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i
SUMMARY

This thesis is concerned with the asymmetric reduction of

achiral substrates to chiral products on a preparative scale.

In the first case dihydrofolate reductase was used to

catalyse the conversion of 7,8-dihydrofolic acid into (6S)-

5,6,7, B-tetrahydrofolic acid. The required coenzyme,NADPH,

was recycled 1100 fold in ~ using coupled enzymeteclmiques.

The reaction was quantitative and complete stereospecificity was

demonstrated using chiml naphthyl isocyanates and HPLC. (6R)-
5,10-Methenyltetrahydrofolate was isolated in 2~ yield and

hydrolysed to give (6S)-5-for.myltetrahydrofolate. The necessary

enzymeswere immobilised for recovery and re-use. However,

despite extensive experimentation, a sufficiently active immobilised

dihydrofolate reductase could not be obtained. This was primarily

due to the low intrinsic activity of the enzyme.

To complementthe enzymic studies the chiml chemical reduction

of dihydrofolic acid was investigated. The sepamtion of the 06

epimers was thus particularly important for the assessment of the

efficiency of the chiral reagents. Two types were investigated

a) borate complexesof PJ..aminoalcohols and b) triacycloxyborohydrides

prepared f:romchiral amino acids. The fomer gave modest chiral

induction (up to 18>foisomeric excess) whilst the latter were inert.

The enzymic :route would therefore seemto be the best available.

In the second case tetrahydropyran- 3-one was reduced using

the chiral catalytlcp:roperties of the enzymehorse liver alcohol

dehydrogenase. The coenzyme,NA.DH, was recycled 800 fold using



ii

the samemethodologyas for NADPH. Tetrahydropyran-3-o1 was

obtained in 4~~enantiomeric excess. Acetolysis of the chiral

brosylate was undertaken to ascertain whether R20,3anchiomeric

assistance was operating duxing the reaction. This suggestion

had previously been auzmi.aed from kinetic results. Racemisation

occu:rred during the solvolysis arguing against neighbouring group

participation.



CHAPTER 1



INTRODUCTION 1.

The biological properties of organic molecules depend, in

~arge measure, on their stereochemistry. This is true for drugs,

iT'J!=!ecticides,plant growth regulators, perfumes and flavouring

compounds. Thus the biological activity of one enantiomer often

differs completely from that of its mirror image. That there is

a need for efficient ways of preparing active substances of

high stereochemical purity can be demonstrated by example. The

thalidomide tragedy was probably caused by use of the mcemic drug

for it has nowbeen shown, at least in animals, that teratogenic

activity comesonly from the ~isomer (1.1); the R !oxm(1.2)
1

leads to no defo~ties.

o~~~
H/ 0 ~o

(S)-Thalidomide (1.1) (R)-Thalidomide (1.2)

In the broadest sense any preparation of a chim1 molecule

can be re.garded as an asymmetric synthesis. However, this

project is concerned with as,ymmetricsynthesis based on the

following definition: 'Asymmetricsynthesis is a reaction in

which an achiml unit in an ensemble of substmte molecules is

converted by a reactant into a chim1 unit in such a way that the
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stereoisomeric products (enantiomeric or diastereomeric) are

2
formed in unequal amounts'. This definition therefore excludes

those methodsbased on resolution or on use of a building

block from the chiral pool such as aminoacids, s~rs, terpenes

etc.

Weare concerned then ,wi th stoichiometric or catalytic

synthesis using chiral reagents. These methodsare genemlly

subclassified into microbiological/enzy.matic methodsand chemical

methods. It is pertinent to note that this distinction is not

real ,in that all methodsof preparing optically active compounds

are ultimately dependent on materials of natuml origin. The

requirements for an efficient a~etric synthesis have been
~

reviewed by Eliel.

(a) The s,y.nthesismust lead to the desired enantiomer

with high stereo selectivity and high yield.

(b) The chiml product must be readily sepamble from the

chiral reagent.

(c) Unless the chiml reagent is muchcheaper than the

product it must be capable of being recovered with

undiminished optical purl ty •

Wecan further expoundand state that it wouldbe desimble

to use a chiral reagent which is catalytically active because then,

in principle, an unlimited amountof chiral product could be

produced. 'Whileenzymesfit most of the criteria listed above,

their use in vitro can be difficult. However,if a sui table

system can be fomulated, their ability as chiral catalysts cannot

be surpassed.
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The use of chirally modified chemical reagents to effect

stereospecific reactions is also a fast growing research area.

High optical yields can be accomplished (greater than 9QJ,-b) but

muchworkmust be done to find general methods. The optimisation

of optical yields remains essentially empirical, requiring many

experiments.

These matters are discussed in general detail in the

following sections of this chapter. The particular topics chosen

for extensive review are those most directly related to the principal

subject matter of this thesis. This mainly involves a study of

the asymmetric reduction of a derivative of folic acid. The

section dealing with en~e mediated synthesis extends beyond

the brief of asymmetrio reduction. This was done mainly because

it was felt that the DOvelty of the subjeot required a more

complete review.
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CHIRAL METAL HYDRIDE COMPLEXES

The use of metal hydrides in which chiral organic moieties

are ligated to the metal is perhaps the most familiar methodof

effecting asymmetric reduction. The use of reagents derived

from lithium aluminiumhydride (LAH)is well documentedin
4

reviews of asyrrnnetric synthesis. Borane and borohydride
5

derivatives have received less attention.

Briefly, lithium aluminiumhydride has been modified with
6

chiral alcohols (including carbohyd:re.tesand diols) 1,2-a.mino
7 8

alcohols, and amines • The bidentate ligands seempreferable

as they showless tendency to dissociate and also form a fairly

rigid structure leading to higher stereo selecti vi ty. These

reagents are effective in inducing asyrrnnetryin the reduction of

the stereoheterotopic faces of the carbonylgroup of aldehydes

and phenyl alkyl ketones. Someexamples are given for the

reduction of acetophenone using a reagent derived from a chiral
7b

oxazoline (Scheme1.1) and a reagent prepared from a chiral
8a

di-amine (Scheme1. 2)•

LAH- Li~ ~Ph A1H8
N , 2

1o 2

j PhCOMe
-780, TH F

Scheme(l,l)

/OH
Ph -C ---M\ e

H
(R) 6~~e,e., 81%yield



e
!\N-" ..··H'N~ + LAH- ....
H N-Ph

H

5.

Ph COMe
-100°, Et20

(s) 920A e.e., 93% yield

Scheme(1,2)

A more recent development has been the use of chira.l hydride

reagents prepared from Ii thi umal umini umhydride and (S)( - )-2,2 '-

dihydroxy-l,l '-dinaphthyl and ethanol. Enantiomeric excesses (e. e)·
9

of as high as 100'A were achieved in the reduction of acetophenone,

The reactivity and solubility properties of deri vati ves based

on lithium aluminiumhydride confines their use to ethereal solvents.

These reasons maketheir use unsuitable for the proposed reaction

and they are not discussed further.

Chira.l Trialkyl Bore.nes

Certain B-alkyl-9-borabicyclo[3.3,l]nonanes (B-alkyl-9-BBN)
10

were shownto reduce benzaldehyde under mild conditions. This

observation was extended to the reduction of l-deuteriobenzaldehyde
11

using various chira.l alkyl-9-BBN reagents, Optically active

terpenes were used to prepare the reagent, (+)-a:-pinene(1'3) being the

most effective.
IE Enantiomeric excess is defined as the percentage of the major

isomer present minus the percentage of the minor isomer. It
is usually (but not always) equivalent to optical purity which,
expressed as a percentage,is defined as the rotation of the
product divided by the rotation of the pum isomer x 100.
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In the reduction with B-3-pinanyl-BBN(1.4) the (S)-a.lcohol was

produced in effectively lOQP~optical yield. The availability of

the deuteriated borane reagent also allowed the preparation of a

variety of chira.l deuterioalcohols from the corresponding aldehydes

in e. e. 's ranging from 7l-l0a>~ (Scheme1. 3)• The products are

used for mechanistic studies in chemistry and biochemistry.

~ + H-SJ)
1.3 1.4

IPhCOD

Scheme(1.3)

B-3-pinanyl-BBN(1.4) will also reduce a variety of a:,~-a.cetylenic
12

ketones to the corresponding propargy'lic alcohols. in 73-10a>~e.e •

. These chiral alcohols are useful synthetic intemediates. For

example 4-substi tuted- 'I-lactones (often found as phe:romonal

consti tuents) can be prepared in this manner. (Scheme1.4). 1~



"~'BJ)
Et ~=C-C02Et + ----.Et C-C-CO Et·'C/"_ , ./ = 2"C

~ Hif 'OH

!1.Pd/C2. H+

7.

Scheme(1.4)

The asymmetric reduction of aliphatic ketones with reagent (1.4)

was less satisfactor,y. Slower reaction times led to dissociation

of the reagent and consequently racemic products resulted. Recently
14

Brown circumvented this problem by using the material neat rather

than in solution. Ketones of the type R.CO.Mewhere R = alkyl,

ar,yl, alkenyl, and oxoalkyl were reduced with fair optical yields.

For e:xample, 2-butanone and 2-octanone were reduced to the

corresponding alcohols in good yields and with 40 and 44% e.e.

respectively.

There a:re no reports of the use of these compoundsfor the

asymmetric reduction of imines. Since reduction of this particular

functional group is central to a large part of this :research project,

these reagents have not been emmined further.

Amineand Amino-a.lcohol l30rane Complexes
15

Amineborane complexes have been studied as reducing agents

for alkenes, carbonyl groups,and imines. These hydrides demonstrate
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good thennal and hydrolytic stability and are soluble in a

variety of protic and aprotic solvents. Application of these

complexes to the asymmetric reduction of ketones was first reported
16

in 1969. The chiral amine ephedrine wasused to prepare the

reagent and modest chiral inductions of ~;6e. e. were achieved.

Similar experiments have been carried out using borane complexes
17,18

prepared from (R) and (S) - d-methylbenzylamine or from
19

d-amino esters in the presence of boron trifluoride ethemte.

Up to 2a>;6e. e. was achieved in the asymmetric reduction of ketones.

These studies have been extended to the use of alko:xyamine
20,21,22

boranes derived from chiral 1, 2-a.minoaloohols (Soheme1.5).

(S)- amino aoid

+

Soheme(1,5)
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It is suggested that the reagents consist of a relatively rigid
5-membered ring as shown (Scheme 1.5). Recent work, however, has

23cast some doubt on the validity of this structure.
~tever the structure,reagents derived from (S)-~no acids

(proline, valine, leucine,and phenylalanine) were successful in
ti!1reducing ar,ylketones stereoselectively (eqn. 1.1).

THF/30°
60h

OH
I

Et -- - C (Eqn... 1.1)

Ph'" 'H
~~ e.e., lO~~ yield

This work was extended to the use of the reagent prepared from
22(S)(-)-2-amino-3-methyl-l,1-diphenylbutan-l--ol (1.5) and borane.

Ph

OH
H
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Aminoalcohol (1.5) was prepared from (S)-valine methyl

ester hydrochloride and an excess of phenyl magnesiumbromide.

The hydride reduced acetophenone and propiophenone to the

corresponding optically active (R)- alcohols in 94% e.e.

The possibility of using these reagents in an aqueous

environment extends their versatility, and their reported utility

for the reduction of imines S1l8gests that they might well be

useful in the proposed research.

To aid recovery of the chiral miety polymeric deti vati ves

have been prepared. Chiral boranes attached to a polymeric
24

backbone save low optical yields but a chiral 1,2-amino alcohol

attached to chloromethylated polystyrene gel (Scheme1.6) save

good optical yields (6()l~ e.e.) in the reduction of propiophenone.

The ability to induce asymmetrydid not diminish on re-use at
25

least twice.

~OH
H H

+

Scheme(1,6)
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Chiral Borohydrides

Sodiumborohydride i tsel!' has been used to ef'!'ect asymmetric

reduction of ketones in a phase transfer reaction using an
26

optically active 'onium' salt. For example,using benz,yl

quininium chloride (1.6) t-butyl phenyl ketone was reduced to the

corresponding alcohol in 3~A e.e. and. 95% yield.

MeO
(1.6)

SodiumboroIvdride in the presence of bovine serum albumin
27

(BSA)also reduced aryl ketones in f'air optical yield (eqn 1.2

and 1.3).

NaBHL.
H~',;.C ,...CH3

(Eqn. 1.2)

BSA
6~ e.e.

0 ,OH,

Me It CH3
" (Eqn. 1.3)

6&;6e.e.



The high optical induction in these cases is probably due

to the fact that naphthalene itself is a spod guest compoundfor

bovine serum albumin.

It is generally true that the less reactive a reagent is, the

more selective it will be. This is certainly a concept to bear

in mindwhenthe synthesis of any chiral reducing agent is

contemplated. For example, acyloxy borohydrides, in particular

sodiumtriacetoxy borohydride, will reduce aldehydes but not
28

ketones; this is in contrast with most other hydrides. The

reagent is prepared from sodiumborohydride and acetic acid in the

ratio 1:3 to give Na.BH(OAc)3.Themild reducing characteristics

maybe attributed both to the bulky nature of the reagent and

the inductive electron-withdrawing ability of the three acetoxy

groups which stabilise the boron hydrogen bond. It wouldbe

reasonable to suppose that asymmetric induction might be achieved,

using these types of reducing agent, if the carboxylic acid

was chiral.

An acyloxy intemediate has indeed been suggested in an

asymmetric reducing system comprised of sodiumborohydride, a

carboxylic aci~and 1,2:5,6-di-O-cyclohexylidene-D-giucofuxanose
29

(:ocmF) (1.7).
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HO
o 0

6
(1.1)

Aryl ketones are reduced in 35-50>~e.e. using this system

and the initial formation of an acyloxy borohydride was suspected

(Scheme1.1).

RC02H~ Na~
fast

o
II e

O-C-R
I

BH3

R*OH
2-3h

~
e' 0R*OH II e

Naffi O-C-R Na~ O-C-R
I • 5h IH2B-OR H-B-OR*

I

Scheme{lz12 OR·
* = Chiral Centre

Surprisingly it was reported that similar reductions using

sodiumborohydride and a chiral carboxylic acid gave only a few

percent asymmetric product. Perhaps this was because only one
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equivalent of the acid was used therefore leaving three 'active

hydrides', not increasing the bulk to a great extent and thus the

reagent mayhave been too reactive.

It has been demonst~ted more recently in fact that the

reaction of N-acyl-a-amino acids with sodiumborohydride, in the
!O

~tio of 3:1, leads to a~etric reducing agents (eqn. 1.4).

(Eqn. 1.4)

These derivatives were effective in the reduction of cyclic

imines. For example, in the reduction of 3,4-d1hydroiBoquinoline

derivatives (eqn 1.5) 85-9(Jl~yields and 70-00}6 e.e. were

achieved.

MeO MeG
MeG MeO (Eqn. 1.5)

R
R = methyl,

3,4-methylened1oxyphenyl or
3,4-dimethoxyphenyl
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These hydrides are also effective in reducingketones giving chiral

~1
alcohols in 8~1o yields and 6~1o e.e.

A further extension of the selectivity/reactivity principle

has been the recent developmentof trialkyl borohydrides
~2

(Scheme1.8).

tBuLi
-780

+)=
Scheme(1.8)

The reagent, lithium B-3-pin.anylBEN hydride,reduces

dialkyl ketones in 3-37%e.e. A modified reagent using the

benzyl ether of 6,6-dimethylbicyclo[3.l.l]hept-2-ene-2-ethanol

and 9-BBN has recently been shown to be more effective for
33

aliphatic ketones (eqn 1.6)

o
II

R- C-R' + LiEe
H.. ,OH
.",C.....R R'

(Eqn. 1.6)
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For example, 2-butanone and 2-octanone are reduced to the (S)-
alcohols in 76 and 7~1oe.e. and 70-80010yields.

It is generally true that most of the above reagents are
only effective in the a~etric reduction of aryl ketones. This
is presumably because the bulk of the aromatic ring allows better
chiral distinction. Newer hydrides have gone some way to being
effective in reducing aliphatic ketones and at least one type of
derivative is able to induce a~etry in the reduction of cyclic
imines.
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OHIRAL HOMOGENEOUS HYDROGENATION CATALygrS

In 1968 two gxoups independently reported that the Wilkinson

catalyst Rh(PPh3)301 could be adapted to asymmetric hydrogenation
34

by using chi:ra.1phosphines as ligands. The rise of asymmetric

homogeneoushydrogenation of prochiral olefins is nowwell
2,4,35

documented. At first it was expected that it would be

necessar,y to have chi:ra.lity directly on the phosphorus atom but the

majority of systems in use today oonsist of chelating diphosphines

joined by a chi:ra.l backbone. They can be looked at, whencomp1exed

with rhodium, as a wayof arranging four phenyl groups around a

metal centre in a chiral conformation. The catalysts themeelves

are prepared by reacting the phosphine ligand with rhodium1,5-

cyclooctadiene dichloride.

Initial efforts on simple olefins gave modest asymmetric
34

induction and the problem becameone of matching substrate to

catalyst. The bill was filled by ex-a.cetamidoacrylicacids, the

enamide precursors of ex-aminoacids. It is indeed fortunate

that asymmetrycould be generated in such an important area by

what are, after all, essentially simple catalysts. Enantiomeric

excesses of over 90ltb can usually be obtained if the following

structural features are present (l.e):

o
II

R, /X-C'yC=C
H/ 'Z

(1. e)

x = NH,O,CH2
Y = R, OR
Z = Electron-withdDawing

group
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The nature of X and Y do not seemto be crucial but Z should

be an electron-withdrawing group and R should be ~ to Z. The

carbonyl group (or equivalent) is necessary since it probably

fODmsa point of attaohment to the metal. It should be borne in

mind that the oonoept of substrate tailoring,as employedhere, is

aooeptable so long as the s,ynthesis of the substrate is effioient.

WhenR is aromatio ,for example o:-acetamidooinnamioacid,

the synthesis of the enamide from the corresponding aldehyde
36

gives good yields (Scheme1.9).

Ph_C'lO + r02H (CH3CO)20

'H HNCOCH3 CH3C02Na

/NHCOCH3
PhCH =C

'C02H
heat

Soheme(1.9)

WhenR is aliphatic condensation yields are so poor that

the gain in avoiding resolution is often lost in the synthesis

of the substrate. Thus the amino acid route is only pmctically

viable for (Z)-cinnamio acid derivatives (Scheme1.10).
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Ph, /NHCORC=c
H/ 'C02H

H2•
cat.

acid
hydrolysis

Scheme (1, 101

All of the ligands shown below behave similarly in such systems.

Ligand % e.e. in reduction of
«-acetamidoacrylic acid

ref.

37

R,R-D10P (1.9)
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Ligand % e,e, in reduction of
q-acetamidoacrylic acid

Ref,

Ph
, . 1

cp---Q-aniSY

P"··Ph
~
Q-anisyl

95 38

R,R-DIPAMP (1.10)

95+ 39

CHIRAPHOS(1.11)

P(Ph)2
a=P(Phl2

H---C - NMeZ (OH)M/
93 40

BPP.FA (BPPFOH) (1.12)

91 41
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The above diphosphines represent the major innovations in the

field.

Asymmetrichydrogenation of ketones works best for

functionalised substrates. Onemight speculate that the types

of substrate that produce high enantiomeric excesses (1.14 and

1.15) do so because they generate a secondary interaction with

the rhodium to produce a chelating effect muchlike that of the

functionalised olefins described above.

o
II

/c /OR
R 'C

IIo
o-C/,NHR

~ o

(1.15)

Such structural feat~s are present in a-keto acids and

esters and a-amino ketones. Thus pantolactone, the key

intemediate in the synthesis of pantheine and ooenzymeA, was
42

syntmsised using RhfBPPM(1.13) (eqn. 1.7).
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01;;0
o

.. HO.f;?
H 0

(Eqn. I.?)
Rh/BPPM

87% e.e.

Epinephrine, an a:-aminoalcohol, was synthesised by reduction of
43

the oorresponding ketone using Rh,IBPPFOH(1.12) (eqn 1.S) •

H0:o-0 MeII I
HO '/_ \ C-CH2NH

100%yield, 9~ e.e.
(Eqn. 1.8)

Pyruvio aoid,whioh asain contains the neoesBal.'Ystruotuml features,

was b¥dmgenated using Rh/BPPFOH(1.12) to gi.va the corresponding
44

(R)..b¥d:roxyaoid in 100l~yield and S3%e.e. (eqn. 1.9).
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o
II

H2 le-OH
CH3-C (Eqn. 1.9)

Rh/BPPFOH ~"-OH
H

The ability of the BPPFOH(1.12) ligand to cause high

asymmetric induction can probably be ascribed to the hydrogen

bonding which is possible between the carbonyl group on a substrate

and the hydro:xygroup on BPPFOH(1.12). This may increase

confonnational rigidity in diastereomeric transition states or

intennediates.
45

Recently Kumada has applied the concept of substrate

tailoring to generate secondary alkyl alcohols from ketones.

The trick was to generate enol diphenyl phosphina.tes where P=O

replaces C=Oin the idealised substrate (Scheme1.11).

H2
Rh/BPPFOH

1.MeLi

ill: = Chiral centre
Scheme(1.11)
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Enantiomeric excesses of up to 7fJ% were obtained using

ketones such as acetophenone, 3-methyl-2-butanone, and ~-octanone.

Of course, this represents hydrogenation of an olefin bearing

a latent hydroxyl group rather than direct reduction of a

carbonyl group and thus depends on being able to makethe substrate

easily.

The direct reduction of imines has received little study
46

since chiral amines are accessible by reduotion of enamides.

Howeverthe potential is clearly there and it would probably be

the case that those ohiral catalysts most effeotive in reduoing

the carbonyl group wouldbe useful in reducing the imino group,

These catalysts can also be immobilised on a polymer

backbonewith little loss in optical efficiency, thus facilitating
47

product recover,y and catalyst renewal.

In summar,ythese asymmetric reducing agents are catalytically

active and can be madeinsoluble with little loss in efficiency.

They do, however, exhibit a narrow substmte specificity but

perhaps this is only to be expected. The ability to generate high

optical yields and to do so on a wide range of substmtes are

contradictor,y requirements. In other words the substrate and

catalyst becomespecific. Other ways of achieving a chiral

catalyst, for example resolving a tetrahedml complexwith four

different groups around the metal, could be investisated.
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ENZYMES

The opportunities provided by enzymas (either cell free or

in growing microorganisms) for effecting asymmetric synthesis
48

have been recognised and explbi ted. Enzymesare usually very

selective with respect to the type of reaction they catalyse and

with respect to the structure and stereochemistry of the substrate

and product. This specificity is what distinguishes enzymesfrom

other chiral catalysts or reagents and is a consequence of the

detailed three dimensional arDangementof the optically active

amino acids which makeup the protein. Thus the reactive groupings

which constitute the active site (hydrophobic pockets, char.ged

species, nucleophiles etc.) are arranged 80 as to maximise the

energy difference between the diastereomeric enzyme-substrate

transition states. This can, for example, lead to complete chiral

distinction in the reduction of the stereoheterotopic faces of

a trigonal grouping.
49

Types of Enzyme-CatalysedReactions

(a) Oxidoreductases. These enzymescatalyse oxygenation such

as C-H--+ C-OH,or removal or addition of h;ydrogenatom

equivalents, for example CH(OH)~ C:::().

(b) Transfel.'88·ea, The transfer of various groups such as

aldeh;yde, ketone, sugar, phosphoryl and so on, from one

molecule to another ,are mediated by enzymesof this g:rouP.

(c) lzy'drolases. The range is broad; esters, a.mides, peptides,

anhydrides,and glycosides for example,are hydrolysed by

enzymes.
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(d) Lyases. Enzymesof this group catalyse additions to, or

formation of, double bonds such as C~, C=O,andC=N.

(e» Tsomerases. Various types of isomerisation, including

racemisat Lon, are catalysed.

If) Ligases. These enzymesmediate the fo~tion of 0-0,

C-s,and C-Nbonds.

The most useful enzymesare those which tolerate broad

structural variation within their substrates while retaining the

abili ty to operate stereospecifically or regiospecifically. In
48a,50

general mammalianenzymesfit these criteria best.

Exploitation of enzymespecificity in organic ~the~

The traditional ~les of enzymeshave been (a) in the

preparation of stereospecifically labelled materials for use in
51

biosynthetic studies as exemplified by the work of Battersby
52

and Comforth ,or (b) in effecting resolutions of racemic

mixtures, for example selective hydrolysis of (S)-acyl amino

acids in an (R,S) mixture. Recent work howeverhas suggested

a growing trend towards what maybe the true potential of ~ vitro

enzymemediated synthesis: namely the production of chiml

intemediates for further elabora.tion by conventional synthetic

methods. There is nothing newin this ideology of course.

Chemists are well versed in plagiarism (nature being the original

author) and will happily exploit the chimlity present in the

naturally occurring building blocks (amino acids, terpenes,

carbohydrates) in pursuit of a synthetic goal. The differenoe

in the above approach is that instead of scavenging for a sui table

naturally oCC"J.rringstarting material, the chemist maybe able
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to manufacture an intermediate with chirality and functionality

more immediately akin to the problem in hand.

Beloware given selected examples of the value of en~es in

the production of chiral templates and their use in an overall

s.y.nthetic strategy. The examples are all similar in that (a) the

enz,ymemediated step relies on exploiting the prochiral stereo-

specificities of enzymesand (b) the chiral product is prepared

from a symmetricmolecule (therefore all substrate can be

converted to product, there is no residual 'wrong' isomer which

must often be discarded). The types of reactions that have

been successfully used are: enantiotopically selective

oxidation, reduction,or hydrolysis. Examplesof these are now

given.

(a) Oxidation of monocyclicmeso diols catalysed by horse liver

alcohol dehydrogenase (BLADE:)provides a direct and convenient
53

one-step :route to a broad range of chiml-1 -Lactonea, (eqn 1.10).

Oxidation of the hydroxymetbyl group attached to the (S)

NAl)$
FMNrecycling

.. ((,OH
lJ.-CHO

~
OH

R OHITOH HLADH

HLADH CQ
o

(Eqn. 1.10)



chiral centre occurs exclusively leading to a hemi-acetal which
2S.

high yields with complete optical purity.
is further oxidised in situ. The pure lactones are ieolated in

r-('OH
~OH cQo

(+)-lS,2R (1.19)
(1.16)

XCO
H

OH xq
o

(-)-lR,2S (1.20)
(1.17)

CCO
H

OH CQ
o(r.as)

90'/0y, 100'/0e.e.

7l%y,100%e.e.

7~/o y, lOOl~e.e.

(+)-lS,2R (1.21)
These are useful synthetic inte:mediates. The cyclobutyl lactone
(1.19) for example has been converted into enantiomerically pure
grandiaol (1.22), the boll weevil sex phe:romone, in ,;6 overall

~4yield.

(+)-(lR,2S)-grandieol (1.22)
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Similarly the dimethylcyclopropyl lactone (1.20), which is

readily transformed into (+)-(lR,2S)-cis-methyl chrysanthemate
(1.23) (eqn 1.11), leads into the pyrethroids, a group of

55insecticides of growing commercial importance.

~ o

1)KOH/MeOH
2) CH2N2
3)PCC
4)Ph3P=C(CH3)2

(Eqn. 1.11)

(1.20)

'6Non-cyclic dio1s are also oxidised to lactones.

o~
64% y, 100>,.,6 e. e.

(1.24) (1.26)

H~H
HO OH

(1.25)

oYaf 6~ y, 100>,.,6 e.e.

(1.27)
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Lactone (1.27) for example could be an intermediate for the

57macrolide antibiotic methyno1ide. It could also be elaborated
58into multistriattn- (1.28), the elm bark beetle pheromone.

(lS:2R:4S:5R)(-)-«-multistriatin (1.28)

(b) Selective reduction: HLA.DH has been shown to be an
effective catalyst in the reduction of heterocyclic analogues
of its carbocyc1io substrates. For example, reduction of

59 60pyranones (eqn 1.12) or thiopyranones (eqn 1.13) yield

.a 6HLADH
~ NAO(f) w 0 .•+

the corresponding chi:re.lalcohols in high optical pur! ty.OH:
~ (Eqn. 1.12)
~O,l"

QH
~+

EtOH recyoling 2R,4S
33%1",10(0),e.e.

2S,4S
2Ok,3&),e.e.

0 0 OH OH
0 0-,+

I IHLADH I I

NAtfo" U +Cl (Eqn. 1.13)
SS"

EtOH recycling 2R,4R 2S,4S
290k,100l),e•e. ll~,l00%e.e.
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The thioalcohols are particularly useful since they are

amenable to modification using sulphur chemistry. The sulphur

can be removedusing Raneynickel giving acyclic secondary alcohols

which cannot be obtained by direct BLADHcatalysed reduction of

the corresponding ketones (eqn 1.14).

OH
I

Q-,
Raney Ni

OH
I

~ (Eqn. 1.14)

( +)-3S
OH
I

~

Reduction of cis and tre.ns decalindiones using HLADH gives
61useful precursors for steroidal or terpenoid structures (eqn 1.15).

°roG 0 H OHHLADH
NAD(f) (Eqn. 1.15)
EtOH recycling H

89D~y, 100% e.e.
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Similarly,reduction of decalindione (1,29) by the

microorganism Ourvularia falcata gave an intennediate (1,32)

used in the total synthesis of the hypocha1eetero1emic agent
62(+)-compactin (1,33) (Scheme 1,12),

C, fa1cata

(-) (1,30)

•

PhCH20 H
(1,31)

HO~O
H 0 H-- "---0

A!'A ·~ T '0 I

I CH3

(+) Compactin (1,33) Scheme (1,12) (1,32)
Reduction of (,.:t) (1,29) by this method gave (-) (1.30) in

3a>;tyield and ?-()()l;te,e, after chromatography on silica gel,

Normal reduction on the other hand gave a statistical mixture

of the six diastereomeric alcohols.

(c) Selective hydrolysis: These reactions involve the

enantiotopical1yspecific hydrolysis of one of the prochiral

ester groups in a highly symmetrical molecule, (R)-Metta.1ono-

lactone (1.34) a key biosynthetic intermediate can be
65prepared in this manner (eqn 1,15). The pro(S) ester group

is hydrolysed.



HO CH3X Chymotrypsinr 1 or
Me02C C02Me Pig liver

esterase
(PLE)

33.

HO.x_CH3 HXH3
· r I Na/NH3lnl

Me02C C02H 0 0
(1.34)

(Eqn. 1.15)

Partial stru.ctuml units commonlyencountered in macrolide

and polyether antibiotics can also be prepared in this fashion
64

(eqn 1.16).

G.Rose'lml

(esterase)

98}6 e ,e ,

The pm (R) ester being h\Y'drolysedin this case.

The preparation of a chiral azetidone moiety (1. 37) for

elaboration into ~-lactam antibiotics with a carbapenem

nucleus has been achieved by enzymic hydrolysis of dimeth\Y'l
65

~-amino giutarate (1.35) Scheme(1.13).
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(1.38) (1.39 )

.H,

oj ~1o~e
(1.40 )

Scheme(1.13)

It was found that the primary amino group of the diester

(1.35) catalysed non-enzymic hydl.'olysis and this resulted in

low optical yields (4~A e.e) of the methyl half-ester (1.36).

The problem was overcomeby masking the amino group with benzyl

chlorofonna.te to give the diester (I. 38)• This was hydrolysed

in high optical yield (9&A e.e.) to give the methyl half-ester

(1.39). Interesting1y, the protection of the amino group

resulted in a reversal of enzymespecificity (from the pro (S)

to the pro (R) ester).

Useful inteDmediates for elaboration into O-nucleosides

(which have antiviral, antibiotic,and anti-tumour aotivities) have

been synthesised from the enzymic hydl.'olysis product of the
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diester (1.41) prepared by a Diels-Alder reaction (Scheme1.14).

°
o

°2Me
/, C02Me

(1.42) IPLE
o

(1.41)

C02tBU
II C02H

(1.44)

C02H
h C02Me

(1.43)

HO

HO OH
Scheme(1.14)

(1.46)

The methyl half-ester (1.43) was prepared in 10076yield.

The optical purity was shownto be greater than 98}6 by conversion

to a ribose derivative (which happened to be the k-series). For

entry into the ~series the metbiYlhalt-ester (1.43) was t:ra.nsto:cned

into the t-buty1 ha1f-ester (1.44) of opposite configuration.

Atter decarboxylative oeonolysis and subsequent manipulation

the half ester (1.44) was converted into showdomycin(1.46).

Recently the carbocyclic nuc1eosides (-)~ste1'Omycin a.nd.



(
6@

-)-Neplanocin have been prepared by the above approach.

Co-enzymes

ManY en~es require non-protein co-en~es (or cofactors)
67,68

to be catalytically active. Co-enzymesare consumed in

stoichiometric amounts during the catalytic step and are therefore

co-substrates. The cost of those co-enzymes particularly useful

in enzymemediated organic 8,Ynthesis prohibits their use

stoichiometrically as expendable substrates. Someco-enzymes

refom automatically under nomal conditions (e.g. biotin, oxidised

flavina, and pyridoxal phosphate). Others, such as adenosine

triphosphate (ATP) (1.47), co-en~e A, folic acid,and

nicotinamide adenine di- and triphosphate in both their oxidised

and reduced forms (NAD(P)<i)and NAD(P)Rrespectively, (1.48» must

be continuously regenem ted in !ill.by an efficient method.

Recycling of ATP(1.47) and the nicotinamide co-en~es

(1.48) represented the mOst urgent need in the application of

en~c catalysis to organic synthesis. ATP (1.47) costs

approximately £500jmole; the cost of the nicotinamide cofactors
@

(1.48) ranges from £lOOOjmolefor NAD to £l70,OOOjmolefor NADPH.

Recycling of these co-en~es is discussed below in some detail.

o 0 0 NH2
II II II "N I 'N

be oe 6e 0

I
I HO OH AMP

L-. ------ADP
~-----------------ATP
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R'

H

"

NADH H

HO
NADPH "

(1.48)

48a
NAD(P)Hregeneration

A large number of systems have been proposed and tested for

reduction of the oxidised cofactors. Those based on chemical

reduction, using sodium dithionite for example, or electrochemical
69

reduction are not sufficiently selective to achieve the high
turnovers necessary. It has been found that enzymatic methods

are superior; these maybe designated as coupled-substrate or

coupled-enz,ymetechniques.

Coupled sUbstrate

In such a pmcess the cofactor is refo:z:medby adding a

second substance that is a good substrate for the enzymewhich

catalyses the main reaction, but in the opposite direction. This

has been applied successfully in horse liver alcohol dehydrogenase

(HLADH) catalysed reduction of carbonyl compoundsusing ethanol
~ 48C,d

to recycle the NAD-ll.48) fo:aned (Scheme1.15).
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" c=o
/

,
CH(OH)
/

Scheme(1,15)

This is,however,not a geneDally applicable method because the

tuxnover numbers are fairly low and reaction times fairly long

if the carbonyl compoundis ketonic. This is due to the redox

potential differences between the main and co-substrate.

Coupled enzymes

In this approach the co-enzyme required for the enzyme-

catalysed conversion of the main subst:re.te is refomed by a

completely separate process catalysed by a different enzyme.

As with the schemeoutlined above the auxiliary substrate must

be cheap. The most gene:re.lly applicable process is that

based on glucose-6-phosphate (e-6-P, 1.49) and glucose-6-phosphate

dehydrogenase (e-6-PDH) from Leuconostoc mesenteroides
70

(Scheme1.16).
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main substrate main product

NA1>(P)H NA.D(P)(i)

opot
HO~o.j
HO~OH

G-6-P (1.49)

(1.51)
Scheme(l,16)

The advantages of this system are that G-6-PDHfrom

L. mesenteroides is almost equally effective in reducing NAJ)(fJ

and NA,DP® (1.48), it is stable, inexpensive,and commercially

available. The equilibrium lies on the side of products because

the reaction is rendered essentially irreversible by the non-

enzymichydrolysis of the initially fOl.'med6-phosphogluconolactone

(1.50) to give 6-phosphogluconate (1.51). The schemerequires

preparation of G-6-P (1.49) but this can be readily achieved

by the hexokinase (me) catalysed phosphorylation of glucose with

ATP(1.47) coupled to an ATPrecycling s,ystem(see below).
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ATPregeneration

Again a coupled enzyme technique for phosphorylation of the

ADP (or AMP, 1.47) formed is best (Scheme 1.17). Chemical methods

can be rejected; they are incompatible with enzymes and lack the

specifici ty required to give high turnover numbers.

main substm te main product

ATP ADP

X-phosphate

Scheme (1,17)

The requirements of the scheme shown are for an inexpensive

phosphate donor (X-phosphate) and the corresponding enzyme

X-phosphokinase (X-PK).
71

in table 1.1.

Somepossibilities are listed below

X-PHOSPHATE OOST STA:BILITY MAX. EQUILIBRIUM
OONSTANT

Phosphoenol
pyruvate (PEP)

moderate good 6600

Acetyl phosphate
(AcP)

low fair 400

Oreatine phosphate
(OrP)

moderate good 105

Table 1.1
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Of these,acetyl phosphate was the most attractive phosphate

72
donor because it is readily prepared in quantity. The enzyme

it requires for use in ATP(1.47) regeneration from ADPis

acetate kinase (AX)which is fairly cheap and stable. The

only serious competitor for approx. mole scale work is phosphoenol

pyruvate. A recent synthesis of this phosphate donor which is
73

easier than that of acetyl phosphate has been published. The

cost is, however, higher and acetyl phosphate would be preferred

for large seale work. Phosphoenol pyruvate is more stable in

solution, however, and this makes the recycling simpler in pl.'B.Ctice.

It is also a stronger phosphorylating agent and pyruvate kinase

(PIC)is less expensive than acetate kinase. Methodsbased on

creatine phosphate offer no advantages over the two given above.

EnzymeImmobilisation

Except for small scale work or where the cost of the product

allows, enz,ymesthemselves are too expensive to be treated

as expendable reagents. Recovery of protein from dilute aqueous

solutions is difficult hence the science of enzymeimmobilisation
74

has comeinto being. An enzymeis said to be immobilised

whenit is unable to diffuse freely through the reaction mixture.

It can be attached physically or chemically to an insoluble

support or enclosed within a membrane. While muchresearch has

been devoted to this subject there is no one optimal method

or support. The approach is therefore largely empirical. There
. 74,75

are only isolated cases of success in industrial applications.
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PART I

INTRODUCTION
Folic acid (2.1) is a vitamin. Biological activity is

expressed, co~nzymically, in the reduced forms 7,8-dihyd:ro-
1folic acid (2.2) and (6S)-5,6,7,8-tetrahydrofolic acid (2.3).

Folic acid (2.1)

Dihydrofolic acid (2.2)

Tetrahydrofolic acid (2.3)
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Tetrahydrofolic acid (2.3) is involved in the reversible
transfer of one-carbon units at the oxidation levels of fODDate,

2'3'4formaldehyde, and methanol. The provision and utilisation
of one-carbon fragments, mediated by tetrahydrofol1o acid
derivatives, is summarised in Scheme 2.1.

These one-carbon tetrahydrofolate derivatives are involved
in the ~thesis of pyrimidine and purine nucleotides and hence
of DNA and RNA. The main interest of the work in this thesis
is centred on the fact that a chemotherapeutic treatIIEnt of
some forms of cancer is based on the inhibition of the
bio~thesis of thymine at a step in which a reduced folate
is involved. Thus, reductive methylation of deoxyuridine
monophosphate, dllMP, (2.10) to give deoxytlzymidine monophosphate,
dTMP. (2.11) is catalysed by the enzyme thymidylate synthase.
The:reis concomitant conversion of (6R)-5,10-methylene tetra.-
hydrofolate (2.4) to 7,8-dihydrofolate (2.2) the cofactor serving

'Hias both a one-carbon carrier and a :reductant, (eqn. 2.1).

0 0

~~

HN~CH3
rN-] ~I

®o1:J ®OD N
... [}(~fH ~

~

+ DHF~
(eqn, 2.1)

HO H H HO H
d1:OO'(2.10) (2.4) dTMP (2.11)
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The reaction catalysed by the synthase is highly

stereospecific in that 5,lO-3H,2H methylene tetrahydrofolate
7

yields dTMPwith a chiral methyl group, The reaction is also
8,9

specific for the (6R)-hydrogen. Tetrahydrofolate is

regenerated by reduction of dihydrofolate. This reaction is

catalysed by the en~e dihydrofolate reductase (DBFR); NADPH

is the required co-enzyme. The biosynthesis of dTMPcan thus

be represented as shown (Scheme 2.2).

dUMP dTMP

DHF

Serine
hydroxymethyl
transferase

THF

NADPH + H@J
glycine

serine

Scheme(2,2)
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The cycle is completed by serine hydroxymethyl transferase

which catalyses the reversible transfer of the one-carbon unit
between serine and glycine. In rat liver, approximately 11%
of the ~-carbon of serine is catabolised by way of the folate
cofactor and thus the reaction catalysed by this enzyme is a

10major source of the one-carbon units needed for biosynthesis.
As stated above the prevention of the biosynthesis of thymine

is central to a large part of cancer chemothempy. In
principle, inhibition of any of the three en~tic reactions
involved would achieve this purpose. In clinical practice however,
the inhibition of dihydrofolate reductase is the most effective
measure. The most widely used inhibitor of this enzyme is
methotrexate, 4-amino-IO-methyl-4-deoxyfolic acid (2.12). This
analogue binds to the enzyme approximately 10,000 times more
tightly than does folic acid (2.1). It inhibits competitively.
A degree of selectivity is obtained with the use of this material
in that cancer cells have a greater requirement for DNA synthesis.
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HOwever,the amountof methotrexate (2.12) needed to be effective

means that it is also toxic to normal cells. This problem has

led to the use of 5-fo~1-5,6,7,8-tetrahydrofolate (2.8)
11" 2

(leucovorin) as a rescue agent. This combination therapy

is most effective in the treatment of leukaemia. Thus, after

administration of a high dose of methotrexate the patient is

'rescued' some12 to 24 hours later with leucovorin in the form

of the calcium salt. This by-passes the block of one-carbon

metabolism at the dihydrofolate reductase stage and regenerates

the level of reduced folates in the cel~ With the development

of newer inhibitors of dihydrofolate reductase the use of

this combination therapy seems to be increasing. The calcium

leucovorin in clinical use is a mixture of diastereomers

epimeric at e6.
13

Coa:ulichII!.l reported that separation by

fractional crystallisation of the calcium salts gave one isomer

. [J 26WJ.th «D = -15.1 (c. 1.82, H20). This material had micro

biological activity for Pediococcus cerevisiae. Fontecilla-
1 1

Campset & later prepared 5,1O-methenyltetrahydrofolate (2.5)

from what appeared to be the pure natuml diastereomer of the

calcium salt of 5-fo~ltetrahydrofolate. This calcium
.. 25

leucovorin had [ctJD = -25.2 .:!: 0.4 (c .0.91, H20) and further

recrystallisation did not improve the optical rotation.

Comparedwith a commercial sample of calcium leucovorin this

material had a relative biological potency of 1.95 .1: 1.16 (SO)

using Pediococcus cerevisiae. In addition, the material

was at least twice as effective in the reversal of methotrexate

(2.12) toxicity in mice. The na.tural diastereomer
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of calcium leucovorin was converted into 5,10-methenyltetra-

, 25hydrofolate (2.5), [ccJD = + 11.4": 0.8 (c.0.95, 12NRC1).
X-ray cr,ystallogr.aphyof this compound defined the stereo-
chemistr,yat C-6 as (R). This corresponds to (6S) in natural
tetrahydrofolic acid (2.3).

The separation of the diastereomers by fractional
cr,ystallisation is not easily achieved and rejection of 5~~
of the material is not economically sound. This thesis is
concerned with the preparation of (6S)-5-fo~ltetrahydrofolic
acid (2.8) by asymmetric reduction of the N5-e6 double bond
of a suitable precursor.

The project has potential clinical significance since it
would be of interest to monitor the effect of using the
biologically active diastereomer in chemotherapy. It can be
appreciated that the pure isomer could be twice as effective
as the (6-RS)mirlure in reversing methotrexate (2.12) toxicity.
The situation nay be more complicated however. For example,

14Lear,y et!l found that with thymidylate synthase from L,casei,
the rate of reaction of (6R,S)-5,10-methylene tetrahydrofolic

(
_4 _4acid 2,4) at 3 x 10 M, was 1~~of that obtained with 1.5 x 10 M

of the (6R) isomer. The (65) isomer was shown to be a
competitive inhibitor of the en~e catalysed reaction. The
(65) isomer was also shown to be a non-competitive inhibitor
of the en~e 5,10-methylene tetrahydrofolate dehydrogenase from

15E,coli • So it seems that, in certain cases at least,
the unnatural tetrahydrofolate epimers cannot be regarded as
inert components in an en~e catalysed reaction.
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Synthetic Methods

Two general approaches to the chemical synthesis of
5-fo~ltetrahydrofolic acid (2.8) have been described.
In the first, tetrahydrofolic acid was allowed to react with
for.micacid to give 5,lO-methenyltetrahydrofolic acid (2.5).
This was then hydrolysed to 5-fo~ltetrahydrofolic acid (2.8)
in hot, neutral or alkaline medf.ianwith a reaction time of one

16' t 7hour. Alternatively, lO-fo~l folic acid (2.6) was
catalytically hydrogenated in fo:t'mi.cacid. Treatment of the
5,1O-methenyltetrahydrofolic acid (2.5) so formed with base
i!l~ at elevated temperatures gave 5-fo~l tetrahydrofolic

18acid (2.8). A recent ~thesis, based on optimisation of
Uthe first method has been published. Thus, folic acid

(2.1) was reduced with an excess of sodf.umborohydride to give
tetrahydrofolic acid (2.3), and subsequent treatment with
formic acid gave 5,lO-methenyltetrahydrofolic acid (2.5).
High quality 5-fo~ltetrahydrofolic acid (2.8) resulted from
use of isolated (purified) samples of 5,10-methenyltetrahydrofolic
acid (2.5) and from conversion of the latter into product under
conditions in which the formation of decomposition products was
minimised viz. pH 6.7 for 11 hours. The yield was approximately
4~~from folic acid (2.1) (Scheme 2.3).
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(HO ]o I NH- 0 li£r®'-]
HN~._,..) JH6.7 llh HN~N

H N~N.I1._N) H N~NJlN
2 H 2 H

(2.8)

Scheme (2,3)

In considering the type of reagent to use to effect the
asymmetric reduction, a factor of overriding importance was
the need for the reagent to be compatible with an aqueous
environment, Only one example of the asymmetric reduction of

20folic acid (2,1) has been reported and this made use of an
optically active rhodium catalyst. [(PY)2(amide)RhCl(BH~GiCl~,
py-pyridine. A modest en&ntiomeric excess of the biologically
active diastereomer of tetrahydrofolic acid (2.3)was obtained
using the optically active amide, (-)N-l-phenylethyl formamide.
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While the use of oonventiona1, ohemioa1ohira1 reduoing agents

.;.J.'" considered, and indeed reduotions were later done using

ohira1 hydride reagents, initial experiments were biased in

favour of using the enz.yme,dihydrofo1ate reduotase [EC.1.5.1.3J.

The reasons for this were:

(a) a supply of the enzymewas available,

(b) the required ohira1ity, (S), at C6was ensured,

(0) the enzymeis catalytically aotive, and

(d) the enzymefunotions in an aqueous environment.

The dihydrofo1ate reductase used was isolated from a
21

trimethoprim resistant strain of E.001i (RI' 500). In OOIIDDon

with strains isolated from other sources the en~ exhibits

two pHoptima, at 7.0 and 5.5, for the reduotion of dihydrofolio
4

acid (2.2). The enzymewas available in two separated forms.

Under standard assay oonditions at pH 7.0 and 25~C, form I,

which is more active at pH 7.0, had a speoifio aotivity of

8.65 ufmg of solid (27 Ujmgof protein); form II had a speoifio

aotivity of 3.3 U/mg at pR 7,oand 24.4 UJmgat pH 5.5. Although

the enz.ymatioreduotions were carried out at.......,pH7.0, form II

was used initially sinoe we had a greater supply. The reaction

catalysed by the enzymeis shownin equation 2.2.

Dihydrofolic aoid + NADPH + FP~ Tetrahydrofo1io acid + NAD~

(eqn, 2.2)

Having deoided to effeot the asymmetrio reduotion

enzymically the final route(e) to 5-fo~ltetra.hydrofo1io aoid

(2.8) would depend on the substl:Bte speoificity of the enzyme.

The enz,ymeused will catalyse reduotion of folio aoid (2.1) at
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pH 4.5, requiring 750-fold more en~e to obtain a reaction

21
rate equal to that with dihydrofolic acid (2.2) as a substrate.

The ability of this en~ to reduce 10-formylfolic acid (2.13)

and 10-fo:rmyldihydrofolic acid (2.14) under standard assay

conditions was examfned , A cOIDIllercialsample of 10-fo:rmylfolic

acid (2.13) was re-crystallised from water, the u.v. spectrum
23

was as expected, and the combustion analysis was satisfactory.

(HO
o N-J

HN~N.:-?
~~N,!llNJH2N

(HO
Io N-]

HNAy,N~
H N~NJ.lNJ
2 H

(2.14)

10-Formyldihydrofolic acid {2.14) was prepared by sodium
17

dithionite reduction of this material. The yield was estimated

spectrophotometrically by defo~lating in base to give dihydro-
;S

folic acid (2.2) [(O.IN NaOH)Amax= 283 Dm; € = 20.4 x 10 ];

the yield was ,..._,95%. 10-Formyldihydrofolic acid (2.14) was

not isolated, the concentration required for the en~c assay

being prepared from an aqueous solution. Neither derivative,

at either pH5.0 or 7.0, was a substrate for dihydrofolic

reductase under standard conditions.

The best mute to leucovorin, therefore, seemedto involve

reduction of folic acid (2.1) to dihydrofolic acid (2.2), en~e
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catalysed reduction of this to (6S)-tetrahydrofolic acid (2.3)
and subsequent conversion into 5-formyltetrahydrofolic acid (2.8)
~ 5,lO-methenyltetrahydrofolic acid (2.5). Before setting out
on this course it was deemed wise to prepare (6R,S)-5-formyl-

19tetrahydrofolic acid by the method of Scheme 2.3. Thus,
5,lO-methenyltetrahydrofolic acid chloride was isolated in 5~~
yield. This was converted into calcium (6R,S)-5-formyltetrahydro-
folate in I"V 9(Jl~yield by careful hydrolysis at pH 6.7. It was
discovered that further purification of this material could be
effected by careful precipitation from an aqueous solution by the
addition of ethanol when the impurities precipitated first.
The properties of this material were in keeping with those in

4'19the literature. The HPLC profile was also comparable to that
of a commercial sample. Since this route from tetrahydrofolic
acid (2.3) seemed to present no difficulties the next step was to
consider the problems involved in the large scale reduction of
dihydrofolic acid (2.2) to (6S)-tetrahydrofolic acid (2.3),
catalysed by dihydrofolate reductase.
Enzyme Catalysed Reduction

22Previously, Ma.thews and Huennekens prepared (6S)-
tetrahydrofolic acid (2.3) by the reduction of dihydrofolic acid
(2.2) catalysed by dihydrofolate reductase, isolated from chicken
liver. They recycled the coen~e NADPH approximately 6-fold
using glucose-6-phosphate (2.15) and glucose-6-phosphate
dehydrogenase (G-6-PDH). The reduction was done on 56)l mol of
dihydrofolate and, after DEAE cellulose chromatography, (6S)-
tetrahydrofolic acid (2.3) was isolated in 8~ yield. (Scheme 2.4).
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o HN-]
HN~Ni

H NXN~N
2 H

(2.2)

NADP~

t;I~g3
H01~
HO HO OH

Scheme(2,4)
This seemed an att:ra.otive starting point £or the large

scale enz.ym1osynthesis of (6S)-tetrahydro£olio aoid (2.3).

As mentioned previously the use of glucose-6-phosphate (2.15)

and gluoose-6-phosphate dehydrogenase to reoyole nicotinamide

ooenzymeshas numerous advantages. Muohof the research

direoted towards developing teolmiques whioh would make possible

the use of cofaotor requiring enzymes in organio synthesis has



62.
24

been done by 'Whitesides and co-workers. They have found in

practice that the convenience of this method for recycling

NAJ)(P)Houtweighs the disadvantage of having to prepare glucose-

~phosphate (2.15). Indeed, they have developed methods of

preparing glucose-~phosphate (2.15) m~ by the hexokinase

catalysed phosphorylation of giucose.

The first requirement for the pzoposed methodwas to push

the NADPHrecycling to an extent that would allow the g,ynthesis

of (6S)-tetrahydrofolic acid (2.3) to be economic. Numerous

small scale reactions allowed us to reduce dihydrofolic acid (2.2)

enz.ymically with confidence with up to I,OOO-fold recycling of

NADPH. The :required dihydrofolic acid (2.2) was prepa:red by
25

the method of Futtennan, as modified by Blakley. In practice

the oxidised form of the co-enzyme, NADP~was used since its

solution and storage stability is better than that of NADPH.

The tetrahydrofolic acid (2.3) was not isolated but its formation

was monito:red by reversed phase HPLC. The optical purl ty of

the tetrahyd:rofolic acid (2. 3) so formed was conveniently

estimated by reaction with R-(-)-l-(l-naphthyl)-ethyl isoeyanate
26 27

(2.18) which :reacts by add1tion,cf • at N~of tetrahydrofolate

(equation 2.3). Reverse phase HPLCanalysiS gave good

resolution of the 06 epimers produced by chemical reduction.

A single peak was obtained from the material formed in the

enzymeoatalysed reduction.
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(2.18)

There are a number of other procedures which are effective
for reducing NADP~. 28' 29

Many of these methods have been reviewed.
The use of isocitrate (2.19) and isocitrate dehydrogenase (ICDH)
was studied. The enzyme catalyses the oxidation/decarboxylation
of D-isocitrate to ~-ketoglutarate (2.20) (Scheme 2.5).

Dihydrofolio aoid (6S)-Tetrahydrofolic acid

NADPH

o
e ~COe02( 2

+
(02 (2.20)

H OH
e02(~e(026

H CO-2
(2.19) .

Scheme (2,5)
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As mentioned the disadvantage in using glucose-6-

phosphate /glucose-6-phosphate dehydrogenase as a nicotinamide

",;';jfactorregenerating system is the cost of glucose-6-phosphate

(2.15). However, glucose-6-phosphate (2.15) can be prepared

in quantity by the hexokinase catalysed phosphorylation of
31

glucose (2.21) by ATP, coupled with ATPregeneration.

Acetyl phosphate (2.22) phosphorylates the ADPformed in a

reaction catalysed by the enz.ymeacetate kinase (Scheme2.6).

OH

ADP ATP

o 0
II II _06

CHjOP 'oe
(2.22)

Scheme(2,6)
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In practice ~isocitrate was used for the sake of economy.

In this, and subsequent enz,ymaticreactions, an aqueous solution

of the necessary componentswas used. The pHwas kept at the

desired value (around 1.0) by the addition of hydrochloric acid

or sodiumhydroxide solution, as necessary, using a'pH stat'

apparatus. The reactions were perfolllled under nitrogen with

the inclusion of dithiothreitol; this fulfilled the function of

preventing oxidation of the reduced folates and of essential

thiol groups at, or near, the en~e active site. The reduction

was done on 501JlIIlolof dihydrofolate, using 1.5 units of

dihydrofolate reductase and 0.96 units of isocitrate dehydrogenase;

130-fold recycling of NADPHwas thus achieved. After seven days

the reduction had gone to completion. The reaction mixture was

freeze-dried and the yellow lyophilisate was allowed to react

with formic acid. The crude (6R)-5,10-methenyltetrahydrofolate

(2.5) was purified using DEAEcellulose chl.'omatogmphy,the eluent
30

being 0.1Mformic acid - O.OlMi3-mercaptoethanol. Effluent

fractions exnibi ting a value greater than 1.6 for the mtio of

absorbance 345:310 runin IN-HClwere pooled and lyophilised.

The yellow solid obtained was recrystallised from O.lN BCl - 0.1 M

S-mercaptoethanol, to give 46.15 mg, (24%yield based on

dihydrofolate) of (6R)-5,10-methenyltetrahydrofolate (2.5),
24

[aJn = + 19.2 Z 2.5 (c.0.39, IONHel). This rotation is in fair

agreement with that reported in ref. 1. While this methodwas

eminently suitable for the preparation of research quanti ties of

(6S)-tetrahydrofolic acid (2.3) and derivatives, the procedure

based on glucose-6-phosphate (2.15) held most promise,in economic

te~.for larger scale syntheses.
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An efficient, cheap synthesis of acetyl phosphate (2.22)

was therefore required. Acetyl phosphate has been synthesised

previously from phosphoric acid by acylation with acetyl
32 33 34 35'36chloride , ketene, isopropenyl acetate, and acetic anhydride

37and isolated as the lithium or silver salts. All of these

procedures contain difficult work-up and isolation s~quences.

Two methods involving acylation with ketene or acetic anhydride
38' 39have recently been published. Acetyl phosphate (2.22)

was conveniently isolated as its diammonium salt. Initial

experiments, using ketene or acetic anhydride to acylate

phosphoric acid, failed to produce acetyl phosphate (2.22) of the

required purity. The problem was traced to the purity of the

phosphoric acid used, lOO>~ phosphoric acid being required.

Nei ther dehydmtion of 850,..(syrupy phosphoric acid using phosphorus
40pentoxide nor drying of the crystalline hemihydra tg over

magnesium perchlorate !!! vacuo was effective. Eventually a

method was developed for dehydration of the hemihydrate by heating

to 60°0 under reduced pressure (0.1 mm), in the presence of

pho sphorus pentoxide, for 30 h. It was essential to heat the

material above its melting point (30~) but below lOO~O to prevent

the formation of polyphospbates. On cooling to room temperature

the liquid spontaneously crystallised and this material was then

used immediately in the preparation of acetyl phosphate (2.22)
39using acetic anhydride as the acylating agent (equation 2.4).

Following the published procedure diammonium a.cetyl phosphate was

obtained with 84% purity, corresponding to a 6~~ yield based on
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+ EtOAc
3·7h .o-r

NH3/CH30H
-40-. -20oe

(eqn, 2.4)

phosphoric acid. The purity was estimated by n.m.r. assay
using dioxan as an inter.nal standard. The principal impurities
being acetamide, ammonium acetate, and inorganic phosphate.
Integration of the dioxan peak and of the acetyl protons of
acetyl phosphate (2.22), acetamide, and ammonium acetate allows
calculation of the percentage composition of the solid. It is
important that the acetyl phosphate (2.22) has » 80>;6 purlty
otherwise complexation of Mg(II) by the phosphate impurities
would lower the effectiveness of the en~e catalysed reactions.
It is therefore important to assay the efficiency of the material,
prepared in the above manner, in the en~e catalysed reaction.
The usual assay method for the purity of acetyl phosphate (2.22)
[or any other phosphate donor and indeed for the activity of the
phosphotransfere.se en~esJ involves linking the reaction in
question to another en~tic reaction, which uses a nicotinamide
co-enzyme. This means that the usual continuous spectrophotometric
method can be used. .Such an assay is shown for acetyl phosphate

~9(2.22) (Scheme 2.7). the change in absorbance at 340 nm being
related to the concentration of acetyl phosphate (2.22) used.
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Acetate kinase

hexokinase

- e
ATP+ CH3C02

ADP+ D-glucose-6-phosphate

AcP + ADP

ATP+ D-glucose

~ glucose-6-pho sphattl
D-glucose-6-phosphate + NADP dehydrogenase 6-phospho-D-gluconic

acid + NADPH

Scheme2.7

It was felt that this method was tedious and wasteful in that

the enzymeand substrate solutions prepared have to be made freshly

each day and then discarded. An attempt was thus made to develop

a simpler and less expensive assay based on the HPLC separation

and quantitation of the ATPfoxmed. HPLC has been used for the
41'42'43 44

assay of several enzymes and a review has been publi shed.

The problem then, was one of separation of the adenosine nucleotides

fmm each other and quantitation of ATP~ ADP; this extends the

range of phosphotransferase enzymeswhich could be assayed by this

method.
45

The procedure of De.n.ieleonand Ruth was used and this

involved paired ion chromatography using a :reverse phase column.

A brief description of the ter.ms and materials used in HPLCis

therefore'necessary.

The columns used a:re packed with mi'cmparticulate, functionalised

silica gel. The organic phases are bonded via organochlomsilanes

to form stable siloxy bonds (eqn. 2.5).

(eqn. 2.5)

In reverse phase chromatography the stationary phase is non-

polar and usually consists of an octadecyl hydrocarbon chain.

In ion-exchange chromatography an aliphatic or aromatic moiety

is converted into a cation (NR3~ or anion (S03~ exchanger.
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Ordinarily, ionic or ionisable species are poorly retained on

a reverse phase column, however, good separations can be obtained
46

using paired-ion chromatography. In essence, the technique

depends on a phase-transfer reaction. A compoundwith a

hydrophobic tail and a functional group (an alkyl sulphonic acid

or a tertiary alkyl ammoniumsalt) opposite in charge to that

of the compound(s)of interest, is added to a water-methanol

eluent. The organic counterions (C~:r 09) forma reversible ion-

pair complexwith the ionised solute, the complexbeing electrically

neutral. This allows retention on the non-polar stationary phase.

The reaction is illustrated for a negatively charged solute, Ji3,
(eqn.2.6).

(eqn. 2.6)

The greatest effect will be obtained at a pHwhere the solute is

maximally iOnised.

The pKavalue of the primary phosphate group of the adenosine
47

nucleotides are given.

AMP6.2-6.4
ADP6.1-6.7
ATP 6.0-6.95

depending on the cation

The mobile phase used consisted of an 8EJl~mixture of 50 mM

potassium dilzy'drogenorthophosphate; 0.005 Mtetra-n-butyl

ammoniumphosphate,adjusted to pH 6.8 with 1 N potassium lzy'droJdde.

and 120;6methanol. This differs slightly from the eluent described

in ref. 45 in that the molarity of the buf'fer, and of the ammonium

salt, ie lower. For a nowrste of 119 ml/h the retention times of

the nucleotides (monitored at a wavelength of 260 nm)were, in
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''''~U1;es, AMP,5.2; ADP,10.2, ATP,18.4. A linear response

W? l'1 obtained, for a plot of peak area (by triangUlation) ~.

concentration, for ADPand ATP. Using this method the

C;UHcentrationof acetyl phosphate (2.22) in the sample was

, .__~:--':cdby its complete conversion to ATPin the acetate kinase

catalysed reaction. Agreement between this method and the n.m.r.

assay was good. Hexokinase was also assayed by this method,

the activity being related to the concentration of ADPformed

with time. For a particular batch of enzymethe specific activity

was 9 U/mg, when assayed by a standard spectrophotometric method
48

thE: activity was 11 Ujmg. It was found, however, that the use

of this particular ien-pair reagent reduced the working life of the

HPLCcolumn to 25"tb of nonnal. This effect is attributed to the

reaction of the alkyl ammoniumsalt with un-modified silano1

groups on the silica backbone, and this leads to dissolution of the

stationary phase. A method was therefore developed for

quanti tation of ADPand ATPusing a strong anion exchange column.

The mobile phase used was 0.2 Mpotassium dihydrogen orthophosphate

(pH 4.0 with phosphoric acid solution); 1 Min potassium chloride.

The retention times, in minutes, were; AMP,2.8; ADP,4.8;

ATP, 14.8, for a fiowrate of 98.5 ml/h. A linear response was

obtained for peak area~. concentration. This procedure was

used to assay acetyl phosphate (2.22), hexokinase, and acetate

kinase. Agreement between the two BPLCmethods was good.

The chromatographic method of assaying enz.ymeactivity is useful

for immobilised enzymes in that_ the en~tic reaction can be

done in any convenient vessel and agitation of the insoluble support

by stirring is easy, whereas the u,v. assay involves the use of a
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cuvette, with periodic agitation by shaking. Also, if the

support is not transparent problems with light scattering can

occur in the u.v. assay.

While, in diammoniumacetyl phosphate a ready available

cheap phosphate donor was thus available, this material was not

used in the regenera.tion of ATPuntil later, after the enzymes

involved had been immobilised.

2.23

However, the proposed methodwas shown to be viable since

the whole sequence using commercial creatine phosphate (2.23)

as phosphate donor and non-immobilised enzymeswas carried out.

For example, dih;yd:rofo1ic acid (2.2) 372pno1 was reduoed to

(6S)-tetrahydrofolic acid (2.3) in 5 days at ambient temperature

between pH 7.4 and 7. 6 using 4 un!ts each of the enzymes

involved; . creatine phosphokinase, hexokinase, gluoose-6-phosphate

dehydrogenase, and dihydrofolate reductase. An equimolar

B.1OOuntof ~glucose was used and a slight molar excess (1.4) of

crea tine phosphate (2.23). ATPand NADP(t)were recycled 46

and 93-fo1d respectively. This was subsequently extended to

70 and 300-fold recYcling respectively (Scheme2.8).
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Dihydrofolic acid (6S)-TetrahydrofQlic acid

NADPH NADP~

6-Phosphogluco~olaotone Glucose-6-phosphate ~lucose

1
6-Phosphogluconate ADP ATP

Creatine Creatine

Scheme(2.8)

Creatine phosphate (2.23) has been used previously, with
49

immobilised crea.tine kinase, to prepare ATP. Howeverexisting

syntheses of creatine phosphate (2.23) are difficult and not amenable

'0to large scale preparation. Moreover the enzyme, creatine

kinase, is isolated from mammaliansources and would probably prove

costly in the long term. The one primary advantage that this

material has over acetyl phosphate (2.22) is slower l'zy'drolysis in
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48

slightly alkaline solution, which makes enz,ymaticreactions

involving creatine phosphate simpler in pzactdce, In this respect

another phosphate donor, phosphoenolpyr~vate (2.25), is better

than acetyl phosphate. It was not considered during the course of

this wor~but a recently published SY;'lthesismakesits use
51

attractive (Scheme2.9).

Br2

2) KOH

Scheme(2,9)
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It can be prepared f':romcrude pyruvic acid (2.24) in 50l;6yield

and 95% purity. The synthesis is easier than that of acetyl

phosphate (2.22) but the cost of the starting material is higher.

Phosphoenol pyruvate (2.25) is a st:ronger phosphorylating agent

than acetyl phosphate (2.22) and the enzyme, pyruvate kinase,

is less expensive than acetate kinase. Perhaps the use of this

material in an ATPregenerating schemewould be better for work

on approximately molar scale while the use of acetyl phosphate

(2.22) would be better for larger scale prepaJ.'B.tiona.

EnzymeImmobilisation

The next stage in our developing enz,ymatic ~thesis of'

(6S)-tetr,ahydrofolic acid (2.3) was to look at methods of enzyme

immobilisation.

The reasons for immobilising enzymes, when required for

organic ~thesis, are those of recovery of catalytic activity

and of sepaJ.'B.tionfrom the product. Numerousreviews exist on

the subject, varying in depth of coverage and extent of
'2'5~U'4

experimental detail. The catalytic activity, substrate

specificity, and stereospecificity of an enzymeare determined

by its primalzy'amino acid sequence. The bonds involved in

maintaining secondary, tertiary, and quaternary structures are

non-covalent (apart from disulphide linkages) and consist of

ionic interactions, hydrogen bonds, and hydrophobic intemctions.

These are individually labile but collectively they lead to a

fairly stable, well defined, protein structure. The overall

conformation of an enzymebrings the residues comprising the

acti ve site into a precise 3-dimensional arrangement of charges
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and microenvironment. It follows then, that the ideal

immobilisation procedure would incur minimumdisruption of the

native protein conformation. A. lot of research has been

devoted to this subject over the last thirty years or 80;

unfortunately the potential for using immobilising enZYmesas

specific, recoverable industrial catalysts has been successful

only in a few, well-defined areas. Perhaps the solution may

lie in genetic modification of an enzymein such a way that a

convenient 'handle' is generated (at a position where minimum

disruption of the native conformation results) i the' handle'

having sufficiently different chemical reactivity from the rest

of the protein making it alone amenable to 1Urther reaction under

certain conditions, such that it could, for example, be

covalently bound to an insoluble support.

The immobilisation methods in use at the present time
54

can be conveniently subclassified as shown (Scheme 2.10).

nati ve enzyme

I
crosslinking

phyB~cal ionic
adsorption binding

I
covalent
binding

lattice type microcapsule
type

Scheme2.10
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As far as immobilisation methods go there is no one optimum

method and a choice must be made on the basis of the type of

enzyme and the final use of the support. The first choice in

the present work was a procedure recently developed for use with

the relatively delicate and expensive enzymes of interest in
55enzyme catalysed organic synthesis. Thus a water soluble

functionalised prepolymer, poly(ac~lamide-~-N-ac~loxy-

succinimide), PAN, was prepared by the copolymerisation of

ac~lamide (2.26) and N-ac~lo71oxysuccinimide (2.21).

AIBN
o 0

I

O~O

(2.26)
1) TET

OlNH 2) Enz-NH2
Active site
protecti ve reagent B

pH 1.5, fIJ min.

Scheme (2,11)
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Reaction of this prepolymer with a low molecular weight

dd.amfne, triethylenetetramine (TEr) crosslinks the polymer chains

and forms an insoluble gel connected thxough amide groupe,

Reaction of the amino functions of the en~e with residual active

esters covalently links the en~e to the gel through additional

amide linkages (Scheme2.11). The presence of reagents which

bind at the active site affords someprotection against

modification of that area. Polyacrylamide was chosen as a

base for the euppozrtbecause it is hydrophilic and non-denaturing
56

towards nany proteins. The N-hyd:roxysuccinimideactive ester

group ha s been used previously in a copolymerwith acrylamide as
57

a mediumfor developmentof affinity chxomatographysupports.

The novelty of this system is that the entire volume of the buffer

solution containing the reactive prepolymer and the enzymeis

transformed to gel. The kinetic problems encountered whenan

enzymeis required to diffuse from solution into a reactive

preformed gel (for example, cyanogenbromide activated aga.rose)

are thus avoided and the coupling time is therefore short.

PANwas prepared by free-radical polymerisation .of'

acrylamide and N-aczyloxysuccinimide in tetrahydrofuran solution
58

using thermal initiation with azobis (isobut~nitrile) (AIBN).

The polymer was assayed for active esters by allowing it to react

with aqueous ethylamine solution and measuring the absorbance due
I.' _1 _1) 59

to the anion of N-hyd:roxysuccinimide\t 259 = 8,600 M cm •

The composition of the polymer is specified in terms of the content

(in)l equJ..v./s ) of active ester groups. Thus the polymer used

in the present work,termed PAN-400,released 400 .:!: 25;uncI of

N-hydroxysuccinimide per gram of dry polymer on treatment with
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excess etl'zylaminesolution. TETwas chosen as the cross-linking

agent which yielded the gel having the greatest mechanical

strength. In the standard procedure a quantity of PAN

sufficient to give a ro>A wjw solution was weighed rapidly in air

and dissolved in 0.3 MHepes buffer, pH7.5, containing components

intended to protect enzymatic activity. Dithiothreitol (5 mM)
was included to inhibit protein oxidation. The cross-linking

diamine, TETwas then added to this rapidly stirred solution to

provide 0.85 equiv.of primary amine groups/equiv. ofaotive ester.

This stoichiometry leaves ca. 15%of the active ester groups

available for reaction with other nucleophiles. Addition of an

enZYmeto the reacting solution of PANand TETbefore it gelled

resulted in its covalent incorporation into the cross-linked

polymer network. In a preliminary experiment the appropriate

quanti ty of TETwas added with vigorous stirring to the solution

containing PAN,and the gel time (typically 2-3 min) for the mixture

was measured. The enzymewas subsequently added before (30-60 s)

the gel point. The enzymecontaining gel was then allowed to

stand for fIJ min.to complete the coupling reaction, broken up by

grinding in a mortar, washedwith aqueous buffer containing

ammoniumsulphate to oonvert residual active ester groups into

amides, and assayed. The yield obtained in the immobilisation is

defined by equation 2.7.

yield (96) = (eqn, 2.7)
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In general the yield of immobilised activity was highest using

quantities of enz,ymewhich varied between 0.5 and 4mg/g of

PAN. Table 2.1 lists immobilisation yields obtained by applying

this procedure to the enzymesrequired in oux synthetic strategy.
55

They are in good agreement with the published results.

The immobilisation of acetate kinase was done under nitrogen

since this enzymeis sensitive to dioxygen. In an effort to

improve the immobilisation yield of dihydrofolate reductase (II)

the enzymewas allowed to react with PANbefore the addition of

TET; 60 s before gave a yield of 19;6and 7g;6 recovery in washes,

while 90 s before gave a yield of 25D;tSwith 5<)l;tSactivity in the

washes. The lower immobilisation yield of dihydrofolate

reductase (I) must reflect the lower purity of this preparation

(0.32 mg proteinjmg of solid). It is considered that a lower

limit of 50 Uen~e activity/g of support is necessary for

convenience in orsanic syntheses. All of the enzymesin Table 2.1

would fulfill this criterion except dihydrofolate reductase

(!!Qk - the hexokinase used here has a specific activity of

,.-....J 10 Ujmg; hexokinase is readily available howeverwith a specific

acti vity of 150 Ufmgwhich would giva a preparation having an

activity of 150 U/g on the basis of the results obtained). '!'he low

activity obtained with dihydrofolate reductase reflects the low

intrinsic activity of the native enzyme. Unfortunately with this,

and other immobilisation procedures, higher loading of enzymeper

unit weight of support results in a decrease in yield. This was

the case for dihydrofolate reductase using this method. If the

dihydrofolate reductase (I) was purified to homogeneity its

specific activity would be of the order '27 ~Img, which, using this
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procedure would lead to a support having activity of only 7 U.jg.

Wetherefore decided to look at somemore established methods

of enz,ymeimmobilisation in an effort to prepare a support having

greater activity/unit weight. Covalent attachment of an enzyme

to an insoluble support has generally been based on activation of

a prefomed hydmphilic polymer such as agarose or copolymers of

acrylamide. Agarose is available commercially as Sepharose LlB.

Undoubtedly the most generally used method for enzymeimmobilisation
52' 60

is the cyanogen bromide (CNBr)activation of agarose (Scheme2.12)

t-0H +CNSrt-OH
t-O-CN
~OH

~2
t-O 0
}-OH

°IIto-c -HN-Enz

}-OH

Scheme(2.12)
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The cyanate formed initially reacts to give unreactive carbamate

and reactive imidocarbonate. Reaction of the imidocarbonate

with the amino functions of the protein leads to immobilisation.

An extension of this technique involves reacting l,&-di.aminohexane

or 6-a.mi.nohexanoic acid with the activated Sepharose to give

supports with free amine groups (A'H-Sepharose-4!3)or free

carboxyl groups (CH-Sepharose-4B)• These are then available

for coupling with the carboxyl groups or amino groups on enzymes
. 61

in a carbodiimide mediated reaction (Scheme2.13). The water

soluble carbodiimide, 1-ethyl-3-( 3-dimethylaminopropy1)carbodi-

o
'C=NH
0/

AH-Sepharose-4B CH-Sepha.rose-4B

Scheme(2,13)
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imide (EDC,2"28) is preferred.

(2.28)

Polyacrylamide is also a good basis for supports in enzyme

immobilisation. It has good chemical and mechanical stability,

it is hydrophilic and is not susceptible to microbial attack.

Moreover, due to the number of acrylic monomersavailable, a

variety of copolymers can be prepared for specific purposes.

For example, acrylamide can be copo1ymerised with acrylic acid to

give a support containing free carboxyl groups and this can then
5~'62

be used to covalently bind enzymesusing the carbodiimide method.

Dihydrofolate reductase was immobilised on cyanogen bmmide

activated Sephamse-4B. In someexperiment s a coIIDDercia1

support was used and in others Sepharose...,4Bwas activated with
53

varying quanti ties of cyanogen bromide. Thus 2 ml. of wet,

packed gel was reacted with 500, 200, 55,or 25 mg of cyanogen

bmmide at pH 12. It has been reported that a loading of

approximately 50 mg CNBr/gof gel and a coupling pHof 8.5 gi.ves
6~

good coupling efficiency and low multiple point binding for proteins.

The cOIIDDercialprepa.:re.tionhas approximately this degree of

activation. The enzymewas allowed to react with the support

ovemight, with gentle stirring, at 4~C. eofactors (DHF,NADP~

were not included as their presence led to no immobilisation.

The coupling was done in either 50 mM sodiumbicarbonate/sodium

carbonate buffer at pH 9.0 (A) or 50 mM potassium phosphate buffer
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pH 7.5 (s), The preparation was carefully washed to desorb
61

non-covalently bound protein according to the recommendedprocedure.

The results are given in Table 2.2.

Sepharose buffer protein loading(mg/g) yield
(%)

activity
in washes

(%)
U/g

Commercial A 8.6 12.5 29 3.5

Commercial B 8.3 27 0 5.6

Commercial B 20.5 13 0 6.7

Commercial :s 30.4 15 0 11.4
Fom

200 A 9.5 17 0 5.3

200 B 10.6 18 13 6.3

500 B 6.3 15 0 3.1

55 B 32 10 14 I 10.6

25 B 52 2 - I 3.4
r----- --

I
i--

Commercial A 10.8 4 0 3.6
Fo:r:m

Commercial B 10.2 6 0 5.2

II

I

Table 2.2

From these results pH7.5 gives better yields and a protein loading

of .........10 »e/e is optimal, higher loading gives lower yields. The

commercial preparations save higher immobilisation yields than more

acti ve supports, for the same protein loading. The maximum

activity per unit weight would appear to be,-v 10 U/g. As before

dihydrofolate reductase form I gives lower activity when immobilised

under identical conditions comparedwith fom II. After storing
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at 5~Cin pH 7.0 potassium phosphatie buffer for 5 days about

14%of the l.m.mobilisedactivity was lost. It was also found that

stirring of the preparation in 1 mM dihydrofolic acid (2.2) solution

resulted in a 20% decrease in activity with the activity lost

being present in solution.

Dihydrofolate reductase was also coupled to AH-Sepharose-4l3

using the water soluble carbodiimide EDC.HClto fol.'ma peptide

bond with the carboxyl groups on the protein and the amino group

on the support. The reaction was done in water in the presence

of dihydrofolic acid (0.01 mM) and NADP®(0.01 mM) at 4~Cfor 5 h.

The protein loading was Bmg/g; 11.4%activity was iIIDIlObilised

and 7(JJ/Jwas recovered. This results in a support having an
64

acti vity of JU!g. A copolymer of acrylamide and acrylic acid
62

was prepared. Dihydrofolate reductase was bound to this support

using the carbodiimide, EDC.HCl,in aqueous solution at

6~ for 5 h. The pmtein loading was 30 mg/g, 11%activity

was on the support and 7% was recovered. The prepare.tion gives
64

14.5 U/g.

Dihyd:ro£olate reductase was entrapped in polyacrylamide by

adding the enzymeto a polymerising mixture. The polymer was

pmduced in beaded fol.'mby allowing the polymerisation to proceed

in an aqueous phase which was dispersed by stirring in an orsanic
53'62

solvent mixture. Lowactivity was present in the beads

(2.4%). This low immobilisation mayhave been due to the presence

of radicals and organic solvents which could inactivate the enzyme.

The fast stirring necessary mayalso have caused shear of the

protein.

The ionic adsorption of dihydxofolate reductase on AH-Sepharose-

413 was also eJaUDined. At neutral pH this support will be
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positively charged while dihydrofolate reductase is negatively
21

charged. It was found that all of the protein adsorbed onto

the support (since washing in buffer at a different pHwashed

the protein from the support) in water or 10 mM potassium phosphate

buffer, pH7.0. Howeverin the presence of 5 mM dihydrofolic

acid 45';6 activity was eluted from the support in 45 min.

Fromthe above results it would appear that attaining a

highly active (50 U/g at pH7.0) immobilised preparation of

dihydrofolate reductase is an intractable problem.

Finally, the preparation of an immobilisation support containing

a pendant thiolester group was studied briefly. The reasons for

choosing this functionality were; (a) thiolesters display greater
65

reacti vi ty towards amine IIUcleophiles than do ordinary esters

and (b) thiolesters are compatible with an aqueous environment, the

rate of acid catalysed hydrolysis being 20-30 fold slower than

O-esters while base catalysed hydrolysis proceeds at about the same
66

rate. In tems of acylating strength this functionality parallels

the reactivity of an acid chloride. This reactivity is a result

of electron-withdrawal from the carbonyl-carbon by the sulphur atom.

Thiolesters have been used as intemediates in peptide bond
67

formation after the discovery of the :role of coenzymeA.

Thiolesters can be prepared from a carboxylic acid using an
68

activating agent such as carbonyldiimidazole or a carbodiimide,

or from a derivative such as an acid halide, an a.nlzy'dride,or an
69

ester. The initial attraction of the preparation of a support

containing this functionality was based on the demonstration that

aqueous solutions of thiolesters of mercaptoacetic acid (2.29) and

2-mercaptoethane sulphonic acid (2.30) were stable to hydrolysis
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70but would rapidly acylate amino groups on protein (wool).

These particular thiols were chosen to confer water solubility
on the esters.

It was hoped to prepare an a:. S-unsaturated thiolester from
a water soluble thiol and then co-polymerise this monomer with
acrylamide to give a water soluble prepolymer as in ref. 55.

HOwever, the preparation of a thiolacrylate from acryloyl chloride

reaction.
cannot be done directly since Michael addition is the preferred

Tt Protection of the double bond of acryloyl chloride
by bromination was envisaged followed by reaction with a sui table
thio1, and then deprotection to yield the ~S-unsaturated thiolester

12(Soheme 2.14)._ Aoryloyl thiolesters are known to be readily
73polymerised.

orCt

o
J-SR NaI

Soheme (2,14)
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fTll,-."", .," .....rloyl chloride was brominated to yield 2,3-dibromo-

propanoy'l chloride as a colourless liquid in 81%yield. This

was allowed to react with thiophenol in a model reaction. After

"ork-up t.l.c. indicated a two componentmixture which could

not be separated by distillation. However,after debromination

of this crude material, and then distillation, S-phenylthioacrylate

(2.31) was obtained as a yellow viscous liquid in low yield (l~).

(Scheme2.15). The boiling point of this material was not in

'"agreement with the reported value but the spectral characteristics

allowed the structure to be assigned with confidence. The low

yield maybe attributed to side reactions involving displacement

of bromine by the thiol. The decision to prepare a monomerusing

a water soluble thiol was based on the consideration that it would

be easily separated from the immobilised enz.ymepreparation using

an aqueous wash. The acidic thiols mentioned earlier were

considered to be unsuitable since their release from the support

might overload the buffer system used for the enz.ymeimmobilisation.

Accordingly the amide of mercaptoacetic acid was chosen. Thus

"the methyl ester of mercaptoacetic acid was prepared in 6e:>fo yield

Br~(l
Br

PhSH NaT

Scheme(2,15)
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and allowed to react with anhydrous ammoniato give the thiolamide
76

(2.32) quantitatively (Scheme2.16).

Scheme(2,16)

HSC H2CONH2
(2.32)

Thioacetamide (2.32) was isolated as a white, amorphous

solid, m.p. 45-50~C. Noattemp1Bwere madeto further purify the

material since it undergoes oxidation to the disulphide easily,

and it was stored desiccated !n.-vacuo at 5~C. The material is

readily soluble in water and ethanol. Unfortunately the reaction

of this material with 2,3-dibromopropanoyl chloride was complicated

by lack of a suitable solvent. A heterogeneous reaction was

attempted in dimetho:xyethanebut this led to a complexmixture of

at least four components (t.l.c.). Work-upof this reaction was

£uxther complicated by the expected water solubility o£ any

thiolester formed. Somematerial i BOlated by ext:re.ction into

chloroform was tentatively identified as the disulphide (i.r.).

This route to an immobilisation support containing a thiolester was

therefore abandoned. However, it is expected that a support could

be synthesised by reaction of this thiol with a preformed polymer

(asarose or polyacrylamides) containing a pendant carboxyl grouP.

The reaction could be per£ormed in an aqueous medium,using a water

soluble carbodiimide to activate the support. There has been one

report of the prepa:re.tion of an insoluble matrix containing a
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thiolester (using mercaptoacetic acid). The support was !!Qi

used to bind enz,ymesby acr,ylation of the amino functionality but

it was reported that IN hydroxylamine solution cleaved the
77

thiolester.

Large Scale EnzymeSynthesis

Despite this inability to prepare a high activity immobilised

preparation of dihydrofolate reductase the reduction of dihydrofolic

acid (2.2) to (6S)-tetrahydrofolic acid (2.3) was accomplished

with cofactor recycling and with the required enzymes imIDo bili sed

on PAN. Diammoniumacetyl phosphate was used as the ultimate

phosphorylating agent. Thus dihydrofolic acid (2.2) (312pmol)

was reduced to (6S)-tetrahydrofolic acid (2.3), the reaction being

catalysed using one unit of each enzyme, dihydrofolate reductase,

glucose-6-phosphate dehydrogenase, hexokinase, and acetate kinase,

immobilised on PANgel. A slight excess of diammoniumacetyl

phosphate was used (581pmol) and this was added in '3 equal portions

over '3 days. The reduction was conducted at pH1.4, using a

'pH stat' apparatus and was reasonably complete after 8 days.

ATPand NADlf!>were recycled 99 and 385-fold respectively. An

unexpected difficulty was encountered; it was found that inclusion

of PANgel particles in the reaction mediumcaused the pHelectrode

to behave erratically. This ITSJ.y be attributed to clogging of

the porous fri t on the electrode.

lie thus decided to carry out a larger scale reduction USing

free enzymes. Folic acid (2.1) was reduced using sodium dithionite

2'by a modification of the published procedure. The reaction was

followed by HPLCand the yield was 11%giving 8.6 g (19.4 mmol)of

dihydrofolic acid (2.2). This was suspended in 1 L of de-aerated
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water and brought into solution with 5a>;6sodium lzy"droxidesolution.

20-25 units of the enzymes required were used. An equimo1ar

amount of glucose was used; diammoniumacetyl phosphate (25.5 mmol)

was added in approximately equal portions over 7 days, after which

time the reduction was complete (HPLe). The turnover numbers for

ATPand NADP$were 100 and 1100 respectively. Ascorbic acid (5 g)

was added to the solution to minimise oxidation of the tetrahydro-

folate. The pH of the solution was adjusted to 3.5 with conc. Hel

and the yellow preoipitate of (6S)-tetrahydrofo1io acid (2.3) was

col1eoted by fi1 tra tion under nitrogen and oonverted into (6R)-

5,10-~~ltetr&b.rdrofo1icaoidch1oride as previously described.

The yield of the yellow eolid was 2.77 g (28%based on dilzy"drofolio

aoid). The combustion analysis was satisfaotor,y and the U.V.

speotrum and HPLeprofile were consistent with those of authentic
32· 7

material; the material had an [~JD = + 14.3 .:!:0.8 (0.0.35,
25

IONHCl) whioh is in agreement with the reported value [ctJD = 11.4
1

.:!:0.8 (0.0.95, 12Naci), This material was lzy'drolysed to give

~6S)-5-formyltetra.hydrofolate, isolated as the caloium salt,

0.91 g (48%). Anal. Calod. for C2oH21N707Ca. ~20 I 0,42.4;

H, 4.81; N, 17.30. Found= 0, 42.62; H, 4.63; N, 16.45.
4

The U.V. speotrum was in keeping with that in the literature and

HPLOprofile was oomparable with that of a oommercial sample. The
25

[et JD = + 2.12 (0.1.32, H20), does not agree well with the reported

value of what seems to be the pure biologically aoti ve diastereo-
25 1

isomer, [~JD=-25.2.:!: 0.4 (0.0.91 H20). The material used for

the dete:t'mination of optical rotation was recovered by removal of

water !a.vaouo at 45~. The residue was dissolved in 1 m1 of 1 N

HOIand left standing for 1 h. The preoipitate of 5,lQ-metheny1-

tetra.hydrofo1io aoid ohloride was madeup to 10 m1 with 10 N H01.
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The optical rotation was determined, the weight of material

was calculated as 0.059 g using the determined molecular weights,
27

[<<In =.11 (c.O.59, IONaoi). This rotation agrees with that

of the original sample and would suggest that no racemisation had

occurred during the hydrolysis. The discrepancy between our value

for the rotation of calcium (6S)-5-fo~ltetrahydrofolate and that
1

reported cannot be explained. A microbiological assay would

allow an al terna.ti ve estimate of the purity of our me.terial.

Wehave established that it is a straight forward procedure to

reduce dihydrofolic acid, in quantity, to (6S)-tetrahydrofoltc

acid, using the enz.ymedihydrofolate reductase as a stereospecific

catalyst. The cost of any cofactors needed is easily offset by

using enz.ymicrecycling methods !a. !il:\!. The use of immobilised

enzymesis preferable if

(a) activity can be recovered after use,

(b) a preparation of a suitable level of activity can

be made,

(c) the cost of the support is not prohibitive, and

(d) the immobilised enzymecan be stored.

In somecases, especially in the ~thesis of pharmaceuticals,

the cost of using free enz.ymes,in conjunctdon with cofactor

recycling, maybe acceptable. Later experienoe with

enzymesimmobilised .onPANsuggests that storage, with minimum

loss of enzymeactivity, would be difficult.
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PARTII

INTRODUCTION

Since a method for recycling of both oxidised nicotinamide

cofactors (NADe;)and NAJ)P~was nowavailable the use of the enzyme

horse liver alcohol dehydrogenase (HLADH)in effecting chiral

reduction of a heterocyclic ketone was investigated. The chiral

alcohol so fODlledwas requirad for elucidation of the mechanism

of a solvolysis reaction USing stereochemical means.
78

In 1969 Tarbell and Hazen studied the rates of acetolysis

of some simple O-heterocyc1ic sulphonate esters. As expected the

rates were slower than the corresponding ca.rbocycles because the

dipole associated with the ether oxygen destabilises the incipient

positive change. It was found, however, that 3-tetrahydropyranyl

brosyla.te (2.33) solvolysed faster than predicted, the observed

l.'9.tebeing approximately that expected in the absence of the dipole

effect. For e:xamp1e,the rate was 5-fold faster than that of the

5-memberedring analogue (2.35). This effect was attributed to

R203anchimeric assistance of the solvolysis reaction by the ether

oxygen atom. This type of neighbouring group participation is
79

well documented.
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aSS
craBs Q daBS
0 0

(2.33) (2.34) (2.35)

k, x 1059-' 2.47 1.40 0.55
84.80oC.

The lone pair of electrons on the oxygenatom could conceivably

interact with the developiIl8 p-orbital to give the oxoniumion

(2.36) or a partially bonded intennediate (2.37). This type

of participation is not expected to operate in the case of the other

c5~

l?JdEe
(2.31)·

sulphonate esters for reasons of strain. Evidence that the rate

enhancementis real is supplied by the fact that the rate is

app~ximately equal to that for the acetolysis of trans-l-methoxy-

cyclohexyl brosylate.(2.38), in which case there is neighbouriIl8
80

group participation.
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(2.38)

A cyclic intermediate or transition state such as those

postulated above (2.36, 2.37) might be expected to lead to

rearranged products. In the study by Tarbell and Hazennone

were observed. The ring contracted furfuryl acetate (2.39)

mayhave been expected since the ring expansion of this

material to the pyra.nylacetate (2.40) has been reported (Scheme
81

2.17).

»-> co::rOAc
[q1] (2.40)

1(2.36)
~

~OAc
(2.39)

Scheme(2 ,17)
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l! 'lIb vne existence of neighbouring group participation is sUl.'tllised

solely from kinetic data; if the brosylate (2.33) was optically

active then retention of optical activity in the acetolysis

,lJ.!.'Uu.l.I.ctwould be powerful evidence in favour of this mechanism.

rm..~epossible mechanismsmaybe envisaged for the simple

acetolysis of the optically active bros,ylate (2.33) (Scheme2.18).

A comparison of the optical activity of the acetate formed by

acetolysis, with the acetate prepared from the chiml alcohol,

mechanisms.

would indicate the relative importance of the undernoted

Attempts to resolve 3-tetre.hydropymnol (2.42) via

the half acid phthalate and an optically active amine, by

fractional crystallisation of the diastereomeric salts, failed

0'0BS----4t--SN--.1.._.

(2.33)

• = optically active
centre

O'0AC inversion

gOAC
re.cemisation

CaY
0AC

retention

Scheme(2,18)
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82because of the inability to induce crystalli sation. The

synthesis of the optically active alcohol (2.42) by enZYme catalysed

reduction of the ketone (2.43) (Scheme 2.19) was thus proposed.

Q 1) :B~3'TEF gOH
2) H2OJOifJ

•
(2.41) (2.42)

1 CzQ.Jli,SO 4

GJOH BLADH 0°NADH

(2.42) recycling (2.43)

Gr°AC
(2.40)

c;rOBS
(2.33)

• = optically active centre

Scheme (2.19)
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EnzymeCatalysed Reduction

lJiycb:oboration/oxidation of dihydl.'Opyran(2.41) by the method
83

of Zweifel and Plamondon gave tet:re.hyd:ropyra.n-~l in 39D;tyield.

This alcohol was oxidised to tetre.hydropyran-3-one (2.42) using
84

Jones reagent, as reported by Gore and Guigues. The yield was
85

Jones has demonstrated that sulphur analogues of

cyclohexanones are substrates for horse liver alcohol dehydrogenase.

It was thus expected that this oxygen analogue (2.43) would be

reduced witho'lt difficulty.
86

Indeed, Jones reported the reduction

of O-heterocyclic ketones during the course of this work. To be

able to undertake a preparative, en~ catalysed reduction with

confidence the :t'ELteof reduction of any new subst:t'ELteshould be at

least 1%of that of cyclohexanone. Under standard assay conditions

the relative :t'ELteof reaction of tetrahydropyran-3-one (2.43) was
85b

1.EP;tthat of cyclohe:xa.none. The specific activity of horse

liver alochol dehydrogenase, for this subst:t'ELte,was therefore

0.25 U,/mg.

For sn:all scale reduotions, using horse liver alcohol

dehydrogenase, consumption of the coenzyme NADHresults in a

cost which can be tolerated. However, as part of the ovemll brief

of this work the effioienoies of 3 methods for !!l.!!.:E!. reduction

of the oxidi.ed coenzyme,NAD~were investigated.
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c;rO GJOH

Scheme(2,20)

(1) Sodiumdithionite is cheap and the only chemical :reducing

agent known to give 1, 4-:reduction of NAJ)<tJ (Scheme 2. 20).

Howeverthe reduction is not specific enough and turnover numbers

of the coenzymeare limited. Whenthis method was used in the

reduction of tetre.hydropyra.n-3~ne (2.43) in 0.1 M sodium phosphate

burfer, 0.1 M in sodium dithionite, at pH 7.0,the formation of an
87

unknownproduct attended the reduction (gas ohromatog:t'Qph;y).

It has been reported that it is necessary to use sodium dithioni te

under anaerobic conditions otherwise h;ydrogenperoxide is fomed
88

(eqn. 28).

(eqn. 2.8)

This would have a deleterious effect on the enzyme.
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Soheme(2.21)

(2) NAJ)~ can be reduoed in si tu by the addition of ethanol whioh

is a substrate for horse liver aloohol dehydrogenase operating

in the opposite direotion, the ethanol undergoing oxidation to
28

acetaldehyde (Scheme2.21). HOwever,for oyolic ketone

substrates it is generally found that recycling efficienoes are

low and that reaotion times are long. This is probably because

the redox potential difference between the main substrate and the

co-substrate is small. This effect was found to operate in this

reaction, sJ.though the results suggest that the methodis
87

feasible.
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Gr°H

OP023
HO-~(?
HO~OH

Scheme(2,22)

(3) The advantages of using gluoose-6-phosphate!glucose-6-phosphate

dehydrogenase (from L, mesenteroides) to recycle NAD(P)Hhave

been discussed (Scheme 2.22). For this reaction gluoose-6-

phosphate was ~thesised by hexokinase catalysed phosphor,ylation

of glucose, using diammoniwnacetyl phosphate and acetate kinase
31'89

to recycle ATP, as described. by Whitesides et. al. This

reaction was attempted using immobilised enzYmes(PAN)but

pl.'Oblemswere encountered with the stability of the preparations.

This may have been due to the age of the PAN preparation used.

Using ,-,..1300 U of each enzyme (free) glucose (193 IIDlIOl)was

phosphorylated in ~~ yield after 4 days at pH 7.4-7.8. Previously

prepared diammoniumacetyl phosphate (84%purity, 193 mmol)was

added in equal portions over this time. The product was isolated

as the barium salt of glucose-6-phosphate in 90)6 purity and 420~

yield. Isolation all the barium salt was used because acetate
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ion, which is a final componentof this reaction scheme, is an
90

l.l'-lllDitor of horse liver alcohol dehydrogenase. However,

bari umsalts can inacti va.te enzymesand are toxi c. Theymust be

removedbefore use. Removalof barium is accomplished by

dissolving barium glucose-6-phosphate in 0.1-0.2 Msulphuric acid

solution, separating the insoluble precipitate of barium sulphate,

and neutralising the resulting solution with sodiumhydroxide.

To a solution of glucose-6-phosphate (20 mmol), prepared by this

method, was added 20 mmolof tetmhydropyran-3-one (2.43). This

was reduced using glucose-6-phosphate dehydrogenase and horse

liver alcohol dehydrogenase, at pH7.0-7.4. The reduction was

followed by g.l.c. and, at times, by enzymatic assay of residual

glucose-6-phosphate. The reaction was complete after 4.5 days,

NADHbeing recycled~ BOO-fold. A£ter extraction and distillation

1.4 g (68J",J) of tetl.'Blzy"drOpymn-3-o1(2.42) was obtained. The

spectral chamcteristics were consistent with those of the mcemic
. 0

, 24"-
alcohol and the product showedan [«J» =_ -8.7 (0.3.39, CHC13)

29· 25 .
and [ctJ~~, = -23.7.:t 1.4 (0,3.39, CHC1~). By reaction with

- 91
(-)-«-methoxy-«-tri£luoromethylphenyl acetic acid, and integration

of the diastereomeric methoxyproton signals (250 MHz 'H n.m.r.)

in the presence of Eu (fod)3, the enantiomeric excess was found

to be 49>~. While this e,e, my be too small to be synthetically

useful it is enough for the present purpose. Never-the-less,

the ability of horse liver alcohol dehydrogenase to makethis

degree of enantiotopic distinction, on the basis of such a

minor structural difference as the position of the oJCYgenatom in

the ring, is remarkable. The :results of the above experiment are

given in Table 2."3.
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92

Similar investigations byfandecasteele support the conclusion

that an auxiliary enzymicmethod for the recycling of nicotinamide

co-enzymesis best.

The :e,-bromobenzenesulphonate ester of the cmral alcohol

was prepared in 1~/oyield by standard methods, m.p. = 11-13~,
, 25·!) -

[~J!6§ = -10.3 (0.2.46, CHC13). The acetate was also prepared

[ ]
25.5

~ 365 The rotation of the cmral

acetate was unchangedunder the conditions of the acetolysis

experiment. The acetolysis was done in dry acetic acid containing

0.0384 Msodiumacetate and was followed polarimetrically (Hg

lamp, 365 nm}, The first order rate constants, k , were

deteDminedfrom a plot of In absolute value of observed rotation

vs. time (s), Table 2.4.

Temp(~C) k ( X 105 s-')

19.26 1.41

81.43 1. 13

82.12 1.73

89.93 7.86

Table 2.4

With the exception of the experiment conducted at 89.93~C

the plot was initially curved. G.1.c. analysis of the reaction

(heated at 105~Cin a sealed glass tube for 22 h to ensure complete

reaction) gave two peaks, corresponding to the acetate (2.40)

and the alcohol (2.42), confimed by g.l.o.jmass spectrometry.

Despite efforts to exclude moisture rigorously this ourvature was
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always observed. The rate constants were estimated from the

linear portion of the curve. A satisfactory Arhennius plot

of In k vs. ~ was obtained, the titrimetrically determined
78

rate constant 2.47 x 10-' at 84.9~C concUXTedwith these

results, Table 2.5.

In k 1x 103
T

! - 11.17 12.62
- 10.96 12.28
- 10.96 12.17
_ 10 6l!E 11.78-.
- 9.45 11.11

Table 2.5

If from Ref. 78

The products from the acetolysis of the brosylate (2.33)

(alcohol and acetate) had no optical activity. Although perhaps

not conclusive, this 1s certainly good evidence against neighbouring

group participation of the ether oxygenatom.
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PART III

INTRODUm:'ION
The final investigations in this thesis were concerned with

the asymmetric reduction of folic acid (2.1) or dihydrofolic

acid (2.2) to tetrahydrofolic acid (2.3) using chiral hydride

reducing agents. The selected reagents must be able to perform

in an aqueous mediumsince :rolates are not soluble in organic

solvents. Amineborane complexes have been extensively studied
93

as reducing agents for alkenes, carbonyl groups, and imines.

They have good thermal and hydrolytic stability and are soluble

in a wide variety of protic and aprotic solvents. Recently

developed chiral alkoxy-am1neborane complexes have the same

properties, and seemto g:ive higher optical induction than chiral
94,9,

amine borane complexes. The use of these materials was

therefore investigated.

SYnthetic Methods

A series of these complexeswas prepared from commercially

available, or readily synthesised,chiml 1,2-amino alcohols; these

are given below. The (S)- amino alcohols (2.44-47) were prepared

from the parent (S)-amino acids by reduction with borane dimethyl

sulphide, in the ·presence or boron trifluoride diethyl etherate,
96'97

in 24-8tP,-byield. This methodwas more oonvenient than
98'99

reduction using lithium aluminiumhydride. The boiling

points, spectral characteristics, and optical rotation were in

agreement with those in the literatuxe. Trans-(4S,5S)-2-methyl-

4-hydroxymethyl-5-phenyl-2-oxazoline (2.49) was prepared in 61%



(2.44)
(S)-Valinol

101.

Ph~OH
H2N 'H'
(2.45)

(S)-Phenylalaninol

')('OH
H2N H
(2.46)

(S)-Alaninol

Y)('0H ~OH OJPh-<N 'HNH ~H2 )OH(2.41) (2.48) (2.49)
(S)-Leucinol (S)-Prolinol

HO)('NH, 2•
Ph H
(2.50)

Ph

K
CH3

HO H2
(2.51)

PhCH3

HO NH- CH3
(2.52)

yield by the reaction of etbyliminoacetate hydrochloride with
10dreadily available (lS,2S)-2-amino-l-phenyl-l,3-propanediol.

(S)-2~mino-l-phenylethanol (2.50) was prepared from (S)-mandelic
101acid (2.53), eqn.(2.9).
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LAH HO Ph'CH (eqn.2.9J

NH2
(2.50)

(S)-P~linol (2.48), (+)-norephedrine (2.51) and (+) and (-)-

ephedrine (2.52) were commercial samples. The borane complexes

were prepared by reacting the amino alcohols, in equimolar amounts,

with borane dimethylsulphide at -78 - -60~, under nitrogen, for 3 h

and then stirring at roomtempe:re.tureovemight. Theywere

isolated, by removal of solvent in vacuo, usually as viscous

liquids although somecomplexeswere solid. The complexes

displayed optical activity, were apparently homogeneous(t.l. c.)

and ~ve a characteristic B-Hstretch (between 2,440 and 2,300 cm-')

in the L,r. spectrum. It has been suggested that the complexes
94a

contain a relatively rigid five memberedring system (eqn. 2.10).

Further characterisation was not attempted during the present

investigation.

R OH,X + BH:rDMS
R/ NH2 -

RrO" ,.rHB (eqn.2.l0)

R' NH""" "H2
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The complexes were allowed to react with dihydrofolic acid (2.2)

(5 mg, 11.3 pmol) in 2 ml of the solvent system indicated, at

room tempe1'Qture and under nitrogen. The reaction was followed

by HPLC; isomeric excesses were detemined as previously described.

An excess of the chiral hydride was used in each case because

competing hydrolysis was expected; the weight of the complex

used is given since the molecular structure is not lmown with

certainty. The solvent systems used were:

(A) 'Water, containing 10 mM M'T : tetrahydrofuran, 5:3
(B) 20 mM Tris~l, pH 8.0, containing 10 mM M'T : tetrahydro-

fum.n, 5:3
(e) 20 mM Tris~l, pH 8.0, containing 10 mM M'T ethanol, 5:3
(n) 20 mM Tris~l, pH 8.0, containing 10 mM Dl'T

The results are given in Table 2. 6.

Parent wt. of isomeric
amino oomplex extent of reaction excess Configuration
alcohol Solvent (mg) (%), time (%) at 06

2.44 A 55.5 >98, 5 days 1.8 R

2.45 A 33.3 :>98, 5 days 9.8 S

2.46 A 37.8 >97, 5 days 0.8 R

2.47 A 26.5 30, 5 days - -
2.48 A 30.6 84, 5 days 9.8 S

2.49 B 4.8 100, 3 h , 11.8 R

.2.49 B 35.6 100, 1 day 12.6 R

.2.49 c 9.73 100, 5 days I 14.0 R

.2.49 0 5.22 >90, 3 days 18.0 R

2.50 B 23.54 6, 2 days - -
2.51 B 21.97 86, 2 days I 5.2 RI

(+)2.52 ( B 39.6 I- - - -
( o 27.92 - - - -

(-)2.52 ( B 42.7 - - - -
( c 34.35 - - - -

Table 2.6
• - prepared from 2:1 ratio of bozane dimethyl sulphide : oxazoline.



110.

The isomeric excesses produced are too small to be

~thetically useful. For the complexes derived from the amino

alcohols of (s)-~no acids (2.44-48) the configurations

produced in exess at 06 seemed to be related to the Sign of the

rotation of the complex; (-) gave (S) and (+) gave R. This

relationship did not hold with the other complexes. There was

a kinetic effect operating during the reductions and so it was

necessary to analyse for isomeric excess as close to complete

reduction as possible. In the cases where this was not done no

allowance was made. The 1: 1 complexof oxazo1ine (2.49) and

borane seemed to be more reactive than the 1 s 2 complex, although

the isomeric excesses generated were the same. Whenthe amount

of the 1:2 complexused was reduced the isomeric excess increased.

The complexes derived from (S)-2-amino-1-pheny1 ethanol (2.50)

and (+) and (-) ephedrine did not effect any reduction under

the conditions stated, this did not seemto be due to low

solubility in the mediumused.

Another class of chire.1 hydride reagents, triacyloxyboro-

hydrides, have been shown to..be effective in the asymmetric
..

reduction of cyo1ic imines!O~ These reagents are obtained by

reaction of sodiumborohydride with N-acy1-(S)-«-amino acids

(eqn.2.11).

The preparation of the benzy10xycarbony1 (CBzO)derivatives

(R' = OOH~) of (S)-alan1ne, valine, proline, phenylalanine,

and serine, was carried out. These derivatives were prepared by
10~

standard methods in 31-5?Otbyield. The melting points and

optical rotation of these materials were in good agreement with

values in the literature, the triacyloxyborohydride derivatives
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RyC02H RyC02
3 HN 'H + NaBH4 NaSH HN H (eqn, 2,11)

O~R~ O~R' 3
+

3H2

were prepared by reaction of the N-acylamino acid with sodium

borohydride, in a 3:1 molar mtio, in dry tetrahyd:rofura.n,

Removalof solvent in ~ gave the hydrides as white, amorphous

solids in 82-9&A yields, These derivatives had indeterminate

melting points and a very weak absorption in the inf'm-red

spectrum (Dr), between 2610 and 2460 cm_1 (B-H stretch), was

obtained. The resul tB"are summarised in 'Jl:i.ole2.1.

Parent amino yield m.p. (dec) "" max Oc:Br)
acid R (%) (~C) (cm-' )

-
(S)-a.lanine - CH3 91 45-52 2520

i
(S)-valine -CH(CH3) 2 , 82 48-10 2540,

,

(S)-phenylalanine -CH.~ 93 58-61 2460
I

(S)-serine -CH2OH 96 83-108 :2610

(S)-proline
/CH2,

I 56-60CH2 002 90 2460
I I

i (N)

Table 2.1
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These chiral hydrides in 3.5-7 fold molar excess, wer;-;

added to an approximately I mM solution of dihydrofolic acid (2.2)

at pH 7.0-8.0, under nitrogen. The reaction was followed by

HPLC,the results are summarised in Table 2.8.

Parent CBzO mol. equiv. time reduction
amino acid used (h) (%)

CBzO-(S)-Phe. 3.7 72 5

CB'zO-(S)....A.la. 5.9 48 5

C'BzO-(S)-Ser. 4.6 24 0

aBzO(S)-Pro. 7 72 70

Table 2.8

Only that hydride derivative based on (S)-proline gave any

significant reduction. BPLCanalysis of isomerio excess

indicated that no chiral induction had been obtained. The reason

for the low reactivity of these derivatives is not obvious. It

may have been that the hyd:rophobicbenzyloxycarbonyl group

rendered these deri vati ves too insoluble to react, although these

are salts and did appear to dissolve in water. It

could be that these derivatives were hydrolysed before they could

effect any significant levels of reduction. The apparent

reactivity of the proline derivative could have been due to

sodiumborohydride present.

Finally the asymmetric reduction of dihydrofolic acid (2.2)

was attempted in the presence of boVlne serum albumin, usiIl8

sodium borohydride. Bovine serum albumin is a carrier protein

in living systems. It will bind aromatio moieties in its
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104

interior, for examplenaphthalene is a good guest compound.

It has been used as a chiral template for the reduction of
105

aromatic ketones using sodiumborol'zydride. Thus boVine

serumalbumin(M.",. 66,(00) was dissolved in 20 mM Tris-Cl,

pH8.0, corrtad.nfng10 mM ID'T to give concentrations of o.5, 1, 1. 5,

and 2.0 mM. These solutions (2 ml) were then made5.63 mM in

dil'zydrofolic acid (2.2), and sodiumborol'zydride (as a solution

in water) was added in small portions at five minute intervals

until complete reduction was obtained. HPLCanalysis of the

tetrahydrofolate produced indicated that no chiral induction

was achieved. The binding pocket of bovine serumalbumin is

probably hydrophobic and it seems likely that dil'zydrofolic acid

(2.2)is too highly charged to enter.
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Nuclear magnetic resonance (n.m.r.) spectra. were recorded on

Perkin-Elmer R 32 (90 MHz)or Bruker-250 (250 MHz)spectrometers.

Tetr.amethy1silane was used as an internal standard.

13C-Nuc1earmagnetic resonance spect~ were recorded on

a Jeo1 PFT 100 instrument.

Ult:ra.-violet (u. v.) spectra. were recorded on Pye-Unicam

SP8000and SP800Aspectrophotometers.

Infra.-red (i. r.) spectra. were recorded on Perkin-Elmer

397 or 257 spectrometers.

Specific rotations were deter.mined using a Perkin-Elmer 241

polarimeter with a 1 decimetre path-length, jacketed, cell.

High resolution mass spectra were recorded on an A.E.l. (Kratos)

MS9spectrometer. Lowresolution spect~ were recorded on a MS20

instrument.

Gas-liquid chromatography (g.l. c.) was done on Perkin-Elmer

F33 and Sigma 3B instruments. The column packing was 5";6 F.F.A.P.

on Chromosorb G.

High pressure liquid chromatography (HPLC)was done using a

s,ystem comprising a LDCmodel 396 micropumpand a Cecil instruments

CE 2012 variable wavelength u.v, monitor. The prepacked columns

were supplied by 'Whatmansor Waters. All solvents were distilled

before use.

pHwas automatically maintained using a combi-ti trator 3D,

MetrohmHensau, Sw!tzerland.
1

Enzymesand biochemicals were assayed by standard methods.
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BPLCAnalysis of Folates

The mobile phase used was 5:95, acetonitrile : 50 mM Tris-Cl,

pH 7.0, containing 10 mM S-mercaptoethanol. An octadecyl

silane reversed phase columnwas used. The flowrate was

approximately 40 ml/h and the ef'fiuent was IOOnitored at 254 nm,

Relative concentrations were estimated from peak areas.

HPLC Analysis of Diastereomeric purity of Tetrahydrof'olic Acid

Tetrahydrofolic acid was reacted with (R)-(-)-l-isocyano-l-
~

naphthylethane. The chiral isocyanate reacts by addition
3

to N5 of' tet:re.hydxofolic acid. Thus an aqueous solution of

tetrahydZ'ofolate was mixedwith an equal volume of' ethanol

containing an excess of the isocyanate. The reaction was complete

in"" 5 min. at roomtemperature. The eluent used was 20:80

acetonitrile : 50 mM Tris-Cl, pH 7.0. The effluent was mom tored

at 290 nm. An octadecylsilane reversed phase columnwas used.

The (6R)-isomer eluted first. Diastereomeric excess was estimated

from peak height x retention time.
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ATP
ADP

AcP
NADPH, NADPCf)

NADH NAD®,

DID'

THE'

EIDrA

Tris
Hepes

lEA.E - Cellulose

124.

- Adenosine triphosphate
- Adenosine diphosphate
- Adenosine monophosphate
- Acetyl phosphate
- Niootinamide adenine triphosphopyridine

nuo1eotide (reduoed and oxidised foms
respeotive1y)

- Nicotinamide adenine diphosphopyridine
nuo1eotide (reduoed and oxidised foms
respeotive1y)

- ~hydrofo1io aoid
- Tetrahydrofo1io aoid
- Dithiothreito1
- Ethylenediamine tetra.-a.oetioacrd
- Triethy1enetetramine
- ~ hydro:xymethylaminemethane
- N-2-hydroxyethy1piperazine-N'-2-ethane

su1phonio aoid
- ~ethy1aminoethy1 oe11ulose
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7.8-Dihydrofolic acid

For small scale work the method of Futterman as modified
4

by Blakely was used. The amounts varied depending on

requirements but the procedure is given below.

Ascorbic acid (12 g) was dissolved in distilled water (60 ml).

The pHwas adjusted to 6.0 with IN sodiumhydroxide. If

necessary the final volumewas brought to 120 m1 with water.

Half of this solution was kept ice cold. To the remainder a

solution of folic acid (250 mg) in 0.1 N sodiumhydroxide (10.5 ml)

was added. Sodiumdithionite (2.6 g) was then added and the

solution was stirred for 5 min. at room temperature. After

cooling to 5~C, IN HOIwas added slowly dropwise by burette until

the pH fell to 2.8. After stirring for 5 min. the microcrystalline

material was recovered by centrifugation at O~O. The precipitate

was then resuspended in the remaining ice cold sodium ascorbate

and stirred until dissolution. The pHwas re-a.djusted to 6.0 if

necessary. After maintaining the solution (at times there maybe

a slight precipitate) at O~Cfor 5 min, 1N HCIwas again added

slowly until pH 2.8 was reached. Crystallisation was complete

after 5 min. The crystals were recovered by centrifugation,

washed :3 times with 0.005 N HCl (25 m1) and then resuspended in

0.005 N Hel in a 50 ml volumetric flask. The 7,8-di.hiYdrof'olic

acid was stored in the dark as a suspension at 5~C. It is stable

for several months. Estimation of the yield of the reaction

was done by U.V. assay.

U.V. ~ (0.1 N NaOR) 285 nm (€=20.4 x 103).max The yield

varied in the range 70-80%.
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Assay of Dihydrofola te Reductase. Fo:rmsI and II

Assay mixture volume used conC,in assay

1) 50 mM KH2P04 (pH 7.0 with KOH)

2) 1,0 mM DBF [0.44 mgjml 50 mM
potassium phosphate + 0.12 mM
B-mercapto-ethanol (10 pl/ml]

3) 1.2 mM NADPH (1.0 mgjml of 50 mM
potassium phosphate)

2.6 ml 46,5 mM

100pl 0.035 mM

4) DHFR solution (approx. 1 mg/
100 m1 H20) 50p1

These solutions apply to fo:rmI assays; for fo:rmII (1) is

substituted by 50 mM succinate (pH 5.0 with KOH). Solution (1) is

kept at 25°C. Solutions (2) (3) and (4) are kept cold.

Prooedure: Solutions (1) to (3) were inoubated at 25~C for 10 mins

in a cuvette. The enzyme sample was then added and the ohange in

absorbanoe noted. In this case the ohange in absorbanoe at 340 nm

is due to DBF reduotion as well as NADPH oxidation. E NAJ)PH =
6.22 om2,Qmol E DBF = 5.05 om2~1. The contribution of NAJ)PH

oxidation to the ohange in absorbanoe with time is therefore 0.55 x AA.

This is the 4A value used when calculating the specifio activity,

Fo:rmII, pH 7.0, 3.3 ujmg

pH 5.0, 24.4 ujmg

Fo:rmI, pH 7.0 27 ujmg of protein
8.65 ujmg of solid.

It was fO'UIldthat the aoti vi ty of DHFR(fom II) deoreased

over the period of this work to a value of 2-2.5 U at pH 7.0.
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510-Formy1dihydrofo1ic acid

10-Fo~lfolic acid was recrysta11ised from water in the

C, 49.48; H, 4.42; N, 20.03. Found: 0,49.90; H,4.74;
6N, 21.83. U.V. A (pH 1) 321 and 252 nm (lit., 321 and 252 nm).max

10-Fo~lfolic acid (20 mg, 41 ;xmol) was dissolved in 10 ml

of 0.1 M potassium phosphate buffer (pH 2.5). Sodium( dithioni te
(200 mg, 1.15 mmo1) was then added to the stirred solution.
The reaction was followed by HPLC. After 65 min. at room
temperature, cold ethanol (5 ml) was added to precipitate excess
sodium dithionite. The solid was removed by centrifll8B.tion.
Ethanol was removed on a rotary evaporator to give an aqueous
solution of the product. The yield was estimated by deformylation
of the 10-fo~ldihydrofolic acid to dihydrofolic acid in basic
solution. The U.V. spectrum smoothly changed over 1 h to give
Amax 283 nm. Using 20.4 x 103 as the extinction coefficient
for dihydrofo1ate the yield of 10-formy1dihydrofolic acid was
18.4 mg (95D~). An estimate from the HPLO trace f!fove90%.

Investisation of 10-fo;moclfo1ic acid and 10-f0;rnYldihydrorolic
acid as substrates for dih.ydrofo1ate reductase (rom II) at
pH 5.0 and 7.0.

Assa~ mixture Volume used Conc. in assa~
1 (a) 50 mM KH·~4' pH 7.0 ) 2.75 m1 46 mM(b) 50 mM succinate, pH 5.0 )

2 (a) 0.5 mM 10-formyl mF in )
buffer l(a)

1
100 Jll 0.016 mM(b) 0.5 mM 10-formylrolio

acid in buffer l(a)
3 0.7 mM NADPH [0.86 m1 in

1.5 ml of buffer l(a J 100 )11 0.023 mM
4 Enzyme solution (0.79 mg/

100 m1 H2O) 50)11
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SDlutions 1 to 3 (as appropriate) were incubated at 30~C

for 10 min. in a cuvette. The enzyme sample was then added and the

change in absorbance noted. Allowance was made for the decrease

in absorbance at pH 5.0 for a blank reduction. Neither

derivative, at either pH, was a substrate.
7

(6R,S)-5,10-Methenyltetrahydrofolic acid chloride.

To a suspension of folic acid·2H20 (6O g, 0.126 mol) in

water (1.25 L), which was under an atmosphere of N2 and cooled

in an ice bath (5~C), was added slowly with stirring 5~~ sodium

hydroxide (25 ml). The resulting clear yellow/brown solution

(pH1.85, meter) was treated over a 40 min. period with a solution

of sodiumborohydride (56.2 g) in water (zoo ml). The temperature

was maintained at 5~C. The solution was stirred for an additional

60 min. followed by decomposition of the excess sodiumborohydride

with cone, HCl (93 ml). Cooling was required to keep the temperature

below 24~C, the addition. took 75 min. The resulting solution

(pH1.1) was adjusted to pH 6.6 over a period of 30 min. with

cone, HCl (33 ml). a-Mercaptoethanol was then added (3 e, 38 mmol)

and the pHwas brought to 2. 65 by further addition of cone, Hel.

A yellow suspension was obtained which turned brown on standing

overnight under N2. The suspension was filtered under an atmosphere

Thewet solid was then dissolved in a mixture of 98:2

fo:t:micacid (9~): trifluoroacetic acid (400 ml). After standing

at room temperature for 20 h the dark red solution was evaporated

to dryness in vacuo at a maximumwater bath temper.ature of 45~C.

The superficially dried solid was suspended in 0.5 NHCl (1050 ml)

containing S-mercaptoethanol (1 ml). The whole was concentrated



129.

il!. vacuo at 45°C to remove fo:t'lllicand trinuoroacetic acids.

After standing at room temperature for 18 h the (6R,S)-5,10-

methenyltetrahydrofolic acid chloride was collected by filtration,

washed with 0.01 NHOI, ethanol, and ether and dried !!1vacuo over

phosphorus pentoxide: yield 28.65 g (44%). Concentration of

the filtrate deposited a second crop, yield 9 g (14%). Anal.

calcd. for (C20H2~706)~le.H20: C,47.l1; H,4.74; Cl, 6.95;

N, 19.23. Found: C, 46.26; H,4.72; N, 19.13. A sample

was recrystallised from 0.1 NHel - 0.1 M~-mercaptoethanol in the
8

presence of decolourising charcoal. Found: C, 47.27; H, 4.94;

Cl, 8.17; N, 19.63. U.V. ~ (1.0 NHel) 287 and 347 nm.

E' = 13.32 X 103 and 27.10 x 103• ~ 347= Xmin303 = 2.4

(lit.,S 290 (12.4 x 103) 348 (26.5 x 103)1 2.46).

Calcium (6R,S)-5-fo;mYltetpahYdrofolate7

Solid (6R,S)-5,1O-methenyltetrahydrofolic acid chloride

(10 g, 0.0196 mol) was added with stirring under nitrogen to

boiling water (200 ml). During the addition and thereafter for

one hour, hot, de-a.ere.ted 3.7 N sodiumhydroxide (25 ml) was

added at a rate to maintain the pHbetween 6.5 and 7.0 (meter).

The resuJ.ting solution was renuxed for 12 h] it was necessary to

add 1 NHC1(6 m1 in total) to maintain the pHbetween 6.6 and 7.1.

After standing for an add! tional 12 h without heat the mixture

was treated with a clarified solution calcium chloride (4.75 g

in 11.5 ml). The solution was cooled in an ice/salt bath and

a yellow solid was fomed on add!tion of ethanol (20 ml). After

standing overnisht at 5~Cthe yellow solid was collected and

dried .!n vacuo over phosphorus pentoxide, yield 5.84 g (54%).
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'J..'::"C c.iear- filtrate was further diluted with ethanol (600 ml) and

~~+o~ standin& for 2.5 days at 5~Ca further crop was obtained,

yield 3.89 g (3&~). Ascending paper chromatography (Whatmans

~o. ~, 0.1 Mphosphate, pH 7.0) showed somebaseline impurities when

_..._-':' ••ed under long wave U.V. light. The material was purified by

dissolving in boiling water and adding ethanol until turbidity

just remained. Re-dissolving and cooling deposited a solid.

This process was repeated twice to give a further 2 fractions.

All the fmctions were dried in vacuo over phosphorus pentoxide.

Fractions 2 and 3 which constituted the bulk of the solid showed

no baseline impurities, only an absorbing spot, r. f. 0.61, on

paper chromatography. Anal. ea.Led, for C20~,N707Ca. 2H20:

C, 43.87; H, 4.60; N, 17.90; Ca. 7.32. Found: 0, 43.80;

H,4.54; N,17.90; ca. 7.15 (dete:rminedasashOaO, .........l(YJ~)

U.V. ~ (0.1 N NaOH)282 nmE = 27.5 x 103• ~ 282: ~min 242max . max
21= 3.65 (lit.,7 282 nm (28.8 x 103) max:min = 3.6) [a]n = + 11.27~

(0. 0.222 g, water). T.l.c. (silica with fluorescent indicator)

r.f. 0.62 (0.1 Mphosphate pH 7.0).

Further experiments using triethylamine as the base in

essentially the same procedure offered no obvious advantages over

the method above.

Enzymatic reduction of dibydrofolate to (6S)-tetrahydrofolate;

consuming glucose-6-phosphate and recycling NADP~540X

Dihydrofola.te (250 mg, 564)lIIIOl)was suspended in 50 ml

of 50 mM Tris-c1 (pH 7.0); 5 mM in lY.rT, in a 250 m1 3 necked

flask. The flask was equipped with a pH electrode, a N2 inlet/

outlet, and a serum stopper. A solution was obtained by adding

saturated Tris and stirring magnetically over 10 min. Glucose-6-
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phosphate (564 mg, 2,000 P. mol) was dissolved in 5 ml of the buffer

and introduced into the flask. If necessary the pHwas corrected

to 7.0 with Tris. Glucose-6-phosphate dehydrogenase (0.1 mg,._, 25 u),

dihydmfolate reductase, form II (5 mg,""'" 16.5 U) and NADP@

(0.086 mg, 105pmol) were dissolved in 1 ml of buffer and added to

the flask. The reaction was stirred gently under N2, the

temperature was maintained at 25~Cusing a thermostated water bath.

Complete reduction to (6S)-tetrahydrofolate was accomplished in

6 h (HPLC).

Enzymatic reduction of dihydrofolate to (6S)-tetrahydrofolatej

consumingD-isocitrate and regYcling NADP~137X. Isolation of

(6R)-5!10~ethenYltetrahydrofolate by ion exchange chromatography

A 250 m1 3 necked flaSk was equipped with a pH electrode

(connected to a 'pH stat' unit) a N2 inlet/outlet, and a magnetic

stirring bar. The flask was charged with water (150 ml, which

had been degassed and nitrogenated) dithiothreitol (77 mg, 0.5 mmol)

and dihydmfolate (225 mg, 507)lIIlol). The pHwas adjusted to 7.4

with saturated ammoniumcarbonate solution, a solution was obtained

after 5 min. To the flask was added MgC12·6H20 (101 mg, 0.5 mmol)

and ~-isocitrate (:322mg, 5l0)lIDOl of ~isomer). The addition of

isocitrate caused the pH to rise, this was adjusted automatically

to 7.4 using 1 NHC1, by the 'pH stat' apparatus. Dilzy"drofolate

reductase, fom II (0.45 mg, 1.5 U) D-isocitrate delzy"drogenase

(30pl of a suspension in glycerol, 0.96 u) and NADP (3.1 mg,

3.7 )lIDOl)were added. The pHwas maintained between 6.8 and

7.4 using 1 N HOI. The flask was covered in foil to prevent

photo-degxadation of the reduced folates and the reaction was left



stirring under N2 at ambient temperature. After 7 days the

reaction was complete (HPLC)the final pHwas 6.8. The reaction

mixture was freeze-dried and the yellow lyophilisate was 1.is801ved

in a mixture of 98:2 formic acid (9EP,-b): trifiuoroacetic acid

(10 ml). After 14 h this mixture was lyophilised and the residue

was suspended in 30 ml of 0.5 N HCl containing S-mercaptoethanol

The whole was concentrated iU vacuo at 45~Cto ,.._,10 ml.,

After standing at room temperature for 18 h a light brown solid

was isolated by freeze-drying once more.

mAE cellulose was washed extensively with water and then

packed into a column (4 x 30 cm) to a height of 18 cm. The

packing was then washedwith 500 ml of the eluent, 0.1 M fomic

acid - 0.01 M S-mercaptoethanol. The lyophilisate from above

was dissolved in 70 ml of the eluent and allowed to percolate.

onto the column. The fiowrate was set at r.J 2 mljmin. and 10 ml

fractions were collected. At the"lOth fraction the yellow band

started eluting and this and subsequent collections were frozen.

All of the effluent fractions exhibiting a value greater than 1.6

for the ratio of absorbance of 345:310 nm in 1.0 N HClwere

pooled and lyophilised (tubes 13-22). The yellow solid was

dissolved in boiling 0.1 N Hel - 0.1 M B-mercaptoethanol (,.._,15 ml).

After standing overnight at 5~Cthe crystals were collected by

centrifugation and washedwith ethanol and then ether. The

supernatant was concentrated and a second crop of crystals deposited.

After drying iU vacuo at 76~Cfor 1.5 h the yield of (6R)-5,10-

methenyltetrahydrofolate was 46.15 mg (24%based on dihydrofolate) •
. 2~oC

U.V.~max (1 N HCl) 287 and 347 nm. [«JD - = + 19.2 Z 2.5~
(c. 0.39, cone. aci , sp, gravity 1.16, approx. ION.).

24
Lit. ,
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o'J 25[ex = + 11.4 ..:t o.8~ (Co o.95, 12 N HCl).

D
The product was

comparedwith an analytical racemic sample by HPLC.

Ketene

Ketene was produced by the py:rolysis of acetone vapour in a

quartz tube. The apparatus was similar to that described by
9

Rice &. !l. Acetone was continuously distilled from a round

bottom flask, under a stream of dry N2' and passed through a quartz

tube contained in an oven. The sol vent level in the flask was

maintained by continous addition of acetone. The acetone and N2
flows were the same for all experiments. After the oven

temperature had equilibrated at 700-725~Cthe rate of ketene

generation was estimated by diverting the output of the generator

through 50 ml of a cooled, stirr,ed solution of ethanolamine

(1.329 N), in 2-propanol, for 30 min. The excess amine was then
10

titrated with standardised 1.0 NHCl. Using met~l red the

colour change was yellow to :red, the ti tmtion proceeded until the

first persistent red tinge. The output was 0.55 ..:t 0.16 mol/h,

the relative standard deviation was 2"~ (fl.'Omfive deteminations).

Attempted preparation of diammoniumacetyl phosphate

Phosphoric acid (89'~)was de~dmted by adding 19.15 g of

phosphorus pentoxide with stirring at room temperature. The

resulting straw coloured liquid was allowed to stand over

magnesiumperchlorate in a desiccator for 1 h.

Et~l acetate (200 ml) and phosphoric acid (29.4 e, 0.3 mol)

were cooled to -lO~C in a 500 ml 3 neck flask. The output of

the ketene generator was passed th:rough this solution for 70 min.

Neutralisation With a saturated solution of ammoniain methanol
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and isolation of the solid were as described (see below). A

n.m.z-, assay indicated that the solid did not contain acetyl

phosphate.
11

Diammoniumacetyl phosphate.

Phosphoric acid hemihydrate was heated for 30 h at 6O~C

under reduced pressure (0.1 IIDD H8) in the presence of phosphorus

perrtoxi.de, For the first 12 h the phosphorus pentoxide was

replaced evexy 4 h. On cooling to room tempeDature the material

crystallised after 30 min.

in vacuo over phosphorus pentoxide.

Ethyl acetate (680 ml) and 100%H3P04 (lOOg, 1.02 mol) were

cooled in a l-L two neck round bottom flaSk to O~C(icejWater).

Acetic anhydride (187 g, 1.83 mol) was cooled to O~Cthen slowly

added to the mixture. The addition took 30 min. and the re su1ting

solution was stirred at O~Cfor a futher 3.7 h. A}-L three

necked flask was fitted with a thermometer, a gas inlet tube and an

overhead stirrer. The gas outlet was throu8h a side arm adaptor

used with the stirrer. Methanol (765 ml) was added and ammonia

was bubbled into the solvent, with stirring, at -30 to -40~C.

(dry ice/acetone/ethylene glycol). After at least 30 mins. the

addition of RIIDDoniawas stopped and the gas inlet tube was replaced

with a l-L pressure equalising dropping funnel containing the ethyl

acetate/acetic anhydrideJR3PO.. mixture. The addition took 30 mini

care was taken to ensure that the temperature did not rise above

-20~C during the addition. The fine white solid which filled

the flask was collected by suction filtration [after

a further portion of methanol (500 ml) was added to ease
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filtrationJ. It was washed with methanol (500 ml ) and ether
(500 ml }, Final drying to constant weight was done by placing
the solid in a glass dish in a desiccator, and drawing dry air
over it by way of an inverted f'unnel., The air was passed through
cone, H2SO4 and two calcium chloride drying towers. The desiccator
contained calcium chloride. The final weight was 136.7 g.
Enz,ymatic assay (see below) showed that the solid contained 84%
acetyl phosphate by weight corresponding to a 6~~yield based on

A n.m.r. assay (see below) save a composition ratio of
84.4% AcP, O.&~ acetamide and 6.3";i ammonium acetate. Anal. calcd

H, 5.98; N, 15.08. The sample was stored at 5~O in a desiccator.
NMR A@BaY for AcP

100-150 mg of the reaction product was dissolved in 0.6 ml
of D20, and to this solution was added dioxan (10 }ill micropipette )•
The solution was transferred to a n.m.r. tube and the spectrum
recorded. The acetyl protons of AcP fall 1.65 ppm upfield from the
dioxan protons and are split into a doublet by coupling to
phosphorus. Acetyl protons from acetamide are 1.76 ppm upfield
while those from ammonium acetate are found 1.86 ppm up·field.
Integration of the dioxan peak and the acetyl proton peaks allows
the composition of the mixture to be calculated. The formula
used is,

where M = molarity, N = number of protons and H = the height of
the integral.



~zymatic Assay for AcP

The assay is based on the phosphorylation of ADPusing AcPand

acetate kinase to give ATP. The number of moles of ATPformed

are directly related to the number of moles of AcPused. Care

was taken to ensure complete reaction in the stipulated time.

The ATPconcentration was measured by HPLCanalysis. The

following solutions were madeup:
~(1) 0.2 M Triethanolamine.HCl buffer, pH 7.6, 0.03 M in Mg

(2.98 g (HOCH2aH2)3Nand 0.61 g MgC12·6H20for 100 ml).

(2) Water was added to 125.15 mg ADPto give one ml of solution.

This was kept cold in an ice bath.

(3) Approx. 50 mg of the acetyl phosphate sample was broU8ht

to 50 ml with H20 just prior to the assay and chilled

immediately. 10)ll of a suspension of acetate kinase in

ammonium sulphate solution was used for the assay. This

corresponded to approx. 8.5 un! ts.

Procedure: To 5 m1 of solution (1) in a sample bottle was

added 100 jl1 of (2) and 10 Jl1 of acetate kinase suspension. This

mixture was incubated at 25~Cfor 2 mins before add!tion of 100 p.1

of H20 or 100)l1 of AcP solution. The blank: was to correct for

ATPpresent as an impurity in the ADP and for arty ATPthat might

be formed during the reaction. The reaction was allowed to prooeed

for 5 min. (This was shown to be adequate for complete reaction ).

The solution was then placed in boiling water for 1 min. chilled

over 1 min. filtered and injected onto the HPLC column in duplicate.

Ei ther a reverse phase column or an anion exchange columnwas used

(detector set at 0.05 a.u.f.s. in both cases). The ATP
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concentration was calculated as outlined below. Agreement between

the two HPLCmethods and also with the n.m.r. method was good.

Separation and guantitation of adenosine diphosphate and adenosine

triphosphate by HPLC12

1) Reverse phase column and ion-pair reagent.

The mobile phase was made up as follows:

To potassium dihydrogen orthophosphate, KH~04 (6.804 g) was

added approx. 500 ml of H20. The ion pair reagent, tetra-n-

butyl ammoniumphosphate, (TEA)was added (1 vial diluted to one

litre gives a concentration of 0.005 M). The pHwas adjusted to

6.8 with 1 N potassium hydroxide. The volume was then made up to

one litre in a volumetric flask. This gave an aqueous phase

of 50 mM KH~4' pH 6.8, 0.005 Min TEA. Methanol was added

to the aqueous phase to give a ratio of buffer: MaOHof 88:12.

The volumes were measured sepa.:re.tely then mixed.

The reaction times (minutes) for the nucleotides were:

.AMP - 5.2
ADP - 10.2

ATP- 18.4

for a fiowrate of 119 ml/h.

Quaptitation of ATPat 0,05 a,u,f,s.

ATP (202.735 mg) was made to 1-1. with H20. A molecular

weight of 643.8 was calculated on the basis ofE = 15.4 x 103 for
13

~max 259 nm in 0.1 Mpotassium phosphate buffer pH 7.0 Aliquots

of this standard solution were withdrawn and diluted with H20 to

give the required ooncentrations of ATPfor injection.
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ATP cone, x 104 M Peak area, cm2

0,063 0.310
0,158 0,950
0.315 1.888
0.630 3.617
0,944 4,804
1.253 7,493
1.566 9,262

The instrument scale was set at 0,05 a,u,f,s, and the injections
were duplicated,
The areas quoted were the average.

_2
and the intercept was - 7.8 x 10

The slope was 5.858 x 104

Quantitation of ATP at 0,2 a.u,f ,s:

ATP cone, x 104 M Peak area, cm2

1,253 1.562
1,880 2.770
2,507 3.588
3,134 4.606

The injections were duplicated, The slope was 1.587 x 104 and
the intercept was -0.35.

Quantitation of ADP at 0,05 a,u,f,s.
ADP (152.905 mg) was made to 1 L with water. A molecular

we~ght of 523.27 was calculated on the bas~s of e = 15.4 x 103
13for ~ma.x 260 IUD in 0.1 M potassium phosphate buffer pH 7.0.

A1iquots of this standard solution were diluted for injection in
duplicate.
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ADP conc, x 104 M Peak area,cm 2

0.0585 0.412
0.1460 0.826
0.2922 1.545
0.5844 3.258
0.8166 4.664
1.1168 6.559

_2The slope was 5.682 x 104 and the intercept was -3.4 x 10 •

Separation and guantitation of adenosine diphosphate and adenosine
triphosphate by HPLC

2) strong anion exchange column
Optimal conditions for the mobile phase were found to be;

0.2 M KH~4 brought to pH 4.0 with 0,2 M H~P04. The buffer
also being 1 M in Kel. The retention times for the nucleotides
were (in minutes).

AMP - 2.8
ADP - 4.8
ATP - 14.8

for a f10wrate of 98.5 ml,/h.

Quantitation of ATP at 0.02 a,u.f,s.
Samples prepared as before. Injections done in duplicate.

ATP conc, x 104 M Peak area, om2

0.062 0.825
0.154 1.838
0,308 3.640
0.616 1.412
0.924 11,636

The slope was 12.548 x 104 and the intercept was - 9.79 x 10-2
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0.05 a,u,f,s.

ATP cono, x 104 M Peak area, cm2

0.308 1.685
4.520
7.942

11.130

0.924
1.540
2.156

_2The slope was 5.155 x 104 and the intercept was -3.22 x 10

Quantitation of ADP at 0,1 a.u,f,s.
Samples prepared as before, injections done in duplicate.

ADP oonc, x 104 M Peak area, cm2

0.120 0.389
0.240 0.630
0.480 1.252
0.721 1.864
0.961 2.494
1.201 3.115

4 _2The slope was 2.545 x 10 and the intercept was 4.44 x 10

Assay of hexokinase by HPLC
The assay was based on the measurement of the rate of

formation of ADP by HPLC analysis.
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Assay Mixture Volume used conc. in assay
0.1 M Triethanolamine
buffer (pH 7.6 with 1 N HCl) 2.4 ml 48 mM
0.5 M glucose solution
(1 g/lO ml buffer) 2.0 ml

0.1 M MgC12 0.3 ml

220 mM
6mM

14 mM ATP solution
(9.5 mgjIDlbuffer) 0.2 ml 0.56 mM

Hexokinase solution
(9.35 mg)lOO ml buffer) 0.1 ml approx. 0.1 unit

All solutions, except that containing the en~e, were pipetted
into a glass sample bottle and incubated at 25~C for 2 min. After
addition of enzyme 1 ml samples were removed at 1, 3, and 5 min.
and frozen. The samples were then plunged into boiling water for
lY2 min, chilled for 1 min, filtered,and injected onto the column.
Typical results for a determination of enzyme activity using the
reverse phase column are gi.ven. Three assays were done, the
samples from each were injected once.

Assay (1) Assay (2) Assay (3)
Time (min) Peak Area Peak Area Peak Area

(cm2) (cm2) (cm2)

1 2.188 2.100 2.223

3 4.489 4.113 4.140
5 6.333 5.303 6.138

The avemge change in area was 0.938 .:!: 0.137 cm2jmin.
The relative standard deviation was 10.8M.
The detector was set at 0.05 a.u.f.sl the equation for

this range was:
Area (cm2) = 5.682 X 104 x conc(M) - 3.4 :x: 10-2
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~[ADP]jmin = 0,938 + 3,4 x 10-2
5,682 X 10 4

t:. molesk.';n = 0,938 x 3,4 x 10-2 _2_
I~ 5.682 x 104 x 1000

1pmol,/min = 1 unf t

:. 100 ml stock solution contained 86.0 units.

The specific activity of hexokinase was ~~5~= 9.0 units/mg.

The activity of this batch of enzymewhenassayed speotrophotometrically

was 11 Ujmg.

Assay of acetate kinase by HPLC

The assay was based on the measurement of the rate of

formation of ATPby HPLCanalysis.

Assay mixture Volumeused cone, in assay

0.1 MTriethanolamine
buffer (pH 7.6 with 0.2 N HCl 4.45 ml 89 mM
5mMin nm)
0.24 MAcP solution
(50 mg Li/K saltjm,l buffer) 0.2 ml 9.6 mM

76 mM ADPsolution
(40 mgjml buffer) 0.2 ml 3.0 mM

0.1 M MgCl2 solution 0.05 ml 1.0 mM

Acetate kinase solution
(0.2 ml of suspension in
100 ml of buffer) 0.1 ml approx. 0.1 unit.

The procedure was conducted as above. The assay was done at 25~C

and the reverse phase columnwas used. The detector was set at

0.05 a. u, f. a, Two assays were done and the samples from each at

1, 3,and 5 min. were injected once.

The average change in area was 2.074 .± 0.14 cm2/min.

The equation used was:
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Area (cm2) = 5.858 X 104 x cone, (M) - 7e "83 x 10-2

6molesjmin = _.2._xlOOO

The acetate kinase suspension contains 5 mgJml. The specific

activity of the acetate kinase was 184 U,lmg. A linked U.V.

assay which actually measures the reaction in the opposite direction

gave16l U,/mg.

An assay of a different batch of enzymeusing the strong

anion exchange column gave a specific activity of 156 u,Img,
spectrophotometric assay of this enzymegave 136 U,/mg.

Assay of immobilised en;rmes

The immobilised enzymeswere assayed by either of the

procedures outlined above. For the spectrophotometric assay

aliquots(120-100 pl) of the immobilised enzyme, suspended in the

appropriate buffer, were taken and added to a cuvette. The cuvette

was stoppered and shaken £or 10 s to mix the suspension. The

absorption was read at 340 nmfor 30 a, This process was

repeated so that the response was measured over 9 min. The

plot was linear. For the chromatographic assay the solution was

stirred with a small overhead air stirrer to keep the suspension

agitated. Analysis was done as before.

En~tic reduction of dihydrofolate to (6S)-tetrahydrofolate;

consumingATPand recycling NADP<!>

50 m1 of 50 mM Tris-Cl (pH 7.2) 10 mM in Mg2@and 5 mM in

lYrT, which was de-eerated by bubbling N2 through for 30 min.,
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was placed in a 100 ml 2 necked flask. The flask had a N2

inlet/outlet and a serum stopper. To this was added glucose.

H20 (27 mg, 136 pmol), dihydrofolate (25 mg, 56.4 J»DOl),

dihydrofolate reductase, form II, (1.8 mg, 6 U), glucose-6-phosphate

dehydrogenase (0.1 mg, 25 u), and hexokinase (1.68 mg, 18.5 U).

The solution was incubated at 25~Cin a water bath for 5 mins

after which timeadenol!line triphosphate (70.5 mg, 109jllOOl) and

NA.DPc:t) (0.64 mg, 0.78 pmol) were added. The addition of ATP

caused someprecipitation. A further 10 ml of buffer were added

but complete dissolution was not obtained. The suspension was

stirred magnetically at 25~Cunder N2• It was hoped that the

solubility properties of tetrahyd.rofolate would result in

dissolution as the reaction proceeded. After 2 days the reaction

was allowed to settle and HPLCanalysis indicated 50% reduction

of the material in solution. At this point glucose· H20 (18 mg,

91)lIDOl)and ATP(23 mg, 36pnol) were added, After 15 days the

reaction in solution had proceeded to> 9496although there was

still un:reacted dihydrofolate suspended in the reaction. It is

clear that the recycling procedure would be viable provided complete

solubili ty is obtained.

Enzymatic reduction of dihyd.rofolate to (6S)-tetrahyd.rofo1ate;

consuming creatine phosphate and recYcling ATPand NA,DPe 46 and

93 X respectively

Dihydrofolate (165 mg, 372pmol) was suspended in de-aerated

water (45 ml) to which was added EmA (7.5 mg, 20)lDIOl)MBC12•

6H20 (101 mg, 500pmol) and lY.I'T(74 mg, 480pmo1). dissolved in

water to give a final volume of 47.5 ml , Glucose (73.3 mg, 370pmo1)
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and creatine phosphate (179.5 mg, 520pmol) were added in 1 ml o:f

water. The reaction was done in a 250 ml 3 necked :flask equipped

as usual. The pHwas brought to, and maintained between,7. 4

and 7.6 by a 'pH stat' unit using saturated ammonium carbonate

solution. The dihydrofolate was not completely dissolved at the

start of the reaction but a solution was eventually obtained.

After the pHwas reasonably stea~ at ~ 7.4 hexokinase (0.4 mg, 4 u),

glucose-~phosphate dehydrogenase (0.02 mg, 4 U) ,creaUne

phosphokinase (0.03 mg, 4 U) and dihydrofolate reductase, :fo:rmII,

(1.34 mg, 4.4 U) were added. The final component, NADPEE> (3.32 mg,

4 ;.unol) was then added after the system had stabilised. The

reduction was complete after 5 days (HPLC). This system was

subsequently extended to recycling ATPand NADPEt> 300 and 10 X

respectively.

Immobilisation of enzymes on poly(acrylamide-ec>-N-acryl0xY

succinimide) (PAN)14
14

The active ester content of PANwas determined as described.

It was :found to be 385)J. equiv g-1, this was te:rmedPAN400.

Immobilisation of dihydrofolate reductase (E.C. 1.5,l,3)[DEFR]

PAN-400(1 g, ea, 400 ;mol of active ester groups) was placed

in a 25 ml beaker containing a stirring bar and 5 m1 of Hapes

bU£:fer pH 7. 5, containing O.32 mM DHFand o,10 mM ~ (approx.

100 :x: the respective Michaelis constants, Ian). To this was also

added lOOjll o:f a 0.5 Msolution of DTT. The polymer was

dissolved within 90 s by mixing and rubbing against the beaker

walls with a glass rod or a syringe plunger. The polymer solution
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was stirred magnetically for 30 s at room temperature to ensure

complete solution and then 340pl of a 0.5 Maqueous solution of

TETwere added; approx. 60 slater 200p1 of a solution of DHFR

form II (1.04 mg, '"'"' 3.3 units at pH 7.0) were added. In less

than 2 min the solution set to a gel (either transparent or with

a faint red/brown colour). The gel was allowed to stand for 1 h

at room temperature to complete the coupling of enz.ymeand

transferred to a mortar. The gel was ground with a pestle for

2 min. and 25 m1 of Hepes buffer (50 mM, pH 7. 5, containing 50 mM

ammoniumsulphate) were added. The grinding was continued for an

additional 2 min. The gel suspension was diluted with a further

25 m1 of the ammoniumsulphatejHepes buffer and transferred to a

centrifuge tube. The suspension was stirred magnetically for 15

min.. and separated by gentle centrifuaation ('"'"'3000 rpm). The

supernatant (I) was kept. The washing procedure was repeated

once with the same volume of the buffer containing no ammonium

sulphate and the supernatant (II) was kept. The gel partioles

were then resuspended in the same volume of Hepes buffer. The

gel and the washes (I) and (II) were assayed for enzymatic activity.

The aotivi ty of the gel was 0.6 U (la;b), and 2.4 U(7CJ>;6)were

detected in the combinedwashes.

Since a fair amount of the enzymic activity was recovered

in the washes the inference was that the amino groUIB of this enzyme

were comparatively unreactive. This postulate was tested by

modifying the immobilisation procedure. The enzymeand the

aqueous PANsolutions were allowed to react in the absence of

crosslinking agent. TETwas then added and the immobilisation

procedure followed the course described above.
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Enzymea.dded 00 s before TEn'; gel, 18'/0: washes, 7fJJ/o.

Enzymeadded 90 s before TET: gel, 25%; washes, 5~/o.

DBFRfo:rm I was immobilised using the standard procedure.

The effect of removing the cofactors was investigated. Without

cofactors: gel ,,/0; washes 4%,with cofactors: gel, 596; washea

690/0.

The stability of DHFRin buffer (Repes, 50 mM pH 7.5, 10 mM lYlT)

at 5~C, free and immobilised, was investigated. After 7 months

immobilised enz.ymehad retained 7fJJ~activity: the soluble enzyme

had retained 71% of its aotivity. This oompares favoumbly with

the sta.bility of the soluble enzyme in aqueous solution at 5~C,

7~/o aotivity remained after 2 days.

The immobilisation prooedure for the other enzymes was

essentially that desoribed above. The immobilisation yields
14

compare favourably with those previously obtained.

Gluoose-6-phosphate dehydropjenase (E.C. 1.1.1.49, G-6-PDH)

G-6-PDH(yeast, 0.67 mg, 181 n) was immobilised in PAN-400

(200 mg, ca. 104)l moles aoti ve esters). The Hepes buffer

(0.3 M, pH 7.5) oontained 15 mM MgCl2' 6.3 mM G-6-P and 1.0 mM

NADP~ The buffer for washing and storing oontained 10 mM Mg~

and 10 mM MT. The speoifio aoti vi ty of the enz.ymewas 270 .:t 34 U/mg,

at pH 7.6 and 25~C. The washes contained 13.98 U (fJJ/o) and the

gel 26.5 U (1596). A repeat of the reaotion using 0.26 mg of

enz.yme(70.5 U) gave; gel 14 U (2~/o) washes 1.33 U (2%).

Hexokinase (E.C. 2.7.1.1 •• Hk)

Ek (4.85 mg, 53.4 U) was immobilised on PAN-400 (1.846 g,

738 )lIOOlesof a.otive esters). The buffer oonta.ined 15 mM Mg2~
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25 mM glucose, and 10 mM ADP. The buffer for washing and storing

"':VH ca.i.ned 10 mM Mg2~ and 10 mM DrT. The specific activity of

the enzymewas 11 ufmg.

gel 22.4 u (4~~).

The washes contained 5.4 U (10'1a)and the

Creatine kinase (E,C. 2,7.3.2 •• Ok)

Ck (6.84 mg, 978 U) was immobilised on PAN-400(250 mg,

100pmo1es of active esters). The buffer contained 40 mM creatine

phosphate, 10 mM ADP, 15 mM MgC12, and 100 mM KN03• The specific

activity of the enzymewas 143 ujmg. The gel contained 82.2 u

(8,~Ia) the waShes did not contain any detectable activity.

Acetate kinase (E,C, 2.7,2,1. N9
Acetate kinase contains disulphide bridges essential for

activity. It is very sensitive to dio~gen and so the immobilisation

step was done in a beaker under an atmosphere of H2• The grinding

and washing were done in air using Rapes buffer containing 10 mM

DrT. The enzyme is supplied as a suspension in ammoniumsulphate.

It must be separated from this solution otherwise the ammonium

sulphate c:ross1inks the polymer foming a weak gel which BOon

breaks up, The separation can be done by u1tra£i1 tra tion or by

centrifusation, either p:rocedure was satisfactory but centrifugation

was preferred because it was quicker.

A suspension of acetate kinase in ammoniumsulphate (0.5 m1,

2.5 mg of enzyme,405 u) was centrifuged at 15,000 rpm, 5~C, for

15 min.. The pellet was dissolved in the Repes/substrate solution

(1.5 ml). The enzymewas immobilised on PAN-300(2.5 B, 150poles

of active esters). The buffer oontained 15 mM Mg2~ 12.5 mM AcP,

and 20 mM ADP. The immobilisation up to the gel point was done
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in a stoppered beaker which had been flushed with N2• After this

the beaker was placed in a desiccator and kept under positive

N2 pressure. The buffer for washing and storing contained 10 mM

Mg2@ and 10 mM DDT. The specific activity of the enzymewas 162

u/mg. The washes contained 170 U (420"b)and the eel 168 u (420/0).

15
The preparation of cyanogen bromide activated Sepharose 4B

The activated Sepharose was either purchased from Sigma.or

prepared in the following manner; Sepna.rose 4B (2 m1 of packed

gel) was washed with 25 m1 of 1.4 Mpotassium phosphate buffer

(pH 12.1 ) and sucked dry on a sintered glass filter funnel. The

gel was then suspended in 2 m1 of cold 5 Mpotassium phosphate buffer

(pH 12.1) and to this was added 4 m1 of distilled water.

suspension was cooled (5-l0~C) and stirred magnetically.

The

Cyanoeen

bromide (roo mg in 0.2 m1 of CH3CN)was added over 2 min. and the

reaction was allowed to proceed for a further 10 min. The eel

was then transferred to a sintered glass filter funnel and washed

extensively with distilled water. The eel could nowbe used

immediately £or protein coupling, however, usually it was washed

with acetone and stored desiccated in vacuo at 5~Cbefore use.

It was stable for up to 2 days at least. Whena different degree

of substitution was needed the procedure was the same except the

quanti ty of cyanogen bromide was varied. 500, 200, 55, and 25 mg

were used hence the Sepharose preparations were designated Sigma.~

SOO, roo, 55,and 25 accordingly.

General protein ooupling procedure

The method employedwas essentially that described in the
16

Pharma.ciahandbook. Care was taken to ensure that no non-specific
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protein adsorption occurred. The immobilisation was done at two

different pHvalues. Buffer (A) was 50 mM sodium carbonate/

sodiumbicarbonate, pH9.1; buffer (:8) was 50 mM potassium

phosphate, pH7.5. The required amount of activated Sepharose

was washed and re-swollen with 1 mM HCl (200 m1/g) if necessary.

The support was then suspended in the coupling buffer, containing

the enzyme, and the suspension was stirred gently overnight (18 h)

at 5~C. The support was collected and the filtrate assayed for

enzymeactivity. To block any remaining active sites in the

support it was stirred at room temperature for 2 h. in 0.1 M

Tris-Q1, pH 8.0 (10 ml/200 mg). The gel was then washed for 1 h

alternately with 0.1 M potassium phosphate buffer, pH 5.5, and the

coupling buffer (25 ml/200 mg). Both of these solutions were

0.5 M in NaCl. The beads were then suspended in 50 mM potassium

phosphate buffer pH 7.0 for assay and storage. The support and

the Tris-Cl wash were assayed for enzymeactivity. In some oases

the other washes were also assayed.

The stability of dihydrofo1ate reductase to the coupling procedure

Dihydrofo1ate reductase (2-3 mg) was stirred overnight at 5°0

in 2 ml of either buffer (A) or (:8). The effect of including

the cofactors NAD~andDBFat a concentration of 2.7 mM and 1 mM

respectively and also the effect of DTT,at a concentration of

approx. 10 mM, were investigsted. Inclusion of all the above

compoundsresulted in 9<Y,-brecovery of activity. Without the

cofactors 55-6O>,-bactivity remained while omission of only the

Dl'T resulted in 5<Y,-brecovery. Without any addi ti ves the enzyme

retained 55-6CY,-bof its activity. It was found that successful

immobilisation occurred only when there were no additives.
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The Immobilisation of Dihydrofolate Reductase (DHFR), on

CyanogenBromideActivated Sepharose 4B

Form II

(a) The enzyme (1.16 mg, 2.4 U) was added to 135 mg of activated

Sepharose (Sigma). The mixture was stirred ovemight (18 h)

at 5~C in 2 m1 of buffer (A). The filtrate contained 0.7 U

(29'~), the Tris-Cl wash contained no activity, and 0.3 U

(12.5%) was detected in the support. After 5 days storage

at 5°0 the activity had fallen to 0.26U(S8';b).

(b) 0.88 mg (2.08 U) of DBFR was immobilised on 100 mg of

activated Sepharose (Sigma) in 1ml of buffer (B). There

was no activity in the fil tra te, the support contained O. 56 U

(2?Oh) •

(c) 2.05 mg (5.12 U) of DBFR was immobilised on 100 mg of

activated Sepharose (Sigma.)in 1ml of buffer (B). There

was no activity in the filtrate, the support contained 0.67 U

(l"A) •

(d) 3.04 mg (7.6 U) of DHFR was immobilised on 100 mg of activated

Sepharose (Sigma). There was no activity in the filtrate,

the support contained 1.14 U (l~~).

(e) 1.43 mg (3 0:) of DHFR was immobilised on 150 mg of Sepharose

(200) in 2 m1 of buffer (A). There was no activity in the

fil tmte or the Tris-Cl wash, the support contained 0.5 U

(11%). After 5 days storage at 5~C that activity had fallen

to 0.37 U(74%).

(f) 1.06 mg (2.:3U) of the enzymewas immobilised on 100 mg of

Sepharose (200) in 2 ml of buffer (s). The fil tm te contained

O.3U (139(), there was no activity in any other wash and the
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support contained 0.42 U(18}6). After 4 days sto:ra.ge at

5~Cthe activity had fallen to 0.36 U(8&;6). The support was

stirred for 1 h in 10 ml of 50 mM potassium phosphate buffer,

pH 1.0, containing 1.2 mM dihydrofolate. This treatment

decreased the activity further to 0.28 U, 0.05 Uwas

detected in the filtrate.

(g) 0.95 mg (2 U) of DHFR was immobilised in 0.4 g of ~

Sepha:rose (500) [dry weight rV 150 mgJ in 2 ml of buffer (B).

The fil tra.te and the washes contained no activity, the

support contained 0.29 U (150~).

(h) 0.84 mg (1.76 U) of the enz,ymewas immobilised on 26 mg

Sepha:rose (55) in 2 ml of buffer (B). The filt rate contained

0.24 U (14°~)and the support had an activity of 0.17 U (10);6).

There was no activity in arty other wash.

(i) 1.15 mg (2.5 U) of DHFR was immobilised in 22 mg of Sepha:rose

(25). The support had an activity of 0.05 U (~).

Form I
(a) 1.09 mg (9.2 U) of DHFRwas 1DD:nobilisedon 100 mg of Sepha:rose

(Sigma.) in 1 ml of buffer (A). There was no activity in the

filtrate or the washes, the activity on the support was 0.36 U

(4%).

(b) 1.01 mg (8.5 U) of DEFRwas 1DD:nobilisedon 100 mg of Sepha:rose

(Sigma) in 1 ml of buffer (B). There was no activity in the

fi1 trate or the washes, the support contained 0.5 U (&~).
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17
Entrapment of Dihydrofolate reductase in polyacrylamide beads.

Monomermix: Acrylamide (1.9 g, 0.027 mol), N,N'-methylene

diacrylamide (0.1 g, 0.65 mmol), and tetramethylethylenediamine

(300pl, 2 mmol)were dissolved in 9.8 ml of 0.1 M Tris-Cl buffer

pH 6.8. DHFR (4.56 mg, 15 U) was added to this solution, just

prior to the addition of this aqueous phase to the hydrophobic

phase an ammoniumpersulphate solution (100pI, 0.04 mg,lmlof

buffer) was added.

Itydrophobic phase I To a 150 ml round bottomed flanged-sided

flask was added 48 m1 of toluene, 18 m1 of chlorofol.'!Iland 0.8 ml

of an emulsion stabilising agent (a 211 mixtuxe of SPAN 80 :

SPAN 85). This phase was stirred at a temperature of 4~Cunder

N2 for at least 30 min. The stirrer shaft and blade were oomposed

of steel. The shaft fitted into an indent in the bottom of the

flask. The stirring mte was set at 500 rpm. After addition of

the aqueous phase the mixture was stirred under N2 for 35 min. to

complete polymer:i.sation. The small, :regular beads we:refiltered

on a porous sintered funnel. They were then washed in ice cold

toluene (50 ml, 10 min), 0.1 M NaHCO~(50 ml, 45 min), 0.5 M NaCl

(50 ml, 45 min) and 50 mM Tris-Cl pH 7.0 oontaining 0.1 mM EMA

and 1 mM S-mercapto-ethano1. The washed beads were then

suspended in 50 mM Hepes pH 7.5 in a 100 ml volumetrio flask.

The Tris buffer wash contained 0.1 U (0.6}6) and beads contained

0.36 U(2.4%).
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Immobilisation of Dihydrofolate reductase on AH-Sepharose-4E
16

by pnysical adsorption.

AH-Sepharose 4B (250 mg) was washed at room temperature with

2 x 25 ml portions of 0.5 M NaCl, 5 min. each; 3 x 25 ml of

50 mM KH~4' pH 7.0 containing 5 mM (3-mercapto-ethanol, (5 min.

each). DHFR form II (1.87 mg, 6.2 U) was added to the support

in 50 mM KH~4 pH 7.0 containing 0.32 mM DHF. The suspension

was stirred gently at 5-10~C for 2 h. The beads were filtered

on a sintered glass funnel and the filtrate retained. After

washing the beads in 5 ml of buffer they were then suspended in

a further 5 ml of buffer and assayed. The beads contained

0.5 U(9l;6) and the combinedwashes 0.06 U (1%). To ascertain the

level of desorption in buffer solutions the beads were again

filtered and washed in 50 mM KH~4 bufferx'2, 50 min. and then

10 mM KH~04 x l , 50 min. The activity in these washes, C~, 4.and
5) on the beads, and in the original assay buffer was detemined.

Original assay buffer 0.023 U,

wash 3 0.0372 U

0.0372 U

on
wash 4

wash 5

beads 0.34 U

DHFR(1.84 mg, 6n ) was also immobilised on 250 mg of

AH-sepharose-4l3using water instead of buffer. The aqueous solution

contained 0.32 mM DHF and 10 mM i3-mercapto*etba.nol. It was

adjusted to pH 7.0 with ammoniumcarbonate. washes 0 U, beads

0.7 U(11. 8}b). The effect of removing DRFwas investigated;

thus DHFR (2.12 mg, 7 U) was immobilised on the Sepllarose (250 mg)

in water. There was no activity in the washes, the beads
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contained 0.7 u (lOOtb). The beads were then stirred in a 5 mM
DHFsolution at HTfor 45 min. to simulate reaction conditions.

The activity in the DHF solution was 0.4 U and on the beads,

0.46 u. This is a reduction of 3496of the activity of the beads.

Whena weak buffer solution (10 mM) or an aqueous mediumis used

all of the en~e is adsorbed onto the beads. However, only

about lOlAof the activity is expressed. This means that the

en~e is probably immobilised in a non-active conformation.

18
2,3-Dibromopropanoyl Chloride

Tb a solution of acr,yloyl chloride (13.2 ml, 0.128 mol) in

15 ml of carbon tetrachloride at - 10~C, which was protected

from light and under N2, was added bromine (6.56 ml, 0.128 mol).

The addition was as rapid as possible while maintaining the

temperature at -lO~C, approx. 20 min. The solution was allowed

to warm to room temperature and left standing for 22 h. After

this time the flask was wa.:rmedto 40~Cunder a posi ti ve pressure

of N2• The colour due to bromine had disappeared after 8 h.

Distillation ~ve the acid chloride as a colourless liquid (26 g,

8196),b.p. 89-94~/33 mm(Ut., 18 73-74~/12 mm). "\) max (CC14)

1775 cm-~ c5 (CCl,) ABCsystem, 3.55-4.15 (2H, m), 4.6-4.9 ua, m ).

nlc, ppm (CDC13)28.7 (t), 49.3 (d), 164.3 (s). The sample ~ve

a single peak on g.l.c. (210~C).

S-Pbenylthioac;ylate

The compoundwas prepared by a modification of the literatu:re
19

procedu:re. 2,3-Dibromopropanoyl ohloride (4 g, 0.016 mol) and

thipphenol (1.57 g, 0.016 mol) were dissolved in 10 ml of dimethoxy

ethane. The mixture was cooled to O~C. Under N2, and with
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stirring, pyridine (1.29 ml, 0.016 mol) dissolved in 5 ml of dimethoxy

ethane, was added dzopvf.ae, After stirring overnight at room

temperature the mixture was decanted and the solvent removedat

atmospheric pressure. The residue was dissolved in ether (50 ml)

and washed with 5%sodium bicarbonate (50 ml); water (50 ml) and

saturated brine (50 ml). After drying (N~S04) the solvent was

removed in vacruo. Carbon tetrachloride (25 ml) was added to

assist drying by azeotropic removal of any water. Chroma. togra.phy

(t.l.c. and g.l.c.) indicated a two componentmixture. The

residue could not be purified by distillation and so the

debromination was carried out on the crude material. The residue

(1.98 g) was dissolved in 10 ml of acetone and added dropwise to

sodium iodide (2.11 g, 0.014 mol) in 20 ml of acetone. The

mixture was left stirring overnight at room temperature under N2.

After concentration in vacuo to a third of the volume the mixture

was filtered to remove sodium bromide. The filtrate was dissolved

in ether (50 ml) and washed with 10'~ sodium thiosulphate solution

(3 x .10 ml), water (:~Oml) and saturated brine t~oml). After

drying (Na2S04) and solvent removal 1:!!. vacuo the residue was distilled

to give the thiolester as a yellow viscous liquid (0.3 g, 13%),
20

b.p. ll5-l28~CJl6 mm(lit., l50-l80~/l0 mm). Anal. calcd. for

OgHaOS: 0, 65.82; H,4.9l. Found: 0, 64.77; H, 5.05. High

resolution mass measurement of the parent ion in the mass spectrum

gave M164.0298, calcd. 164.0296. The M+ 2 ion gave 166.0258,

ca'l.cd, 166.0254. ~ (CC14) 3060, 1682, 1610, 147311 1436, andmax

1388 cm-
1
• 6 (0014) 7.36 (5H, s, ArID, 6.3-6.45 (2H, m) and 5.69

(ra, m). ABCsystem, JAC;;::5.5 Hz, JBC ;;::4.2 Hz. The sample

was considered to have) 9~~ purity by g.l.c. (210~C).



Thiomethylacetate

Thioacetic acid (30 ml, 0.44 mol) was added to 200 ml of

chloroform containing methanol (47 mI., 1.16 mol) and cone,

sulphuric acid (5 mI.). The mixture was :refluxed overnight under

157.

N2• After cooling the mixture was washed with water and then

with 5% sodium bicarbonate. The solvent was removed at atmos.

pressure and the residue distilled to give the ester as a colourless
21

liquid (31.6 g, 6~~), b.p. 54-56~C/25 mm (lit., 49-51°/16 mm)

)) max (0014) 3000, 2950, 2840, 2580, 1738 and 1435 em-
1
•

22
Thioacetamide

Anhydrous ammoniawas bubbled slowly through cooled (ice/

water) thiomethylacetate (25 ml, 0.28 mol) for 24 h. After

removal of methanol the solid was dried in vacuo over phosphorus

pentoxide to give the amide as a white solid (24.2 g, 9~~),m.p.
23

45-50~C (lit., 52~C). » max (,KBr) 3380, 3180, 2910, 2545, 1640
_1

and 1415 "om The amide oxidise"s easily to the disulphide, no

attempts were made to purif'y the material; it was stored !n. vacuo

at 5~C. The thiolamide is soluble in water, ethanol and methanol,

it is insoluble in diohlorometha.ne, ohloroform, and acetonitrile.

Attempted preparation of ~oetamidethioaorylate

The reaotion of thioaoeta.mide with 2, 3-d!bromopropanoyl

chloride, in the presenoe of pyridine, was done in d1methoxyethane

at 4O~C. The thiol seemed to be partly soluble in this solvent.

After stirring overnight under N2 and removal of the solvent

in vacuo the yellow oil obtained was e:xa.minedby t.l.o. At least

four spots were apparent. Various modifications of the prooedure

outlined above, for emmple using caloium carbonate as base or
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omitting the base altogether, were not successful. The only

material isolated on workup (selective extraction into chloroform)

was tentatively assigned as being the disulphide by I.R. This

route to a polymer containing a pendant thiolester group was

abandoned. Somepossibilities for the solution of this problem

are presented in the discussion.

Enzymatic reduction of Dihydrofolate to (6S)-Tetrah,ydrofolate

uSing immobilised enzymes (PAN)and recycling ATPand NADP@99

and 385 X respectively.

Dihydrofolate (165 mg, 372JllIlOl)was suspended in 40 ml of

de-ae:rated water to which lYl'r (79.4 mg, 490JllIlOl) had been added.

The suspension was tre.nsferredto a 280 m1 3 necked flask equipped

with a N2 inlet/outlet and a pH electrode connected to a 'pH stat'

uni t containing 1 Mammoniumcarbonate solution in the reservoir.

The pHwas brought to, and maintained at, 7.4. The dihydrofo1ate

dissolved. The immobilised enzymeswere combinedto give approx.

1 U of each enzymein the composite gel mass after centrifugation

at 4~C. The gel was transferred to the flask using 20 m1 of

water in total. The enzymes needed were; dihydrofolate reductase,

glucose-6-phosphate dehydrogenase, hexokinase, and acetate kinase.

NA.DP@ (0.72 mg, 0.88 pmo1) glucose (76 mg, 383ymol) ATP(2.18 mg,

3.4)lIOO1)and MgC12•6H20 (49.5 mg, 245)llII01)were added to· the

flask using another 20 m1 ·portion of water. Acetyl phosphate

(108 mg, 587;uno1) was added over 3 days in approx. 3 equal portions

(solid form) to minimise non-enzymic hydrolysis. The pHof the

solution was maintained at 7.4-7.6 and the reduction was carried out
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at ambient tempexature , under N2' using a magnetic stirrer to

keep the gel suspended. The flask was protected from light.

After 8 days the reduction was reasonably constant at 91%.

<t>This corresponds to a recyoling ratio of ATPand NADPof 99

and 385 X respectively. The reaction mixture was allowed to

settle and the solution was decanted from the gel. It was

intended to use the gel for another reaction,however, the pH

eleotrode behaved erratioally and the reaotion was stopped.

This altexation of the characteristios of the electrode was found

to occur whenever the PANgel was included as a reaction

component. It was therefore diffioul t to carry out reduotion

automatically.

Large scale .reduction of Folic acid to Dihydrofolate

Folic acid (12 g, 25 mmol)was suspended in 1250 ml of water

and dissolved with 5(}l~sodium hydroxide solution. The pHwas

adjusted to 6, if necessary, and sodium dithionite (15 g, 86 mmol)

was added. The pH fell to 5.1 and the solution became dark but

reverted to an orange/brown colour. The reaction was conducted

under N2 at ambient temperature and followed by HPLC. A1'ter

80 min a further 5 g (29 mmol)of sodium di thioni te were added.

The reaction was coolea to 5~ after 2 h and ascorbic acid (5 g,

28.4 mmol)was added. The pH£ell to 5, causing somep:reofpitation,

and was adjusted to 6.4. Conc. HClwas added over 23 min.until

the pHwas 2.8. The :reaotion was le£t stirring £or a further

10 min_to complete precipitation and then the yellow solid was

collected by centrifugation at 5~C. The dihydrofolic acid was

washed 3 times with 0.005 NHCl (3 x 1 L) and then re suspended
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in 1 L of 0.005 N HCl for storage before use.

dihydrofolate was 8.6 g (71%) by U.V. assay.

The yield of

(6R)-5.10~ethenyltetrahydrofolic acid chloride

Dihyd.:rofolic acid (S.6 g, 19.4 IIIIIlOl)was suspended in 1 L

of de-a.reated water and brought into solution with 50',.,6sodium

hydroxide solution. This solution was transferred to a 3 neck

3 L flask equipped with a N2 inlet/outlet, a magnetic stirring bar

and a pH electrode connected to a 'pH stat' unit which maintained

the pH between 7.0 and 7.6 with 1 N sodium hydroxide. The pH

of the dihydrofolate solution was 13, it was adjusted manually to

7.0 with conc. HCl. Somepreoipitation oocurred but dissolution

was obtained with continued stirring. The flask was then charged

with the following components; glucose-H20 (3.85 g, 19.4 mmol),

adenosine triphosphate (0.125 e. 0.194 mmol),.NA.Df>(14.32 mg,

17.5 )lIDOl)MgCl2' 6Ii20 (1.01 e, 5 mmol) and D1'r (0.57 e, 3.7 mmol).

The enzymes were then added; dihydrofolate reduotase, form I, (2.88 mg,

25 U) hexokinase, (2.28 mg, 23 U), glucose-6-phospbate dehydrogenase

(0.385 mg, zou) and acetate kinase (30;U1 of suspension in ammonium

.ru.phate, 20 U). The reaotion was·ini tiated by the addi tion of

diammoniumaoetyl phosphate. The total quantity of acetyl phosphate

added was 5.68 g (25.5 mmol). It was added in approx. equal

portions over 7 days suoh that the addition was rate limiting (checked

by HPLC). This minimises non-enzymic hydrolysis, the inorganic

phosphate produced would complex with magnesium ions to reduce

their effective conoentration and so the reaction rate. The

reduction was conducted under N2 at ambient temperature. The

flask was proteoted from light. After 7 days the :reaotion had
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gone to completion. Ascorbic acid (5 g, 28.4 mmol)was added

and the pHwas brought to 3.5 with conc, HCl (20 min). The

yellow precipitate was filtered in a Buchner funnel under an

atmosphere of N2 and the wet solid was dissolved in a mixture

of formic acid (9~): trifluoroacetic acid (98:2, 10 ml). After

standing for 14 h at room temperature the dark red solution was

evapomted to dryness !!l vacuo at a maximum bath temperature of

50°C. The residue was suspended in O.5NHCl (roo ml) containing

B-mercaptoethanol (200pl). The whole was concentrated !!! vacuo

to remove fomic and trifluoroacetic acids (45°e). After

standing overnight the (6R)-5,10-methenyl tetmlXY"drofolic acid

chloride was collected by centrif'ugation at 5~e and then

recrysta11ised from O.lN RCI - 0.1 Ma-mercaptoethano1. After

standing at 5~Cfor 26 h the crystals were collected,washed with

ethanol and ether, and dried in vacuo over phosphorus pentoxide:

yield 2.22 g (22.5%). Concentration of the mother liquor

deposited a second crop, yield 0.55 g(5.5%). The yields are based

on dilzy'drofolate. Anal. calcd, for (e2aR22N70C5)~~H20 I e, 41.11;

H, 4.74. Cl, 6.95; N, 19•.23. Found: e, 46.18; H, 4.70;
o

Cl, 6.74; N, 18.91. [4];~'~-~=+ 14.3 ~ 0.8~ (c, 0.35, 10 N HOI).
24 25

(lit., [«]D = + 11.4 ~ 0.80 (c.0.95, 12 N HOI).

Calcium (6S)-5-fopmocltetrahydrofolate

(6R)-5,10-MethenyltetrBhydrofo11c acid chloride (1.8 g, 3.54 mmol)

was lzy'drolysed a.s previously described, in boiling water between

pH 6.5 and 6.9. The msul ting yellow solution was treated with a

clarified solution of calcium chloride (0.8 g in 2 ml). The

solution was diluted with 5 ml of ethanol and cooled to 10~C.
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The brown solid that deposited was removedby filtration. The

clear yellow til h-ate wasdiluted with a further 150 ml of ethanol.

The resulting slurry of cream coloured precipitate of calcium( 6S)-

5-formyltetrahydrofolate was cooled at 50 for 18 h, collected by

fl..l. tration, washed with ethanol and dried i!!. vacuo over phosphorus

pentoxide; yield 0.91 g (4~). Anal. calcd. for C2oH21N707Ca.3H20

e, 42.41 H, 4.81; N,17.30. Found: e,42.62; H, 4.63;

N, 16.45. u.v. 1 (0.1 NNaOH)282.5 nm,E = 26.63 x 103; ~ 282.5:
''ID8JC max

~min 241.5 = 4.3. HPLCcompared

favourably with commercial sample. The solution used for

determination of optical rotation (containing 0.06594 g of solid)

was evapomted to dz:yness in vacuo. The residue was dissolved in

1 ml of 1 N :am, after 1 h the precipitate of 5,10-methenyltetra-

hydrofolate fomed was dissolved in 10 NBC1and made to 10 mi in

2"a volumetric flask, [1t]D = + 11 (e. 0.59, 10 NHCl).

25
Tetrahydropy;a.n- 3~1

To Ll2-d.ihydropyran,41 g (0.488 mol) in freshly distilled

tetmhydrof'umn (140 ml) was added a 1 Msolution of bomne in

tetmhydrofuran (250 mll 0.5 equiv. of hydride) at O~Cunder N2•

The addition took 75 min. After the reaction had been stirred

at O~Cfor a further 2 h the temperature was allowed to rise to

20A'Cand the mi:rtu1'ewas stirred at this tempemture for an

addi tional 2 h. The oxida.tion was done by adding sodiumhydroxide

(89 ml, 3 N) over 30 min. then 50% hydrogen peroxide (35.1 ml)

(15 min.). The tempemture did not rise above 4O~C. After

further stirring at room temperature for 1 h sodium chloride was
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added and the upper phase separated. Anhydrous potassium

carbonate was added to the aqueous phase which was then extracted

with 2 x 50 ml portions of tetrahydrofuran. The organic phases

were combined and dried (MgSO 4) in the presence of ferrous

sulphate. The sol vent was removed in vacuo. Distillation of

the residue gave the alcohol as a colourless liquid (19.21 g, 39%),
25

b.p. 80.5-850/15 mm. (lit., 900/21 mm). Anal. caked, for

O,H1002t 0, 58.80; H,9.81). Found: 0, 59.88; H, 10.09.

-v max (liquid film) 3420-3360, 2945, 2855, and 1095 cm-
1
• " (CDC13)

1.1}-2.33 (2H, m), 3.14-4.0 (5H, m). A single peak was obtained

by g.l.c. (lOO~C).

26
Tetmhydropymn- ~-one

Jones reagent was prepared by adding water (42 ml) to

chromiumtrioxide (22 g) and then adding cone, H2SO4 (19 ml}, Any

preoipitated salts were dissolved with the minimumamount of water.

Tetra.hydl:oPj'l.'BJl-3-ol(9 g, 88.2 mmol)was dis sol ved in 400 ml

of aoetone. Jones' reagent was added dl:opwise to the vigorously

stirred solution (meohanioal overhead stirrer), so that the

temperature did not rise above 35~O. The addition was oontinued

until the oharaoteristio brown oolour of the reagent remained for

The solution was decanted and the residual

green solid was washedwith acetone. The rinsings were added to

the main solution. Anhydrous potassium carbonate was added to

neutralise and dry the solution. After standing overnight the

mixture was filtered and the cake washed with aoetone. The solvent

was removedby distillation and the residue was dissolved in ether



164.
and dried (Na2OO,,). The ether was removed by distillation and

the residue was distilled to give the ketone as a colourless liquid,
26

(5.15 g, 58%)b.p. 56-58~Jl3 mm (lit., 61~jl5 mm). Anal. calcd.

for 05Ha02: 0, 59.98; H, 8.05. Found: e, 58.87; H, 8.05.

(
_1V max liquid film) 2955, 2855, 1720, and 1097 cm u,V. ~max

(MeOH)298 nm. h (OCl,,) 1.9-2.2 (2H, m), 2.35-2.6 (2H, m), 3.7-3.86

(2H, t), 3.88 (2H, s).

The :rate of Horse liver alcohol dehydrogenase catalysed reduction
27

of TetrahydroJ?Y!'8,Il-3-onecompared to Cyclohexarone

Assay mixture Vol, used Cone, in assay

1) 0.1 M KH~4 (pH 7.0
with BaOH)

2) a) 96 mM Cyclohexanone
(94.14mg in 10 ml H20)
b) 97 mM Tetrahydro
pymn- 3-one (96.9 mg in
10 ml H20)

3) 5 mM NADH (3.9 mgfml H20)

4) HLA.DH (3.78 mg in 10 ml of
50 mM Tris-Cl pH 7.0)

2.5 ml 86 mM

0.1 ml 3.31 mM

0.1 ml

0.1 ml.

3.34 mM

0.17 mM

0.1 ml

Solutions 1, 2(a) or (b), and 3 were incubated at 25~Cfor 5 min.

in a cuvette. The reaction was started by addition of solution 4.

The rate of change of absorbance at 340 nmwas noted. The rate

of reduction of tetmhydropyra.n-3-0ne was 7.8)6 of that of

cyclohexanone. There were, therefore, 0.25 Ujmg of enzyme for

this substrate.
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Attempted Enz:yma.ticSynthesis of Glucose-6-pbosphate uSing
28

Immobilised EnzYInes(PAN) and recYcling ATP

A 1 1. 3 neck flask: equipped as before was charged with 400 ml

of a solution containing glucose·H20 (38.3 g, 193 mmol), adenosine

triphosphate (0.8 e. 1.24 mmol),MgC12.6H20(2.7 e. 13.5 mmol),

and ]TT (0.371 g, 2.4 mmol). After de-aerating the solution by

bubbling-oN2 through, PAN gel particles containing acetate kinase

(160 U) and hexokinase (160 U) were added. The pHwas automatically

maintained at 7.4 using 4 MKOH. Diammoniumacetyl phosphate

(84%purity, 40.02 g, 193 mmol)was added in 9 equal portions

over ~ days. The solution was analysed en~tically for glucose-

6-phosphate concentration, it was found to be 0.036 mol. The

reaction was left stirring for a further 24 h. The glucose-6-

phosphate concentration was 0.0395 mol and the glucose concentration

was 0.138 mol (enzymatic assay). These conoentrations acoounted

for 921)6 of the glucose added. It was suspected that the enzyme

aoti vi ties were lower than stated. The gel was separated from the

solution by centrifugation and resuspended in 150 ml of 50 mM

Rapes pH 7. 5, 10 mM in MBCl"and 5 mM mwr. The activity of

hexokinase was 39.3 u (23.~) and of aoetate kinase (26.1 u, 15.7%).

From these reaul ts it was clear that the low oonversion was not due

to non-enzymio h;ydrolysis of glucose-6-pbosphate, but to the low

activity of the immobilised enzymes. The reaction should have

gone to completion in,...._,3 days using these conditiona. The

deterioration of the immobilised enzymes had taken place over 2
14

weeks under the optimumstorage conditions. A similar reaction

was initiated using enzymes imnobilised iDlDediately beforehand.
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After 4 days ~ of the acetyl phosphate had been added, the

conversion to glucose-6-phosphate was 23%. This again was

lower than expected and the reaction was terminated. These

resul ts have caat somedoubt on the geneml usefulness of

immobilised enzymes.

Enz:yma.ticSynthesis of Glucose-6-phosphate using free Enz;ymes

and regYcling ATP

A 400 ml solution oontaining gluoose.H20 (38.3 g, 193 mmol)

adenosine triphosphate (0.7 g, 1.08 mmol), and DTT(0.371 g,

2.4 mmol)was de-ae:re.ted and maintained under N2• Hexokinase

(10.26 mg, 320 u) and acetate kinase (0.4 ml of suspension in

ammoniumsulphate, 308U) were added to this solution. Diammonium

aoetyl phosphate (84% purity, 40.02 g, 193 mmol)was added to the

stirred reaction mix portionwise as outlined below. The pH

was maintained at 7.4-7.8 by autoDBtic addition of 4 MKOH. The

reaction was perfoxmed at ambient temperature. The acetyl phosphate

was added in approx. 4 g portions. By assaying glucose-6-phosphate

fo:rmation it was estiDBted that this is used up in"'-:3 h. The

aoetyl phosphate was thus added at 3·hourly intervals over a

working day. After 4 days the conversion to glucose-6-phosphate

was 60 ..:!: 5%. The solution was separated from the gel by centri-

fugation. BaC12.2H20(21.2 g, 0.086 mol) was added to precipitate

inorganio phosphate tthe differenoe between G-6-P fOl.'!ll8dand AoP

added); this material was removedby centrifugation. To the

supernatant was added BaC12.2H20 (24.4 g, 0.1 mol) followed by

slow addition of ethanol (400 ml). The preoipitated solid (42.1 g)

contained 90}6 Ba (G-6-P).7H20 (0.0807 mol, 42%yield). This salt

was stored desiooated at 5~C.
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Reduction of Tetrahydropy1'B:n-3-one to tetrahydropyran-3-ol

catalysed by BLADH;consuming Glucose-6-phosphate and recycling

NAD~ 826 X

The barium salt of glucose-6-phosphate (11.6 g, 20 mmol)was

stirred vigorously in 0.18 Msulphuric acid(lll ml)for 45 min.

The bulk of the precipitate (BaS04) was removed by centrifugation,

however, the solution was olari:fied by adding some f'i1ter aid

and filtering. The filtrate was neutralised with sodium hydroxide.

To this gluoose-6-phosphate solution (185 ml), which had been

de-a.erated by passing Nlj!through, was added tetrahydropyran-3-one

(2g, 20mmo1), MgOO4 (76.8mg, 0.4mmol), NA.D$(12.6mg, l8.3JllIlOl),

'horse liver aloohol dehYdrogenase (56.6 mg, 14.15 U), and gluoose-

6-phosphate dehydrogenase (from leuoonostoo mesenteroides,

0.36 mg, 22.4 U). The pRwas maintained at 7.0-7.4 automatically

with 4 M:lOR. The reaotion was conduoted under Nlj!with magnetio

stirring in a 250 ml 3 neck flask: covered in foil. The reduotion was

followed by g.l. o, and by enzymatio assay of gluoose-6-phosphate

oonoentra tion.

TIME (h) EXTENTOFHEDUCTION{22l
g.lec. assay

2 11.3

4 17.8

-24 39.4 30

48 69.0 61.4

72 86.3 79.6

•A further portion of' NAJ)~ (4.04 mg, 5.9 pool) and MgOO4 (17.6 mg,

19)lIIlol) were added at this point. The reduotion was complete
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u.......t::.L' 'to 5 days. The mixtu:re was centrifuged at 5°C to remove

a light precipitate. The supernatant was saturated with sodium

chloride and continuously extracted with ether (250 ml) for 3.5

day s , After drying (MgS04) the solvent was removed .!a vacuo.

V•. ::--' ~!!or distillation of the residue gave the alcohol as a

H,9.87. Found: c, 60.42; H, 10.02. The spectral characteristics

were consistent with the alcohol prepared previously.
29· 25

[«J365 = - 23.7 ~ 1.4~ (c, 3.39,- 8.7 _+ 1.4°, (c ~ ~9 nrr~l)• /./ , ,,~ 3 •

Determination of Enantiomeric Excess

(-)-~thoxy-~-trif1uoromethylpheny1acetic acid chloride
29

(MTPA-C1)was prepared from the acid by the method of Mosher.

'The colourless liquid was obtained in 5&~yield. b.p. 45~C/0.5 mm
29 18·5 29

(lit., 54-56/1 mm. [~JD = - 129.2 (c. 4.76,0014) [lit.,
24

[~]D = - 129.0 Z0.12 (c. 5.17, 0C14)].

Chim1 tetmhydropymn-3-01 (20.79 mg, 0.2 mmo1)and MTPA-C1

(51.88 mg, 0.2 mmol)were mixed in 5 drops of carbon' tetrachloride.

Pyridine (5 drops) was added to the solution, a white precipitate

formed immediately. The reaction was left shaking at room

tempemture ovemight. 1 ml of water was added and the mixture

was transferred to a separating funnel with ether. The organic

phase was washed with 0.1 N HC1(5 ml), saturated sodium bicarbonate

(2 ml), and then water (1 ml). After drying (MgS04) the solvent

was removed in. vacuo to give the ester which was not further

purified. The racemic alcohol was treated in this manner to give

the mcemic ester for comparison. The enantiometric excess was
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detennined by 250 MHz 'H n.m.r. (CDC1~)examination of the

diastereomeric methoxyprotons in the presence of E.u(fod)~ shift

reagent. By integration of the signal the e.e. was found to be

Chiral '3-TetrabYdropy:ra.nyl p-bromobenzenesulphonate

Chi:ra.1tet:ra.hydropymn- 3-01 (319.5 mg, 3.13 mmo1)and .:e.-bromo-

benzenesulphonylchloride (f!T9 mg, 3.44 mmol)were stirred together

in 5 ml of dr,r pyridine at 5~e for 2 days. Ice water was added

to l'zy'dro1ysethe excess acid chloride; the whole was taken up in

sufficient water and the aqueous phase was extracted with ether

after adding sodium chloride. The organic phase was then washed

with lNHel 5% sodiUIt bicarbonate, and saturated brine. After

drying (MgS04) the solvent was removed in. vacuo to give an oily

residue which spontaneously crystallised to a white solid.

Recrystallisation from ether/petrol (40-600) ~ve the brosylate

(735 mg, 7~) ~.p. 71-73~e. Anal. ca'lcd, for e"H,~r04S:

e, 41.13; H, 4.08. FOlmd: c, 40.81, H, 4.05. V max (CHC13)

3080, 3030, 2945, 2850,1575,1365 and 1088 cm-
1
• 6 (CDC1~)

1.4-2.05 (4H, m), 3.59 (4H, m), 4.55 (lB, m), and 7.75 (4H, m, AA'BB').
25' 5[D<] - = _ 10.3~ (c. 2.46, CHCl3).
~65

Chi:ra.l 3-Tetra.h.yd;opymnyl acetate

Chi:ra.1 tet:ra.hydZ'Opyre.n-3~1 (308.5 mg, 3.02 mmol) and acetic

anhydride (339.4 mg, 3.3 mmol)were combined in 1 ml of dry pyridine

and stirred at 5~C for 2 days. Workup as usual ~ve the acetate

as a colourless liquid after Kuge1rhor distillation (366.8 mg, 84%).

Anal. Calcd. for C7H,203,e, 58.32; H, 8.39. Found: 0, 57.13;
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H, 8.32. ~ max (CHCl3) 2945, 2848, 1723, 1245-1200,

<5 (CDCl3) 1.45-2.05 (4H, m), 2.09 (3R, s}, 3.63 (4H,
25.5· .

4.8 (U, m). [ot-J = - 24.7~ (0. 1.64, CHC13).365

and 1090
_1

cm •

m), and

Acetolysis of Chiral 3-Tetrahydropyranyl p-bromobenzenesulphonate

Acetic acid was dried by refluring overnight with 5% (by

volume) acetic a.nlzydrideand 1%(by weight) chromiumtrioxide. It

was then distilled in a dry atmosphere.

Sodiumacetate (A.R.) was dried in an oven at rV 200°C for

2 h and allowed to cool in a desiccator. A quantity of sodium

acetate was dissolved in acetic acid to give a 0.04 Msolution.

The solution was standardised by titrating with a perchloric acid

solution to the methyl violet end point. The perohloric acid

solution had been standardised using a potassium hydrogen

phthalate solution. The molarity of the sodium acetate solution

was 0.0384 M.

Polarimetric procedure: The chiral brosylate (.-...» 100 mg) was

weighed into a 10 ml volumetric flask and brought to volumewith

the sodium acetate solution. This solution was then transferred

to a 1 ml jacketed polarimeter tube (Hg lamp, 365 nm). An initial

reading was madeafter 5 min to allow the:I.'mB.lequilibration.

Subsequent readings were taken at sui table intervals. The

remaining 9 ml of solution were transferred into a glass tube which

was sealed in vacuo. After heating at 105~Cfor 22 h the product

was extracted. It was shown to be racemic. The acetolysis was

followed polarimetrical1y at the following temperatures, 79.26,

81.43, 82.12 and 89.93~C. The re su1ts are given below.
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Tem12erature Time~s~ obs. Rotation In. absolute value of
observed rotation

1. 79.26°C 0 - 0.123 - 2.096
5,390 - 0.107 - 2.235

10,890 - 0.096 - 2.743
14,250 - 0.090 - 2.408
20,430 - 0.081 - 2.513
25,910 - 0.77 - 2.564
32,070 - 0.70 - 2.660
42,690 - 0.061 - 2.797
47,220 - 0.052 - 2.865

2. 81.43°C 0 - 0.116 - 2.156
5,340 - 0.091 - 2,397

11,310 - 0.074 - 2.604
16,200 - 0.063 - 2.765
21,060 - 0.062 - 2.781
27,300 - 0.052 - 2.956
33, 480 - 0.047 - 3.058
48, 960 - 0.036 - 3.324

3. 87.12~C 0 - 0.124 - 2.088
5,340 - 0.101 - 2.293

10,980 - 0.085 - 2.465
16,860 - 0.073 - 2.617
21,900 - 0.068 - 2.688
25,580 - 0.066 - 2.718
32,160 - 0.059 - 2.830
37,320 - 0.053 - 2.938

4. 89.93~C 0 - 0.133 - 2.017
2,220 - 0.110 - 2.207
4,080 - 0.094 - 2.364
6,900 - 0.076 - 2.577
8,700 - 0.075 - 2.696

11,400 - 0.055 - 2.900
14,940 - 0.042 - 3.170
20, 340 - 0.027 - 3.612
21,180 - 0.024 - 3.709

With the exoeption of the experiment conducted at 89.93~C a plot

of In. observed value of rotation vs. time was initially ourved

(over approx. 3 h), after which time the plot was approximately

linear. It was suspeoted that this behaviour was being caused by

the presence of somewater. Deepite efforts to rigorously

exclude moisture this effeot was always observed. E:xaminationof



172.

the products extracted from the sealed tube experiments by g.l. c.

(100°0) gave peaks with retention times corresponding to the

alcohol and the aoetate, the ratio of each being 1:2.5 respectively.

The identity of these peaks was coni'i:J::medby linked g. cJ mass

spectrometry.
30

The fragmentation patterns were as expected.

The 1st order rate constants (k) were estimated from the linear

1portion of the curve. An Arhennius plot of In k vs. T was

satisfactory.

1
!ID! k X 105 T X 103 ~

1 1.41 12.62 - 11.17

2 1.73 12.28 - 10.96

3 1.73 12.17 - 10.96

4 7.86 11.11 - 9.45

ref. 30 2.47 11.78 - 10.61

The results concur with a titrimetrically determined rate constant,

-'84.9°0, k = 2.47 x 10 • 31

The chiral acetate was shownto be stable to heating at

l05~C for 18 h in a sealed tube. The observed rotations before

and after were - 0.275 and-O.264 (Kg, 365 run, in sodiumacetate/

acetic acid solution).

32
(S)-Valinol

A dry, 100 ml 3 neck flask equipped with a condenser, N2

inlet/outlet, mechanical stirrer, and a pressure equaliSing

dJ:oppingfunnel was charged with 10 g (85.4 mmol)of (S)-valine

and 30 ml of dry tetrahydJ:ofuran. :Borontrifluoride diethyl

etberate (11.66 ml, 94 mmol), freshly distilled from calcium

hydride, was then added dJ:opwisewith stirring. Whenthe addition

was complete the rea.ction mixture was refiuxed until dissolution
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obtained. Gentle heating was then continued as 12.8 ml (128 mmol)

of borane dimethyl sulphide was added at a rate sufficient to

maintain gentle reflux. The reaction mixture was then refluxed

gently overnight after which a mixture of tetrahydrofuran and water

(30 ml and 5 ml respectively) was added followed by 45 ml of 6 N

sodium hydroxide. After refluxing for a further 5 h the reaction

was cooled and the clear upper organic layer was separated. The

aqueous phase was extracted with tetralzyd.ro£ure.n (3 x 30 ml). The

orsanic phases were combined and dried over anhydrous potassium

carbonate. The solvent was removed !!! vacuo to give the amino

alcohol as a colourless liquid (7.54 g, 8&"t)b.p. 76-78~rr mm
33

(lit., 75~/8 mm). \> max (CHCl3) 3650, 3480, 2930, 2870, 1585,

1460, and 997 cm-'. C (CDCl3) 0.93 [6H, a, (C!6)2 J = 6.6Hz],

1.3-1.8 [lH, m, (CH3)2 q§J, 2.5 (3R, s, NH2, oEQ, 2.55-2.70

(ia, m, ReID, and an ABXsystem 3.16-3.75 (2H, dq, 0!20H). J:sX =
24·'3. 6 Hz, JAX= 8 Hz and JAB = 9 Hz. [~]D = - 27.6 (c. 9.38, EtOH)

33 20
[lit., [oe]D = - 15.0 (e. 6.1, EtOH)]. Purity by t.l.e.; Whatmans

silica gel 00 41, n-propanol : NH40H: acetone] 713:1, one spot

r.f. 0.603.

The following amino-alcohols were prepared by the above method.

(S)-Phenylalaninol

(S)-phenylalanine (10 g, 60.5 DIDOl)gave a white solid on removal

of solvent !!!. vacuo. Becrystallisa.tion from ethanol/petrol (60-80~)

gave the amino-alcohol as white needles (6.69 g, 729(,) m.p. 92.5-94.5~.
34 _

(lit., 85-86~).)) max (CHC13) 3630, 3370, 2990, 2930, 2850, 1580 ,

1490, 1452, and 1025 cm-
1
• 6 (Clxn3) 2.05 (ra, s, NL, 0ID, ABX

system 2.39-2.95 (2H, dq, A~) J:sX = 4.8 Hz, JAX = 8.4 Hz, and
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T~n - ~.?Hz, JAX= 6 Hz, and JAB = 10 Hz, 7.25 (5H, m, Ar~.

23.5 35
[D(]n = - 22.7 (c. 1.58, EtOH) [lit., [O<]D=-25.3 (c. 1.4, EtOH)].

T.l.c.; one spot, r.f. 0.598.

,_, L . 1
.\.1::))- euc~no

~~)-Leueine (10 g, 76.2 mmol) gave 2.8 g (31.~~) of 8-1eueinol.
34 ) _ (

b.p. 57-59~/O.5 mm(lit., 95-100~/lO mm."'))max CHC13) 3630,

3370,2950, 2930, 2870,1580,1460,1365 and 1035 cm-to 6 (eDC1:s)

0.93 (6H, 2d, (QG3)2)' 1.1-1.4 (2H, m, QH2)' 1.5-1.93 (lH, m, (CH3)2qg),

2.38 (3H, s, NB2, O~), 2.75-3.05 (lH, m, Nq§) and an ABX8,Ystem3.1-3.75
24·0

(2H, 2q, Cl!20) JBX = 3.2 Hz,JAX = 7.4 Hz,and JAB = 10.2 Hz. [Oo(Jn =
34 ,1,8

+ 63.25 (c.5.22 EtOH) [lit., [peJn = + 4.2 (e. 9 .0, EtOH)].

T.l.c.; one spot, r.f. 0.565.

(S)~laninol

(S)...A.lanine (10 g, 112.3 mmol) gave 2 g (24%) s-alaninol. b.p.
:s4 .

64-66~f7 mm(lit., 78-80~/l2 DIn). ~ max (CHCl:s) 3640, 3365, 2920,

2860,1580,1453 and 1030 cm-'. 6 (CDC13) 1.04 (3H, d, ~, J = 6 Hz)

2.83 (3H, s, NH2, OID 2.8~3.08 (is, m, Ncg), and an ABXsystem

3.1-3.64 (2H, 2q, ~O) JBX= 3.6 Hz,JAX = 7.2 Hz,and JAB = 10 Hz.
24.5 34 '7

[~]D = + 22.3 (c. 3.9 EtOH) [lit., [~]D = + 20.1 (EtOH)].

36
Ethyliminoacetate hydrochloride

Dry hydrosen chloride was passed throu8h a solution of

acetonitrile (100 g, 2.44 mol) in ethanol (113 g, 2.5 mol) which was

cooled in an ice/salt bath. The hydrogen chloride was generated by

adding cone. HCl (400 ml), via a capillary tul_'e, into cone, H2OO4

(400 ml },
:57

This theoretically genemtes 120 g of lzy'drogen chloride.

After the acids had been added to each other the reaction mixture

had set to a white solid. It was left standing at mom tempemture
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for 3 days. Becrystallisation from dichloromethane/ether gave
38

the imino ether (170 g, 5&~)m.p. 107-l08~. (lit., 107-108~).

<:5 (CDC13)1.63-1.39 (3R, t), 2.51 (3R, s),and 4.53-4.80 (2R, q).

38
Trans-(4§,5S)-4-hydroxymethyl-2-methyl-5-phenyl-2-oxazoline

(lS,2S)-1-phenyl-2-amino-l,3-propanediol (25 g, 149.5 mmol)

was added in one portion to a solution of ethyl imino acetate

hydrochloride (20.76 g, 168.8 mmol) in dry dichloromethane (120 ml)

at 0°0. After stirring for 4 h at O~Othe mixture was left

overnight at room temperature and then poured into ice water (150 ml ),

The organic layer was separated and the aqueous layer was extracted

with 2 x 80 ml of dichloromethane. A.fter drying over magnesium

sulphate the solvent was removed !!l vacuo to give an oil which

solidified on standing. Becrystallisation from ether (150 ml)

by cooling to - 78~Cgave the oxazoline (17.56 g, 61%). m.p. 62-65~

(lit., 38 64-65~). » max (CHC13)1665 cm-'. <5 (CDC13)2.07

(3H, a, ~), 3.5-4.1 (2H, m), 4.45-5.0 (ia, a, OID, 5.35 (ia, d),
20 38

and 7.3 (5H, s, ArID. [t>(]D.:-14S.7 (c. 4.0, CHCl3) [lit.,
24

[C<]D= - 174.6 (c. 10.5, CHCl;,)].

39
(S)-l-Hydl.'O;y-l-phepyl ethanamide

(S)-Ma.ndelic acid (16.7 g, 100 mmol)was dissolved in 125 ml

of methanol and cooled to O~O. Acetyl chloride (6 ml) was added and

the mixture was stirred overnight at room temperature. The sol vent

was removed ~ vacuo and the residue was redissolved in 100 ml of

methanol and cooled to O~O. Dry ammoniawas passed through the

solution which was then left for 2 days at 5~0. The solvent was

removed !!!. vacuo and the residue was recrystallised from ethanol
39

to give the amide (12.22 g, 9~) m.p. 125-126.5~ (lit., 121~.
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20 39 24

[Ot.]D + 72.3 (c. 1.55, acetone) [lit., [K]D = + 76.4 (c. 1.7,

acetone)] •

39
(S)-2~no-l-phenylethanol

L1thium aluminium hydride (8 g) was suspended in tetrahydrofuran

(180 ml ) in a 500 ml 3 neck flask equipped with a condenser and a

mechanical stirrer. (S)-l-BYdroxy-l-phenylethanamide (12.22 g,

81 mmol) dissolved in 150 ml of tetre.hydrofuran was added slowly.

After being refluxed for 6 h the mixture was allowed to stir over-

night at room temperature after which water (8 ml), 4076 sodium

hydroxide (3.5 ml), and water (31 ml) were added. After stirring

for 1 h the mixture was filtered through Celi te. The cake was

extracted with hot tetrahydrofuran, and after combining wi th the

fil tra te and drying over anlzy'drouspotassium carbonate the solvent

was removed .!!l vacuo. The residue was recrystallised from ether
39

to give the amide (2.46 g, 2~) m.p. 60.5-62.5~ (lit., 55-57~)

~ (CDCl3) 2.65-3.1 (5H, m), 4.58 (lH, t), and 7.30 (5H, s).
22 39 23

[pc.]D = + 45.1 (c. 2.6, EtOH) [lit., [~]D = + 47.9 (c. 2.4, EtOH)].

(+)-Norephedrine

(+)-Norephedrine hydrochloride (3 g, 16 IIDol) was suspended in

chlorofom (50 ml). The mixture was cooled in an ice salt bath

and a stream of dry ammoniawas bubbled through. After fil tTation

the sol vent was removed .!!!. vacuo to g1ve the amine (2.37 g, 96%).

~ max (CHCl3) 3590, 3360, 2950, 2920, 2865, 1595, 1580, 1445 and

1370 cm-to 6 «ID<n3) 0.95 (3R, d), 1.96 (3H, s), 3.13 ua, m),

4.46 (2H, d), and 7.3 (5H, s).



177.
(S)-Phenylalaninol-borane

A 25 ml 2 neck flask equipped with a magnetic stirring bar,

a N2 inlet/outlet and a pressure equalising dropping funnel was

charged with (S)-phenylalaninol (1.02 g, 6.8 mmol) and tetrahydro-

furan (10 ml). The amino alcohol was not completely soluble.

The mixture was cooled to -60~C and borane-dimethyl sulphide

(0.7 ml, 7 mmol) in 5 ml of tetmhydrofuran was added over 20 min.

After stirring at -60~C for 3 h (dissolution obtained) the solution

was allowed to warmto room temperature and was left stirring

overnight. The sol vent was removed in. vacuo and a gummy white

residue was obtained. Yield not recorded. V max (CHC13)3620,
_t ] t8

3300, 3260, 2940,2440,1580 and 1160 cm. [~D = - 14.6 (c. 0.7,

CHC13). T.l.c.; Whatmanssilica gel 0041 , n-propanol: NH4-0H:

acetone; 7=3:1, one spot, r.f. 0.507.

The following alkoxy-a.mine-borane complexes were prepared by

the above method.

(S)-Valinol-borane

1 g (9.69 mmol)of (S)-valinol gave 1.346 g of a viscous liquid.

=)) max (CHC13)3620, 3320, 3260, 2960, 2870, 2310, 1575, 1460, and

1160 cm-to [Q(J~8 = + 10.5 (c. 2.39, CHC13). T.l.c., one spot,

r.f. 0.34.

(S)-Leucinol-borane

0.848 g (6.75 mmol)of (S)-leucinol yielded 0.895 g of a colour-

less viscous liquid. V max (CHC13)3620, 3315, 3260, 2950, 2870,

2340,1580,1460,1365, and 1160 cm-to [~]~8 = + 15.4 (c. 1.99, CHC13).

T.l.c., one spot, r.f. 0.48.
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(S)-Alaninol-borane

0.789 g (10.52 mmol) of (S)-alaninol yielded 1.05 g of a
viscous liquid. ~ max (liquid film) 3450, 3230, 3140, 2970,

_1 [ J 18 (2935,2870, 2320,1590, and 1165 em. ~D = + 25.8 c. 2.23,
tetrahydrof'umn). T.l.c., one spot, r.f. 0.39.

(S)-Prolinol-borane
1.025 g (10.13 mmol) of (S)-prolino1 save 1.17 g of a viscous

liquid. ~ max (CHel!) 3620, 3245, 2955, 2880, 2300, 1455, 1395,
1153, and 1066 em-

1• [~J~8 = - 12.9 (c. 1.9, CHel!). T.l.c.,
one spot, r.f. 0.66.

~s-(4S.5S)-4-:Xdroxymethyl-2-methyl-5-phenyl-2-oxazo1ine-borane
1 g (5.22 mmo1) of the oxazo1ine save 1.128 g of a solid after

trituration with petrol (40_60°). » max (liquid film) 2320, and
1660 em-' [KJ~o = - 144.1 (c .. 2.25, tetmhydrof'umn). Reaction
of 19 (5.22 DIID01)of the oxazo1ine with 2 mol.equivalents of bora.ne
yielded a white amorphous solid, 1.11 g. ); max (lCBr) 2320 and
1655 em-

1
• [oc.J~o = - 132.1 (c. 2.28, tetrahydrof'umn).

(S)-2-Amino-l-pheny1 ethanol-bora.ne
0.5 g (3.65 mmol) of (S)-2-amino-1-phenyl ethanol gave 0.69 g

of a white solid. V max (CHCl!), 3590, 3505, 3390, 3310,
60 -,3260, 3220, 2980, 29 ,2870, 2310, 1587, 1395, 1160, and 1050 em •

22[~JD = + 75.6 (c. 1.90, CHCl!).

(+)-Norephedrine-borane
1 g (6.6 mmo1) of (+)-norephedrine gave 0.89 g of a white

solid. » max (eRel!) 3590, 3305, 3235, 2965, 2930, 2860, 2335,
_, 22 .

1580 and 1325 om. [~JD = + 37.9 (0. 0.86, CHC13).
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(+)-Ephedrine-borane

1 g (6.05 mmol) of (+)-ephedrine yielded 1.34 g of a viscous

liquid. )) max(CHCl3)3595, 3480, 3250, 2970, 2940, 2870, 2330,

_1 [J 20 ( )1450, 1380, 1155, and 1050 cm. ~ D = + 24.0 O. 2.92, CHC13•

(-)-Ephedrine-borane

1 g (6.05 mmol)of (-)-ephedrine gave 1.19 g of a viscous

liquid. » max (CHC13)3595, 3480, 3250, 2970, 2940, 2870, 2330,
-, r ] 20 (1450, 1380, 1155, and 1050 cm. LO< D = - 22.9 0. 2.86, CHC13).

Reduction of Dihydrofolate using Alkoxy-amine-borane complexes

5 mg of dihydrofolic acid was dissolved in the minimumvolume

of 0.1 N NaOH,the pHwas adjusted to 7.0 (paper) with HCl if

necessary. To this solution was added 2 ml of one of the solvent

systems given below and then the alko:xy-a.mine-borane was added in

one portion. The reaction was stirred under N2 until completion

(HPLC). An excess of the }vdride reagent was used since competing

solvolysis was expected. The amount of the reagent which gave the

best induction was lowered to ascertain whether any improvement

could be obtained. The isomeric excess was detemined as descri"'Jed

earlier.

(A) water containing 10 mM JY.lW1I : tetrahydrofumn, 5t3.

(B) 20 mM Tris-Cl, pH 8.0, containing 10 mM lY.L'l' : tetrahydrofuran, 5:3.

(C) 20 mM Tris-Cl, pH 8.0, containing 10 mM JY.lW1I ethanol, 5:3.

(D) 20 mM Tris-Cl, pH 8.0, containing 10 mM M'l'.

(S)-Valinol-borane (55.5 mg) gave> 9876 reduction after 5 days using

8,1stem(A) and an isomeric excess of 1.8% (6R).
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'r: ""':~~:~ylalaninol-borane (33.3 mg) gave > 9ff>,.6reduction after

5 days using system (A) and an isomeric excess of 9.ff>,.6(6S).

(S)-Alaninol-borane (31.8 mg) gave > 911~ reduction after 5 days in

system (A) and an isomeric excess of O.g>,.6(R).

(S)-Prolinol-borane (30.6 mg) gave 84%reduction after, days in

s,ystem (A) and an isomeric excess of 9.g>,.6(6S).

(S)-Leucinol-bora.ne (26.5 mg) gave,...; 3OJ;6reduction after 5 days in

s,ystem (A). The isomeric excess was not determined.

Chi:ra.l oxazoline-borane (1: 1, 4.8 mg) gave lOOJ;6reduction after

3 h in ~stem (B) and an isomeric excess of ll.~ (6R).

Ohiral oxazoline borane (1: 2, 35.6 mg) gave 100Mreduction after

23 h in system (B) and an isomeric excess of l2.~ (6R). 9.13 mg

of this reagent in system (C) gave 100}6 reduction after 5 days and

an isomeric excess of 14~ (6R). 5.22 mg of this reagent in

system (C) gave > 90}6reduction after 3 days and. an isomeric excess

of 19>;6(6R).

(S)-2-Amino-1-pheny1ethano1-borane (23.54 mg) in system (B) gave

&;6reduction.

(+)-Norephedrine-bo:re.ne (21.91 mg) in s,ystem (B) gave 86}6reduction

after 41 h and an isomeric excess of 5.2% (6R).

( +)-Ephedrine-bo:re.ne (39.6 mg) in ~stem (B) and 21.92 mg in

system (C) did not effect any reduction.

(-)- Ephedrine-borane (42.7 mg) in system (B) and 34.35 mg in

system (C) did not effect any reduction.
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40'41

N-Benzyloxycarbonyl-(S)-AminoAcids

(S)-Alanine (3 g, 33.7 mmol)was dissolved in 2 N sodium

hydroxide (16.85 ml) in a 100 ml 3 neck flask equipped with a

mechanical stirrer. The solution was cooled to 5~Cand 2Nsodium

hydroxide (20.22 ml) and benzylchloroformate (5.73 g, 33.7 mmol )

were added simultaneously in 5 equal portions over 35 min. with vigorous

stirring. The mixture was stirred for a further 1.5 h at room

temperature. After extraction with ether (20 ml ) the aqueous solution

was cooled in an ice bath and acidified carefully with 5NHCl to

congo red. The resulting oily white precipi tate was extracted with

ethyl acetate (3 x 20 ml). After drying over magnesiumsulphate the

solvent was rem:>vedin vacuo. The residue was rec;rystallised from

ether/petrol (40-60~) to give the !-a.cyl amino acid, 2.36 g, 31%
42 27

m.p. 85-87~ (lit., 84~). [~]D = - 14.1 (c. 1.56, acetic acid)
42 ][lit., [~]D = - 14.3 (acetic acid) •

The following !-benzyloxycarbonyl-(S)-a.mino acids were prepared.

Any deviations from the above procedure are noted.

(S)-Serine (2 g, 19 mmol)gave, after recrystallisation from ethyl

acetate, 1.68 g, 3'7D;tj of the N-a.cyl derivative m.p, 120.5-121°
42 27 42

(lit., 117-l19~). [~D = + 5.5 (c. 4.32, acetic acid) [lit.,

[~]D = + 5.8 (acetic acid)].

(S)-Valine (3 g, 25.6 mmol)was reacted with benz.ylchloroformate

in the above manner. However, after acidifying and extmcting with

ethyl acetate, this organic solution was extracted with ice cold 7%

sodiumbicarbonate solution. After acidifying, with 5 NBel to

congo red the oil obtained crystallised on standing ovemight in the

cold. The crystals were washedwith water and dried !a. vacuo over
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phosphorus pentoxide. Recrystallisation £rombenzene/petrol

(6O-80~) gave the N-a.cyl derivative 3.68 g, 570;6m.p. 60-62.5°

( 43 ) [L/]n2' ( ) [ 43 [~Jn25=lit., 6O-62~. ... = zero, c. 5.0, ethanol 1it. , .....

+ 1.5 (c.5, ethanol)].

(S)-Phenylalanine (3.3 g, 20 mmol)gave, after recr,ystallisation from

ethyl acetate/60-80~ petrol, 2.83 g (47.~;6) of the ~-a.cyl derivative,
44 23

m.p. 85-87° (lit., 88-89~). [~]D = + 6.3 (c. 2.0, ethanol)
44 20

[lit., '[~]D= + 5.1 (c. 2.0, ethanol)].

(S)-Proline (2.3 g, 20 mmol)gave an oil on removal o£ ethyl acetate

1:!!. vacuo. This was induced to cr,ystallise by tri tlll'B.ting with

40-60~ petrol and standing at - 20~ overnight. The white solid

obtained was recrystal1ised from ether/40-60~ petrol to give the ~-a.cyl
4' 23

derivative, 2.6 g (5~;6), m.p. 73-75~ (lit., 76-77~). [~]D = - 79.7
. 45 20

(c. 4.3, acetic acid), [lit., [~]D = - 61.7 (c. 5.3, acetic acid)].

Preparation o£ Chiral Sodiumtriacyl0xYborohydrides by reaction of
46

sodiumborob.ydride with li-benz:ylo;xycarbonyl-(S)-a.minoacids.

N-Benzy1oxycarbonyl-(S)-a.lanine (1 g, 4.48 mmo1)was added to..
a stirred suspension o£ sodiumborohydride (57.6 mg, 1.493 mmol)in

dry tetrahydrofuran (10 ml) at 5-10~. After hydrogen evolution the

mixture was stirred at room temperature £or 3 h and then ooncentrated

iE. vacuo. The residue was digested with petrol (60-80~) and

filtered to give the triacyloxyborohydride as a white powder 0.955 g,

91%,m.p. 44-52~ (dec). V (Dr) 2520 om_1.
max
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The !f-benzyloxycarbonyl deri vati ves of the following amino acids

were reacted by the above procedure. The derivatives were obtained

as white amorphous powders.

CBzO-(S)-Phenylalanine (1.0 g, 3.3 mmol) and sodium borohydride

(42 mg, 1.1 mmol) yielded 0.97 g (93.4%), m.p. 58-61~ (dec).
- _t
V 2460 cmmax

CBzO-(S)-Proline (1.0 g, 4.01 mmol) and sodium borohydride (51 mg,

1.67 mmol) yielded 0.94 g (90%), m.p. 56-60~ (dec). -v max 2460 cm-to

CBzO-(S)-Serine (1.0 g, 4.19 mmol) and sodium borohydride (53.8 mg,

1.39 mmol) yielded 1.006 g (98);b),m.p. 83-108~ (dec). V max 2610 cm-
1
•

CBzO-(S)-Valine (1.0 e. 3.98 mmol) and sodium borohydride (51 mg,

1.32 mmol) yielded 0.853 g (82%), m.p. 48-70~ (dec). ~ max 2540
-,

cm •

Attempted Reduction of Dih;ydrofolate using Chiml TriagyloxYborohydride

The hydride derivatives were added to an approximately 1.mM

solution of dibydrofolate (5-10 ml) in 3.5-7-fold molar excess.

The reaction was conducted at pH 7.0-8.0, under nitrogen, and at

room temperature. The reactions were allowed to prooeed for 1 to

3 days and were followed by HPLC. Less than ~ reduotion was

achieved in all cases except that of the proline derivative, this

gave 7(JJ;breaction, using a 7-fold mola.r excess, a.fter 3 days.

HCLPanalysis of isomeric excess indicated no ohiml induction was

achieved.
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Sodiumborohydride reduction of Dihydrofolate in the presence

of Bovine SerumAlbumin

To 2 m1 of a solution containing dihyd:rofolate (5.63 mM)

and I1I'T (10 mM) in 20 mM Tris-C1, pH8.0, was added bovine serum

albumin to give a concentration of 0.5, 1, 1.5.or 2.0 mM (66, 132, 198,

and 264 mg). Sodiumborohydride (11.28 g) was dissolved in 4 ml

of buffer and 100p1 was added to each reaction a.t 5 min. intervals.

Extra hydride (0.43 mg) was added to each to achieve complete

reduction. Excess hydride was destroyed with 0.1 NH01and the

reactions were analysed for asymmetric induction. Nonehad been

achieved.
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