, s, CH3O), 3.93 

(IH, dq, J .5.0, 6.4 Hz, CH3CH);

8c (75 MHz; CDCI3) 19.90 (CH3), 52.10 (CH3), 60.07 (CH), 68.26 (CH), 174.66 (Q .

(2S, 3S)-2-N-Dlchloroacetamidobutan-13-dioI (53) 

(N-Dichloroacetamido-D-threoninol)

Following the method used for the preparation of N-dichloroacetamido-L-threraünol 

(46), D-threonine ntethyl esta- (51), (1.138 g, 8.56 mmol) and sodium bmohydride
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(1.30 g, 34.21 mmol) gave after purification by Kugelrohr distillation (80®C, 2x 

10-3 mbar) D-threoninol (52) (0.570 g, 63%) as a colourless oil which was rented 

irmnediately.

Methyl dichloroacetate (0.77 ml, 7.44 ttuml) was added to a solutitm of D-direcMiinol 

(0.520 g, 4.95 mmol) in dry ethanol (10 ml). Hie reaction mixture was heated to reflux 

and aged at that temperature for 7h.

Hie reaction mixture was evaporated to residue in vacuo, triturated with petroleum ether 

(2x2.5 ml) and purified by flash column chromatography (ethyl acetate) to give the title 

compound (0.769 g, 72%) as a white solid.

Rf 0.36 (ethyl acetate);

m.p. 82-83.5°C (from ethyl acetate/hexane);

[a]o -8.4®(cl.OinEtOH);

Vmax (nujol)/cm-i 3350m, 3240br, 3070w, 1685s, 1570m, 1335w, 1300w, 1235w, 

1215W, 1200w, 1150m, llOOw, 1065m, 1020m, lOlOw, 960w, 930w, 900m, 845w, 

805m, 780w, 720w, 670w;

8h (300 MHz; DgO buffer, pH 7.1) 1.17 (3H, d, J=6.5Hz, CHgCH), 3.66 (IH, ABX 

system, Jbx=7.6Hz, Jgo„=11.7Hz, CH2OH), 3.75 (IH, ABX system, Jax=4.9Hz, 

Jgem=ll-7 Hz, CH2OH), 3.88 (IH, ddd, J=3.9, 4.9, 7.6 Hz, CHŒ 2OH), 4.02 (IH, dq, 

J=3.9, 6.5 Hz, Œ 3CH), 6.38 (IH, s, Œ CI2); N.B Signal for Œ 3CH confirmed by 

irradiation at 8 1.17;

8c (75 MHz; € 0 0 3 ) 20.02 (CH3), 56.03 and 56.12 (CH), 62.55 (CH2), 66.56 (CH), 

66.76 (CH), 165.66 and 165.73 (C);

m/z 216 ([MH]+, 1%), 186 (25), 184 (40), 170 (17), 168 (29), 166 (46), 155 (64), 154 

(11), 153 (100), 120 (16), 118 (50), 106 (8), 85 (11), 84 (10), 83 (19), 76 (9), 74 (41), 

71 (9), 70 (98);
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CeHizNOgOz [MH]+ requires 216.0194 

found 216.0199.

(4R, 5R)-5-N-Dlchioroacetainido*2,2>diiiiethyi-4-metliyl*l,3-dioxan (54)

Pyridinium p-toluenesulphonate (0.156 g, 0.62 mnml) was added to a soluticm erf 

N-dichlcHX)acetami^L-threoninol (prepaid via L-threonine) (0.134 g, 0.62 mmol) and 

2,2-dimethoxypropane (1.50 ml, 12.22 mmol) in dichloromethane (20 ml) under a 

nitrogen atmosphere. The reaction mixture was stirred at room temperature overnight.

Ethw (15 ml) was added ami the organics were washed with half-saturated brine (10 ml), 

dried (Na2S04) and evaporated to residue in vacuo to give a white solid which was 

purifiai by flash column chromatography (ethyl acetate) to give the title compound 

(0.137 g, 86%) as a white solid.

Rf 0.60 (ethyl acetate);

m.p. 92.5-95°C (without further purification);

6h (300 MHz; CDCI3) 1.14 (3H, d, J=6.3 Hz, CHCH3), 1.43 (3H, s, CCH3), 1.50 (3H, 

s, CCH3), 3.74-3.82 (2H, m, CH2CH and one of OCH2), 4.11-4.16 (IH, m, other of 

OCH2), 4.22 (IH, dq, J=1.7, 6.3 Hz, CHCH3), 6.04 (IH, s, CHCy, 7.25 (IH, d, 

J=8.4 Hz, NH); N.B. Signal for CHCH3 confirmed by irradiation at 51.12;

8c (75 MHz; 0 0 3 ) 17.69 (CH3), 18.48 (CH3), 29.70 (CH3), 47.57 (CH), 64.14 

(CH2), 66.45 (CH), 66.95 (CH), 99.26 (C), 164.10 (C);

m/z No M+, 242 (14), 240 (21), 211 (11), 198 (13), 182 (10), 180 (15), 157 (11), 155 

(65), 153 (100), 132 (11), 118 (25), 114 (11), 71 (14), 70 (73);

CgHi6N03a 2 [MH]+ requires 256.0507 

found 256.0507.
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Mosher esters of a racemic mixture of N-dichloroacetamido-L-threoninoi and 

N-dlchloroacetamido-D-threoninoi (55) and (56)

(R)-a-methoxy-a-trifluoromethyl-phenylacetyl chlcxide (MTPA-Cl) (SO pi, 242 pmol) 

was adcted rapidly to a mixture of N-dicMorcxteetamido-L-threoninol (4.3 mg, 19.9 pmol) 

ami N-dichloroacetamido-D-threoninol (4.3 mg, 19.9 pmol) in dry pyridine (8 drops) and 

carbon tettachloride (5 drops). Hie reaction mixture was left to stand at room 

tempoature for 16h.

Water (2 ml) was added and the mixture extracted with ether (3x15 ml). Hie combined 

organics were washed with 0.5 M HCl (4 ml), water (4 ml) ami saturated Na2CX>3 

(7 ml), dried (Na2S04) and evaporated to residue in vacuo to give the title conqwumk 

(0.026 g) as a colourless oil/solid mixture.

5p (282.36 MHz; CDQ3) -71.40, -71.46, -71.78, -71.82, (1:1:1:1).

Mosher ester of N-dlchloroacetamido-o-threoninol (56)

Following the method usai for the preparation of (55) and (56), N-dichloroacetamido- 

D-threoninol (8.6 mg, 39.8 pmol) and MTPAQ (50 pi, 242 pmol) gave the title 

compound (0.033 g) as a colourless oil/solid mixture.

8p (282.36 MHz; CDQ3) -71.40, -71.82, (1:1).
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6.3 SYNTHESIS RELATING TO CHAPTER 3

Methyl (2R)-2-Aiiiino-2-N-teft-hutoxycarhonyl-3-hydroxypropanoate (82) 

(N-teit-Butoxycarhonyi-D-serine methyl ester)

Diazcnnethane was prepared using the Aldrich Diazald Apparatus and following the 

Aldrich procedure.*^ Diazald (22.5 g, 0.105 mol) in ethw (%)0 ml) was adcted diopwise 

to a solution of 2-(2-ethoxyethoxy)ethanol (65 ml), ether (35 ml) and potassium 

hydroxide (11.25 g) in water (18 ml) at 65®C. The ethoeal distillate shcxild have 

containW approximately 3.1 g (0.074 mol) of diaa>n»thane.

The ethereal diazomethane was added dropwise over 15 min. to a stiired soluticm of 

N-BOC-D-saine (10.0 g, 0.049 nml) in eth» (3(X) ml) at 0®C. Addition continued until 

the reaction mixture became slightly yellow in colour. After standing at 0®C for 30 min. 

the excess diammethane wtu destroyed by dropwise addition of acetic acicL Hie 

resulting solution was washed with half-saturated NaHCOg soluticm (150 ml) and 

saturated brine (100 ml), dried (Na2S04) and evaporated to residue in vacuo to give the 

title compound (10.68 g, 100%) as a pale yellow oil

Rf 0.37 (1:1 dichloromethane-ethyl acetate);

[a]o -10.0®(cl.2inCH2a2);

Dmmx (fihn)/cm-i 3420br, 2980m, 2960m, 2940m, 2890w, 1750s, 1710s, 1510m, 1460m, 

1440m, 1390m, 1370m, 1250m, 1210m, 1165m, 1090m, 1055m, 870w, 850w, 810w, 

770w;

ÔH (300 MHz; CDOg) 1.45 (9H, s, (XCHg)̂ ), 3.24 (IH, br s, OH, exchanged with 

D 2 O), 3.78 (3H, s, OCH3), 3.86 (IH, ABX system, Jbx=3.6 Hz, Jg^=11.2Hz, CH2OH), 

3.97 (IH, ABX system, J ^ 3 .7  Hz, Jg«n=ll-2 Hz, CH2OH), 4.37 (IH, m, 

CHCH2OH), 5.64 (IH, d, J-8.0 Hz, NH, exchanged with D 2 O);
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8c (75 MHz; CXCI3) 28.29 (CH3), 52.55 (CH3), 55.74 (CH), 63.12 (CHg), 80.22 (Q , 

155.82 (C), 171.51 (C);

m/k No M+, 164 (12%), 133 (13). 120 (11), 91 (15), 57 (100);

C9H18 NO5 [MH1+ requires 220.1185 

found 220.1185.

Methyl (4R)-3-teff-hutoxycarhonyl-2,2-dimethyl-4-oxaz{riidlnecarhoxylate (83)

Boron trifluoride etherate (0.6 ml, 4.9 nunol) was added to soluticm of N-BCXZ-D-serine 

methyl est»  (10.68 g, 0.049 mol) and 2,2-dimethoxypropane (12 ml, 0.098 mol) in 

acetone (100 ml) at room tempauture, under a nitrogen atmosphere. Hie reaction 

mixture was stirred at room temperature for two days after which time TLC indicatoi 

cmly a trace of starting material remaining.

The reaction mixture was evaporated to residue in vacuo to give a pale orange oil which 

was taken up in dichloromethane (100 ml). The solution was washed with saturated 

NaHC03 solution (60 ml) and saturated Mne (40 ml), dried (NagSO )̂ and evaporated 

to residue in vacuo to give a pale yellow liquid which was purified by flarii column 

chromatography (5:1 dichlcuomethane-ethyl cteetate) to give the title con^und 

(10.91 g, 86%) as a colourless liquid.

Rf 0.65 (1:1 dichloromethane-ethyl acetate);

[a]o +53® (cl.30 in CHQ3) (lit., +53®);»*»

(film)/cm-i 2980m, 2960m, 2940m, 2890w, 1760s, 1710s, 1480m, 1460m, 1440m, 

1385s, 1365s, 1290w, 1270w, 1250m, 1205m, 1170m, 1095m, 1070m, 1055m, 1005w, 

945w, 870w, 850m, 810w, 770m;
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5h (300 MHz; CDOg) 1.42 and 1.50 (9H, s, €(013)3), 1.54 (3H, s, Œ 3), 1.64 and

1.67 (3H, s, O I3), 3.76 (3H, s, O Œ 3), 4.01-4.08 and 4.11-4.18 (2H, m, O O y , 

4.37-4.40 and 4.47-4.50 (IH, m, CHCOgMe);

8c (75 MHz; €0 0 3 ) 24.79 and 25.17 (CH3), 24.95 and 26.03 (CH3), 28.27 and 28.34 

(CT3), 52.26 and 52.37 (Œ 3), 59.21 and 59.25 (CH), 65.99 and 66.24 (CHg), 80.27 

and 80.84 (C), 94.38 and 95.01 (C), 151.15 and 152.05 (C), 171.22 and 171.63 (Q ;

8c (75 MHz; CgDg; 65®C) 24.71 and 25.65 (CH3), 25.29 and 26.43 (CH3), 28.40 

(CH3), 51.63 (CH3), 59.77 (CH), 66.38 (CHg), 79.86 (Q , 95.14 (Q , 151.50 (C), 

171.38 (C);

m/z 260 ([MH]+, 8%), 244 (15), 204 (36), 186 (17), 160 (22), 144 (100), 120 (13), 100 

(20), 84 (20), 57 (100);

C12H22NO5 [MH]+ requires 260.150 

found 260.150.

(4R)-3-teff-Butoxycarbonyl-2,2-dimethyl-4-formyloxaz(riidine (81)

1.0 M DIBAL in toluene (54 ml, 0.054 mol) was added dropwise over Ih to a stirred 

solution of the oxazolidine methyl ester (83) (7.(X) g, 0.027 nwl) in dry tolueite (45 ml) at 

-78°C, under a nitrogen atmosphoe. The rate of addition was adjusted so as to k%p the 

intonal temperature below -68®C. The reaction mixture was stirred at -78®C for an 

additional 2.5h.

The reaction was quenched by slow dropwise addition of cold methanol (13 ml), %ain 

keeping the in^nal temperature below -68®C. The resulting white mixture was added 

over 15 min to a stirred solution of ice-cold 1 M HCl (150 ml) and the aqueous mixture 

was extracted with ethyl m:etate (3x150 ml). The combinW organics woe washed with 

brine (150 ml), dried (Na2S0 )̂ and evaporated to residue in vacuo to give a vay pale
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yellow oil which was purified by flash column chromatography (9:1 dichloromethaite- 

ethyl acetate) to give the title compound (4.81 g, 78%) as a colourless liquid.

Rf 0.62 (9:1 dichloromethane-ethyl acetate);

[a]o +91.8® (cl.34 in CHOg) (liL, +95®);»*»

(film)/cm-» 2980m, 2940m, 2890w, 2805w, 2720w, 1740s, 1710s, 1480m, 1460m, 

1380br, 1265m, 1250m, 1210w, 1170m, 1095m, 1060m, 950w, 850m, 825w, 810w, 

770m;

8h (300 MHz; CDOg) 1.44 and 1.52, 1.50 and 1.56 (12H, s, (€(013)3 and CH3), 1.61 

and 1.65 (3H, s, CH3), 4.03-4.13 (2H, m, OCH2), 4.19-4.23 and 4.31-4.37 (IH, m, 

CHCOH), 9.55 and 9.60 (IH, s, COH);

8c (75 MHz; CDCI3) 23.80 and 24.70 (CH3), 25.78 and 26.70 (CH3), 28.27 (CH3), 

63.44 and 63.89 (CH2), 64.72 (CH), 80.99 and 81.30 (C), 94.32 and 95.04 (C), 

151.28 (C), 199.24 and 199.32 (C);

m/z 230 m m * , <l%), 201 (13), 200 (60), 156 (48), 144 (50), 114 (34), 100 (100), 

84(17), 83(22);

C11H20NO4 m m *  requires 230.1398 

found 230.1395.

(4R, 1 'R)-3-teri-ButoxycarbonyI-2,2-dlmethyl-4-(l'>hydroxyethyl)oxazolidine (84) 

and (4R, l'S)-3-tert-Butoxycarbonyl-2,2-dimethyl-4-(l'-hydroxyethyl)oxazolldine 

(85)

Method A

3.0 M MeMgBr in ethw (2.5 ml, 7.50 mmol) was added to a stirred soluticm of the 

alctehyde (81) (1.130 g, 4.93 mmol) in THF (15 ml) at -78®C, under a nitrogen
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atmosphere. TTie reaction mixture was stirred at room temperature for 3h and then 

heated to reflux and agW at that tempoature for Ih.

Saturated NH4Q  (40 nd) was added aiul the mixture extracted with ether (3x60 ml). 

TTie combined oi^anics w«e washed with 0.5 M HQ (40 ml) and saturated teine 

(40 ml), drioi (Na^SO )̂ aixl evaporated to residue in vacuo to give an orange oil which 

was purified by fladi column chromatography (3:1 dichlorcxnethane-ethylacemte) to ^ve 

a 1.2:1 mixture of the title compounds (84) and (85) respectively (0.614 g, 51%) as a 

colourless oil.

Method B

A soluticHi of the aldehyde (81) (0.390 g, 1.70 mmol) in THF (2 ml) was addW to a 

stirred solution of 1.5 M MeLi (as the LiBr complex in ether) (1.7 ml, 2.55 mmol) in 

THF (10 ml), at -78°C, under a nitrogen atmosphere. The reaction mixture was stiired 

at-78®Cfor2h.

Saturated NH^O (20 ml) was added and the mixture was left to wmm to 100m 

temperature. After dilution with water (10 ml) the mixture was extracted with ether (2x 

40 ml). The combined organics were washed with 0.5 M HCl (20 ml) arui saturated 

Wne (20 ml), dried (NagSO )̂ and evaporatW to residue in vacuo to give a yellow oil 

which was purified by fW i column chromatography (2:1 dichlommethane-ethyl acetate) 

to give a 1:2.5 mixture of the title œmpounds (84) aiul (85) respectively (0.192 g, 46%) 

as a pale yellow oil.

Method C

1.4 M MeLi in ether (2.6 ml, 3.64 mmol) was added to a stirred mixture of the 

aldehyde (81) (0.575 g, 2.51 mn»l) aiul anhydrous ZnBrg (1.131 g, 5.03 mmol) in 

ether (20 ml) at 0“C, under a nitrogen atmosphere. Stirring was continited aial the 

reaction mixture was left to warm to room temperature over 20h.
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Saturated N%*C1 (20 ml) was added to the mixture and after dilution with water (10 ml) 

the aqueous laya- was extracted with ether (2x40 ml). The combined organics w«e 

washed with 0.5 M HQ (20 ml) and saturated brine (^ m l), dried (Na^SO )̂ and 

evtqxarated to residite in vacuo to give a colourless oil which was purified ly  flash 

column chromatography (5:1 dichlwomethane-ethyl acetate) to give a 1.6:1 mixture of 

the title cooqwunds (84) and (85) respectively (0.061 g, 16%) as a colouriess oil.

Method D

3.0 M MeMgBr in ether (5.8 ml, 17.40 mtml) was added to a stirred mixture of 

copper (I) iodide (4.85 g, 25.53 motel) in THF (50 ml) and diotetfiyl sulphide (10 ml) at 

-78®C, undo: a nitrogen atm osph^. Hie reaction mixture was stirred at -78°C for 0.5h 

ami at -30°C for a further 0.5h. A solution of the aldehyde (81) (2.00 g, 8.73 mmol) in 

THF (8 ml) was then added at -78®C. Stirring was continued and the reaction mixture 

was left to warm to room temperature over 9h.

Saturated NH,*C1 (80 ml) was added to the mixture and after dilution with water (30 ml) 

the aqueous layer was extntetmi with ether (2x120 ml, 1x80 ml). The comWned 

organics were washed with 0.5 M HCl (80 ml) ami saturated brine (80 ml), dried 

(Nt^SO^) ami evaporated to residue in vacuo to give a mixture of a yellow oil ami a 

white solid- Ethyl acetate (50 ml) was added to the mixture and the undissolved solid 

removed by filtration. The ethyl tteetate solutitm was evaporated to residue in vacuo to 

give a yellow oil which was purifimi by fiash column chromatigraphy (4:1 

dichlorontethane-ethyl acetate) to give a >100:1 mixture of the title compounds (84) and 

(85) respectively (1.34 g, 63%) as a colourless oil which partially solidified on stending.

Rf 0.24 (5:1 dichloromethane-ethyl acetate);

[a lo + 8 .4 ® (c l .0 in C H 2 a 2 ) ;

^rn»(CH 2 a 2 )/cm-i 3610w, 3440w, 2990w, 2940w, 2890w, 1700s, 1660m, 1500m, 

1460W, 1390m, 1370s, 1230w, 1170s, 11 lOw, 1080w, 1060w, 860br,
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5h (300 MHz; CDOg) 1.17 (3H, d, J=6.2Hz, CHCH3), 1.49 (12H, s, aCHg)) and 

CHg), 1.58 (3H, s, CH3), 3.65-4.12 (5H, m, one of which exchanged with D2O);

8c (75MHz; € 0 0 3 ) 18.58 (CH3), 27.02 (CH3), 28.37 (CH3). 29.72 (CH3), 63.28 (CH), 

64.50 (CH2). 69.73 (CH), 81.15 (C), 94.07 (C), C=0 not seen;

m/z No M+, 200 (5%), 190 (6), 144 (8), 130 (8), 100 (22), 84 (12), 57 (100);

C12H24NO4 [MH]+ requires 246.1705 

found 246.1705.

(4R, l'R)-3-teif-Butoxycarbonyi-2;2-diinethyi-4-(l'-hydroxypropyi)oxa»)lidlne(89)

Following Method D used for the preparation of (84), 1.0 M EtMgBr in THF(18.3 ml, 

18.30 mmol) and the aldehyde (81) (2.09 g, 9.13 mmol) gave, after purification by flash 

column chromatography (5:1 dichloromethane-ethyl acetate), the title compound (1.56 g, 

66%) as a colourless oil.

Rf 0.40 (5:1 dichloromethane-ethyl acetate);

[a]o +16.1® (cl.O in € « 202);

V m a x  (CH2a 2)/cm-i 3670w, 3440W, 3060w, 2970m, 2940m, 2880w, 1710s, 1500m, 

1365s, 1220s, 1170m, 1090m, 1060w, 850w, 700br,

5» (300 MHz; 0X 3)) 0.98 (3H, t, J=7.3 Hz, CH2CH3), 1.25-1.67 (17H, m), 3.47-4.07

(5H, m, one of which exchanged with D2O);

Sc (75 MHz; CDQg) 18.60 (CH3), 24.79 (CH2), 27.10 (CH3), 28.37 (CH3),

29.71 (CH3), 62.06 (CH), 64.82 (CH2), 72.93 (CH), 81.20 (c), 93.95 (C), 155.75 (C);

m/z No M+, 201 (10%), 200 (12), 144 (40), 100 (45), 84 (8), 57 (100);

C13H26NO4 [MH]+ requires 260.186 

found 260.186.
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(4R, l'R)-3-lerf-Butoxycarbonyl-2;2-diiitethyl-4-[l'>hydroxybutyl]oxazolidine(90)

Following Method D used for the preparation of (84), 2.0 M PrMgQ in ether (8.7 ml,

17.40 mmol) and the altkhyde (81) (2.00g, 8.73mnx)l) gave, after purifkation by flash 

column chromatography (4:1 dichloromethane-ethyl acetate), the title ctxnpoutxi (1.51 g, 

63%) as a colourless oil.

Rf 0.48 (4:1 dichloromethaite-ethyl acemte);

M o +23.0® (cl.O in CHgaz);

^m« (CH2a 2)/cm-i 3440w, 3060w, 3000m, 2960m, 2940w, 2870w, 1715s, 1500m, 

1400br, 1365s, 1220s, 1170m, 1090m, 1060w, 850w,700br,

8h (300 MHz; CDOg) 0.94 (3H, t, J=6.9 Hz, CH2CH3), 1.33-1.70 (19H, m), 3.47-4.08 

(5H, m, one of which exchanged with D2O);

8c (75 MHz; CDQ3) 14.03 (CH3), 18.57 (CH3), 18.83 (CH2), 28.37 (CH3), 29.71 

(CH3), 33.83 (CH2), 62.32 (CH), 64.78 (CH2), 72.21 (CH), 81.20 (C), 94.10 (Q ,

155.81 (C);

m/z 274 ([MH]+, <1%), 202 (42), 201 (21), 200 (21), 160 (14), 158 (21), 144 (53). 

143 (77), 116 (11), 115 (16), 102 (40), 100 (100), 87 (61), 84 (30), 73 (17), 69 (15);

C14H27NO4 M+ requires 273.194 

found 273.194.

(4R, l'R)-3-terf-Butoxyairbonyl-2,2-dlmethyl-4-(l'>hydrQxypentyl)oxazolidine(91)

Following Method D used for the preparation of (84), 2.0 M BuMgCl in ether (8.7 ml,

17.40 mmol) and the aldehyde (81) (2.00 g, 8.73 mmol) gave, after purification flash 

column chromotography (5:1 dichlorontethane-ethyl acetate), the title cotrqx>und 

(1.11 g, 45%) as a colourless oil.
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Rf 0.48 (5:1 dichloromethane-ethyl acetate);

[a h  +38.0® (cl.O in CHgOz);

Vmax(CH2a 2)/cm-i 3410hr, 3060w, 2960w, 2940w, 2870w, 1710s, 1660w, 1460w, 

1400m, 1380m, 1370m, 1225m, 1170m, lllOw, 1085w, 1060w, 850br,700br,

8h (300 MHz; CDCI3) 0.91 (3H, t, J=7.0 Hz, Œ 2CH3), 1.25-1.70 (21H, m), 3.62-4.05 

(5H, one of which exchanged with D2O);

5c (75 MHz, (3X33) 14.05 (CH3), 22.73 (CH2), 24.35 (CH3), 27.13 (CH3), 27.37 

(CH3), 27.51 (CH2), 34.01 (CH2), 62.28 (CH), 64.84 (CH2). 73.78 (CH), 81.10 (C), 

C=0 not seen;

m/z No M+, 201(18%), 200(13), 172(14), 144(42), 100(100), 83(9), 69(17);

C15H29NO4 M+ requires 287.210 

found 287.210.

(4R, l'R)*3-terr-Butoxycarbonyl-2,2-dimethyl-4-(l'-hydroxyhexyl)oxazolidine(92)

Following Method D used for the preparation of (84), 2.0 M PentMgBr in etha- (9.6 ml,

19.20 mmol) and the aldehyde (81) (2.20 g, 9.61 mmol) gave, after purification by flarfi 

column chromatography (4:1 dichloromethane-ethyl acetate), the title ccxnpourMl (2.44 g, 

84%) as a pale yellow oil.

Rf 0.60 (5:1 dichlororitethane - ethyl acetate);

[alo +41.1® (c 1.0 in

Vmix(CH2 a 2 )/cm-i 3400br, 2930m, 2860w, 1705s, 1660w, 1470br, 1400s, 1380s, 

1370s, 1240W, 1170m, lllOw, 1085w, 1060w, 850br, 700br,

6h (300 MHz; 0 X^3) 0.89 (3H, t, J=6.6 Hz, CH2CH3), 1.23-1.70 (23H, m), 3.62-4.25 

(5H, m, one of which exchanged with D2O);
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5c (75 MHz; CDO)) 14.05 (CH3), 22.64 (CHz), 25.07 (CHg), 27.07 (CH3), 28.38 

(CH3), 29.73 (CH3), 31.70 (CHg). 31.89 (CH )̂, 62.28 (CH). 64.83 ((% , 73.84 (CH), 

81.04 (C), 94.01 (Q , C=0 not seen;

nVz 301(M+.<1%), 230 (22), 201 (21). 200 (2 2 ), 186 (27), 170 (12), 156 (11), 

144 (56), 143 (60), 130 (27), 115 (18), 114 (11), 101 (16), 100 (100), 87 (60), 84 (33), 

83 (51), 71 (19), 69 (27);

C16H31NO4 M+ requires 301.225 

found 301.225.

(4R, l'R)-3-teif>Butoxyairbonyl-2,2-dimethyl-4-[l'-hydroxyheptyl]om«lidlne (93)

Following Method D u ^  for the preparation of (84), 2.0 M HexMgBr in etha- (9.6 ml,

19.20 mmol) aiui the aldehyde (81) (2.20 g, 9.61 mmol) gave, after purifkation by BaA 

coliunn chromamgraphy (4:1 dichloromethaite-ethyl iwetate), the title compound (2.83 g, 

94%) as a pale yellow oil.

Rf 0.64 (5:1 dichloromethane-ethyl m%mte);

[a h  +42.1® (cl.O in CHzQz);

Vmax (CHaQal/cm-i 3680w, 3610w, 3400br, 2930s, 2860m, 1700s, 1660w, 1470br, 

1400s, 1380s, 1370s, 1240w, 1205w, 1170m, 1085w, 1060m, 850m, 700br,

5h (300 MHz; CDOg) 0.88 (3H, t, J=6.6 Hz, CH2CH3), 1.20-1.70 (25H, m), 3.32-4.20 

(5H, m, one of which exchanged with DgO);

5c (75 MHz; CDCI3) 14.09 (CH3), 22.63 (CH )̂, 24.65 (CHg), 27.05 (CH3), 28.38 

(CHg), 29.38 (CHg), 29.67 (CHg), 29.72 (CH3), 31.84 (CH;), 62.31 (CH), 64.87 (CHg),

73.75 (CH). 81.15(C), 94.05 (C), C=0 not seen;

m/z No M+, 244 (30%), 201 (22), 200 (39), 184 (120, 156 (13), 144 (58), 143(97), 

115(21), 100 (100), 87 (47), 84 (17), 83(15), 71 (26), 69 (11);
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C17H33NO4 M+ requires 315.241 

found 315.241.

(4R, l'R)-3-tert-Butoxycarbonyl-2,2-diniethyl-4-[l'-cyclohexyl-l'-hydroxymethyl] 

oxazolldlne (94)

Following Method D used for the preparation of (84), 2.0 M (ZyclolwxMga m ether 

(9.0 ml, 18.00 mntel) and the aldehyde (81) gave, after purification by fladi colunui 

chromatography (4:1 dichloromethane-ethyl acetate), the title compound (0.510 g, 18%) 

as a colourless oil.

Rf 0.59 (5:1 dichloromethane-ethyl acetate);

[alo +35,8° (cl.O in Œ 2Q 2);

Vmax(CH2a 2)/cm-i 3440br, 2980w, 2930m, 2860w, 1705m, 1660m, 1480w, 1450w, 

1400s, 1380m, 1370s, 1240w, 1205w, 1170m, lllOw, 1060w, 860w, 845w, 700br,

8h (300 MHz; CDCI3) 1.10-1.79 (26H, m), 3.41-4.15 (5H, m, one of which exchanged 

with D2O);

Sc (75 MHz; CDa^) 24.18 (CH3), 24.87 (CH2). 26.03 (CH2). 26.31 (CH2). 26.58 

(CH2), 27.12 (CH3), 28.27 (CH3), 30.38 (CH2). 41.51 (CH). 59.85 (CH), 65.20 (CHg), 

78.32 (CH), 81.18 (C), 94.81 (C), C=0 not seen;

m/z 313 (M+, 1%), 201 (20), 200 (16), 198 (10), 145 (13). 144 (53), 143 (18), 100 

(100), 95 (25), 84 (20), 83 (24);

C17H31NO4 M+ requires 313.225 

found 313.225.
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(2R, 3R)-2-Aiiiino-2-N*lerf-butoxycarbonylbutaii-l,3-dicd (40) and 

(2R, 3S)-2-Anrino*2-N-lerf-butoxycarbonylbutan-13-diol (41)

p-Toluenesulphonic acid (0.003 g, 0.015 mmol) was a^ed  to a solutit» of the mixture 

of oxawlidines (84) and (85) prepared via Method A (0.114 g, 0.465 mmol) in diy 

methanol (3 ml). The reaction mixture was heated to r^u x  ami aged at that tempoature 

for2h.

The reaction mixture was evaporated to residue in vacuo, basified with 10% NaHCDg 

and extracted with dichlraomethane (4x5 ml). The cmnbined organics were washed with 

saturated brine (5 ml), driW (Na2S04) and evaporated to residue in vacuo to give a 1.2:1 

mixture of the title compounds (40) and (41) respectively (0.089 g, 93%) as a colourless 

oil.

ÔH (300 MHz; CDOg) 1.20 [1.26] (3H, d, J=6.4Hz [J=6.4Hz], CH3CH), 1.45 (9H, s, 

C(CH3)3), 3.42-3.56 (IH, br m. CHCHgOH), 3.60-4.17 (5H. m, CHgOH and 

Œ 3CH(0 H), two of which exchanged with DgO), 5.41 [5.51] (IH, d, J=9.0Hz 

[J=8.3 Hz], NH, exchanged with D2O); N.B. For the sets of rignals which were clearly 

due to the two différait diastœonters those corresponding to the minor isomer are 

shown in square brackets, otherwise only cxie value or range is given.

p-Toluenesulphonic acid (0.011 g, 0.058 mmol) was added to a solution of the mixture 

of oxazolidines (84) and (85) prepared via Method B (0.167 g, 0.682 mrr»l) in dry 

ntethanol (5 ml). The reaction mixture was heated to reflux and aged at that temperature 

for 2.5h.

The reaction mixture was evaporatml to residue in vacuo, basified with 10% NaHCX>3 

and extracted with dichloromethane (5x5 ml). The cmnbined organics were washed with 

saturated brine (5 ml), dried (Na2S04) and evaporated to residue in vacuo to give a 1:2.5
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mixture of the title compounds (40) and (41) respectively (0.098 g, 71%) as a œlourless 

oU.

5h (300 MHz; CDCI3) 1.26 [1.20] (3H, d, J=6.5 Hz [1=6.4 Hz], CH3CH), 1.45 (9H, s, 

C(CH3)3), 3.38-3.55 (IH, br m, CHCH2OH), 3.67-4.16 (5H, m, CH2OH and 

CH3CH(0 H), two of which exchanged with D2O), 5.52 [5.41] (IH, d, J=8.4Hz 

[1=9.0 Hz], NH, exchanged with D2O); N.B. For the sets of signals which were clearly 

due to the two different diastereomos those corresponding to the mino* diasteretmwr 

are shown in square brackets, otherwise only one value or range is given.

p-Toluenesulphonic acid (0.004 g, 0.021 mmol) was addW to a solution of die mixture 

of oxazolidines (84) and (85) prepared via Method C (0.055 g, 0.224 motel) in dry 

ntethanol (5 ml). Hie reaction mixture was heated to reflux and aged at that temperature 

for4h.

Hie reaction nüxture was evaporated to residue in vacuo, basified with 10% NaHC03 

and exnacted with dichlcnomethane (5x5 ml). Hie combined organics were washed with 

saturated brine (5 ml), dried (N^SO^) and evaporated to residue in vacuo to give a 1.6:1 

mixture of the tide compounds (40) arui (41) respectively (0.032 g, 70%) as a colourless 

oil.

5h (300 MHz; 0 x 33) 1.22 [1.28] (3H, d, J=6.4Hz [J=6.5 Hz], CH3CH), 1.46 (9H, s, 

C (Œ 3)3), 2.51 (2H, br s, 2xOH, exchanged with D2O), 3.44-3.58 (IH, br m, 

CHCH2OH), 3.71-4.17 (3H, m, CH2OH and CH3CH), 5.15-5.45 (IH, br, NH, 

exchanged with D2O); N.B. For the set of rignals which was clearly due to the two 

different diastereomers that corresponding to the mina- diastereomer is shown in square 

brttekete, otherwise only one value or range is given.
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(2R, 3R)-2-Amino>2-N>leif-butoxycarbonylbutan-13-diol (40)

p-Toluenesulphonic acid (0.076 g, 0.40 mmol) was added to a soluticm of the 

oxazolidine (84) prepared via Method D (1.233 g, 5.03 mmol) in dry methaitel (50 ml). 

Hie reaction mixture was heated to reflux and aged at that rempoature fw 2h.

Hie reaction mixture was evaporated to residite in vacuo, kisified with 10% NaHCOg 

solutitxi (20 ml) and extracted with dichlorcxnethane (5x40 ml). Hie œmbiited cxpnics 

were washed with saturated brine (40 ml), dried (NagSO )̂ and evaporated to residue 

in vacuo to give a viscous oil which was purified by flarii column chromatography 

(2:1 ethyl acetate-dichlorranethane) to give the title compound (0.750 g, 73%) as a 

colourless oil.

Rf 0.28 (ethyl acetate);

[a ]o  -8 .5 ° (c 2 .0 in Œ 2 a 2 );

V m a x  (CH2a 2)/cm-i 3620w, 3510br, 3440w, 3060w, 2980w, 2940w, 2890w, 1710s, 

1500m, 1390w, 1365m, 1220m, 1165m, 1090w, 860w;

8h (300 MHz; CDCI3) 1.22 (3H, d, J=6.4Hz, CH3CH), 1.45 (9H, s, €(013)3), 3.00 

(2H, br s, 2xOH, exchanged with D2O), 3.44-3.57 (IH, br m, CH Œ 2OH), 3.79 (2H, d. 

J=4.3 Hz, CH2OH), 4.08-4.16 (IH, m, CH3CH), 5.31 (IH, d, J=6.4 Hz, NH, exchanged 

with D2O);

8c (75M Hz; CDCI3) 20.22 (Œ 3), 28.37 (CH3), 55.77 (Œ ), 64.42 (CH2), 68.22 (CH), 

79.68(C), 156.70(C);

m/z No M+, 174 (<5%), 160 (<5), 143 (<5), 132 (<5), 118 (6), 104 (7), 87 (10), 74 

(27), 57 (100);

C9H20NO4 [MH]+ requires 206.139 

found 206.139.
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(2R, 3R)-2-Aiiiino-2-N>leif-butoxycarbonylpentan-l,3-diol (95)

Following the method used for the preparation of (40), the oxazolkline (99) (1,360 g, 

5.25 mmol) and p-toluenesulphonic add (0.080 g, 0.42 mnx>l) gave, after purification by 

flarii column chromatography (1:1 ethyl tteetate-dichloromethane), the title con^und 

(0.837 g, 73%) as a colourless oil.

Rf 0.33 (ethyl acetate);

[aJo -5 .0 ° (c 2 .5 in Œ 2 a 2 );

V m a x  (CH2a 2)/cm-i 3620w, 3510br, 3440w, 3060w, 2940w, 2880w, 1705s, 1500m, 

1390W, 1370m, 1235br, 1165m, 1050br, 860br,

6h (300 MHz; CDOg) 0.96 (3H, t, J=7.4Hz, CH3 CH2 ), 1.45 (9H, s, €(013)3), 

1.48-1.58 (2H, m, Œ 3CH2), 3.13 (2H, br s, 2xOH, exchanged with DgO), 3.55-3.65 

(IH, br m, CHO120H), 3.77 (2H, d, J=4.6 Hz, CH2OH), 3.81-3.85 (IH, m, C2H5CH), 

5.30 (IH, br s, NH, exchanged with D2O);

8c (75 MHz; CDOg) 10.15 (CH3), 26.98 (CH2), 28.37 (O I3), 54.12 (CH), 64.24 

(CH2), 73.30 (Œ ), 79.59 (Q , 156.63 (C);

m/z No M+, 188 (25%), 160 (18), 146 (24), 143 (43), 132 (42),104 (34), 88 (100), 

87 (44), 71 (15), 70 (10);

C10H22NO4 [MH]+ requires 220.155 

found 220.155.

(2R, 3R)-2-Amino-2-N-tert-butoxycarbonylhexan-13-dioI (96)

Following the metlted used for the preparation of (40), the oxamlidine (90) (1.025 g,

3.75 mmol) and p-toluenesulphonic add (0.057 g, 0.30 rrunol) gave, after purification ly  

flaA column chromatography (1:1 ethyl acetate-dichloromethane), the title con^und 

(0.835 g, 95%) as a colourless oil.
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Rf 0.35 (ethyl acetate);

[a]o -5.7° (cl.OmCHzQz);

V m a x  (CH2a 2)/cm-i 3690w, 3620W, 3500br, 3440w. 3050m, 2980m, 2980m, 2930w, 

2880W, 2300w, 1710s, 1500m, 1420m, 1360s, 1255s, 1220s, 1165m, 1090w, 890m, 

720hr,

8h (300 MHz; CDOg) 0.93 (3H, t, J=7.0Hz, CH3Œ 2). 1.32-1.66 (13H, m, (XCHg) 

and CH3(CH2)2), 2.98 (2H, br s, 2xOH, exchanged with D2O), 3.47-3.64 (IH, m, 

CHCH2OH), 3.78 (2H, d, J=4.6Hz, CH2OH), 3.86-3.98 (IH, m, C3H7CH), 5.29 (IH, 

d, J=5.8 Hz, NH, slowly exchanged with D2O);

8c (75 MHz; C D a^  14.01 (CH3), 18.85 (CH2). 28.36 (CH3), 36.18 (CH2), 54.53 

(CH), 64.28 (CH2), 71.53 (CH), 79.59 (Q , 156.61 (C);

m/z 234 ([MH]+, <1%), 202 (24), 160 (35), 146 (36), 143 (43), 104 (34), 102 (100), 

87(43), 85 (11), 73 (12);

C11H24NO4 [MH]+ requires 234.1705 

found 234.1705.

(2R, 3R)-2-Am!no-2>N-teif-butoxy(mrbonyiheptan-13-diol (42)

Following the method used for the preparation of (40), the oxazolidine (91) (1.008 g, 

3.51 mmol) and p-toluenesulphonic acid (0.053 g, 0.28 mntel) gave, after purification by 

flash column chromatography (2:1 ethyl acetate-dichloromethane), the title compound 

(0.787 g, 91%) as a colourless oil.

Rf 0.39 (ethyl acetate);

[ a l o  - 6 .5 ° ( c l .0 in C H 2 a 2 ) ;

V m a x  ( C H z O z l / c m - i  3690w, 3620w, 3500br, 3440w, 3050m, 2980m, 2940w, 2870w, 

2300w, 1710s, 1500m, 1420m, 1365m, 1255s, 1220m, 1165m, 1070br, 890m, 720hr,
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8h (300 MHz; CDOg) 0.90 (3H, t, J=6.9Hz, CH3CH2), 1.20-1.65 (15H, m, € ( ^ 3)3 

and Œ 3(CH2)3), 3.50-3.62 (IH, hr m, CHCHgOH), 3.72 (2H, d, J=5.2Hz, CHgOH), 

3.76-3.97 (3H, br m, C4H9CH and 2xOH, 2 of which exchanged with DgO), 5.40 (IH. 

d, J=9.1 Hz, NH, slowly exchanged with D^O);

8c (75 MHz; € 0 0 3 ) 14.01 (CH3), 22.64 (CH%), 27.84 (CH%), 28.37 (CH3), 33.73 

(CH2), 54.57 (CH), 64.05 (CH2), 71.56 (CH), 79.58 (Q , 156.65 (C);

m/z No M+, 216 (8%), 174 (9), 160 (25), 143 (32), 142 (19), 116 (72), 104 (23), 87 

(52), 57 (100);

C12H26NO4 [MH]+ requires 248.186 

found 248.186.

(2R, 3R)-2-Amino-2-N-terr-butoxycarbonyloctan-1.3-dioI (97)

Following the method used for the preparation of (40), the oxazolidine (92) (2.291 g,

7.61 mmol) and p-toluenesulphonic acid (0.115 g, 0.61 mmol) gave, after purification by 

flarii column chromatography (1:1 ethyl acetate-dichloromethane), the title conqx>und 

(1.393 g, 70%) as a colourless oil.

Rf 0.44 (1:1 ethyl acetate-dichloromethane);

[alo -8.3° (cl.0inCH2a2);

Vmw (CH2Q2)/cm-i 3690w, 3610w, 3500br, 3440w, 3050m, 2980m, 2940w, 2870w, 

2300W, 1710m, 1495m, 1420m, 1365s, 1260s, 1165m, 1060br, 890m,725br,

8h (300 MHz; CDCI3) 0.88 (3H, t, J=6.5Hz, CH3CH2). 1.24-1.60 (17H, m, C(CH3)3 

and CH3(CH2)4), 3.50-3.62 (IH, br m, CHCH2OH), 3.72 (2H, d, J=4.9 Hz, CH2OH), 

3.62-4.00 (3H, br m, CgHffCH and 2xOH, 2 of which exchangai with D2O), 5.38 (IH, 

d, J=9.0 Hz, NH, slowly exchanged with D2O);

189



8c (75 MHz; CDOg) 14.04 (Œ j), 22.57 (CHj), 25.35 (CHj), 28.38 (CH3). 31.80 

(CH2), 34.05 (CH2), 54.52 (CH), 64.28 (CH2), 71.83 (CH), 79.58 (C), 156.62 (C);

m/z No M+, 230 (15%), 188 (15), 174 (28), 160 (17), 144 (13), 143 (46), 130(100), 

104 (33), 87 (50), 83 (14), 75 (27);

C13H28NO4 [MH]+ requires 262.2018 

found 262.2018.

(2R, 3R)-2>Amino-2>N-teft-butoxycarbonylnonan-l,3-dtol (98)

Following the method used for the preparation of (40), the oxazolidine (93) (2.644 g, 

8.39 mntel) and p-toluenesulphonic mad (0.128 g, 0.67 mntel) gave, after purification ly 

flash column chromatography (1:1 ethyl m:etate-dichlorontethane), the title congmund 

(1.425 g, 62%) as a colourless oil.

Rf 0.46(1:1 ethyl tteetate-dichloromethane);

[a ]o  -8 .4 ° (c l .0 in C H 2 a 2 );

V m a x  (CH2a 2)/cm-i 3690w, 3620w, 3500br, 3400w, 3050m, 2980m, 2930m, 2860w, 

2300W, 1710m, 1500m, 1420m, 1370w, 1255s, 1165m, 1060br, 890m,725br,

8h (300 MHz; CX>Cl3) 0.88 (3H, t, J=6.8 Hz, CH3CH2), 1.23-1.54 (19H, m, C(CH3)3 

and CH3(CH2)5), 3.07 (2H, br, 2xOH, exchanged with D2O), 3.52-3.64 (IH, Iw m, 

CHCH2OH), 3.77 (2H, d, J=4.5 Hz, CH2OH), 3.84-3.96 (IH, br m, CgHf3CH), 5.27 

(IH, d, J=8.6 Hz, NH, slowly exchanged with D2O);

8c (75 MHz; CDCI3) 14.07 (CH3), 22.61 (CH2), 25.62 (CH2). 28.37 (CH3), 29.27 

(CH2), 31.76 (CHg), 34.10 (CHj), 54.49 (CH), 64.38 (CHg), 71.94 (CH), 79.57 (C),

156.60 (C);

m/z No M+, 244 (1%), 202 (2), 188 (4), 170 (5), 160 (4), 144 (15), 143 (18), 130 (13), 

104 (10), 87 (16), 75 (100);
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C14H30NO4 [MH]+ requires 276.2175 

found 276.2175.

(IR, 2R)-2-Ainino-2*N-lerr>butoxycarbonyi-l-cyclohexyipropan-13-dkri (99)

Following the method used for the preparation of (40), the oxazolidine (94) (0.510 g, 

1.63 mmol) and p-toluenesulphonic acid (0.025 g, 0.13 mmol) gave, after purification by 

flarii column chiomatogr^hy (1:1 ethyl actetate-dichlraomethane), the title conqwund 

(0.310 g, 73%) as a colourless oil.

Rf 0.39 (1:1 ethyl acetate-dichloromethane);

[a] reading too low to iword;

Vnuix (CH2 a 2 )/cm-i 3630W, 3440w, 3050m, 2990m, 2930m, 2860w, 2300w, 1710m, 

1500m, 1420m, 1370w, 1255s, 1165m, 1060w, 1045w, 890m, 725br,

5h (300 MHz; CDCI3) 0.89-1.01 (2H, m, CgH^), 1.18-1.50 (13H, m, CgH^ and 

C(CH3)3), 1.60-1.82 (4H, m, CgHn), 1.97-2.04 (IH, m, Q H n), 3.38-3.90 (6H, m, 

CH(0 H)CHCH20H, two of which exchanged with D2O), 5.41 (IH, d, J=8.6 Hz, NH, 

slowly exchanged with D2O);

ÔC (75 MHz; CDG^) 25.94 (CH2), 26.02 (CH2). 26.39 (CH2), 28.36 (CH3), 28.94 

(CH2), 29.28 (CH2), 40.35 (CH), 51.91 (CH), 64.06 (CH2), 75.62 (CH), 79.52 (Q , 

156.47 (C);

m/z 274 ([MH]+, <1%), 242 (16), 200 (8), 186 (36), 160 (11), 144 (19), 143 (66), 142 

(100), 134 (13), 115 (12), 104 (29). 95 (31), 87 (49), 82 (100), 75 (61);

C14H28NO4 [MH]+ requires 274.2018 

found 274.2017.
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(2R, 3R)-2-N-Dichlor(mcetamidobutan-l,3-diol (46)

A telution of the protected diol (40) (0.470 g, 2.29 mmol) in dioxane (20 ml) and 

1 M HCl (10 ml was heated to reflux and aged at that tempoature for 0.5h.

Hie reaction mixture was evaporated to residue in vacuo, basified with 2 M NaOH 

(10 nd) and extnteted with ohyl acetate (6x50 ml). Hie œmbined mganics were dried 

(Na^SO )̂ aiul evaporated to residue in vacuo to give crude (2R, 3R)-2-aminobutan-l,3- 

diol (44) (0.163 g, 68%) as an orange oil which was reacted immediately.

Methyl dichloroacetate (0.80 ml, 7.73 mmol) and triethylamine (0.22 ml, 1.57 mn»l) 

were added to a solution of the amino diol (44) (0.163 g, 1.55 mmol) in dry methanol 

(4 ml). Hie reaction mixture was stirrol at room tempo-ature for 2 days.

Hie reaction mixture was evaporated to residue in vacuo to give a pale orange oil which 

was taken up in ethyl acetiite (10 ml). Hie solutitm was washed with 2 M HCl (2x1 ml), 

dried (N^SO^) and evaporated to residue in vacuo. Hie residue was triturated with 

petroleum etha: (2x2 ml) and purified by fiadi column chromatography (ethyl acetate) to 

give the title confound (0.260 g, 78%) as a white solid.

Rf 0.36 (ethyl acetate);

m.p. 82-84°C (ethyl acetate);

M d +8.7° (from ethyl acetate/hexane);

CgHiiNOaQ; requires C, 33.35; H, 5.1; N, 6.5%

found C, 33.3; H, 5.1; N, 6.25%;

(nujol)/cm-i 3350m, 3250m, 3070w, 1690s, 1575m, 1340w, 1305w, 1235w, 

1220W, 1205W, 1150w, llOOw, 1070m, 1025w, lOlOw, 960w, 900w, 805m, 780w, 

715w, 670w;
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Sh(300MHz;D20) 1.19 (3H, d, J=6.5Hz, CHCH3). 3.67 (IH, ABX system, 

Jbx=7.6Hz, Jga„=11.7Hz, CH2OH), 3.77 (IH, ABX system, J^=4.9H z, 

Jpm-11.7Hz, CH2OH), 3.87-3.92 (IH, m, CHŒ 2OH). 4.04 (IH, dq, J-3.9, 6.5Hz, 

CHCH3), 6.39 (IH, s, Œ C I2);

8c (75 MHz; CD3OD) 21.65 (CH3), 59.83 (CH), 63.60 (CH2). 68.60 (CH), 68.95 (CH),

169.81 (C);

m/z 216 ([MH]+, 1%), 188 (5), 186 (28), 184 (40), 172 (9), 170 (19), 168 (30), 166 

(43), 157 (12), 155 (58). 154 (13), 153 (67), 152 (11), 120 (17), 118 (50), 106 (10), 85

(16), 84 (12), 83 (26), 76 (15), 74 (38), 71 (14), 70 (100);

C6Hi2N0302  [MH]+ requires 216.0194 

found 216.0200.

(2R, 3R)-2-N-DichIoroacetainidopentan-l^d!oi (106)

Following the method used for the deprotection of (40), the protected diol (95) 

(0.8(y? g, 3.68 mmol) in dioxaite (40 ml) and 1 M HQ (20 ml) gave crude (2R, 3R)- 

2-aminopentan- 1,3-dioI (100) (0.304 g, 69%) as an orange ml which was reacted 

inmtediately.

Methyl dichloroacetate (1.30 ml, 12.55 mmol) and triethylamine (0.36 ml, 2.59mnx>l) 

were tdded to a solution of the amino diol (100) (0.304 g, 2.55 mmol) in dry ntethanol 

(7 ml). The reaction mixture was stirred at room temperature for 24h.

Hie reaction mixture was evaporated to residue in vacuo to give a pale orange oil which 

was taken up in ethyl acetate (10 ml). The soluticHi was washed with 2 M HQ (2x 

2.5 ml), drial (N^SO^) and evaporated to residue in vacuo. Hie residue was triturated 

with petroleum ether (2x2.5 ml) and purified by fiadi column chromatography (2:1 

ethyl acetate-dichloromethane) to give the title compound (0.252 g, 43%) as a white 

solid.
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Rf 0.37 (ethyl acetate);

m.p. 83-84°C (from ethyl tteetat^exane);

[a]o +9.5°(cl.OinEtOH);

C^HfgNOgag requires C, 36.5; H. 5.7; N, 6.1%

found C, 36.7; H, 5.5; N. 6.1%;

Vm«(n«jol)/cm-i 3350m, 3260w, 1690s, 1560m, 1330w, 1230w, 1210w, 1140w, 

1105w, 1050W, 1030W, 960w, 900w, 920w, 805m, 770w, 675m;

6h (300 MHz; CD3OD) 0.95 (3H, t, J=7.4 Hz, CH2CH3), 1.43-1.52 (2H, m, CH2CH3),

3.61 (IH, ABX system, Jbx=6.3 Hz, Hz, CH2OH), 3.68 (IH, ABX system,

Jax=6.4Hz, Jga„=10.9 Hz, CH2OH), 3.73-3.78 (IH, m, CHCH2OH), 3.89-3.97 (IH, m, 

CHEt), 6.35 (IH, s, O iC y , 8.03 (IH, d, 7=8.7 Hz, NH);

8c (75 MHz; CD3OD) 10.58 (CH3), 27.97 (CH2), 56.28 (CH), 62.60 (CH2), 67.71 

(CH), 72.22 (CH), 166.96 (Q;

m/z No M+, 202 (4%), 200 (18), 198 (27), 182 (18), 180(23), 157 (10), 155 (57), 154 

(12), 153 (87), 149 (11), 130 (10), 128 (10), 120 (16). 118 (48), 88 (12), 86 (14), 85 

(18), 83 (25), 76 (13), 72 (11), 71 (47), 70 (100), 69 (17);

C6HfoN02Cl2 M+-CH2OH requires 198.0089

found 198.0075.

(2R, 3R)-2-N-Dichloroacetainidohexan>13-dioi (107)

Edlowing the method for the deprotection of (40), the protected diol (96) (0.736 g,

3.16 nunol) in dioxane (30 ml) and 1 M HCl (15 ml) gave crude (2R, 3R)-2-aminohexan-

1,3-diol (101) (0.420 g, 100%) as a pale orange oil which was reacted immediately.
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Methyl dichloroacetate (0.80 ml, 7.73 mmol) was added to a solutimi of the amiix) diol 

(34), (0.420 g, 3.16 mmol) in dry ethanol (10 ml). The reaction mixture was heated to 

reflux and aged at that temperature for 6h.

The reaction mixture was e v ira te d  to residue in vacuo, triturated with petroleum etha: 

(2x2.5 ml) and purified by flash column chromatography (ethyl acetate) to give the title 

compound (0.435 g, 56%) as a slightly off-white solid.

Rf 0.40 (ethyl acetate);

m.p. 109.5-111°C (from ethyl acetate/hexane);

[a]o +13.5° (cl.O in EtOH);

CgHisNOaQa requires C, 39.4; H, 6.2, N, 5.7%

found C, 39.1; H, 6.1; N, 5.5%;

Vmax (nujol)/cm-i 3405m, 3360m, 3270m, 3060w, 1690s, 1555m, 1350w, 1335w, 

1295W, 1225m, 1205m, 1140w, 1125w, 1110m, 1065w, 1035m, 955m, 870m, 810m, 

770w, 725m, 645m;

8h (300 MHz; DgO+CDgOD) 0.86 (3H, t, J=6.8 Hz, CHgCHg), 1.21-1.51 (4H, m, 

(CH2)2CH3), 3.62 (IH, ABX system, Jbx=7.5Hz, 7,^=11.5 Hz, CH2OH), 3.70 (IH, 

ABX system, 7^x=5.5Hz, 7gem=H.5Hz, CH2OH), 3.77-3.84 (IH, m, CHCH2 OH), 

3.88-3.93 (IH, m, CHPr), 6.33 (IH, s, CHCI2);

5c (75 MHz; CDCI3) 13.93 (CH3), 18.81 (CH2). 36.08 (CH2), 54.29 (CH), 63.15 

(CH2), 66.42 (CH), 70,92 (CH), 165.34 (C);

m/z No M+, 214 (14%), 212 (27), 194 (17), 157 (11), 155 (65), 154 (15), 153 (100), 

120 (14), 118 (39), 85 (18), 70 (65), 60 (13), 55 (10);

CgHi6N03a 2 [MH]+ requires 244.0507 

found 244.057.
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(2R, 3R)-2-N>Dichlon»cefainidoheptan-l,3-diol (108)

Following the method for the deprotection of (40), the protected diol (42) (0.300 g, 

1.21 mmol) in dioxane (10 ml) and 1 M HCl (5 ml) gave crude (2R, 3R)- 

2-aminoheptane- 1,3-diol (102) (0.178 g, 100%) as a light brown solid which was reacted 

immediately.

Methyl dichloroacetate (0.63 ml, 6.08 imnol) and triethylamine (0.17 ml, 1.22 mmol) 

were added to a solution of the amino diol (102) (0.178 g, 1.21 mmol) in dry ntethanol 

(3 ml). The reaction mixture was stirred at room temperature for 24h.

The reaction mixture was evaporated to residue in vacuo to give a pale orange oil which 

was taken up in ethyl acetate (5 ml). The soluticm was washed with 2 M HCl (2x1.5 ml), 

dried (Na2S04) and evaporated to residue in vacuo. The residue was triturated with 

petroleum ether (2x1.5 ml) and purified by flarii column chromatography (ethyl acetate) 

to give the title compound (0.164 g, 53%) as a white solid.

Rf 0.44 (ethyl acetate);

m.p. 79-81°C (fiom ethyl acetate/hexane);

M d +15.5°(cl.OinEtOH);

CçHnNOaQz requires C, 41.9; H, 6.6; N, 5.4%

found C, 41.8; H, 6.5; N, 5.5%;

(nujoiycm-i 3420br, 3305m, 1670s, 1550m, 1314w, 1220w, 1200w, 1145br, 

1 lOOw, 1070w, 1050w, 970m, 910w, 860w, 810m, 765w, 720m, 665m;

8h (300 MHz; DgO+CDgOD) 0.82 (3H, t, 7=7.3 Hz, CHgCHg), 1.23-1.41 (6H, m, 

(CH2)3CH3), 3.59 (IH, ABX system, 7bx=7.6Hz, 7g«,=11.5Hz, CH2OH), 3.67 (IH, 

ABX system, 7 ^ 5 .5  Hz, 7gei„=11.5Hz, CH2OH), 3.75-3.80 (IH, m, CHCH2OH), 

3.87-3.92 (IH, m, CHBu), 6.31 (IH, s, CHCI2);
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Sc (75 MHz; CD3OD) 14.30 (CH3), 23.63 (CHg), 28.94 (CHg), 34.74 (CHg). 56.52 

(CH), 62.50 (CH2), 67.65 (CH), 70.53 (CH), 166.84 (Q;

m/z 258 ([MH]+, 2%), 230 (9), 229 (17), 228 (43), 227 (27), 226 (50), 210 (12), 208 

(18), 157 (31), 156 (47), 155 (71), 154 (61), 153 (79), 128 (12), 121 (8), 120 (28), 119 

(27), 118 (62), 99 (15), 95 (11), 86 (11), 85 (11), 83 (17), 81 (43), 71 (28), 70 (100), 69 

(22), 61 (12);

CgHigN03a 2 [MH]+ requires 258.0644 

found 258.0664.

(2R, 3R)-2-N-DichloFoacetamldooctan-13-dlol (KM>)

Following the method used for the deprotection of (40), the protected diol (97) (1.263 g, 

4.84 mntel) in dioxane (50 ml) and 1 M HCl (25 ml) gave crude (2R, 3R)-2-amiiteoctan-

1,3-diol (103) (0.697 g, 89%) as a light brown solid which was reacted immediately.

Methyl dichloroacetate (2.20 ml, 21.25 mn»l) and triethylamine (0.60 ml, 4.31 mn»l) 

were added to a solution of the amino diol (103) (0.697 g, 4.33 nmx>l) in dry ntethanol 

(11 ml). The reaction mixture was stmW at room temperature for 24h.

Hie reaction mixture was evaporated to residue in vacuo to give a pale orange oil which 

was taken up in ethyl acetate (15 ml). Hie solution was washed with 2 M HCl (2x3 ml) 

aiwi wato* (3 ml), dried (NagSO )̂ and evaporated to residue in vacuo. The residue was 

trituratW with petroleum etha- (2x3 ml) aid purifiai by fW i column chromatogrtqihy 

(1:1 ethyl acetate-dichloromethane) to give the title compound (0.956 g, 81%) as a white 

solid.

Rf 0.49 (ethyl acetate);

m.p. 89.5-91°C (fiom ethyl oietat^exane);

M o  +16.3° (cl.O in EtOH);
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CioHigNOgOg requires C, 44.1; H, 7.0; N, 5.15%

found C. 44.4; H. 6.9; N, 5.0%;

Vmax (n«jol)/cm-i 3420br, 3340w, 3300m, 3100w, 1670s, 1550m, 1315w, 1220w, 

1205m, 1140W, 1070w, 1045w, 1035w, 980w, 930m, 905w, 855w, 815m, 760w, 720m, 

665m;

6h (300 MHz; DgO+CDgOD) 1.09 (3H, t, J=6.7Hz, CHgCHg), 1.40-1.75 (8H, m, 

(CH2)4CH3), 3.79 (IH, ABX system, Jbx=6.3Hz, J^ -1 0 .9 H z, CHgOH), 3.87 (IH, 

ABX system Jax=6.4Hz, Jg«„=10.9Hz, CHgOH), 3.97-4.16 (2H, m, CHCHgOH and 

CHpent), 6.55 (IH, s, CHClg);

6c (75 MHz; D2O+CD3OD) 14.35 (CH3), 23.57 (CHg), 26.40 (CHj), 32.89 (CH%), 

35.01 (CH2), 56.51 (CH), 62.51 (CHg), 67.65 (CH), 70.55 (CH), 166.84 (C);

m/z No M+, 242 (14%), 240 (23), 157 (11), 155 (66), 153 (100), 118 (27), 95 (20), 

84 (11), 70 (47);

C10H20NO3CI2 [MH]+ requires 272.0820 

found 272.0820.

(2R, 3R)-2-N-Dichlorcmcetaiiiidononan-13-diol (110)

Following the method usai for the deprotection of (40), the protected diol (98) (1.289 g, 

4.69 mmol) in dioxane (50 ml) and 1 M HCl (25 ml) gave crude (2R, 3R)- 

2-aminononan-1,3-diol (104) (0.765 g, 93%) as a light brown solid which was reacted 

imntediately.

Methyl dichloroacetate (2.30 ml, 22.21 mmol) and triethylamine (0.61 ml, 4.38 mmol) 

wa-e added to a solution of the amino diol (104) (0.765 g, 4.37 mntel) in dry metfaaitel 

(11 ml). The reaction mixture was stirred at room temperature for 24h.
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The iea;tion mixture was evaporated to residue in vacuo to give an orange oil which was 

taken up in ethyl acetate (15 ml). Hie solution was washed with 2 M HQ (2x3 ml) and 

wato" (3 ml), dried (Na^SO^) and evaporated to residite in vacuo. The residite was 

triturated with petroleum ether (2x3 ml) and purified ty  flash column chromatography 

(1:1 ethyl acetate-dichloromethane) to give the title ccxnpound (0.937 g, 75%) as a white 

solid.

Rf 0.50 (ethyl o:etate);

m.p. 85-87°C (fiom ethyl acetate/hexane);

[a]o +17.0° (cl.O in EtOH);

CffHgfNOaQz requires C, 46.2; H. 7.4; N, 4.9%

found C, 45.9; H, 7.1; N, 4.9%;

Vmax (n«jol)/cm-i 3400br, 3340m, 1685s, 1550m, 1320w, 1200w, 1150w, llOOw, 

1070m, 1025br, 970w, 860w, 820m, 810m, 775w, 720m;

5h (300 MHz; DgO+CDgOD) 0.89 (3H, t, J=6.9Hz, CHgCHg), 1.16-1.60 (8H, m, 

(CH2)4 0 i3), 3.61 (IH, ABX system, Jbx=6.3Hz, Jg^=10.9Hz, CHjOH), 3.69 (IH, 

ABX system, J^=6.4H z, J^ -1 0 .9  Hz, CH2OH), 3.82-3.97 (2H, m, CHCH2OH and 

CHhex), 6.35 (IH, s, 0 1 0 2 );

8c (75 MHz; D2O+CD3OD) 14.41 (CH3), 23.57 (Œ 2), 26.63 (O y , 30.28 (CT2), 

32.82 (CT2). 35.00 (CH2), 56.45 (O I2). 56.45 (Œ ), 65 .45 (Œ ), 65.52 (CH2), 67.62 

(Œ ), 70.58 (Œ ), 166.83 (Q;

m/z No M+, 256 (10%), 254 (17), 238 (14), 236 (22), 202 (19), 157 (10), 155 (66), 154

(17), 153 (100), 120 (11), 119 (22), 118 (33), 117 (21), 113 (11), 109 (43), 86 (21), 85 

(12), 84 (25), 83 (23), 81 (12), 71 (16), 70 (82), 69 (16), 67 (22);

C„H22N03a 2 [MH]+ requires 286.0977 

found 286.0977.
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(IR, 2R)-l-Cyclohexyl>2-N-dichloroacetaimdopropan-13-diol (111)

Following the method used for the deprotection of (40), the protected diol (99) (0.200 g, 

0.73 mmol) in dioxane (10 ml) and 1 M HQ (5 ml) gave crude (IR, 2R)-2-amino- 

l-cycldiexylpropan-l,3-diol (105) (0.120 g, 94%) as a white solid which was reacted 

imntediatdy.

Methyl dichloroacetate (0.36 ml, 0.35 mmol) and triethylamine (0.10 ml, 0.72 mmol) 

were added to a solution of the amino diol (105) (0.120 g, 0.69 mmol) in dry methanol 

(2 ml). Hie reoztion mixture was stiired at loom tempoature for 24h.

Hie reaction mixtere was evaporated to residue in vacuo to give an mange oil which was 

taken up in ethyl acetate (5 ml). Hie solution was washed with 2 M HQ (2x1 ml) and 

water (1 ml), drial (NagSO )̂ and evaporated to residue in vacuo. The residue was 

triturated with petroleum ether (2x1 ml) and purifiai by flash column chromatography 

(2:1 ethyl acetate-dichloromethane) to give the title compound (0.083 g, 42%) as a white 

solid.

Rf 0.44 (ethyl acetate);

m.p. 38-40°C (without furtha- purification);

[a h  +14.0° (cl.O in EtOH);

v ^  (CHzQzl/cm-i 3620m, 3420m, 2930s, 2860m, 1690s, 1520m, 1450w, 1320w, 

1210w, 1105W, 1060m, 1045m, 970w, 920w, 890w, 865s, 835w, 810m, 700br,

ÔH (300 MHz; CD3OD) 0.88-1.11 (2H, m, CgHn), 1.14-1.45 (4H, m, C ^ n ). 

1.60-1.85 (4H, m, CgHn), 1.96-2.06 (IH, m, CgH„), 3.52 (IH, dd, 7=1.9, 8.5 Hz, 

CgHnCH), 3.59 (IH, ABX system, 7bx=6.1 Hz, 7g^=10.8Hz, CHgOH), 3.66 (IH, 

ABX system, 7^x=7.0, 7^=10.8H z, CHgOH), 4.06-4.11 (IH, m, CHCHgOH), 

6.37 (IH, s, CHOz);
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8c (75 MHz; CD3OD) 27.11 (CHg), 27.14 (CHg), 27.49 (CHg), 30.09 (CHg). 30.43 

(CH2). 42.03 (CH). 53.86 (CH), 62.93 (CHg), 67.70 (CH), 74.65 (CH), 166.53 (C);

m/z No M+, 254 (8), 252 (13), 156 (10), 155 (65), 154 (24), 153 (100), 152 (12), 118 

(22), 111 (11), 107 (24), 83 (13), 70 (19);

CiiHgoNOgag [MH]+ requires 284.0820 

found 284.0819.

(4R,5R)-5-Amino-5-N-tert-butoxycarbonyl-2^-dimethyl-4-methyl-13-dioxan (88)

Pyridinium p-toluenesulphonate (0.218 g, 0.87 mmol) was added to a solution <rf 

(2R, 3R)-2-amino-2-N-teit-butoxycarbonylbutan-l,3-diol (40) (0.178 g, 0.87 mmol) ami 

2,2-dimethoxypropane (2.10 ml, 17.10 mmol) in dichloromethane (10 ml), undo* a 

nitrogen atmosphere. The reaction mixture was stirred at room temperature ovaaight 

N.B. The N-BCX] protected amino diol (40) had been prepared via the aldehyde (81).

Etha- (20 ml) was added and the organics were washed with half-saturatoi brine (15 ml), 

dried (Na^SO )̂ and evaporated to residue in vacuo to give a yellow oil which was 

purified by flash column chromatography (ethyl acetate) to give the title conqxaund 

(0.139 g, 65%) as a colourless oil.

Rf 0.57 (ethyl acetate);

8h (300 MHz; CDOg) 1.12 (3H, d, 7=6.3 Hz, CHCH3), 1.40 (3H, s, CCH3), 1.46 

(12H, s, C(CHa)3 and CCH3), 3.42-3.48 (IH, m, CHgCH), 3.74 (IH, ABX system, 

7bx=1.8 HZ, 7gem=11.9 Hz, OCHg), 4.08 (IH, ABX system, 7^=2.0 Hz, Jg^=U.9 Hz, 

OCH2), 4.13 (IH, dq, 7=1.9,6.3 Hz, CHCH3), 5.32 (IH, d, 7=9.7 Hz, NH); N.B. Signal 

for CHCH3 confirmed by irradiation at 81.12;

8c (75 MHz; CDCI3) 17.71 (CH3), 18.58 (CH3), 28.37 (CH3), 29.70 (CH3), 47.90 

(CH), 65.11 (CH2), 67.25 (CH), 79.23 (C), 98.86 (C), 155 86 (C).
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(4R, 5R)-5«N-Dichloroaœtamido-2^-diinethyl-4-methyl-l^-dioxan (54)

Pyridiiüum p-toluenesulphonate (0.033 g, 0.13 miml) was added to a soluticm of 

(2R, 3R)-2-N-dichloroacetamidobutan-l,3-diol (46) (0.028 g, O.I3imnol) and 2,2- 

dimethoxypropane (0.32 ml, 2.61 mmol) in dichlonxnethane (7 ml), under a nitrogen 

atmosphere. The reaction mixture was stirred at room temperature ovemig^it N.B. (46) 

had been prepared via the aldehyde (81).

Ether (5 ml) was added and the organics were washed with half-saturated brine (3 ml), 

dried (Na2S04> and evaporated to residue in vacuo to give a white solid which was 

purified by flash œlumn chromatography (ethyl acetate) to give the title conqround 

(0.030 g, 91%) as a white solid.

Rf 0.60 (ethyl acetate);

m.p. 92-94°C (without further purification);

5h (300 MHz; CDOg) 1.14 (3H, d, J=6.3 Hz, CHCH3), 1.44 (3H, s, C Œ 3), 1.50 (3H, 

s, CCH3), 3.74 3.81 (2H, m, CH2CH and one of OCH2), 4.11-4.16 (IH, m, other of 

OCH2), 4.22 (IH, dq, J=1.7,6.3 Hz, CHCH3), 5.99 (IH, S, CHCy, 7.19 (IH, br, NH);

8c (75 MHz; CDa^) 17.58 (CH3), 18.35 (CH3), 29.59 (CH3), 47.47 (CH), 64.04 

(CH2), 66.33 (CH), 66.86 (CH), 99.18 (C), 164.00 (Q .

Mosher ester of (2R, 3R)-2-N-dichloroacetainidobutan-l;3-dtol (55)

(R)-a-methoxy-a-trifluorontethyl-phenylacetyl chloride (MTPA-Cl) (50 pi, 242pmol) 

was added rapidly to a mixture of (2R, 3R)-2-N-dichl(%oacetamidobutan-l,3-diol 

(0.0086 g, 39.8 pmol) in dry pyridine (8 drops) and carbon tetrachloride (5 drops). The 

reaction mixture was left to stand at room temperature for 16h.
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Water (2 ml) was added and the mixture extract»! with ether (3x15 ml). The oxnbiited 

organics wwe washed with 0.5 M HCl (4 ml), water (4 ml) and saturatW NagCOg 

(7 ml), dried (NagSO )̂ and evaporated to residue in vacuo to give die tide conqxiuM 

(0.024 g) as a colourless oil/solid mixture.

6p (282.36 MHz; CDOg) -71.45, -71.77 (1:1).

Mosher ester of (2R, 3R)-2-N-dichloroacetainidohexaii-l^-diol (112)

Following the method used for the preparation of (55), (2R, 3R)-2-

H-dichl(xoacetamidohexan-l,3-diol (0.0097 g, 39.8 pmol) and MTPA-Cl (50 pJ, 

242 pmol) gave the tide cœnpound (0.028 g) as a colouless oil/solid mixture.

5p (282.36 MHz; CDOg) -71.21, -71.80 (1:1).

Member ester of (2R, 3R)-2-N-dichioroacetamidoheptan-l^-diol (113)

Following the method used for the preparation of (55), (2R, 3R)-2-

N-dichloroacetamidoheptan-1,3-diol (0.0104 g, 40.3 pn»!) and MTPA-Q (50 pi, 

242 pmol) gave the tide compound (0.029 g) as a colourless oil/solid mixture.

Sp (282.36 MHz; CDOg) -71.13, -71.80 (1:1).

Mosher ester of (2R, 3R)-2-N-dichloroacetaiiiidooctan-l^diol (114)

Following the method used for the preparation of (55), (2R, 3R)-2-N- 

dichloroacetamidooctan-1,3-diol (0.0108 g, 39.7 pmol) and MTPA-Q (50 pi, 242 pmol) 

gave the tide compound (0.031 g) as a colourless oil/solid mixture.

5p (282.36 MHz; CDCI3) -71.13, -71.78 (1:0.8).
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Mosher ester of (2R, 3R)-2-N>dichloroacetaiiiidononaii-13-diol (115)

Following the method used for the preparation of (55), (2R, 3R)-2-

N-dichloroacetamidononan-1,3-diol (0.0114 g, 39.9 pmol) and MTPA-Q (% pi, 

242 pmol) gave the title cmnpound (0.024 g) as a colourless oil/solid mixture.

5p (282.36 MHz; CDOg) -71.13, -71.78 (1:0.4).
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6.4 SYNTHESIS RELATING TO CHAPTER 4

(2S)-l-G-Acetyl-2-N-acetyl>2-ainmo-3-phenyl-l-propanol (118) 

(N,0-Diacetyl-L-phoiylalaninol)

Acetic anhydride (2.65 ml, 28.11 nm»l) was added to a solutitm of L-phmylalaninol 

(2.018 g, 13.36 mnx)l) in dry pyridine (20 ml) at 0°C. The soluticm was stirred at 0®C 

for 5h and then left to stand in a ftidge overnight

After warming to room temperature the reaction mixture was poured into water (50 ml), 

stirred for 5 min and extracted with ethyl acetate (3x75 ml). TTie combinai w ^ ic s  

were washed with 2 M HQ (50 ml), 10% NaHCO) solutiwi (50 ml) and water (50 ml), 

dried (NagSO )̂ and evaporated to residue in vacuo to give the title compound 

(2.858 g, 91%) as a white solid.

Rf 0.34 (ethyl acetate);

m.p. 127-128.5°C (without further purification);

[a lo  -1 8 .5 ® (c l.0 in C H 2 a 2 );

Vmax (nujol)/cm-i 3300m, 3100w, 1730s, 1645s, 1550m, 1310w, 1275m, 1260w, 

1195W, 1130W, 1105W, 1040W, 1030w, 975w, 920w, 895w, 860w, 755m, 720w, 700m;

6h (300 MHz; CDCI3) 1.92 (3H, s, COCH3), 2.07 (3H, s, COCH3), 2.81 (IH, ABX 

system, Jbx=7.5Hz, Jgg^=13.8Hz, C6H5CH2), 2.87 (IH, ABX system, Jax=6.6Hz, 

Jgem=13.8Hz, C6H5CH2), 4.04 (2H, d, J=5.1 Hz, CH2OAC), 4.37-4.47 (IH, m, 

CHCH2OAC), 6.01 (IH, d, J=8.3 Hz, NH), 7.17-7.31 (5H, m, (% ) ;

6c (75 MHz; CDCI3) 20.80 (CH3), 23.26 (CH3), 37.47 (CHg), 49.49 (CH), 64.83 

(CH2), 126.71 (CH), 128.56 (CH), 129.13 (CH), 137.03 (C), 169.74 (C), 170.95 (C).
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(2R)-l-0-Acetyl-2>N-acetyl-2-aiiiino-3>phenyl-l-propanoi (122) 

(N,0-DiacetyI-D-phenylalaninol)

Following the method used for the preparation of (118), £>-pt̂ ylalaniiK>l 

(3.036 g, 20.11 mnml) and acetic anhydride (4.0 ml, 42.43 mmol) gave the tide 

compound (4.076 g, 86%) as a white solid.

Rf 0.34 (ethyl oietate);

m.p. 126-127.5°C (without furtho- purification);

[alo +17.0® (cl.O in CHzQz);

''max (nujol/cm'̂  3300m, 3100w, 1730s, 1645s, 1550m, 1310w, 1275m, l%Om, 1195m, 

1130w, 1105w, 1040m, 1030m, 980w, 920w, 895w, 860w, 750m, 735w, 720w, 700m;

5h (300 MHz; CDOg) 1.92 (3H, s, COCH3), 2.06 (3H, s, COCH3), 2.78 (IH, ABX 

system, Jbx=7.5 Hz, Jgan=13.8 Hz, € ^ 5 ^ 2 ), 2.87 (IH, ABX system, Jax=6.7 Hz, 

Jg«„=13.8Hz, C6H5CH2), 4.04 (2H, d, J=5.0Hz, CHgOAc), 4.36-4.47 (IH, m, 

CHCH2OAC), 6.11 (IH, d, J=8.3 Hz, NH), 7.16-7.31 (5H, m, CgHg);

5c (75 MHz; €0 0 3 ) 20.80 (CH3), 23.24 (CH3), 37.43(CH2>, 49.45 (CH), 64.82 (CH2), 

126.67 (CH), 128.53 (CH), 129.11 (CH), 137.05 (C), 169.76 (C), 170.93 (C).

(2S)-l-0-Acetyl-2-N-acetyl-2-amtno-3-(p-nitrophenyl)-1-propanol (119) 

(N,0-Diacetyl-L-p-nitrophenylalaninol)

N,0-Diacetyl-L-phenylalaninoi (2.348 g, 9.99 mmol) was added pwtionwise over 5 min. 

to stirred fuming nitric add (10 ml) at 0®C. The reaction mixture was left to warm to 

room temperature and stirring was continued at this temperature for a further 50 nun.

ITie reaction mixture was poured onto ice (20 g), basified with NaH(X)3 and 

extracted with ethyl acetate (4x50 ml). The combined oi^amcs wwe washed with
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water (2x50 ml), dried (Na^SO^) and evaporated to residue in vacuo to give the title 

compound (2.552 g, 91%) as a white solid.

Rf 0.30 (ethyl acetate);

m.p. 173-180®C (without furdier purification);

[alo -25.0® (cl.O in CHzQz);

Vnum (nujol)/cm"i 3280m, 31(X)w, 2715w, 1725s, 1650s, 1605w, 1555m, 1515s, 1350s, 

1315W, 1305W, 1270s, 1195w, 1150w, 1125w, 1105w, 1050m, 980w, 970w, 925w, 

895w, 860w, 850w, 805w, 750w, 720m, 700m;

5h (300 MHz; CDCI3) 1.95 (3H, s, COŒ 3), 2.11 (3H, s, COŒ 3), 2.93 (IH, 

ABX system, Jbx=7.4Hz, J^= 13.8  Hz, (CgH4N02)CH2), 3.00 (IH, ABX system, 

Jax=7.0Hz, Jgcm=13 8 Hz, ( q ^ O z ) ^ ; ) ,  4.03-4.15 (2H, m, CHgOAc), 4.42-4.55 

(IH, m, CH Œ 2OAC), 5.88 (IH, d, J=8.2 Hz, NH), 7.39 (2H, d, J=8.7 Hz, CgHj), 8.16 

(2H,d,J-8.7Hz,C6H4):

8c (75 MHz; (€03)280) 20.50 (CH3), 22.40 (CH3), 36.30 (CH2), 48.60 (CH), 64.88 

(CH2), 123.06 (CH), 130.18 (CH), 145.96 (C), 146.64 (C), 168.89 (C), 170.10 (C).

(2R)-l-0-Acetyl-2-N-acetyl-2-amino-3-(p-nitrophenyl)-l-propanol (123) 

(N,0-DiacetyI-D-p-nitrophenylaIaninol)

Following the method used for the preparation (119), N,0-diacetylphenylalaninol 

(3.460 g, 14.72 mnttel) and fuming nitric acid (15 ml) gave the title compound (3.857 g, 

94%) as a white solid.

Rf 0.30 (ethyl acetate);

tap. 171- 178®C (without further purification);

[a]o +22.0® (cl.O in CH2Q2);
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(nujol)/cm-i 3280m, 3100w, 2715w, 1725s, 1650s, 1605w, 1555m, 1515s, 1350s, 

1315W, 1305W, 1270s, 1195w, 1150w, 1125w, 1105w, 1045m, 980w, 965w, 925w, 

895w, 860w, 850w, 805w, 750w, 720m, 700m;

6h (300 MHz; CDOg) 1.96 (3H, s, COCH3), 2.11 (3H, s, COCH3), 2.93 (IH, ABX 

system, Jbx=7.4Hz, Jg^=13.8Hz, (CgH4N02)CHz), 3.00 (IH, ABX system, 

Jax=7.0Hz, Jg«„=13.8Hz, (CgHiNOz)^;), 4.03-4.15 (2H, m, CHgOAc), 4.42-4.55 

(IH, m, CH Œ 2OAC), 5.83 (IH, d, J=8.3 Hz, NH), 7.39 (2H, d, J=8.7 Hz,CgH4),

8.16 (2H, d, J=8.7 Hz, CgH»);

5c (75 MHz; (€03)280) 20.52 (CH3), 22.41 (CH3), 36.30 (CHg). 48.60 (CH), 64.88 

(CH2), 123.08 (CH), 130.20 (CH), 145.97 (C), 146.65 (C), 168.87 (C), 170.10 (C).

(2S)-2-N>Dichloroacetamido-3-(p-nitropiienyl)-l-propanol (11) 

(1-DeoxychIoramphenicol)

N.O-Diacetyl-L-p-nitrophenylalaninol (2.309 g, 8.25 mmol) in 5%H(T (80 ml) was 

heated to reflux and aged at that temperature for 2.5h.

After cooling to room temperature the reaction mixture was extracted with ether (2x 

50 ml). The ^ueous lay»: was Imsifled to pH 11 with 1 M NaOH and extracted with 

etiiyl acetate (5x75 ml). TTie combined organics were dried (Na2804) aiul evaporated to 

residue in vacuo to give crude (28)-2-amino-3-(p-nitrophenyl)-l-propanol, 

(L-p-nitrophenylalaninol) (120) (1.454 g, 90%) as a pale yellow solid which was reacted 

imntedimely.

Methyl dichloroacetate (1.90 ml, 18.35 nunol) was added to a solutitxi of 

L-p-nitrc^henylalaninol (1.454 g, 7.42 mn»!) in dry ethanol (20 ml). TTie reaction 

mixture was heated to reflux and aged at that tempmture for 3h.

2 0 8



The reaction mixture was evaporated to residue in vacuo to give a ydlow solid which 

was taken up in ethyl acetate (20 ml). The soluticm was washed with 2 M HQ (2x 

10 ml), diioi (Na^SO )̂ aM evaporated to residue in vacuo. Ihe residue was triturated 

with petroleum ether (2x10 ml) and purified by flash column chiomamgnqthy 

(4:1 dichlcnonrnthane-ethyl acetate) to give the title compcmnd (1.868 g, 82%) as a j»le 

yellow solid. Repeated recrystallisations (ethyl acetate/hexane) were then carried out to 

remove the small proportion of orrho-material that had not b%n separated by 

chromatography.

Rf 0.40 (ethyl acetate);

m.p. 147.5-148.5®C (fiom ethyl acetate/hexane);

M d -12.0® (cl.O in EtOH);

requires C, 43.0; H, 3.9; N, 9.1%

found C, 43.3; H, 4.0; N, 9.15%;

Vmax (nujol/cm'i 3440br, 3260m, 3095w, 1675s, 1610w, 1600w, 1560m, 1515s, 1345s, 

1235W, 1210W, 1180W, lllOw, 1080w, 1055w, 1020w, 960w, 905w, 865s, 855s, 810s, 

750w, 720w, 700m;

ÔH (300 MHz; CD3OD) 2.90 (IH, ABX system, Jbx=9.3Hz, Jg^=13.8Hz, 

(CgH4N02)CH2), 3.13 (IH, ABX system, J^=5.3 Hz, J_ ,.13 .8  Hz, (q ^ N O z )^ ; ) ,

3.60 (2H, d, J=5.3 Hz, CHzOH), 4.13-4.21 (IH, m, CHCHzOH), 6.14 (IH, s, CHClz), 

7.48 (2H, d, J=8.8 Hz, CgHj), 8.14 (2H, d, J=8.8 Hz, CgHj);

8c (75 MHz; CD3OD) 37.51 (CHj), 54.52 (CH), 63.82 (CHg), 67.54 (CH), 124.32 

(CH), 131.43 (CH), 147.46 (C), 147.99 (Q , 166.33 (Q;

m/z 306 (M+, 2%), 277 (33), 275 (48), 223 (18), 180 (10), 179 (32), 174 (26), 173

(11), 172 (90), 171 (12), 170 (100), 165 (52), 154 (34), 152 (54), 137 (46), 136 (20),

120 (10), 119 (11), 107 (11), 106 (19), 91 (24), 90 (23), 89 (18), 85 (13), 83 (21), 78 

(14), 77 (13);
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CiiHfzNzO^Qz M+ requires 306.0174 

found 306.0174.

(2R)-2-N-Diciiloroacetaiiiido-3-(p-nitrophenyl)-l-propanfd(125}

(N-Dichloroacetamido-D-p-nitrophenylalaninol)

fallowing the method u s^  for the preparation of (11), N,0-diacetyl-D- 

p-nitrq>hoiylalaninol (2.059 g, 7.35 mmol) in 5% HCl (80 ml) gave crude 

D-p-nitn^henylalaninol (124) (1.192 g, 83%) as a pale yellow solid which was reæ tol 

immediately.

Methyl dichloroacetate (1.50 ml, 14.49 mmol) was addol to a soluticm of 

D-p-nitrc^henylalaninol (1.140 g, 5.82 mnml) in dry ethanol (15 ml). The reaction 

mixture was heated to reflux and aged at that tempmture for 5h.

The reaction mixture was evaporated to residue in vacuo to give a pale yellow solid 

which was taken up in ethyl acetate (15 ml). TTie soluticm was washed with 2 M HCl (2x 

5 ml), dried (NazSO )̂ and evaporatol to residue in vacuo. The residue was triturated 

with petroleum ether (2x5 ml) and purified by flash colunm chromatogrtq)hy 

(4:1 dichloromethane-ethyl acetate) to give the title compound (1.473 g, 82%) as a pale 

yellow solid. Repeated recrystallisations (ethyl acetate/hexane) woe carried out to 

renmve the small proportion of orrAo-material that had not been separated by 

chromatogiaphy.

Rf 0.40 (ethyl acetate);

m.p. 147-148.5°C (ftom ethyl »:etat^exane);

[alo +11.0® (cl.O in EtOH);
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''max (nujol)/cm"i 3440br, 3280m, 3100w, 2400w, 1675s, 1600w, 1560w, 1515s, 1345s, 

1235W, 1150w, lllOw, 1070W, 1055w, 1020w, 960w, 865m, 855m, 850m, 810m, 

720m, 700m;

6h (300 MHz; D2O+CD3OD) 2.90 (IH, ABX system, Jgx=9.3 Hz. Jgj„=13.7Hz, 

(CgH^NOzlCHz), 3.12 (IH, ABX system, Jax=5.1 Hz, J_ ,.1 3 .7  Hz, (C*H4N02)CH2),

3.61 (2H, d, J=5.0Hz, CH2OH), 4.15-4.22 (IH, m, CHCH2OH). 6.15 (IH, s, C H d^, 

7.47 (2H, d, J=8.6 Hz, CgH*), 8.11 (2H, d, J=8.6 Hz, C ^ ;

5c (75 MHz; D2O+CD3OD) 37.50 (CH2), 54.50 (CH), 63.80 (CH2), 67.52 (CH),

124.34 (CH), 131.42 (CH), 147.46 (C), 148.00 (C), 166.32 (Q;

m/z No M+, 277 (12%), 275 (19), 223 (6), 179 (13), 174 (10), 172 (64), 170 (100), 165 

(23), 154 (17), 152 (27), 137 (22), 106 (12), 90 (10);

C iiH |2N204a 2 M+ requires 306.0174 

found 306.0174.

(2S)-2-N-Dich!oroacetamido-3-phenyl-l-propanoI (126) 

(N-Dich!oroaœtamido-L-plienyIalaiiinol)

Methyl dichloroacetate (1.45 ml, 14.(X) mmol) was added to a soluticm of 

L-phenylalaninol (1.058 g, 7.00 mnml) in dry ethanol (10 ml). The reaction mixture was 

evaporated to residue in vacuo, triturated with petroleum ether (2x10 ml) and purified by 

flash column chromatography (ethyl acetate) to give the title compound (1.055 g, 57%) 

as a white solid.

Rf 0.56 (ethyl acetate);

m.p. 90-91°C (from ethyl acetate/hexane);

[ a b  -15.8® (cl.O in EtOH);
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Cl iHigNOzOz requires C, 50.4; H. 5.0; N, 5.3%

found C, 50.8; H, 5.1; N, 5.3%;

Vm» W ol)/cm-i 3270m, 3100w, 1675s, 1570m, 1310w, 1260w, 1235w, 1210w, 

1150w, 1075W, 1060w, 1050w, 1030w, 960w, 910w, 875w, 855w, 810m, 755m, 720m, 

700m, 660m;

§H (300 MHz; CDOg) 2.90 (IH, ABX system, Jbx=7.1 Hz, Jpm-13.8 Hz, QH 5CH2), 

2.93 (IH, ABX system, J^ 7 .2 H z , Jg^=13.8Hz, CgHgCHz), 3.11 (IH, brs, OH, 

exchanged with DgO), 3.61 (IH, ABX system, Jbx=4.8H z, J ^ = 1 1 .1  Hz, CH2OH), 

3.68 (IH, ABX system, Jax=3.9Hz, Jg_,= ll.lH z, CH2OH), 4.11-4.21 (IH, m, 

CHCH2OH), 5.91 (IH, s, C n a 2), 7.05 (IH, d, J=8.1 Hz, NH, exchanged with D2O), 

7.20-7.32 (5H,m,CfiH5);

8c (75 MHz; CDCI3) 36.61 (CH2), 53.33 (CH), 62.67 (CH2), 66.44 (CH), 126.78 (CH),

128.61 (CH), 129.24 (CH), 139.87 (C), 164.40 (Q .

m/z 261 (M+, 3%), 230 (11), 172 (25), 170 (38), 154 (13), 152 (20), 134 (82), 120 

(19), 117 (11), 105 (14), 103 (13), 92 (57), 91 (100), 85 (10), 83 (15), 78 (14), 77 (16).

(2S)-2-N-Dichloroa(tetamido-3-(p-hydroxyphenyl)-l-propanol (128) 

(N-Dichlonmctetamido-L-tyrosinol)

Methyl dichloroacetate (2.30 ml, 22.21 mmol) and triethylamine (0.73 ml, 5.25 mmol) 

were added to a solution of L-tyrosinol hydrochloride (0.886 g, 4.35 mmol) in dry 

ntethanol (10 ml). The reaction mixture was stirred at room temperature for 2 days.

The reaction mixture was evaporatW to residue in vacuo to give a pale orange oil which 

was taken up m ethyl acetate (10 ml). The solution was washed with 2 M HQ (2x

2.5 ml) and water (2.5 ml), dried (NazSO )̂ and evaporated to residue in vckuo. The 

residue was triturated with petroleum ether (2x10 ml) and purified by fiadi column
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chromatography (ethyl acetate) to give the title compound (0.876 g, 72%) as a white 

solid.

Rf 0.54 (ethyl æetate);

m.p. 151-151.5°C (ftom ethyl acetateAexane);

[a b  -10.5® (cl.O in EtOH);

CiiHfaNOjaz requires C, 47.5; H. 4.7; N, 5.0%

found C, 47.6; H, 4.8; N, 4.9%;

(nujol)/cm-i 3470w, 3370br, 3270m, 3100w, 1675s, 1600w, 1570m, 1515m, 

1320W, 1250W, 1240W, 1220m, 1205w, 1185w, 1115w, 1080w, 1055m, 1025m, 955w, 

915w, 880w, 830w, 815w, 805m, 760w, 720m, 635m;

5h (300 MHz; CD3OD) 2.68 (IH, ABX system, Jbx=7.9Hz, Jg^=13.9Hz, 

(CgH^OmCHz), 2.84 (IH, ABX system, J^=6.3H z, Jg«n=13.9Hz, (CgHtOHX^Hz), 

3.53 (IH, ABX system, bx=5.6 Hz, Jga„=ll.l Hz, CH2OH), 3.75 (IH, ABX system, 

Jax=5.0Hz, Jg^-ll.lH z, CH2OH), 3.97-4.06 (IH, m, CH Œ 2OH), 6.18 (IH, s, 

Œ Q 2), 6.69 (2H, d, J=8.5 Hz, CgH*), 7.04 (2H, d, J=8.5 Hz, C5H4), 8.31 (IH, d, 

J=8.2Hz,NH);

5c (75 MHz; C D a3+CD30D) 35.10 (CH2), 53.29 (CH), 61.65 (CH2), 65.91 (CH), 

114.72 (CH), 127.95 (C), 129.75 (CH), 154.91 (C), 164.44 (Q;

m/z No M+, 170 (2%), 150 (21), 107 (70), 94 (8), 77 (9), 60 (10);

C„Hi4N03a 2 [MH]+ requires 278.0351 

found 278.0351.
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6.5 SYNTHESIS RELATING TO CHAPTER 5

(IR, 2R)-2-N-Chloroacetamido-l-(p*nitrophenyl)-propan-13-diol (136)

Methyl chloroacetate (2.0 ml, 22.82 mnx)l) and triethylamine (0.64 ml, 4.60 mmol) were 

adckd to a solution of (IR, 2R)-2-amino-l-(p-nitrophenyl)-propan-l,3-diol (0.976 g,

4.60 mnml) in diy methanol (15 ml). The reaction mixture was heated to reflux and agW 

at that temperature for lOh.

The reaction mixture was evaporated to residue in vacuo to give a yellow oil which was 

taken up in ethyl acetate (20 ml). The solution was washed with 2 M HQ (2x5 ml) and 

saturated brine (5 ml), dried (Na2S04> and evaporatW to residue in vacuo. The residue 

was triturated with petroleum ether (2x10 ml) aM purified by fladi column 

chromatography (1:1 ethyl acetate-dichloromethane) to give the title conqx>und 

(0.717 g, 54%) as a white foam which soldified on staiuling.

Rf 0.39 (ethyl acetate);

m.p. 87-88®C (fiom ethyl acetat^exane);

(nujol)/cm-i 3450br, 3260m, 1660s, 1560m, 1520m, 1340s, 1290w, 12445m, 

1190w, 1150w, 1105W, 1060s, 970w, 940w, 880w, 860w, 840m, 820w, 750w, 725br, 

705w, 680w;

5» (300 MHz; CD3OH) 3.61 (IH, ABX system, J^=6.0H z, Jpm=10.9Hz, CH2OH), 

3.78 (IH, ABX system, Jax=6-9Hz, Jg^=10.7Hz, CH2OH), 3.94 (IH, J=13.7Hz, 

CH2CI), 4.01 (IH, d, J-13.7 Hz, CH2 0 ), 4.14-4.20 (IH, m, CHCH2OH), 5.14 (IH, d, 

1=2.8 Hz, ArCHOH), 7.64 (2H, d, J=8.7 Hz, Ph), 8.18 (2H, d, J=8.8 Hz, Ph);

8c (75 MHz; CD3OD) 43.12 (CH2), 58.15 (CH), 62.35 (CH2), 71.41 (CH), 124.11 

(CH), 128.23 (CH), 148.47 (C), 151.63 (C), 169.02 (C);
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m/z No M+, 153 (38%), 152 (12), 151 (94), 150 (76), 138 (22), 137 (10). 136 (86), 

135 (24), 121 (44), 120 (28), 119 (100), 118 (24), 106 (27), 105 (28), 104 (19), 93 (12), 

92 (12), 84 (25), 83 (11), 79 (10), 78 (12), 77 (76), 76 (20);

CiiHwNzOga [MH]+ requires 289.059 

found 289.059.

(IR, 2R)-l-(p-nitrophenyl)-2-N-tricliloroacetaiiiido-propan-13‘diol (137)

Methyl trichloroacetate (2.80 ml, 23.54 mnrol) and triethylamine (0.66 ml, 4.74 mn»l) 

were added to a solution of (IR, 2R)-2-tunino-l-(p-nitrophenyl)-piopan- 1,3-diol 

(l.(X)2 g, 4.73 mmol) in dry ntethanol (15 ml). Hie reaction mixture was heated to 

reflux and aged at that tempoature for Ih.

The reaction mixture was evaporated to residue in vacuo to give a yellow oil which was 

taken up in ethyl acetate (15 ml). The solution was washed with 2 M H(U (2x3.5 ml) 

and saturated bine (3.5 ml), dried (Na2S04) and evaporated to residue in vacuo. The 

residue was triturated with petroleum ether (2x10 ml) and purified b ' column 

chromatography (2:1 ethyl acetate-dichlorranediane) to give the title œn#ound 

(1.385 g, 82%) as a pale yellow solid.

Rf 0.52 (ethyl acetate);

m.p. 95.5-97°C (from ethyl acetate/hexane);

C„HiiN205a 3 requires C, 36.9; H, 3.1; N, 7.8%

found C, 37.05; H, 2.8; N, 7.7%;

Vmax (nujol)/cm-i 3540w, 3420m, 1680s, 1510s, 1360s, 1340w, 1315w, 1305w, 1220w, 

1150w, 1115W, 1050m, 1040w, 975w, 905w, 850m, 815m, 760w, 740w, 720w, 700w, 

680m;
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6h (300 MHz; CD3OD) 3.69 (IH, ABX system, Jgx=6.2Hz, J^ -H .O H z, CT2OH), 

3.85 (IH, ABX system, Jy^=6.9 Hz, Jg^ll.O H z, CH2OH), 4.13-4.21 (IH, m, 

CHCH2OH), 4.85 (2H, s, 2xOH), 5.19 (IH, d. J=2.8 Hz, AiCHOH), 7.65 (2H, d, 

J=8.7 Hz. Ph), 8.02 (IH, d, J=9.0 Hz, NH), 8.19 (2H, d, J=8.7 Hz, Ph);

Sc (75 MHz; CD3OD) 59.98 (CH), 61.99 (CH2), 71.31 (CH), 124.19 (CH), 128.21 

(CH), 148.57 (C), 151.26, (C), 163.78 (C), CCI3 not seen;

m/z No M+, 189 (17%), 187 (38), 153 (30), 152 (11), 151 (46), 150 (56), 135 (14), 120

(10), 119 (12), 118 (10), 117 (12), 106 (17), 105 (12), 104 (25), 93 (14), 87 (23), 85 

(82), 84 (10), 83 (100), 77 (21), 70 (12), 69 (10);

C„HisN305a 3 [M+NH41+ requires 374.0077

found 374.0077.

(IR, 2R)-l-(p-nitrophenyl)-2-N-trifluoroaœtamidopropan-l,3-diol (138)

Methyl trifluoroacetate (2.40 ml, 23.87 mmol) aiui triethylamine (0.66 ml, 4.74 mnx>l) 

were added to a solution of (IR, 2R)-2-amino-l-(p-nitrophenyl)-propan-l,3-diol 

(1.002 g, 4.73 mmol) in dry ntethanol (15 ml). The reaction mixture was heated to 

reflux and aged at that temperature for Ih.

The reaction mixture was evaporated to residue in vacuo to give a yellow oil which was 

taken up in ethyl acetate (15 ml). The soluticm was washed with 2 M HQ (2x3.5 ml) 

and saturated bine (3.5 ml), dried (Na2S04) and evaporated to residue in vacuo. The 

residue was triturated with petroleum ether (2x10 ml) and purified by flash column 

chromatography (2:1 ethyl acetate-dichloromethane) to give the title conqmund 

(1.243 g, 85%) as a pale yellow solid.

Rf 0.55 (ethyl acetate);

m.p. 127-128°C (from ethyl mzetate/hexane);
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[alo +14.5® (cl.O in EtOH);

C11H11N2O5F3 requires C. 42.9; H, 3.6; N, 9.1%

found C, 43.2; H, 3.4; N, 9.2%;

(nujol)/cm-i 3530w, 3380m, 3220m, 3080m, 1700s, 1580w, 1520m, 1370m, 

1350s, 1290w, 1250w, 1210m, 1190s, 1150s, llOOw, 1060m, 970w, 905w, 880w, 

840w, 820w, 740w, 710m, 680w;

5h (300 MHz; CD3OD) 3.62 (IH, ABX system, Jgx=6.7Hz, Jg^=11.2Hz, CHjOH), 

3.82 (IH, ABX system, J^=6.1 Hz, Jg^=11.2Hz, CH^OH), 4.21-4.27 (IH, m, 

CHCHgOH), 5.12 (IH, d, J=3.7 Hz, ArCHOH), 7.63 (2H, d, 7=8.4 Hz, Ph), 8.19 (2H, 

d, J=8.8 Hz, Ph);

6c (75 MHz; CD3OD) 58.69 (CH), 61.99 (CHg), 71.68 (CH), 124.17 (CH), 128.30 

(CH), 148.60 (C), 151.16 (C). 159.22 (C), CF3 not seen;

m/z NoM+, 290 (2%), 153 (17), 151 (14), 150 (18), 139 (100), 138 (11), 136 (11), 106

(11), 77 (13), 70 (16), 69 (10);

C11H15N3O5F3 [M+NH4]+ requires 326.0964

found 326.0964.

(2S)-2-N-Dichlorfmcetamido-l-propan(ri (143)

(N-Dichloroacetamido-L-aianinol)

Methyl dichloroacetate (4.00 ml, 38.63 mmol) was added to a soluticm of L-alaniiml 

(1.50 ml, 19.20 mmol) in dry ethanol (15 ml). The reaction mixture was heated to reflux 

and aged at that temperature few 6h.

Ihe reaction mixture was evaporated to residue in vacuo, triturated with petroleum ether 

(2x10 ml) and purified by flarii column chromatography (7:3 dichloromethane- 

ethyl acetate) to give the title compound (3.196 g, 89%) as a white solid.
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Rf 0.51 (ethyl acetate);

m.p. 84-85®C (ftom ethyl acetate/hexane);

[a b  -11.3® (cl.O in EtOH);

CgHgNOzOz requires C. 32.3; H, 4.9; N, 7.5%

found C. 32.65; H. 4.8; N, 7.4%;

Vm» (nujol)/cm-i 3330m, 3250m, 3080m, 1675s, 1675s, 1575m, 1360w, 1310w, 

1245m, 1220w, 1210w, 1150m, 1115m, 1060s, 985w, 975w, 930w, 910w, 875m, 815m, 

770w, 750w, 720m, 670m;

8h (300 MHz; DgO) 1.18 (3H, d, 7=6.8 Hz, CH3CH), 3.56 (IH, ABX system, 

7bx=6.5Hz. 7pm=11.6Hz, CHgOH), 3.64 (IH, ABX system, 7ax=4.8Hz, 

7pm-l 1.6 Hz, CH2OH), 3.95-4.05 (IH, m, CHCH2OH), 6.29 (IH, s, CHCI2);

8c (75 MHz; D2O) 17.99 (Œ 3), 50.89 (CH), 66.59 (CH2), 68.92 (CH), 168.89 (C);

m/z No M+, 156 (30%), 154 (46), 102 (7), 85 (7), 83 (10), 73 (13), 59 (30);

CgHioN02a 2 [MH]+ requires 186.009 

found 186.009.

(2S)-2-N-Dichloroacetamido-3-methyl-l-butanol (145) 

(N-Dichloroacetamldo-L-valinol)

Methyl dichloroacetate (2.50 ml, 24.14 nmK>l) was added to a soluticm of L-valinol 

(1.255 g, 12.18 mnrnl) in dry ethanol (10 ml). Hie reaction mixture was heated to rdlux 

and aged at that temperature for 5h.

Hie reaction mixture was evaporated to residue in vacuo to give a white solid which was 

triturated with petroleum ether (2x5 ml) and then taken up in ethyl acetate (15 ml). Hie 

solution was washed with 2 M HCl (2x2 ml), dried (Na2S04) and evaporated to residue 

in vacuo to give the title compound (2.260 g, 87%) as a white solid.
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Rf 0.55 (ethyl acetate);

m.p. 92.5-94°C (ftom ethyl acetate/hexane);

[a b  -15.0® (cl.O in EtOH);

CyHfgNOzag requires C. 39.3; H, 6.1; N, 6.5%

found C, 39.2; H, 6.1; N, 6.6%;

Vmax (n«jol)/cm-i 3285m, 3090w, 1670w, 1670s, 1565m, 1270w, 1220w, 1210w, 

1150W, 1080w, 1025W, 1025w, 970w, 935w, 895w, 855w, 805m, 770w, 720w;

Sh (300 MHz; D^O) 0.89 (3H, d, J=6.8 Hz, CHgCH), 0.94 (3H, d, J=6.8 Hz, CHgCH), 

1.81-1.92 (IH, m, (CT3)2CH), 3.57-3.76 (3H, m, CHCH2OH), 6.33 (IH, s, CHCI2);

8c (75 MHz; CDC10 18.57 (CH3), 19.44 (CH3), 29.01 (CH), 57.65 (CH), 62.40 (CH2), 

66.66 (CH), 164.96(C);

m/z No M+, 189 (9%), 185 (7), 184 (63), 182 (100), 172 (18), 170 (30), 154 (11), 152 

(170, 130 (11), 128 (13), 112 (6), 85 (15), 83 (22), 76 (12), 72 (66), 70 (15), 69 (29), 

60 (42), 57 (8), 56 (21), 55 (66);

C7Hi4N02a 2 [MH]+ requires 214.0402 

found 214.0402.

(2S)-2-N-Dichloroacetaiiiido-4-methyl-l-pentanol (147) 

(N-Dichloroacetamido-L-leucinol)

Methyl dichloroacetate (2.50 ml, 24.14 mmol) was a^ed  to a soluticm of L-leucinol 

(1.50 ml, 11.79 mmol) in dry ethanol (10 ml). The reaction mixture was heated to r^ux  

and aged at that temperature for 6h.
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The reaction mixuire was evaporated to residue in vacuo, triturated with petroleum ethw 

(2x10 ml) and purified by flash column chromatography (7:3 dichlortmtethaite- 

ethyl acetate) to give the title compound (2.526 g, 94%) as a white solid.

Rf 0.60 (ethyl acetate);

m.p. 73.5-75°C (from ethyl tteetate/hexane);

[a b  -12.8“ (cl.O in EtOH);

CgHfgN02a 2 requires C, 42.1; H, 6.6; N, 6.1%

found C, 42.2; H, 6.5; N, 6.0%;

(nujol)/cm-i 3320br, 3230m, 3080m, 1685s, 1560m, 1320w, 1295w, 1270w, 

1245W, 1215m, 1205m, 1165w, 1155w, lllOw, 1080m, 1060m, 1030m, 1015m, 975w, 

955w, 930w, 890w, 860w, 850w, 810m, 750w, 720w, 670m, 640w;

ÔH (300 MHz; D2O) 0.88 (3H, d, J=6.6 Hz, CH3CH), 0.90 (3H, d, J=6.7 Hz, CH3CH), 

1.30-1.50 (2H, m, (CH3)2Œ CH 2). 1.54-1.65 (IH, m, (CH3)2CH), 3.52 (IH, ABX 

system, Jgx=6.7 Hz, 1.6 Hz, CH2OH), 3.62 (IH, ABX system, Jax=4.6Hz, 

Jpm-11.6 Hz, CH2OH), 3.96-4.04 (IH, m, CHCH2OH), 6.29 (IH, s, CHCI2);

8c (75 MHz; € 0 0 3 ) 22.13 (CH3), 22.97 (CH3), 24.87 (CH), 39.88 (CH2), 50.58 (CH), 

64.73 (CH2), 66.56 (CH), 164.51 (C);

m/z No M+, 198 (36%), 196 (57), 172 (6), 170 (13), 162 (7), 156 (18), 154 (32), 142 

(14), 140 (21), 130 (22), 128 (36), 86 (10), 85 (15), 83 (49), 76 (11), 70 (22), 69 (100), 

60 (23), 57 (28), 55(42);

CgHigNOzOz [MH]+ requires 228.056 

found 228.056
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(2S, 3S)-2-N-DichIoroacetamido-3-methyI-l-pentanol (150) 

(N-Dichloroacetamido-L-isoleucinol)

A solution of L-isoleiteine methyl ester hydrochloride (2.30 g, 12.67 mmol) in water 

(25 ml) was added dropwise over 10 min. to a stirred solution of sodium borohydiide 

(1.% g, 50.00 mmol) in watra- (20 ml) at <2®C. The reaction mixture was stmW for 5h 

at <2®C and then left to stand in a ftidge overnight

The aqueous mixture was extracted with ethyl acetate (6x50 ml) and the combined 

organics were washed with saturated brine (50 ml), dried (Na^SO^) and evapmated to 

residue in vacuo to give a pale yellow oil. The crude product was purified by Kugelrdir 

distillation (40°C, 3x10^ mbar) to give (2S, 3S)-2-amino-3-methyl-l-penWtol, 

(L-isoleucinol) (149) (0.857 g, 58%) as a colourless oil which was reacted immediately.

Methyl dichloroacetate (1.90 ml, 18.35 mnml) was added to a solution of L-isoleucinol 

(0.847 g, 7.24 mntol) in dry ethanol (10 ml). The reaction mixture was heatW to rdflux 

and aged at that temperature for 7h.

Hie reaction mixture was evaporated to residue in vacuo to give a white solid which was 

triturated with pentane (2x5 ml) and then taken up in ethyl acetate (15 ml). The solution 

was washed with 2 M HQ (2x2 ml), dried (NazSO )̂ aixl evaporated to residue in vacuo 

to give the title compound (1.631 g, 99%) as a white solid.

Rf 0.58 (ethyl acetate);

m.p. 88-90“C (fiom ethyl acetate/hexane);

[a b  -11.0“ (cl.O in EtOH);

CgHisNOzaz requires C, 42.1; H, 6.6; N, 6.1% 

found C, 42.0; H, 6.8; N, 6.1%;
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Vm» (nujol)/cm-i 3280m, 3250m, 3090m, 1670m, 1670s, 1565m, 1320w, 1275w, 

1255w, 1220m, 1210m, 1150m, 1080m, 1035w, 1020w, 970w, 915w, 895m, 855w, 

810m, 765m, 720m, 640m;

ÔH (300 MHz; CDOg) 0.92 (3H, t, 7=7.4 Hz, CH3CH2), 0.97 (3H, d, 7=6.8 Hz, 

CH3CH), 1.11-1.25 (IH, m, Œ 3CH2), 1.46-1.59 (IH, m, Œ 3CH2). 1.68-1.82 

(IH, m, CH3CH2CH), 2.98 (IH, hr s, OH, exchanged with D2O), 3.74-3.84 (3H, m, 

CHCH2OH), 6.02 (IH, s, CHCI2), 6.96 (IH, d, 7=7.9 Hz, NH. exchanged with D2O);

Sc (75 MHz; €0 0 3 ) 11.14 (CH3), 15.48 (CH3), 25.30 (CH2), 35.38 (CH), 56.43 (CH),

62.34 (CH2), 66.66 (CH), 164.73 (C);

m/z No M+, 198 (34%), 196 (55), 172 (18), 170 (31), 162 (6), 154 (11), 152 (14), 142 

(13), 140 (22), 130 (14), 128(24), 86 (15), 85 (14), 83 (39), 76 (11), 71 (14), 70 (22), 

69 (100), 63 (36), 57 (30), 55 (25);

CgHi6N02a 2 [MH]+ requires 228.056 

found 228.056.

(2R, 3R)-l,3-0-Diacetyl, 1-0-Acetyl and 3-0-Acetyl-2-N-dichloroacetaniidobutan-

1.3-diol (153), (151), and (152)

Acetic anhydride (0.22 ml, 2.33 mmol) was added to a solution of N-dichloroacemmido- 

L-thrroninol (46) (0.501 g, 2.32 mnx>l) in dry pyiidine (5 ml) at 0®C. Hie rem:tion 

mixture was left to stand in a fridge for three days.

Aft»- warming to room temperature the reaction mixture was poured into water (20 ml), 

stirred for 5 min. and extracted with ethyl acetate (3x50 ml). The combined organics 

w»c washed with 2 M HQ (20 ml) and saturatW NaHC03 (20 ml), dried (NazSO )̂ and 

evaporated to residue in vacuo to give a pale orange oil The mixture of products was 

puriftW by flash column chromatography (7:3 dichloromethane-ethyl acetate) to give

1.3-0-dim;etyl-2-N-dichloroacetami(k)-L-threoninol (0.139 g, 20%) as a white solid.
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l-(>acetyl-2-N-dichloioacetamido-L-threoninol (0.133 g, 22%) as a white solid and 

3-0-acetyl-2-N-dichoroa<xtamido-L-threoninol (0.042 g, 7%) as a colourless oil.

(2R, 3R)-l-0-Acetyl-3-0-acetyl-2-N-dichloroacetamidobutan-l,3-diol (153):

Rf 0.73 (7:3 dichloromethane-ethyl acetate); 

m.p. 93.5-95.5“C (without further purification);

5h (300 MHz; CDQg) 1.29 (3H, d, 7=6.4 Hz, CH3OH), 2.07 (3H. s, CH3CO), 2.09 

(3H, s, CH3CO), 4.15 (IH, ABX system, 7bx=6.2Hz, 7g«n=H 5Hz, CHzOAc), 4.17 

(IH, ABX system, 7ax=^-0Hz, 7g„„=11.5Hz, CHzOAc), 4.26-4.34 (IH, m, 

CHCHzOAc), 5.17 (IH, dq, 7=4.3, 6.4 Hz, CH3CH), 5.99 (IH, s, CHOz), 6.79 (IH, d, 

7=9.0 Hz, NH);

8c (75 MHz; € 0 0 3 ) 17.05 (CH3), 20.54 (CH3), 20.90 (CH3), 52.55 (CH), 62.51 

(CHz), 66.14 (CH), 68.56 (CH), 164.41 (C), 169.99 (C), 170 49 (C).

(2R, 3R)-1-0-Acetyl-2-N-dichlOToacetamidobutan-1,3-diol (151):

Rf 0.47 (7:3 dichloromethane-ethyl acetate); 

m.p. 88-89“C (without further purification);

ÔH (300 MHz; DgO) 1.21 (3H, d, 7=6.4 Hz, CH3CH), 2.09 (3H, s, CH3CO), 4.01-4.16 

(2H, m, CHCHzOAc and CH3CH), 4.26 (IH, ABX system, 7bx=7.3 Hz, 7,^=11.4 Hz, 

CHzOAc), 4.29 (IH, ABX system, 7ax=5.6Hz, 7,^-11.4 Hz, CHzOAc), 6.38 (IH, s, 

CHQz);

Sc (75 MHz; DgC) 21.50 (CH3), 22.82 (CH3), 57.12 (CH), 66.45 (CHj), 68.45 (CH), 

68.76 (CH), 170.04 (C), 176.55 (C).

(2R, 3R)-3-0-Acetyl-2-N-dichlcaoacetamidobutan-l,3-diol (152):

Rf 0.35 (7:3 dichloromethane-ethyl acetate);
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8h (300 MHz; DzO) 1.27 (3H, d, 7=6.4 Hz. CHgCH), 2.09 (3H, s. CH3 CO), 3.66 (IH, 

ABX system, 7bx=7.1 Hz, 7^ .=! 1.8 Hz, CHgOH), 3.72 (IH, ABX system, 7^= 51 Hz, 

7^=11.8 Hz, CH2OH), 4.04-4.15 (IH, m, CHCHzOH), 5.11 (IH, dq, 7=5.4 Hz, 

6.4 Hz, CH3CH), 6.37 (IH, s, CHClz).
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6.6 KINETIC STUDIES 

6.6: Preparation of TSE Buffer

TSE buff»: was made from 50 mM tris(hydroxymethyl)aminontethane (TRIS), 100 mM 

rodium chloride and 0.1 mM ethylenediaminetetra actetic acid disodium salt (EDTA) in 

distilled water. The pH was adusted to 7.5 with conc. HQ.

6.6Ü Preparation of Acetyl CoA

Ctoenzyme A (100 mg) was added to distilled wat» (7 ml) ami KHCO3 (1 M, 1 ml) 

cooled in ice. Acetic anhydride (25 pi) was added and the soluticm was vortexed 

imntediately. The solution was left to stand on ice for 10 min.. The concentration of 

remaining CtoA was cho l̂œd by finding the at^orbance at 412 nm at 25®C for 10 pi of 

the AcCoA solution in TSE buff» (990 pi) confining 1 mmol 5,5'-dithiobis-2- 

nitrobenzoic acid (DTNB). The absorbance was <0.02 and so the soluticm was assajted 

for AcCoA. The assay mixture was made up from TSE and 1 mM DTNB (935 pi), 

0.25 mM chloian^henicol (50 pi of 5 mM), the AcCoA soluticm (5 pi) aid CAT (10 pi). 

The concentration of acetyl CoA was determined by finding the absorbance at 260 nm at 

25®C (£260=15.4x10  ̂M‘^cm"i), and it was diluted to 10 mM. Acetyl CoA was stored at 

-20®C as 5(X) pi aliquots.

6.6III Assay of CAT Activity

CAT activity was assayW spectrophotometrically at 25®C by ntonitoring the release of 

CtoASH by reaction with DTNB. One unit of enzyn» activity is defined as the anmunt 

that will convert 1 pntol of chlcnamphenicol to prcduct p »  minute. The standard assay 

mixture œntained TSE buffer (930 pi containing 1 mM DTNB), 0.4 mM acetyl CîoA
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(40 pi of 10 mM) and 0.1 mM chloramphenicol (20 pi of 5 mM). The reaction was 

initiated by the addition of CAT (10 pi) and was monitored at 412 nm.

6 .6 ÎV  Kinetic Analyds

Measurement of the linear initial rates of aœtylation of the chloramphenicol analogues 

employai the same conditions used in the CAT standard assay but over various 

concentrations. Hie assay mixtures w»e made up from four substrate concentrations 

(which ranged from « 0.5xK^-8xK,„) and four AcCoA concentrations (25 pM, 50 pM, 

100 pM and 400 pM). Each rate was measured in triplicate giving a total of 48 assay 

mixtures per substrate. Kinetic parameters were determined from Uitear s lc^  md 

intocept replots from manually drawn double-reciprocal plots.̂ ^
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