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Abstract

SYNTHESIS OP INHIBITORS OP CHOLESTEROL BIOSYNTHESIS

by

Virender K. Sarin

Advisor: Professor Robert Engel

The work described here deals with, the  syn thesis of In h ib ito rs  

of cho leste ro l b io syn thesis, in  vivo and p o te n tia lly  in  v i t r o .

Among th e  d if fe re n t compounds synthesised here , th a t  of g rea tes t 

importance i s  3-carboxy-4-hydroxy-4-methylpentyl-l-phosphonic acid , 

the  is o s te r ic  phosphonic acid analogue of 5-phosphomevalonate. Three 

d iffe re n t approaches fo r  i t s  synthesis are  described. All of 

these approaches use Diethyl 4-oxopenty1-1-phosphonate as the 

s ta r t in g  compound. The f i r s t  rou te  involves the  use of a Reformatsky 

reac tio n  with methyl bromoacetate followed by the hydrolysis of the 

carboxylic e s te r  with a base. The second approach u t i l iz e s  

Lithium Naphthalene to  generate the  dianion of ac e tic  acid which in  

tu rn  rea c ts  with the  s ta r t in g  Keto compound to  y ie ld  3-carboxy- 

4-hydroxy—4-methylpentyl-l-phosphonic acid in  th e  form of the 

d ie th y l phosphonate. The l a s t  rou te  uses Lithium diisopropylamide 

to  generate the  carbanion of e th y lace ta te  which in  tu rn  reac ts '
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w ith the s ta r t in g  ketone to  give the  desired  compound again in  

the  form o f th e  d ie th y l phosphorate. In  a l l  th e  th ree  ro u te s , the 

Phosphorate e s te r  was hydrolysed to  the free  phosphonic acid by 

reac tio n  w ith T rim ethylsily l Bromide followed by hydrolysis 

w ith water. This iso s te r ic  phosphonic acid analogue of 5-phos- 

phomevalonate has been found to  serve as a potent in h ib ito r  of 

squalene synthesis using the  S10 homogenate of r a t  l iv e r ,  The 

sp ec ific  point of in h ib itio n  has been determined to  be phospho- 

mevalonate phosphokinase.

For th is  compound to  be used as a  drug, however, i t  must be 

transported  in side  an in ta c t c e l l .  U nfortunately, the simple compound 

appears to  be incapable o f th is  by i t s e l f .  Thus an approach of 

" i l l i c i t  transport"  has been u t i l i s e d  where the p o te n tia l drug i s  

chemically attached to  a "chemical vector" fo r  which, a mode of 

tran sp o rt in to  the  in ta c t c e l l  e x is ts . Once the  p o te n tia l drug 

with i t s  chemical vector has entered the c e l l ,  i t  i s  expected th a t the 

extraneous portion  w ill  be cleaved by enzymes normally presen t. Two 

types o f chemical vectors have been considered here, th e  f i r s t  of 

these being a tr ip e p tid e  w ith th e  p o te n tia l drug attached through a 

functional group to  a carboxyl group along the tr ip e p tid e . Such a 

system i s  expected to  gain entrance to  the  c e l l  v ia  an oligopeptide 

tran sp o rt system. For th is  approach, two tr ip e p tid e  systems have 

been synthesised. The f i r s t  i s  a Diglycylglycine with the drug, 

coupled to  the  term inal carboxyl group of the  tr ip e p tid e  leaving a 

free  term inal amino function. The second tr ip e p tid e  synthesised is  

L-Aspartyl-L-^lariyl- L-alanine with the phosphonate analogue coupled 

to  the/7-carboxyl function of the  a sp a rtic  acid. This coupled system

2



has both fre e  carboxyl and a term inal amino function. The p o te n tia l 

drug coupled to  the tr lp e p tid e  system as a model t e s t  system Is  

Dlethyl-4-hydroxy-3-butanone >-l-phosphonate, an analogue of dihydroxy- 

acetone phosphate which i s  an important product o f g lyeosis in  l ip id  

metabolism.

The second type of "chemical vector" i s  a large lip o p h ilic  function 

which i s  capable of tak ing  p a rt in  m icelle formation. A m icelle  once 

formed, could then simply be enveloped by a c e l l  • For th is  approach, 

the  p o te n tia l drug chosen i s  th e  phosphonic acid analogue of 5-phospho- 

mevalonate. The lip o p h ilic  function i s  a la rg e  a lip h a tic  u n it.

..F inally, reac tions of d if fe re n tia l ly  su b stitu ted  haloketones 

with T rie th y l phosphite and Diethylphosphite have been discussed.

II II II II II 
H NCH 2C NH CH 2C NH CH 2C ~ O C H  2C CHZC\\P

O C H O  C K O
II I 3 II I II

h 2n c h c n h c h c n h c h c - o h

o c 2h s

c o 2r
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H isto rica l

The phase of continuous research  on cho lestero l biosynthesis

began in  1937 w ith two independent and ranarkably complementry

in v estig a tio n s . R ittenberg and Schoenheimer from th e i r  studies

on interm ediary metabolism with the aid  of s tab le  iso topes, a rrived

a t th e  conclusion th a t  the  process of cho lestero l formation involved

the coupling of sm aller molecules "possibly those which have been

postu lated  to  be in term ediates in  the fa t  and carbohydrate metabol-

ism‘1'."  Sonderhoff and Thomas came to  the  same conclusion based on

th e i r  s tud ies of the incorporation of tr id e u te r io  ace ta te  in to  the
2unsaponifiable m ateria ls  of the  yeast .

•3 i| 5
R ittenberg and Bloch 5 5 p red icted  th a t  a  two-carbon m etabolite , 

a ce ta te , i s  th e  p rin c ip a l build ing block of cho les te ro l. This predic­

tio n  was based on a study of the u t i l i s a t io n  of labeled ace tic  

acid  fo r  cho leste ro l synthesis in  animal t is su e s . More convincing 

evidence fo r th e  exclusive o rig in  o f the  s te ro l  molecule frcm ace ta te  

came from stud ies  done on a/mutant o f Neurospera c rassa . A deficiency 

in  pyruvate metabolism made th e  growth of th is  mutant dependent on 

exogenous ace ta te . Cells of the mutant s tr a in  grown on labeled 

ace ta te  produced ergostero l w ith e s se n tia lly  no d ilu tio n  of the 

iso tope. This demonstrated th a t no o ther carbon source contributed 

s ig n if ic a n tly  to  the synthesis of the  s te ro l  skeleton .^

Bonner and Arreguen demonstrated th e  u t i l i s a t io n  of ace ta te  

fo r the  b iosynthesis of rubber and speculated on the  way th a t 

th ree  ace ta te  molecules could combine to  form the  re q u is ite  isoprenoid
7

subunit fo r  the  macrcmolecule v ia  acetoaceta te  and methyl crotonic acid, 

f ig . X.



c h 3 c o o h *■ c h 3c o c h 2c o o h

c h 3c o c h 2c o o h C H X O C H , + CO„

CH,

N) c = o  +— ^  CH3COOH
CH<

QH3
fc= C H C O O H

c h 3

c h /
C = C H C O O H

c h 3
\ c —

i.
CH

%
CH.

F ig  1

From th is  postu la te  evolved the  thought th a t cho les te ro l,

lik e  many other n a tu ra l substances, was derived from a polyisoprenoid

interm ediate. For th is  view to  take hold, the ground was w ell prepared

by Robinsons hypothesis according to  which cho leste ro l was formed
8 9by the cycliza tion  of squalene, a polyisoprenoid hydrocarbon. ’ An 

o u tlin e  of the major stages o f the  o vera ll process emerged as 

shown below:

ace ta te

cyc liza tio n  product

isoprenoid interm ediate
I

 ------------------------- squalene

cho leste ro l
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The lin k  between ace tic  acid and the  b io lo g ica l isoprene u n it

remained a mystery u n t i l  the  discovery of Mevalonic acid in  1956

by Wright, Palkers and assoc ia tes  a t  the  Merk Sharp and Dohme

la b o ra to rie s .1^ The o rig in a l purpose of these  in vestiga tions

was to  iso la te  and characterize a  fac to r which was exceptionally

ac tiv e  as a  su b s titu te  fo r ace ta te  in  the n u tr i t io n  of ace ta te

requ iring  s tra in s  of L acto-bacillus acidophilus11. Noting the

s tru c tu ra l resemblance of mevalonic acid and hydroxymethyl-

g lu ta ra te  — th e i r  carbon skeletons are  id e n tic a l (f ig . 2 .). •— -

Tavormina, Gibbs and Huff te s te d  the b a c te r ia l  growth fac to r and

found i t  to  be remarkably ac tiv e  as a precursor o f squalene and 
12s te ro l  . Conversion was e s se n tia lly  q u a n tita tiv e , assuming th a t 

only one of the  enantiomorphs was ac tiv e . Mevalonic acid i s  in  

f a c t ,  th e  key interm ediate in  th e  terpene and s te ro l  b iosynthesis, 

as- shown by the  isotope lab e lin g  experiments. Iso to p ica lly  la b e le d . 

mevalonic acid was incubated w ith l iv e r  s lic e s  and found to  be 

incorporated in to  squalene and cho leste ro l with a very high, y ie ld . 

Furthermore, incubation of labeled  ace ta te  w ith l iv e r  s lic e s  

showed th a t  ace ta te  carbon was hn immediate precursor of mevalonic 

acid. The following section  w ill  deal w ith the  enzymatic mechanisms 

by which

(D  ace ta te  i s  conyerted to  meyalonic acid.

(2 ) meyalonic acid i s  converted in to  squalene.

(3 ) squalene i s  converted in to  cho leste ro l.

The enzymatic l in k  between ace ty l coenzyme A (_Co Al and meyalonate 

by way of acetoacetyl Co A and hydroxymethylglutaryl Co A was estab lished  

in  the lab o ra to ries  o f Rudney1^ ’1^ and o f Lyden1^’1^ (fig . 3 .1 .

6



c h 3 o h

HOHC
2

n
c q ,h

Mevalonic Acid

Fig

CH, OH

COgH C qH
/?-Hydroxy-/^-Methyl 
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c h 3

/ C °  

c h 2

Io

SCoA

CH3 

O

SCoA

V*

A

OHCH3

XCH, CH.
I

CO 

SCoA

I
COOH

CH 3yP H

/ C \  
c h 2 c h 2

HOH2C COOH

Fig 3
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^H ydroxy^-m ethyl g lu ta ry l Co A undergoes reduction of one of i t s  

carbonyl groups and lo ss  of CoA by the action  of^-hydroxy^m ethyl 

g lu ta ry l CoA reductase to  y ie ld  mevalonic acid .

^-hydroxy^m ethy lg lu tary l CoA + 2NADPH + 2R+  ^mevalonic acid

+ 2NADP+ + CoA.

17Bloch studied the re te n tio n  of tr itiu m  in  the enzymatic 

conversion of 5 , 5-d i-l% )-m evalonate to  squalene and found th a t in  

th is  transform ation only a small fra c tio n  of the 12 hydrogen atoms 

attaohed to  Ĉ  of the  six  p a r tic ip a tin g  mevalonate molecules \>as 

removed. Thus, one of the two bond forming centers (C^l seemed 

to  remain in  the reduced s ta te  during the process of carbon — carbon
O

bond formation. Later experiments with D2O and 5 ,5 -di-C H)-mevalonate

strengthened the above conclusion and allowed Bloch to  make the same
1Rdeduction fo r carbon atom 2 of jneyalonate ( f ig .4.1. Therefore,

in  the coupling of C_ and Cg sub-un its, bond formation had to  

occur without lo ss  or re in tro d u ctio n  of hydrogens a t the reac tin g  

centers — th a t  i s ,  by in te ra c tio n  of mevalonic acid d eriy a tiy es 

containing -CH^-groups a t both the Ĉ  and p o sitio n s . From the 

same experiments, i t  could be in fe rred  fu rth e r th a t  the remoyal 

o f the  t e r t i a r y  hydoxyl group and the lo ss  o f the carboxyl function 

of mevalonic acid proceed concertedly to  a compound bearing 

methylene group. Possible s tru c tu res  fo r the reac tiv e  condensing 

u n it are thereby lim ited  to  isoprene i t s e l f  or a deriv a tiv e  of 

iso p en ten e^ .

6 W «  -------------------------- c J0h 38t „ . , 2
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In  the synthesis o f squalene from mevalonic acid in  yeast e x tra c t,

both adenosine triphosphate (ATP) and reduced triphosphopyridine
* 17

nucleotide (TPNH) had to  be supplied to  the enzyme system as cofactors.

Mevalonic acid i s  phosphorylated by ATP to  the 5-monophosphate

e s te r  as shown by T.T. Tchen who iso la ted  the  s tab le  monophosphate of
19 20mevalonic acid and the re q u is ite  kinase enzyme . 5-Phosphomevalonic 

acid i s  once again phosphorylated to  mevalonate-5-diphosphate by ATP 

( f ig .5-) The next reac tio n  in  the sequence is  the formation of isopen- 

tenyl-pyrophosphate by th e  A T P-facilitated decarboxylative^-elirn ination  

of mevalonic acid-5-pyrophosphate. The concerted nature of th is  reac tio n  

had been shown by deuterium stud ies as depicted in  f ig . *h I t  was 

fu rth e r  demonstrated by stud ies  using the  p u rified  "anhydrodecarboxy- 

lase" which catalysed the coordinated removal o f the carboxyl group and
1 O *1 Q

of the  te r t ia r y  hydroxy group . Data obtained with o suggest th a t
213-phosphamevalonic-5-pyrophosphate i s  a tra n s ie n t interm ediate . ATP 

serving as the phosphorylating agent fo r  the  te r t ia r y  hydroxyl group 

and thereby promoting i t s  elim ination, (f ig . 6 .)

CHOH C H O P
ATP ADP ATP ADP

V " O H

v  1
co2
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In the  symmetrical squalene molecule th e re  are two term inal

isopropylidene groups, and, since th e  b io lo g ica l "isoprene unit"

has the isopropenyl s tru c tu re , two of the six  isopentenyl groups

must isomerize a t  some stage of squalene synthesis. Lynen and h is

associa tes proposed a mechanism involving the  isan e risa tio n  of free

isopenteny1-pyrophosphate to  d im ethylally l pyrophosphate p rio r  to  
22condensation ( f i g . 7. )  Support and proof fo r th is  mechanism were

provided by Lynen e t  a l ,  when they iso la ted  the re q u is ite  isamerase

and showed th a t th is  enzyme i s  an e s se n tia l component in  the coupling
23system when isopentenyl pyrophosphate i s  the sole substra te

These two isomeric isoprenyl pyrophosphates then, undergo

condensation with the elim ination of pyrophosphate to  form the
24monoterpene d eriv a tiv e  trans-gerany l pyrophosphate. A th ird  

isoprenyl pyrophosphate then re a c ts , again with elim ination of 

pyrophosphate to  y ie ld  the sesquiterpene trans-Fam esy 1-pyrophosphate.

H— CH

CH2OR

H
,+

f ig  7

( f ig .8.)
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POPO
POPO

+

OPOP

G eranyl P y ro— -  Farnesyl
P h o sp h a te  _ PyroPhosPhate

F iS  8

One can formulate both the  i n i t i a l  in te ra c tio n  of two 

u n its  and subsequent additions as re su ltin g  from a nucleophilic 

a ttack  by the7T-electrons o f th e  exomethylene group of isopentenyl 

pyrophosphate on an in c ip ien t cation  formed by the  pyrophosphate 

elim ination from the a l ly l  pyrophosphate. A ll these events are 

considered as concerted, ( f ig .9a . )

A covalent enzyme-substrate complex might be formed in i t i a l ly  

between the a l ly l  pyrophosphate and the  condensing enzyme with 

elim ination of pyrophosphate. Ally1-enzyme ra th e r  than  the  free  

a l ly l  pyrophosphate would then reac t w ith a second u n it to  form 

th e  new carbon-carbon bond. (f ig . 9b. )
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2+In  the absence, o f any cofacto r, except fjg 3 two molecules of

fam esy l pyrophosphate are condensed by the enzyme presqualene

synthetase to  presqualene pyrophosphate, accompanied by loss of one

H a t  cm frcm C-l of one of the two molecules of fam esy l pyrophosphate j

fam esy l coupling i s  reductive and proceeds by t a i l  to  t a i l  linkage.
2 RR illin g  and Epstein iso la ted  an interm ediate from TPNHrStaryed

26yeast subcellu lar p a r tic le s  and assigned the s tru c tu re  as shown in
27f ig . 11. Altman and R illin g  have synthesised th is  interm ediate pre­

squalene pyrophosphate and confirmed i t s  conversion to  squalene by 

yeast su b ce llu la r p a r t ic le s .

li}
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Rresqualene pyrophosphate, which contains th ree  assymetric centers 

a t the th ree  carbon atcms of the cyclopropane r in g , i s  rearranged and

The H atom lo s t  in  the  previous reac tio n , i s  now replaced by d ire c t

tra n s fe r  from TPNH. Altman and R illin g  have proposed a mechanism fo r

the b io log ica l conversion of presqualene pyrophosphate to  squalene based

on the w ell estab lished  equilibrium  between cyclopropyl carbinyl,

cyclobutyl, and a lly lca rb in y l cations generated in  solyolysis and 
27deaminations . This mechanism i s  shown in  Pig. 11 as..proceeding 

through c la s s ic a l ions. -----

reduced w ith TPNH as co-enzyme to  the symmetrical C^Q-terpene, squalene

+

CH3 C H p P O P CH3 CHe

TPNHS q u a len e

F ig  11
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Squalene i s  transformed in to  the te tra c y c lic  s te ro id a l configur­

a tio n  by the pathway depicted in  f ig . 12. The enzyme squalene epoxi- 

dase catalyses conversion of squalene to  the 2 , 3-oxide by molecular 

oxygen. T.T. Tchen showed th a t molecular oxygen and not water, i s  

th e  source of the 3-hydroxyl group of cho leste ro l. Furthermore, 

h is  experiments showed th a t  the enzymatic cy c lisa tio n  of squalene to

lan o ste ro l in  a  D̂ O medium proceeds without attachment of deuterium
28to  carbon as i t  would i f  any in  the se rie s  o f presumptive carbonium 

ions f a i l  to  s ta b i l is e .  The cycliza tion  of squalene-2,3-oxide i s  

postu lated  to  be in i t ia te d  by a ttack  of a proton on the  oxide r in g  and 

i s  followed by concerted e lec tro n  s h if ts  leading to  rin g  closures and 

formation of a tra n s ie n t carbonium ion a t  C£q ( f ig .12). Lanosterol i s  

derived by a  se rie s  o f concerted hydride and methyl s h if ts  and 

elim ination  of the proton from C-9 .

CH

S q u a le n e
CH, CH

17



H,C

CH

S q u a le n e  2 ,3-O x id e
+

H

S q u a le n e
O x id e

C y c la se

CH CH

CH.
HO

CH

HO Lanosterol

Fi
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The conversion of Lanosterol to  cho leste ro l involves the

removal o f th ree  methyl groups (a t and C ^ ) 3 sa tu ra tion  of the

double bond in  the side chain, and the m igration of the  double bond

from p o sitio n  8,9 in  lan o ste ro l to  po sitio n  5,6 in  r in g  B. The removal

of th ree  methyl groups i s  an oxidative process since the  carbon atcm 
29appears as CO ,̂ suggesting th a t  the methyl group in  lan o ste ro l a t 

and C12| are f i r s t  oxidised to  the  carboxyl functions and th a t  th e ir  

lo ss  i s  a decarboxylation process.

Lanosterol 

C h o le s te ro l

The in h ib itio n  of cho leste ro l biosynthesis, has. heen approached 

frcm several d irec tio n s . Consider f i r s t  sane in  vivo stud ies and the 

conclusions from them.
■3Q

The in  vivo stud ies  of Schoenheimer and Breusch provided

strong suggestive evidence th a t  when cho les te ro l i s  added to  the

d ie t the  a b i l i ty  of an animal to  synthesise cho leste ro l i s  g rea tly
31 32diminished. Later iso top ic  experiments o f Gould e t a l  and Bloch 

confirmed the  above study. They found th a t when animals are fed a 

high cho leste ro l d ie t ,  the a b i l i ty  o f l iv e r  s lic e s  from such animals
lii

to  synthesise cho leste ro l from ace ta te -  C i s  markedly inh ib ited .

19



The s e n s itiv ity  o f th is  feedback system: as ..well as the  extent to  which 

cho leste ro l synthesis can be suppressed by such a feedback, in h ib itio n  

i s  w ell i l lu s tr a te d  by the da ta  in  tab le  I  .

Table I .

Cholesterol in  

d ie t (%)

Cholesterol synthesis 

(nm oles of added 

ace ta te -2 -1^C )

0.0 67.0

0.1 36.0

0.25 28.0

0.5 1.8

1.0 2.4

2.5 1.8

Both the chemical and subcellu lar s i te s  a t which the

cho leste ro l feedback systan operates in  l iv e r  have been examined in  a 

number o f lab o ra to ries . Gould and Popjalc^ and subsequently Buscher
on

e t a l ,  noted th a t  cho leste ro l feeding causes a more marked in h ib itio n
lli

in  the  conversion of ace ta te -  C to  cho lestero l than was observed when 

lab e lled  mevalonate was used as a s te ro l  precursor. On the  basis  of th is  

study, both the  lab o ra to ries  concluded th a t  cho leste ro l feeding in h ib its  

cho leste ro l synthesis a t a  s i t e  p r io r  to  synthesis o f mevalonate.

Subsequent stud ies by S ip e rs te in ^  j 37,38,33 -̂ o a sp ec ific

biochemical lo ca liza tio n  of th is  feedback reac tio n  s i te .  They showed 

th a t  feeding of cho leste ro l has  ̂no e ffec t on the  conversion of ace ta te

-h y d ro x y l-b u ty ric  ac id , nor was theto . e ither_acetoacetic  acid or f j

20



conversion of mevalonate to  squalene or o f squalene to  cho leste ro l

in h ib ited  by short-term  cho leste ro l feeding. Since, y^-hydroxy-

^ -m eth y l g lu ta ra te  fonns a common interm ediate fo r th e  synthesis
■?q 40

both of ketone bodies and of cho lestero l ’ , i t  was in fe re n tia lly

concluded th a t  the sp ec ific  s i t e  a t which cho lestero l in h ib its  i t s

own synthesis is  a t the  point of conversion of ^ -h y d ro x y -^  -methyl
in qq

g lu ta ra te  to  mevalonate ' ’ f ig . 13. Using a g as-liqu id  chromato­

graphic procedure, the sp ec ific  e ffec t of cho leste ro l feeding upon 

the  synthesis both of ^ -h y d ro x y -^ -m eth y l g lu ta ra te  and of mevalonate, 

and hence the  a c tiv ity  o f / ? -hydroxy-/?-methyl g lu ta ry l reductase
nO ||p

was studied 5 . The re s u lts  o f such a study are shown in  tab le  2.

I t  c lea rly  demonstrates th a t d ie ta ry  cho lestero l r e s u lts  in  a marked 

in h ib itio n  of the synthesis o f mevalonate while having no detectab le  

e ffe c t upon the synthesis o f ^  -hydroxy-^-m ethyl g lu ta r a te ^ 5̂ .  This 

finding  th e re fo re , provided d e f in itiv e  evidence th a t  the  sp ec ific  

biochemical s i t e  of cho leste ro l feedback system i s  in  fa c t loca lized  

to  the  poin t of conversion o f ^ -h y d ro x y -^ -m eth y l g lu ta ra te  to  

mevalonate as shown in  f ig . 13.

Acetyl CoA ------------- ► A ceto-acetyl CoA — ► ^-h y d ro x y -^ -m eth y l-
' "^g lu tara te  (CoA)

/Krebs cycle
v "  ' mevalonate

2 . . .  s i t e  of squalene
Acetoacetic Primary
Acid s i te  of

1 cho leste ro lj feedback
^/3-hydroxj'- • in h ib itio n

butyric-^ “

acid.

Bqu,
I

cho lestero l
/

/

f i g .  13
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Further evidence fo r  the above re s u lts  has been provided by repo rts
4^ 44 45of Linn, o f Kandutsch and Saucier , and of Shapiro and Rodwell ,

who have demonstrated th a t  cho lestero l feeding in h ib its  th e  d ire c t

conversion o f  ̂ -hydroxy-^m ethylglutaryl-C oA  to  mevalonate

in  c e ll- f re e  systems.

I t  has also  been noted th a t fa s tin g , or ranoval of cho lestero l
144

from the d ie t ,  depresses cho lestero l synthesis. Back, e t a l  haye 

suggested th a t  th is  might be more sen sitiv e  than the feedback in h ib itio n

mechanism, although a l l  o thers have found fa s tin g  to  be s ig n ifican tly  
1 ij 5-152le ss  e ffe c tiv e . I t  has also  been found th a t  cho lestero l feedhc

87 88 1^6in h ib itio n  and fa s tin g  act a t the same enzymatic s i te .  * ’ *

Table 2 .

Expt. 
§

Choles­
te ro l  in  

d ie t %
Acetate / 5-hydroxy-/?

-methyl-
g lu ta ra te

Mevalonate Cholesterol

I 0 3-37 0.80 16.18 28.40
5 0.02 0.96 0.46 16.82

n 0 6.16 1.08 16.20 34.52
5 0.09 0.96 0.46 17-36.

The po in t to  be enphasized from these re s u l ts  i s  th a t  the 

feedback in h ib itio n  of cho leste ro l synthesis operates a t th e  f i r s t  

reac tio n  following the  la s t  q u an tita tiv e ly  important branch point In the  

reac tions leading from acetyl-CoA to  cho leste ro l as shown in  f ig . 13. 

This reac tio n , moreover, i s  ir re v e rs ib le . 3

I f  ch o les te ro l i s  fed fo r re la tiv e ly  long periods of tim e, i . e . ,

5-6 days, a  modest in h ib itio n  in  the conversion of mevalonate to  

cho les te ro l i s  superinposed upon the primary and much more s tr ik in g
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in h ib itio n  of mevalonate synthesis 35>33_ Gould and Swyryd^a ,k have 

emphasized th a t  w ith more prolonged feeding of ch o les te ro l, a  progres­

sively  g rea ter in h ib itio n  of reac tions beyond mevalonate synthesis 

develops, probably a t a s i t e  between mevalonate and fa m e s y l . pyrophosphate.
qO

S iperste in  and Pagan claimed th a t since mevalonate formation i s  

c le a rly  the  ra te - lim itin g  reac tio n  in  the  pathway of cho lestero l 

syn thesis, even a major reduction in  the .ac tiv ity  of the enzymes 

responsib le fo r  the  reac tions beyond the  production of mevalonate could 

have only a modest e ffe c t upon the o v era ll process of cho lestero l 

synthesis. I t  i s ,  moreover, l i k e l y ^ t h a t  th is  in h ib itio n  of 

the l a te r  reac tio n s of cho lestero l synthesis i s  not the re s u lt  of 

coordinate rep ression , but ra th e r  rep resen ts a secondary response to  the 

primary depression of mevalonate synthesis th a t follows long-term 

cho leste ro l feeding.

Another approach to  the  in h ib itio n  of cho lestero l biosynthesis 

i s  by the  adm inistration  o f drugs. As the b iosynthesis of cho lestero l 

involves a se rie s  of phosphate e s te rs ,  one approach to  the development 

o f a sp ec ific  in h ib ito r  would involve the in troduction  of a phosphonic 

acid species as a su b s titu te  fo r the n a tu ra l m etabolite. B riefly  

consider p r io r  e f fo r ts  of th is  type.

Phosphonic acids and th e i r  d e riy a tiy e s , which.can he considered 

to  be analogues of the n a tu ra lly  occurring phosphates, haye heen giyen 

considerable a tte n tio n  during the l a s t  few years. This in te re s t 

i s  generated by th e  recognition  th a t phosphonic acids and th e ir  

d eriv a tiv es  can function as analogues of n a tu ra lly  occurring phosphates, 

possess the p o te n tia l to  serve as m etabolic regu la to rs  and drugs.
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As examples, 3 ,4-dihydroxybutyl-l-phosphonic a c id ,I  both In  th e  

racemlc and o p tic a lly  ac tiv e  form have been prepared by Kabak e t
2i7 jig

a l  * and 4-hydroxy-3-oxobutyl-l-phosphonic acid I I ,a n  analogue of
4qdihydroxy acetone phosphate has a lso  been reported by Goldstein e t  a l .

50-52I t  has been demonstrated by Shopsis e t a l ;  , th a t the

is o s te r ic  analogue (I) I s  capable o f In h ib itin g  the  growth of mutant

s tra in s  o f E .c o li a t ’ra th e r  low concentration. The net e ffe c t i s

b a c te r io s ta s is  which may re s u lt  from a pertu rba tion  of the normal
55 55phospholipid production ’ re su ltin g  from an in a b i l i ty  of the 

organism to  cleave the phosphonate linkage which i s  present in  place 

o f normal phosphate. The analogue su b s titu te s  fo r glycerol-3-phosphate 

fo r  a  po rtion  o f the  normal m etabolic process but a  po in t o f in h ib itio n  

i s  reached as a r e s u l t  o f  the in a b il i ty  to  re lea se  phosphate. Prom 

th is  study, the  authors conclude th a t  fo r  b io lo g ica l a c t iv i ty ,  there  

should be correspondence of s ize  between the analogue and the n a tu ra l 

su b stra te . S im ilar approaches have been t r ie d  w ith th e  analogue(H i.

H O CH zCHOH CH 2CH 2 P ( o h )  

0  O
II I k  x

h o c h 2c c h 2c h 2p ( o h )

1

Some analogues of phospholipids, the iso s te r ic  phospho-

t id ic  acids ( I I I )  bearing sa tu ra ted  and unsaturated f a t ty  acid e s te r
56linkages, have been prepared by Tang e t a l  .



OCR

II
R C O

( I I I )

'A lso, a l ip id  d eriv a tiv e  of the analogue of dihydroxyacetone 

phosphate, compound (IV), a reduced form of i t ,  lyso-phosphotidic acid 

(V), and the d if f e m tia l ly  su b stitu ted  compound (VI) have been

In the  design of an analogue fo r  a  n a tu ra l m etabolite , 

i t  i s  desired th a t the  analogue bear only one s tru c tu ra l v a ria tio n  

from the parent compound. The s tru c tu ra l v a ria tio n  considered here 

i s  th e  presence of a carbon-phosphorous linkage in  place of the normal 

phosphate e s te r  linkage. The term " iso s te ric "  s t r i c t ly  re fe rs  to  

compounds of id e n tic a l s ize  and shape. According to  availab le  

crysta llog raph ic  data  fo r  re la te d  compounds 2-aminoethyl phosphate

p re p a re d 5 Compound (V) has been found to  be a substra te  fo r lyso -

phosphatidate acy ltran sfe ra se . 
O

 OCR
o
II

OCR O  i— o c  R
H i R C O —

0
II

0= HO

(IV) (v) (VI)
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59-61and 2-aminoethyl phosphonic a c id " ^  the  distance between phosphoryl 

oxygen and sane o ther p o s itio n  fo r a  phosphate In  comparison to  i t s  

nominally iso s te r ic  phosphonic acid analogue v aries  by about 0.8$. 

Although, the compounds mentioned here do not meet th is  requiranent 

of id en tic a l s ize  and shape most rigo rously , the bond length and 

angles involved are s im ilar enough th a t  the  term may reasonably 

be applied.

Thus th ere  i s  good reason to  believe th a t phosphonic acid 

analogues of n a tu ra l organic phosphates might serve as very usefu l 

probes fo r studying metabolic regu la tion .

One must consider the  choice of analogue which i s  most lik e ly  to

have the  desired a f fe c t ,  in h ib itio n  of cho lestero l b iosynthesis.

Biosynthetic pathways are frequently  regulated  a t e ith e r  the  in i t ia t io n

step or a t  branch po in ts. The b iosynthesis o f cho lestero l from

ace ta te  has two branch p o in ts . The f i r s t  i s  th e  reductive synthesis

of the  c ru c ia l interm ediate mevalonic acid from ^ -h y d ro x y -^ -m eth y l-

g lu ta ry l Co A. Here the  a lte rn a te  fa te  o f the su b stra te  i s  degradatiye

cleavage. The second branch on th e  b iosynthetic  rou te  to  cho lestero l

i s  the synthesis of presqualene pyrophosphate -  an interm ediate which
27Altman e t a l ,  have characterized and synthesized from fam esy l 

pyrophosphate. Here, the a lte rn a te  fa te  fo r  the growing polyterpenoid 

molecule i s  continued elongation fo r u ltim ate  use as the  ubiquinone 

side chain.

5-Phosphomevalonic acid represen ts the f i r s t  stage a t which, an 

analogue might be introduced which would be of use in  the in h ib itio n  

of squalene synthesis; a s tru c tu ra l analogue which could he of value 

here i s  th e  phosphorate(V III) ,  is o s te r ic  w ith (VII). This might be

26



expected to  cause In h ib itio n  of squalene biosynthesis by a feedback 

mechanism.

CHs CH3

H PgPOCH jCH 2C CH 2COOH HP3PCH 2CH zCh^CCH^OOH

OH <!,H

(v ii)  (vill)

This s tru c tu re  (VIII) re ta in s  a l l  the  re ac tiv e  s i te s  necessary 

fo r continuation of the normal reac tio n  sequence with the  exception 

of an alky1-phosphate este rlinkage; th is  e s te r  linkage normally i s  not 

involved u n t i l  the beginning stages of condensation of isopentenyl u n its . 

(2k.>62,63) The next step  in  the  cho leste ro l b iosynthesis i s  the  enzyme 

f a c i l i ta te d  decarboxylation and dephosphorylation of mevalonic acid 

pyrophosphate to  y ie ld  isopentenyl pyrophosphate(IX). A continuation 

of th is  reasoning leads one to  p red ic t th a t the following s tru c tu res  

would a lso  represen t p o te n tia l s ig n if ic an t in h ib ito rs .

O O CH,
,  .11 II I
(OH) P O P  o c h 2c h 2c  = c h 2 

2 OH



P rio r to  condensation, i t  i s  known th a t the  enzymatic conversion 

of (IX) to  d im ethylally l pyrophosphate (XT) i s  necessary. The phosphonic 

acid iso s te re  of (XI), compound (XEI), provides another s i t e  fo r 

in te rru p tio n  of th e  biosynthesis of squalene. As the normal condensation 

of (IX) and (XI) involves pyrophosphate cleavage frcm (XI) y ield ing  

geranyl pyrophosphate (X III), such formation would be precluded by (X III).

XI OH

CH / H/  0 0
11 11 r ^c h 2c h , p o p ( o h )  

OH
XII

QU
H

CH 3 x c h c h 2

XIII

Thus, th e  current p ro jec t was concerned with th e  synthesis o f a se rie s  

of phosphonates i . e .  (V III), (X), XII) and compound (XIV), an iso s te re  

o f (XIII) and the analogue o f fam esy l pyrophosphate.



A fter work on th is  p ro jec t had begun, Corey and Yolante

reported  the synthesis of analogues of isopentenyl, ' y  f y -dim ethylally1, 

geranyl, fam esy l and presqualene pyrophosphate. At th is  stage the  

attempt to  synthesize the e n tire  se rie s  of compounds was abandoned and 

concentration was placed on the phosphonic acid analogue of 

mevalonic acid (V III).

A second type of phosphonic acid analogue of th e  n a tu ra l phosphates 

are those is o s te r ic  with pyrophosphates in  which the  anhydride type 

oxygen has been replaced by a sing le  methylene group as shown below:

These analogues would be of in te re s t  to  define the. biochemical 

ro le  of the n a tu ra l phosphate by looking a t the  in te rru p tio n s  or 

m odifications of the normal process upon in troduction  of the  phosphonic 

acid analogues.

Inportant d ifferences are present between normal pyrophosphates 

and th e ir  nominally is o s te r ic  analogues. F ir s t  i s  the  lo ss  of binding

O
II

o
II

I '  I
OH OH



c a p a b ilitie s  of the/^ ' y  -pyrophosphate oxygen in  the n a tu ra l compound. 

Thus, these Iso s te r ic  analogues would be of use in  m echanistic evaluation 

in  the determ ination of binding requirements fo r enzymatic action .

Also, the geometric d ifferences between the two could re s u lt  in  very 

serious d ifferences in ''binding p roperties  of the two functions.

Along with the synthesis of the  simple analogues, another chemical 

and biochemical problem presented i t s e l f .

A major d if f ic u lty  in  working with phosphonic acid analogues of 

na tu ra l compounds i s  the in a b il i ty  of many of these charged compounds 

to  en ter the c e l l .  In  fa c t ,  the impermeability of in ta c t c e lls  i s  a 

frequent problem in  biochemistry. When th ere  i s  no tran sp o rt system 

fo r  a compound, the c e l l  membrane i s  a formidable b a rr ie r . For charged 

compounds, passive d iffu sio n  seldom produces the  desired  in te rn a l 

concentration, and the metabolism of these  compounds must be studied in  

a c e l l  -  free  ex trac t.

Prominent among techniques used to  circumvent the c e l l  b a rr ie r  i s

chsmical m odification of the  compound under study in  th e  hope th a t i t

w ill  then be soluble in  the c e l l  membrane. One successful example is

the  use of N^, 2 1-O -dibutyryl cyclic  AMP in  the place of cyclic  AMP in
gc

both prokaryotic and eukaryotic systems. Another approach i s  to  l in k  

the non-penetrating substance covalently to  a molecule th a t i s  ac tua lly  

transported  by a p re -ex is tin g  tran sp o rt system; an obvious advantage of 

u s in g  an ac tive  tran sp o rt system i s  th a t high in te rn a l concentrations 

of the m ateria l can be reached very quickly and secondly such a method 

maintains to  the  g rea test degree possib le  th e  s tru c tu ra l in te g r ity  of 

the substance. In  add ition , the extreme.measure of masking the  charges
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of anionic or ca tion ic  compounds need not be used, as molecules fo r  

which th e re  e x is ts  a  tran sp o rt system need not be soluble In  the c e ll  

membrane to  reach the cytoplasm. I t  i s  known th a t  due to  specia l 

tran sp o rt systems b ac te ria  are capable o f taking up n u trien ts  even 

fran  very d ilu te  so lu tio n s , re su ltin g  in  an accumulation of so lu tes 

in sid e  the c e l l .  Likewise the  b a c te r ic id a l e ffe c t of various a n ti­

b io tic s  can be obtained a t  extremely low concentration of the drug.

In  same cases the minimal in h ib ito ry  concentration i s  found to  be
■66lower to  vivo than to  v i t r o . I t  i s  believied th a t  ce rta in  a n tib io tic s  

are  able to  ’misuse’ e x is tin g  tran sp o rt system(s) which the bacterium 

needs to  take up various n u trie n ts . This ra ise s  the  question of which 

tran sp o rt system(s) can be used by which drug(s).

For several years, Gilvarg has been concerned w ith the  u t i l i s a t io n  

of o ligopeptides by Escherichia c o li  and has delineated  the s tru c tu ra l 

fea tu res  of a peptide su b stra te  which governs i t s  tra n sp o rta b ility .

I t  i s  a requirement of the tran sp o rt systan th a t th e  N-termtoal .d-amino 

group of a  peptide be unsubstitu ted . This was shown be performing com­

para tive  stud ies  on the growth response of E .co li ly sin e  auxotroph to  
f i7  fiftly s in e , 5 o ligo lysine  peptides and CZ-N-acetyl -  d eriv a tiv es of 

o ligo lystoe . I t  was observed th a t  th e  ly sin e  auxotroph could use d i- ,  

t r i - ,  and te tra ly s in e  as sources o f ly s in e , virile Q.-N- acety lated  d e ri­

vatives were in ac tiv e . This conclusion was fu rth e r substan tia ted  by the 

re su lts  w ith acety la ted  arg in ine o ligopeptides. The importance of the  

C-terminal carboxyl group in  peptide tran sp o rt was also  studied by 

Gilvarg and Payne®5 They concluded th a t the  C-terminal carboxyl group 

i s  not necessary fo r th e  .uptake of oligopeptide. To th is  end, a se rie s
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of peptides without the  free  carboxyl group were synthesised. The 

compounds prepared were lysylcadaverine pep tides. Cadaverine, which is  

the  diamine obtained on decarboxylation of ly s in e , comprised only the 

C-terminal residue in  these  peptides; a l l  o ther residues were ly sine .

A ll these analogues were able to  en ter E. c o li as shown by th e ir  capa­

c ity  to  support the  growth of ly s in e  auxotroph. The oligopeptide 

system, while showing preferances fo r a l l  L-forms, seems able to  to le r ­

a te  a degree of 's t e r ic  wobble' w ith respect to  th e  th ird  and presumably 

l a t e r  amino acid residues r e la t iv e  to  the N-terminus. Studies with 

E. c o li in d ica te  th a t th is  organism possesses an accessory perm eability 

b a r r ie r  th a t  excludes peptides w ith a  d iffu s io n a l rad ius g rea te r than a 

c e r ta in  c r i t i c a l  value. This fea tu re  i s  re flec ted  in  the  In a b ili ty  of 

the  higher msnbers of homologous peptide se rie s  to  en ter the  organism. 

Some of the  s tru c tu ra l sp ec ifica tio n s  fo r oligopeptide tran sp o rt in  

E. c o li  are  shown in  diagramatic form in  f ig .  l ^ J 1^

l i t t le  s p e c if ic i ty

m ust be 
unacy la ted

+

V ariable c r it ic a l  unit

Fig  14
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A s tr ik in g  finding was th a t  a  permease i s  capable o f transpo rting
71

peptides o f widely varying amino-acid components and s iz e . The

non-stringent nature of oligopeptide permease suggests th a t i t  would

be an id ea l candidate fo r  carrying out the tran sp o rt o f normally imper-

meant compounds.

A p a r tic u la r ly  su itab le  t e s t  substance would be an amino-acid

which alone could not reach the cytoplasm, but which could be linked

covalently to  a  p o te n tia lly  transpo rting  pep tide. To prove th a t the

peptide carried  such an amino-aicd in to  the c e l l  i t  would be highly

desirab le  th a t the  amino-acid be involved in  a normal metabolic scheme

so th a t a mutant unable to  synthesize the amino-acid could be iso la ted

and te s ted  fo r i t s  growth response to  the  peptide. Gilvarg and .
72

Pickel showed tran sp o rt of a theronine precursor, homoserine phosphate 

in to  E. c o li  using the oligopeptide permease as lysyl-lysy1-homoserine 

phosphate.
73

Ames e t  a l  , have shown the  existence of oligopeptide permease 

in  Salmonella typhimurium. They used th is  tran sp o rt system fo r smug-' 

g ling  a  h is tid in e  b iosynthetic  in term ediate, h is t id in o l phosphate 

e s te r  in to  the b ac te ria  as i t s  glycylglycyl d e riv a tiv e , g ly -g ly - 

h is tin d in o l phosphate. Free h is t id in o l phosphate e s te r  i s  not tra n s ­

ported in to  Salmonella.

The tran sp o rt o f small peptides i s  found in  mammalian systems as

w ell. The f i r s t  rep o rts  o f peptide tran sp o rt in  mammals were those 
74,75,76,77

of Newey and Smyth who demonstrated the uptake of peptides

by, and hydrolysis to  amino acids w ith in , the mucosal c e lls  of the 

small in te s t in e . Subsequent stud ies by C raft, S ad ikali and Matthews 

(78,79,8Oa,b) confirmed and extended th is  observation. They in v e s ti­
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gated th e  absorption of glycine and glycylglycine in  g a s tro in te s tin a l 

d isease in  man. Their re s u l ts  ind icated  th a t  a given dose of glycine
t

was absorbed more rap id ly  frctn glycylglycine than from the  free  amino

acid , and most rap id ly  when given in  th e  form of tr ig ly c in e . Sim ilar
8la,b

re s u lts  were obtained in  r a t s  . These workers ind icated  a resem-
82

blance between peptide tran sp o rt in  manmalian gut and in  b a c te ria  .

Extension of the  work to  the  se rie s  L-methionine, L-methionyl-

L-methionine and Ir-methionyl-L-methionyl-L-methionine gave e sse n tia lly

the same re su lts  as those obtained from th e  glycine s e r ie s . Further

examples of more rap id  tran sp o rt o f n eu tra l amino acids from peptides

than from the equivalent free  amino acids in  manmalian gut were
83,84

reported  from the lab o ra to rie s  of Adibi and P h illip s  who extended
85

the finding  to  glycyl-L -leucine and L-leucylglycine. Edwards

reported the phenomenon w ith L -leucyl-L -alanine, L -leucyl-L -tyrosine,

L-alanylglycine, glycyl-L -alanine and tryptophyl glycine in  th e  r a t
86

in  vivo and Rubino and Auricchio found i t  w ith Glycyl-L-proline

with r a t  small in te s tin e  in  v i t r o .
89Bayer e t  a l ,  have pointed out th a t th e  tr ip e p tid e  a n tib io tic

Ir-phosphinothricyl-alanyl-alanyl ( I ,  f ig .  15) exh ib its  much g rea te r

a n tib a c te r ia l  a c t iv i ty  against in ta c t  c e lls  than does the constituen t

amino ac id , phosphinothricin. In  co n tra s t, in  the  c e l l  f re e  system

only th e  amino acid shows e ffec tiv e  in h ib itio n  of the  E. c o li glutamine

synthetase. I t  i s  suggested th a t th e  uptake of the  a n tib io tic  in to

the c e l l  i s  s trongly  favored by the tr ip e p tid e  form which i s  then

hydrolyzed to  the  free  phosphinothricin and a lan ine . This shows th a t

the  tr ip e p tid e  form, but not th e  free  in h ib ito r  i s  capable of invading
71,90

the  c e l l  v ia  th e  oligopeptide system.
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A sim ilar tran sp o rt e ffe c t has been used to  explain the

g rea te r a n tib a c te r ia l a c tiv ity  of th e  tr ip e p tid e  a n tib io tic  L-(n5-
91

phosphono) m ethionine-5-sulfoxlm inyl-alany1-alanine ( I I ,  f ig .  15) ,

compared to  th e  amino acid Lr- (N^-phosphino )n7Bthionine-5-sulfoximine, 

which also  in h ib its  th e  glutamine synthetase o f E. c o l i . Zahner and 

Ju n g ^  investigated  th e  uptake of L-m ethionine-s-dioxide. They 

found th a t L-methionine-s-dioxide-alany 1-alanine ( I I I ,  f ig .  15) i s  

taken up v ia  the oligopeptide tran sp o rt system. Inside the  c e l l ,  i t  

sp e c ific a lly  in h ib its  the  glutamine synthetase.

c h 3
0 = P —OH

I
c h 2
I

CH2 CH o  CHO
+ I I 3 II I 3 1| flj

h 3n c h c o n h c h  c n h c h c - o

CH, 0  
I 3 II 

0 = S = N —fj>—OH

CH2 OH .  .

. fHi
H N CH CNHCHCNHCH COO

«
O

o = s
( I I I )

iH’ f i
HJH CHCONHCHCNHCHCOO

F i g  15



Thus, the  oligopeptide tran sp o rt system provides a  basic and 

w ithin c e r ta in  l im its ,  widely applicable c a r r ie r  system.

The absence of a  tran sp o rt system fo r  sane simple phosphonic 

acid  analogues o f n a tu ra l phosphates has already been found to  be a 

problem. The phosphonic acid analogue of idihydroxyacetone phosphate, 

4-hydroxy-3-oxybutyl-1-phosphonate i s  reduced by the  anabolic g lycero l-

3-phosphate dehydrogenase of E. co ll-^ ;  unfortunately , the  analogue 

does not have any e ffe c t on in ta c t  c e lls  because i t  can not be tra n s ­

ported. I t  would appear reasonable from the  examples c ite d  before th a t 

i f  a  phosphonic acid analogue species were coupled to  a  tr ip e p tid e  

i t  would have a  very good p ro b ab ility  o f being transported  in to  the  

c e l l .  Thus stud ies were in i t ia te d  with 4-hydroxy-3-oxybutyl-I-phos- 

phonate as th e  drug and tr ig ly c in e  as the  peptide c a r r ie r .  A tr ip e p -
90

tid e  linked to  an analogue should have the proper hydrodynamic volume 

but the choice of tr ig ly c in e  i s  somewhat a rb itra ry . The main reason 

fo r se lec tin g  tr ig ly c in e  i s  th a t  i t  appeared to  p resen t the  fewest 

syn thetic  problems since there  i s  no need to  be concerned about side 

chain functional group or o p tic a l a c tiv ity . Another tr ip e p tid e , perhaps 

a b e tte r  tran sp o rt c a r r ie r  would be L -A spartyl-alanyl-alanine with 

the phosphonic acid analogue coupled to  the ^ -c a rb o x y l  group o f the  

asp arty l u n it o f the tr ip e p tid e .

o o o o o
II II II II II  ̂or H

h3n c h 2c n h c k , c n h c h c o c h 2c c h 2c h 2p ^  UCzh5 
O C 2H5
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Once the analogue i s  transported  in to  the c e l l ,  i t  i s  expected 

to  be cleaved from the  tr ip e p tid e  by enzymes normally p resen t. I t  

th ere  should be reduced by th e  anabolic glycerol-3-phosphate dehydro­

cause b a c te r io s ta s is . I f  4-hydroxy-3-oxybutyl-I-phosphonate attached 

to  a tr ip e p tid e  does not in h ib it  c e l l  growth, the  above analogue 

coupled to  th e  carboxylterminus of a tr ip e p tid e  can be reduced chemic­

a l ly  in to  DHBP and then te s te d  fo r  i t s  in h ib ito ry  a c tiv ity .

Another 'chemical v e c to r1 which can possibly tran sp o rt a drug 

in to  a  c e l l  would be a la rge  lip o p h ilic  function which is  capable of 

taking p a rt in  m icelle  formation. A m icelle  once formed, could then 

simply be enveloped by a  c e l l .  This i s  o f p a r tic u la r  in te re s t  fo r  the 

in h ib itio n  of cho les te ro l b iosynthesis in  l iv e r .  The most tra c ta b le  

s i t e  fo r a ttach ing  a lip o p h ilic  chemical vector to  (VIII) i s  the  car­

boxyl function. This i s  accomplished by preparation  of an e s te r  with 

a  f a t ty  alcohol as shown in  (XV).

genase in to  dihydroxybutyl phosphonic a c id ^  (DHBP) which w ill then

H2°3P CH2CH2CH2C C H 3

CH,CO,R

H20 3pCH2CH2CH2CCH3

C H C O H
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Statement o f Problem

The present th e s is  program has had as i t s  purpose the  synthesis o f 

a  sp ec ific  reg u la to r o f cho leste ro l b iosynthesis. This was to  be 

accomplished by the p reparation  of th e  is o s te r ic  phosphonic acid  analogue 

of 5-phosphomevalonate, 5-carboxy-4-hydroxy-4-methylpentyl-l-phosphonic 

ac id . In  add ition , analogues o f the  pyrophosphate bearing precursors 

of cho leste ro l were intended to  be prepared where in  a  methylene 

group i s  su b stitu ted  fo r  the  anhydride oxygen. However, once i t  had been 

found th a t  the iso s te re  o f 5-phosphomevalonate d id  indeed serve as an 

in h ib ito r  o f cho leste ro l b io syn thesis , but did not en ter in ta c t  l iv e r  

c e l ls ,  th is  l a t t e r  was replaced by th e  h igher p r io r i ty  problem of design­

ing and synthesizing th e  agent bearing a  su ita b le  chemical vector.

RESULT MD DISCUSSION

4-yiethy1-4-pentyl-I-phosphonic ac id , an analogue of isopentyl

phosphonic acid has been prepared from 5-chloro-2-pentanone ethylene

k e ta l (XVI) according to  th e  rou te  as shown in  th e  scheme I .  A standard 
93

Arbuzov reac tio n  was performed on (XVI) using t r ie th y l  phosphite to  

give th e  d ie th y l phosphonate (XVII); th i s  i s  followed by.mild hydrolysis 

to  generate th e  free  carbonyl compound (XVIII). The ketone (XVIII) i s  

allowed to  re ac t with the  methylenetriphenylphosphorane under standard 

W itt ig ^  conditions to  y ie ld  th e  compound (XIX) bearing the  fundamental 

carbon s tru c tu re  desired . The phosphonate e s te r  linkages are  cleaved 

by Nal/DMF according to  M offatt1 s ^  procedure (see Experimental) 

y ield ing  the  disodium s a l t  (XX) which i s  then converted to  free  phosphonic 

acid  (XXI) by treatm ent with Dowex-50 in  th e  hydrogen ion form. The 

f in a l  compound i s  iso la te d  fo r storage and analysis  as the monosodium



s a l t  by t i t r a t i o n  with NaOH to  the  f i r s t  in f le c tio n  point o f the t i t r a ­

tio n  curve.

Low y ie ld s  of the  o le f in  (XIX) are obtained when n-BuLi i s  used 

as the base according to  standard W ittig  conditions. However, y ie lds 

are improved by using sodium hydride as the base in  dimethyl sulfoxide
» <56according to  Coreys m odification.

O
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The 4-methyl-3-pentenyl-l-phosphoryl-phosphonic acid  i s  synthe­

sised  in  a manner sim ilar to  th a t  fo r  the previously mentioned com­

pound (XXII). The d ie th y l e s te r  o f propanal-3-phosphonic acid (XXV)

i s  allowed to  reac t w ith isopropylidenetriphenyl phosphorane in  a
Q7W ittig reac tio n  using e ith e r  n-BuLi or the  dimsyl anion derived

from dimethylsulfoxide/NaH^^ as the base. The s ta r t in g  compound (XXV)

i s  prepared by performing an Arbuzov reac tio n  w ith t r ie th y l  phosphite
Q8on 3-chloro-l-propanal (XXIII), the  l a t t e r  obtained by a  carefu l 

reac tio n  of acro le in  with ethanol and hydrochloric acid g a s ^  as shown 

in  schane 2.

An in te re s tin g  observation to  be noted in  th is  scheme i s  the nature 

of the  compounds obtained in  the  W ittig  reac tio n  using two d iffe re n t 

bases to  generate the  reac tiv e  phosphorane. The exclusive formation 

of th e  compound (XXVI) i s  found when n-BuLi i s  used as the base.

However reac tio n  involving DMSO/NaH gives a 1:1 mixture o f (XXVI) and 

(XIX). This has been confirmed by performing gas chromatographic stud ies 

as explained in  the ta b le  ( I I I ) .  When the reac tio n  mixture obtained from 

■ the  EMSO/NaH reac tio n  are  in je c te d  to g e th e r, th ere  i s  observed an increase 

'.in  the  area o f the peak corresponding to  (XIX). • S im ilarly , th e re  i s  ob- 

' served an increase in -th e  area o f the peak corresponding , to  (XXVI) when 

pure (XXVI) i s  in jec ted  w ith the  reac tio n  products of DMSO/NaH reac tio n .

H2C = C H —CHO+ C>H.OH+ HCI -C IC H 2CH 2CH(OC2H5) 2

( x x i i i )
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9
m ateria l in jec ted Peaks

(i)  
re ten tio n  
time (min)

( i i )  
re ten tio n  
time (min)

Ratio 
( i i ) ;  ( i)

(XDO 8.60

(XXVI) .  > 9-30

Reaction product 
EMSO/NaH 8.60 9-30 1.09

(XIX) + Rxn prod. 
( 1 : 2 )

8.60 9-30 0.46

(XXVI) + Rxn prod. 8.60 9-30 2.50

( 1 : 2 )

TABLE i n

The synthesis of compounds (XVII) to  (XXI) in  Scheme I  and (XXIUl

to  (XXVI) in  Scheme 2 had been completed when the synthesis of phosphoniC'

acid analogues o f iso p en ten y l/y  /y -d im e th y la lly l, geranyl, fam esy l
64and presqualene pyrophosphates were published by Corey and Volante. At 

th is  s tage , completion of th e  synthesis in  th is  se rie s  was abandoned 

and a tte n tio n  was devoted to  the analogue of mevalonic acid.



The 4-methyl-4hydrcxy-5^arbaxypentyl-I-phosphonic acid (XXX) 

i s  prepared from the  d ie th y l e s te r  o f 4-oxopentyl-l-phosphonic acid 

(XVHI) which has been described above in  scheme I .  Compound (XVIII) 

was subjected to  the  Reformatsky reac tio n  using the two-step p ro ­

cedure as described by Grob and Bunneisen. 'L0('! This was followed by 

hydrolysis under basic conditions using sodium hydroxide in  m e th an o l'^  

to  y ie ld  the free  carboxylic acid (XXEX). The phosphonate e s te r  

linkages were cleaved according to  th e  Rabinowitz102 technique using 

tr im e th y ls ily l chloride followed by aqueous hydrolysis, to  generate the 

free  pbcsphcnic acid (XXX) which i s  iso la ted  as the  dicyclohexylammonium 

s a l t  (XXXI). (Schane 3) In  sp ite  of numerous e ffo r ts  using d iffe ren t 

techniques to  a c tiv a te  zinc fo r the Reformatsky reac tio n , the y ie lds o f

the reac tio n  could not be inproved.
104 lOSLithium naphthalene 9 i s  a reagent used to  generate a  dianion 

from carboxylic acids. These dianions have been reported  to  a tta c k  

carbonyl carbons generating interm ediates which a f te r  hydrolysis, y ie ld  

^-hydroxy acids d ire c tly . Lithium naphthalene i s  a ra d ic a l anion 

which removes protons from the acid to  form a dianion as shown in  

Scheme 4.

+

OO

R - C H - C - O H
T H F

R - R  -  H,CH3,C2H5 C6H5etc.
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Some examples of the use of lith ium  naphthalene to  prepare
1q2|

-hydroxy acid are shown in  Table (JVl- This approach o ffe rs  

several advantages over the Reformatsky reac tio n , although the y ie ld  

of the reac tio n  i s  not p a r tic u la r ly  high. B etter y ie ld s  of the 

compound (XXIX) have been obtained by allowing (XVIII) to  reac t w ith  

the anion obtained frcm ethy l ace ta te  using lith ium  diisopropylam ide"^ 

as the base. The carboxylate e s te r  i s  then hydrolyzed by a  base (haOH
1 07

in  MeOH)-  1 to  y ie ld  the carboxylic acid (XXIX) in  good y ie ld  as shown 

in  scheme 5-
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Table (iv)

ACID
Carbonyl

ComPound
product Yield

CH 3 COOH c sh 5 c o c 8 h 5

o n
c  H X  CH2COOH

58

CH 3 COOH o° V _ A h 2c o 2h

OH

38

CHgCOOH CH3 CO(Ctj)CH 3 CH.C CHXOOH 

H 4 CH3

37-3

HOCH 3

CI^CH2COOH PCH,OC6 HfO(^H 5

1 1
pCHpC^CCH CO^ 1 38

o°
t2 h 5

43
1
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Another analogue of In te re s t  fo r  the  present work would be 

mevalonyl methylendiphosphonic acid in  which a methylene group is  

present in  place of the  normal anhydride oxygen of the pyrophosphate 

function. The scheme fo r i t s  synthesis would involve th e  prepara­

tio n  of mevalonic acid and i t s  coupling to  diphosphonic acid a t the  

primary hydroxyl function of the  mevalonic acid . Because of the 

ease with which mevalonic acid forms the  lactone i t  i s  Important 

th a t  a t no stage during i t s  synthesis should both the  primary hydroxy 

and carboxyl groups be allowed to  be free  simultaneously. D ifferent 

rou tes fo r  preparing the  pro tected  mevalonic acid have been t r ie d ,  the 

f i r s t  one o f which i s  shown in  scheme 6.

OH
I

CH,
OH
I

c h c h c h c h 2o c (c h ^  
(x x x iii)  3

C H CH CHCH.O Ho 2 2 H3 PO„, BF3 .E t20

crcy
Pyridine

O

c h 3 c c h c h o c ( c h / )  
(xxxivj  ̂ 3

L DA CH3 C - O C ^

OH

c h 3 c c h c ^ o c ( c h 3)
I ^
c h 2c o 2 c 2 h 5

(xxxv)
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(xxxv) 1- KOH/MeOH 

2* HCI/MeOH

OH

CH3CCH,CH2OH

C R C O f H C ^
XXXVIII]
I 0  0

II II 
DCC t ' O - P C H ^ O H  

OH OH

OH

CH3CCH2CH2OC(CH3)

c h 2c o 2h

(x x x v i)

c 6h 5c h 2o h

DCC

T
O H

CH3CCH2CHpc(CH3)3

CH jCO .CH jCj Hs

(x x x v ii)

OH O O
I II II

c h 3c c h ,c h 2o  p c h 2p - ° h

I OH OH
CH2C 02CH2C 6H 5

(x x x ix )
OH o

II
o
II

CH 3c c h  2c h  2OPCH5P ~ O H  
I I I

CHCOOH OH OH
(XL)

SCHEME 6
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No problem was encountered In the synthesis through generation 

of compound (XXXVI) ,  but th e  coupling of benzyl alcohol with DCC10  ̂

could not £e perfonned in  Et^O, CHCl  ̂ or THE a t room temperature or 

a t re flu x . An a lte rn a tiv e  would be to  make the sodium s a l t  o f the 

acid and then allow th is  s a l t  to  reac t with benzyl bromide.110 

Scheme 7.

OH OH
c h 3 c c h 2c h 2o c (c h 3)3 ..NaHC0! c h 3c c h 2c h 2o c (c h 3)3

CH jCOOH 3 C H ,C -O N a
II (XLl)2|
O 

C 6H5CH2Br 

DMF

(j)H

CH3CCH2CH2OC(CH3)3

SCHEME 7 CH2C -O C H 2C 6H5

0 (xxxvu)

The synthesis o f the  benzyl e s te r  was best achieved by performing 

th e  reac tio n  of the carbanicn obtained from . benzylacetate 10^ with 

th e  ketone (XXXIV) as shown below:
O

O II OH
II CHjCOCHjCH I r s

CH,CCH2CH!OC(CH3) 3 ’ da » CH 3CCH;CH20  CfCH,)

c h 3c - o c h 2c 6h 5 

o
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Scheme 7 had to  be abandoned as the removal of the p ro tecting
124t-b u ty l group could not be a tta in ed  with an acid in  the  presence

of a te r t ia r y  hydroxyl group due to  the ease of formation of a

te r t ia r y  carbonium ion and the re su ltin g  extraneous reac tions.

In th e  second scheme used fo r th e  synthesis of th is  compound

(XL), an ace ta te  group instead  of t-b u ty l was used fo r the p ro tec-
125tio n  of the primary hydroxyl function. At the end o f the

sequence, se lec tiv e  removal o f the ace ta te  in  the presence of a 

benzyl e s te r  would be t r ie d  using potassium carbonate as the base. 

There are  examples reported  in  the l i te r a tu r e  where the  se lec tiv e

removal of th e  ace ta te  has been achieved in  th e  presence of d e ae ti-
1vated e s te rs . Corey achieved th is  in  the synthesis of d l-s ire n in  

using potassium carbonate in  methanol as the base.

K ,CO ,
OAc MeOH O H

However, th is  se lec tiv e  removal could net be achieved using 

potassium carbonate under varying conditions of temperature and 

time. The Scheme 8 shown below was also  abandoned a f te r  the compound 

(XLII) had been synthesised.
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II

C H ,= C H C C H ,

O  O
II II

-CHgCOCHjCHpCH,
XLII

| CH3C° 2C ^ C H 5

LDA

OH O

C H3C CH2CHLO C CH 
I 3

CH 2C 0 2CH2C6H 5

XLIII

OH

c h 3c c h c h 2o h

CH2 C — O C H C  H.1 || 2 - 6  '5

o
XXXVIII

SCHEME 8
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Another possib le route fo r  i t s  synthesis would involve the  use

of a tetrahydropyranyl e ther as a pr o tec ting group. ^  The advantage of.

using th is  as a p ro tecting  group i s  th a t i t  can be removed under
1 PR

extremely mild ac id ic  conditions and hopefully leave the te r t ia r y  

.hydroxyl group untouched. (Scheme 9-)

o c 2h 5
“ X ^ ? ° 2 C *H5 

(XLIV)

LiAIH,

H ,0

c h 3c o 2ch2c6̂

(XLVIl)
OTHP LDA

OH
(XLV)

'OTHP 
^ C - O C H C - H ,

II 2 6 5

(XLVIIl)

(xxxvni)
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(xxxvm)

O o
II II 

H O - P C H ^ - O H
A h  6 h .

DCC
o  o
II II ~►PCH^Ij»-OH 

^ VC0 2C f1 C6H5° H 0 H

(xxxix)

H, P d /C

SCHEME 9
o  o
II II
p c h 2p - o h  
o h  6 h

A v arie ty  o f rou tes used to  synthesise jnethylenediphosphohic

acid a l l  involve acid ic  hydrolysis of the te tra a lk y l e s te rs . Hie use
129-1'32of the Arbuzov reac tion  on methylene d iha lides has been

reported  to  give the desired te tra a lk y l e s te r  in  widely varying y ie lds 

depending on the alky l groups o f the t r ia lk y l  phosphite and the reac tio n  

conditions used. Reaction of trie th y lp h o sp h ite  with methylene iodide 

under Arhuzov conditions gave th e  monophosphonate (XLIX); attem pts to  

make the  desired  te tra a lk y l e s te r  by performing e ith e r  an Arbuzoy 

reac tio n  with more trie th y lp h o sp h ite  on CXLIX) or by a M ichaelis- 

Becker reac tio n  on (2LIX) were not successful in  our hands.

The_ required  e s te r  was eventually  synthesised in  good yield:.
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by performing a reac tio n  between methylene branide and tr iiso p ro p y l 

phosphite a t 140-185° using a 24 -  inch frac tio n a tin g  column, packed.

with g lass he lices 133 Methylenediphosphanic acid was obtained by
133hydrolysis of the e s te r  with concentrated hydrochloric acid.

O
__________ _ , CH p-"OEt

3 ,C H 2P - Q E t
C H 2I2 + p (O E t)

o  o

E t° ^ P C H  p ' Z Et E tO ^  2 ^ O E t

W

''O Arbuzov

M
Low Y ie ld

CH2Br2 + P [ 0 i - P r )
O O 

i Pr° s L H H ^ O i-P r
i PrO^" >" 0  i-Pr 

(*■0
HCI (C one.)

O O

H 0 ^ P C H  P " 0 H  
HO ^  OH

(L«.) 
SCHEME 10
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During the  p reparation  of d ie th y l 4-oxopentyl-l-phosphonate 

(XVIII) th e re  was performed a  reac tio n  of t r ie th y l  phosphite on 

5-ehloro-2-pentanone. Instead of obtaining the desired  compound 

(XVIII), there  was iso la ted  a  cyclized m ateria l. This reac tio n  

prompted th e  study of the reac tio n  of d iffe re n t halo-ketones w ith 

Iteiethyl phosphite under Arbuzov conditions and with d ie th y l phos­

p h ite  under Michaeles-Becker conditions. 1, 4-Haloketones give 

cyclized product w ith a  tetrahydrofuranyl skeleton both under -Arbuzov-- 

and Michaeles-Becker conditions. 1, 5-Haloketones also  y ie ld  

cyclized compounds w ith a tetrahydropyran skeleton. However, 1, 3- 

Halcketones give open chain compounds as shown in  Schsne 11.

O

EtCK|| 
O

o

o
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'6r *5 P(OEt)

p(OEt)3
EtO.
EtO

6 5

* P(OEt^

I + - :p —OEt _
tia  ° E t

SCHEME 11

0

CH

Investigations o f the mechanism of th is  reactions led to  the 

conclusion th a t  fo r the d ia lk y l phosphites, reac tio n  proceeds by 

a ttack  of phosphorous a t the  carbonyl carbon to  form an in te r ­

mediate halohydrin, followed by the nucleophilic  Sv,i attack, of oxygen 

on th e  halogen-bearing carbon. This rou te  i s  s te r ic a l ly  favorable
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fo r the formation of f iv e  and s ix  membered r in g  compounds. However, 

in  the  case o f^ -h a lo k e to n es , the formation of the four membered rin g  

is  unfavorable and therefo re  th e  reac tio n  proceeds by the a ttack  of 

phosphorous a t the ^ -c a rb o n  d isp lacing  halogen to  give an open chain 

compound.

\  4 - O E t  *
Na O Et

E tO ” 3f 
E t O - ?

+

M i r

-x . -J d >3
Na 0 E t

^ O E t
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3

In  the  f i r s t  case, kg is  f a s t  and th erefo re  the  rev ers ib le

f i r s t  step  of the  reac tio n  s h if ts  towards the r ig h t ,  i . e .  towards
/

the  r in g  compound. In  the second case, however kg i s  slow because of 

the unfavorable four-membered r in g , and therefo re  the  rev e rs ib le  

f i r s t  step  of the  reac tio n  s h if ts  towards the  open chain compound.

In reac tio n  with t r ie th y l  phosphite, 'phosphorous aM s^across the 

carbonyl to  give a pentacovalent species as shown below. I t  can be 

considered as a  tau toner of (C) and (B).

[OEt) X
n n

n=i

(EtO)P-

n =2
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E ither (A) or (C) may proceed read ily  to  (D). This l a t t e r  species 

may then be converted rap id ly  to  the r in g  compound (E) fo r those 

systems where a fiv e  or s ix  membered r in g  i s  formed. The la s t  s tep , a 

displacement of an alky l group by halide ion , s im ilar to  the second 

step of an Arbuzov reac tio n , is  rap id  and i s  not involved in  the  ra te

determining step . Phosphite addition  across the carbonyl is
/ /  */

rev e rs ib le . The i s  much la rg e r than k_^ fo r  fiv e  and six  memb.ered

rin g  compounds (lo, ^ k ^ ) , but in  th e  s te r ic a l ly  unfavorable four-
/ /  / /

membered rin g  system ^  becomes small and hence k_^ is  s ig n ifican t.

Therefore, phosphorous a ttack  a t the y^-carbon to  y ie ld  a / ?  -ketophos-
" f/ sphonate (k_1^ - k 2) which predominates.

Tire phosphonic acid (XXXI) was designed as a sp ec ific  in h ib ito r

fo r the b iosynthetic  pathway leading to  squalene and cho lestero l. In

fa c t ,  i t  has been found to  act as a most potent in h ib ito r  of squalene

and cho leste ro l synthesis when used with enzyme preparations from r a t  
108l iv e r .  The s i te  of sp ec ific  in h ib itio n  has been found to  inyolye 

phospho-mevalonate kinase; once phosphorylated, the analogue i s  unable 

to  undergo the required decarboxylation, and feedback in h ib itio n  occurs.

(108). The Ph fo r  the  analogue has been found to  be very s im ilar to  the
1 r\0

of the n a tu ra l substra te .

Unfoi'tunately, the analogue does not appear to  be transported  in to
“i r\0

in ta c t  c e l ls ,  a  necessity  fo r  i t s  use as a drug. To overcome th is  

problem, the p o te n tia l drug i s  covalently attached to  a "chanicai vector" 

fo r which a mode of tran sp o rt in to  the  in ta c t c e l l  may e x is t. Once the 

p o te n tia l dr-ug with i t s  chemical vector has entered the in ta c t c e l l ,  i t  .. 

i s  expected th a t the extraneous portion  w ill  be cleaved by enzymes 

normally presen t. As described before, two types of chanicai vectors

62



are considered here. The f i r s t  of these would be a  tr ip e p tid e  with 

the p o ten tia l drug attached through a functional group to  a 

su itab ly  reac tiv e  residue on the peptide. Such a systan may then be 

able to  gain entrance to  the c e ll  v ia  an oligopeptide transport 

system. The second type of chemical vector would be a large  lip o p h ilic  

function which i s  capable of taking p art in  m icelle formation.

The carboxyl function of the mevalonate analogue is  the  most

su itab le  s i t e  fo r a ttach ing  a lip o p h ilic  chemical vector. I t  would

appear reasonable th a t f a t ty  alcohols could be coupled to  the  free

carboxylic acid-phosphonate d ie s te r  (XXIX) by a dicyclohexylcarbodiimide

(109) mediated reac tio n  to  generate the  e s te r  (LVII) as i l lu s t r a te d  in

Scheme 12. However, dodecanol could not _be coupled.to .the .acid (XXPG by 
dicyclonexylcarbodiim ide' using e th e r, chloroform or tetranydrofuran as": 
so lven t, a t room temperature or a t re flu x  temperature fo r time varying 
from '5 to  48 hours.

ROH

XXX
CHCOOH CHoCOOR

SCHEME 12

This coupling was eventually achieved by preparing a sodium 

s a l t  of the  carboxylic acid (XXIX) by treatm ent w ith sodium bicarbon­

a te110 The sodium s a l t  i s  thoroughly dried  over P^CL under high

vacuum and i s  then allowed to  reac t with ce ty l bromide in  EMF as the 

solvent. (Scheme 13)
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" ^ ( E t O ) '  

C H £O O H CH,C ONa

I

Br

DIVIF

OH

c ^ ° N c h »
o  15 

SCHEME 13

Model s tru c tu res  fo r the second type of chemical yector i . e .  an 

oligopeptide tran sp o rt system, were begun with the synthesis of t r ig ly ­

cine as the "chemical yector" and 4-hydroxy-3-oxobuty1-I-phospbonate, 

the iso s te r ic  analogue of dihydroxyacetone phosphate, as the  drug.

The carboxyl terminus' o f the  tr ig ly c in e  i s  coupled to  the  hydroxy group 

of the  analogue.

+ O  O  O p  o  

Br H.NCHSNH C ^ C N H C h J  O CH 2CCH pH 2p i ° „

(LVII)
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Three approaches fo r  i t s  synthesis were used. The f i r s t  of 

these involves coupling the  phosphonate analogue to  one glycine u n it 

and then a d ig lycyl u n it i s  attached to  the  amino terminus of the

coupled compound as shown below. 
O O

(EtO)PCHCHilcH2OAc
o  o

(EtO)PCHCHCCH2OH

2 (lviii)

0 . 0  o o o
r ^  il M II IL
(EtOJPCH£H£CH2OH + Z-NHCH2CO O H — -ZNHCH2COCHCCHCHj\OEt)

T h e n :

H 0  0
NH 2CH2COCH2C CHCH,p(OEtJ

O
II

Z-Gly-Gly OH + NH2CH2COCH CCH 2CH2P(OEt)

o  o

Z-Gly-Gly-Gly-OCH2CCH2CH2P(OEt)

The second approach would be to  couple the  phosphonate analogue 

f i r s t  to  a d ig lycine u n it and then hoof: up the th ird  glycine u n it.
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o  ^

(EtO)PCH2CH2CCH2OH - Z'Gly-GlyOH I

Then:

Z GI y GI ̂ o c  H G °  H p(p E t)

O 0  

NH2Gly GlyoCHpCHjCKjI^OEt)

o  o  

ZGiyOH + NH2GlyGly O CHCCHCH F(OEt)

?\ °
Z GlyGlyGlyOCH2CCH2CH2P(OEt)

( lx x i)  2

The th ird ,  and most lik e ly  the b es t, approach i s  to  synthesise

the tr ig ly c in e  u n it f i r s t  and then couple i t  to  the phosnhonate analogue.
0  0

Z GlyGbGlyOH *HOCH!CCH!CH!P ( O E t l ----------------- (LXXl)

For the synthesis o f the' t r ip e p tid e  linked to  th e  phosphonate

analogue, the carbobenzyloxy group was used fo r  the p ro tec tio n  of
,, . 112 whereas t-b u ty l e s te rs  were prepared fo r  the pro-the  ammo group i-jn 112j
te c tio n  of carboxyl group. In  la te r  e f fo r ts  ethy l e s te rs  were
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used as the carboxyl p ro tec ting  group in stead  of the t-b u ty l group.
115For coupling glycyl u n its ,  Bodansky’s ac tiv e  e s te r  method was used, 

p-nitrcphenol being used as the ac tiv a tin g  group. (Scheme 11̂41

1 c 6h 5c h 2o c o c i  o

h 2n c h 2c o o h     C 6H5CH 2O C N H C H 2COOH

2 H C I  ( L X )

Q O 0  ,
DCC II II I  \

-N O a -*-c6h 5c h 2o c n h c h 2c —o ( \  / ) n o 2

(LXI )

o  o

(L X ) . ^ O C = C H z d i 5 2 i _ c 6H5CH2O CN H CH 2C -O C (C H 3)3

(LXI!)

,  -i ’’ Pd/C  - * f t  ,  ,

(LXX") H > 2.0 x alic ’ 0 x  NH3CH2COC(CH5)3
acid (lXIIIJ

Pyridine |  S j[
^  + (LXMI) - T ^ T tT r r  c6î c h 2o c n h c h 2c n h c h 2c o c c c h 3̂

^ 4 9̂ 3 ( lx iv )

o  o

(LX,V)------------- — - ----------►CH5CH2OCNHCH2CNHCH2COOH

(lxv)
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(lx) * H0CH!2cH,CHJ(OEt] DCC - z Gly-OCH^CHC^OEtl
*  (LXVI'J

HB7H0Ac

+
Br NHj CH,C OCHCCHCHPfOEt) 

(LXVI) *
SCHEME 14

A ll a tto n p ts  made to  couple (hXyl and CLXyiX were in  vain. The . 

d iffe re n t methods used to  couple (LXVl and (IXVXl include- DCC; in  

CH^CL,, EtOAc, E t20 as so lven ts, th e  mixed anhydride, and activa ted  

e s te r  methods; none of these  worked. N either was success, obtained, 

w ith th e  second method, combining the phosphonate analogue with d ig ly­

cine u n it and then hooking up the th ird  glycine u n it.

The best r e s u l ts  were obtained when the phosphonic acid analogue 

was t ie d  to  the  e n tire  tr ig ly c in e  u n it as shown below. (Scheme 15)
0  9II C H OH I

CHjCHPCNHCHJCOOH — -  C6H5CH20CN H CH 2C 0 2C2H 5
6 5 HCI

H„ Pd/c
2- HCI 

Cl NH3CHjC02C2Hs 
(lxvh)

(L X V > H O < ()> NO,
DCC

DMF
11 11 11 -CH£H2OCNHC^CNHCH2C O ( /  \ \ n o

(lxviii) \ = /  2
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p ridine fi °  ?  0
(LXVIl) * (LXVIIl) Z t t T  CJ%CHpCNHC^NHC^CNHCHCOCzHs

N l c 4H 9)3 ( l x ix )

,  KOH f t  f t
( l XIXJ  -C6H:CHjOCNHCH2CNHCHCNHCHCOOH

(LXX) 2 2

(LXX) * HOCH2CCH2CHP(OEt) DCC
2 Pyridine 

O O O O 0  o

CH sCHpCNHCHpN H CHpNHCHC OCH^CHCHj p(OEt)2
(lxxi)

HBr/
ItCH,COOH

0 0 0 0 0
-  ♦ 11 11 n 11 i l  ,
BrNHgCHgCNHC^CNHCHCOCH^ CHC^PjOEt)

(lxxh) 2

i{C H 3)S iB r 

2.H20

0  0  0  0  0
- + il II II II II, .
Br NH 3 C HC NH CH2C NH C^COCHjC CH2Cĥ P(OHJ

O-XXIIl)

SCHEME 15



For the  preparation  of CUCCE) frcm (LXX) and the  phosphonic acid

analogue by DCC coupling, the  only solvent which has been found to  be

sa tis fa c to ry  i s  anhydrous pyridine. This reac tio n  f a i l s  in  ethy l

ace ta te , methylene ch loride, chloroform and ether. In the next step ,
117removal o f the carbobenzyloxy group by HBr/HOAc, 1 the e s te r  group i s

l e f t  untouched as shown by NMR, IR and TLC. This i s  not unusual as
n  8th ere  are examples reported in  the l i te r a tu r e  where th is  reagent 

has been used without cleaving the  e s te r  linkage.

U nfortunately, when the above tr ip e p tid e  system was studied for 

i t s  tran sp o rt a c tiv ity  with E. c o li unequivocal r e s u l ts  were not found.

The second tr ip e p tid e , a b e tte r  choice based on i t s  hydrodynamic 

volume and a v a ila b il i ty  of in te ra c tin g  functions i s  -

Br NH3CHCNHCHCNHCHCOOH 
| O O O

CH2i  o  CH C CH2CH2P(OEt)2 

A sP -A la -A la  - OH
I 0  9

£ O C H 2CCH2CH2P(OEt) 2

The tr ip e p tid e  -unit i s  made f i r s t  and is  then linked to  the

phosphoni c acid analogue a t  th e  ^ -c a rb o x y l function of the  asp a rtic

acid u n it in  the tr ip e p tid e . The peptide i s  made by combining a

su itab ly  pro tected  a sp a rtic  acid to  the alanylalan ine u n it. The
11Qt-butyloxycarbonyl group (t-BOC) is  used fo r the  p ro tection  of the 

amino group in  a sp a rtic  acid whereas i t s  /9~carbcxyl function i s
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120protected  by a benzyl group. The dipeptide i s  prepared as alanyl-
□2

alanine t-b u ty l e s te r  -with a free  amino group. These two u n its

are coupled by DCC to  give the  requ ired  tr ip e p tid e  with a l l  the

functional groups pro tected . T h e ^ -ca rb o x y l function of a sp a rtic

acid  i s  lib e ra te d  by hydrogenation over palladium on carbon as

c a ta ly s t. The f in a l  coupling of th e  analogue w ith th e  tr ip e p tid e  i s

achieved by using DCC in  anhydrous pyridine'*"^ as the solvent.

Both the  amino and the carboxyl p ro tec ting  groups are cleaved using
117HBr in  g la c ia l ace tic  acid . Schane 18.

NH.CHCOOH H2S Q
21 + C 6H5CH2OH---------- --

,COOH

HNCHCOOH

W C H ^ H ,

(lxxiv)

o
II

Cl—C —Cl +HO-^  ^ -NO C I - C - 0

(c h 3) c- OH

(CH3)c-0 j ! - o Q NO;

(l x x v i)
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(LXXIV) + (LXXVl) ------------ ^(CH^COCNHCHCOOH

c h 2c o c h 2c6h 5

o

(lx x vii)

SCHEME 16

The above reac tion  fo r  the in troduction  of the  t-BOC group

proceeds with only a poor y ie ld  (20-25$). More recen tly  t-BOC-ON has
121been used as the reagent to  introduce a  t-butyloxycarbonyl group.

I t  o ffe rs  the advantages of time and ease and works with a much 

b e tte r  y ie ld  over the  e a r l ie r  mentioned reac tion .

(LXXIV) ♦ t-BOC-ON --------------  BOCNHCHCOOH

CH <^OCH2CH 
(lx x v ii)  

?Hj °  °  ?Hj 
H N C H C O O H  -  C j H j C H p C C I   - C 6K . C H 2O C N H C H C O O H  

(LXXVIIl)

CH O CH30

(LXXVIIl) * \ : = C H  H;!S0- - c 6h 5c h ;o c n h c h  c o c ( c h J

c h t  ( lxxx )



(l x x ix )
H,

CHjO
1 *11

P d /C
HNCHCOCfcHs)

3

( l x x x )

SCHEME 17

A more convenient method fo r making (LXXX) without p ro tecting  

the amino group, i s  to  allow alanine to  reac t with l iq u if ie d  iso ­

butylene in  the presence of concentrated su lfu ric  acid in  a pressure

b o ttle 122 The desired  compound i s  iso la ted  as the hydrochloride of

(LXXX).
CH 3 

H.NCHCOOH * C JV  
CH3' c = c h 2 + h 2s o 4

h 2n c h c o c ( c h 3)

HCI/
E tzO

CH.

C6H5CH2OCNHCHCOOH + H O -U ^  / /  N 0

CH3O 
- + I » r > Cl h 3n c h  c o c ( c h 3) 

3 (LXXX) ^

\ \  / /

0  c h 3o
II I II 

c 6h 5c h 2o c n h c h c o

DCC

( l x x x i )
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(L X X X ) ♦ (L X X X I)
P yrid ine/N (C 4H 9) :

n  P V  / =
Z—NHCH CONHCHC—O —\ \  - v V-NO.

( lxxxii)

c h 3 c h 3 o

(lxxx ii) — » H 2n c h c o n h c h  c ^ o  c ( c h 3) 3 

' c  ( lx x x ii i )

(LXXVIIl) - (LXXX|||)-DCC/CHiCI2____

o  p  CH 3 o  c h  3

( c h 31 c o c n h c h c n h c h c n h c h c - o c ( c h 3)
1 . 0
c h 2c - c h 2c 6h 5

( LXXXI V) 

o  o  CH30  c h 30

( l x x x i v )  — » ( c h 3) 3c o c n h c h C n h c h c n h c h c - o c ( c h 3)

c h 2c - o h
II
o

( l x x x v )
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O o
,  > I! I I /O C 2h s
( LXXXVJ + HOCH2C C H 2CH2P \

o c 2h 5
D C C /

Pyridine

O 0  O CH/j)

(CH3J3CO C N H CHCN HCHC N HCHC “  Oc(CH 3)3

CH 2COCH 2COH2CH 2< o r  2u 5 || || II 2 5
0 0 o

( L X X x V l )  + HBr/CH3COOH

( l x x x v i )

o  c h 3o  CH3
if I II I

Br NH3CHCNHCHCNHCH COOH

CH 2COCH 2C CH2CH 2 pr^ ; 2
II II II 0 0 2
O O 0

( LXXXVI l)

( l x x x v i i )
(CH3) 3S iB r.

2 H ,0

o  c h 3 o  c h 3 
II I II 1 

BrNH,CHCNHCHCNHCH COOH
,/O HCH2C -O C H 2CCH,CH2 P ^ n u  

II II II U H

( LXXXVII I )
SCHEME 18
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Experimental

General A ll chemicals were o f reagent q u a lity  and used 

without fu rth e r  p u rif ic a tio n  with, th e  following exceptions: 

benzene, pentane and hexanes were d ried  over sodium ribbon. EMSO 

and pyridine was d is t i l le d  over calcium hydride. THF was d i s t i l le d  

over lith ium  aluminum hydride. DMF, ce ty l bromide, dioxane and 

methylene chloride were d is t i l le d  immediately p rio r  to  use and stored 

over molecular sieves. Thin layer chrcmatography was performed 

using Polygram S i l  N-HR s i l i c a  gel sheets. S il ic a  gel fo r p reparative 

chromatography was from Baker (60-200 mesh). In frared  spectra  were 

measured using a  Perkin-EImer 237-B spectrophotometer, and NMR spectra 

were measured with a Varian EM-360 or Yarian A-60-A instrum ent. Mass 

spectra  were measured using a Varian MAT CH-7 instrument and ca lib ra ted  

against perflourokerosene. Melting poin ts were obtained on a Hoover 

Uni-Melt cap illa ry  m elting point apparatus.
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D iethyl 4-Oxopentyl-l-phosphonate (XVIII)

In  a 500 mL round-bottomed f la sk  equipped w ith a re flu x  condenser 

and a calcium chloride drying tube was refluxed a mixture o f 50 g 

(0.304 moles) o f 5-Chloro-2-pentanone ethylene k e ta l and 55.0 g (0.33 

moles) o f t r ie th y l  phosphite fo r  42-43 hours. The reac tio n  mixture was 

cooled to  room temperature and then s t i r re d  fo r  30-40 minutes w ith 150 mL . 

o f 0.1 M HCI. The aqueous so lu tion  was ex tracted  w ith 4x100 mL of benzene 

and th e  combined ex trac ts  were d ried  over anhydrous magnesium s u lfa te . 

A fter f i l t e r in g  the  magnesium s u lfa te , the solvent was removed on a ro ta ry  

evaporator and th e  re s id u a l o i l  d i s t i l le d  under reduced pressure to  y ie ld

23.1 g (36/0 of the requ ired  compound as a c le a r  liq u id , bp 80-100°/.05- 

.025 Torr. NMR (CCl^) §  l.l(t,& I,0C H  CHg), 1.7(m,2H,CH2) , 2.1(s,3H,COCH3), 

2.4(m,2H,CH2), 3.5(m,2H,CH2CO), 4 .0(m,4H,OCH2) ; IR tCC l^cnf1 3000, 1725, 

1370, 1255, 1165, 1050.

Analysis: Calculated fo r  C^H^O^P C,48.65; H,8.56

Pound C,48.73; H,8.60

D iethyl 4-M ethyl-4-pentenyl-l-phosphonate (XIX) Method A 

s t i  In  a IL three-necked round-bottomed f la sk  f i t t e d  w ith a  mechanical 

s t i r r e r ,  re flu x  condenser, a gas in le t  tube, and an Erlenmeyer f la sk  

connected through Gooch tubing a  gen tle  flow of n itrogen  was'maintained 

throughout the  reac tio n . The f la sk  was charged w ith 250 mL of anhydrous 

e th er and (0.038 moles, 22.8 mL) of n -bu ty llith ium  (conc. about 1 mole in  

600 mL o f cyclohexane). The so lu tio n  was s t i r r e d  and 15.3 g (0.038 moles) 

o f triphenylm ethyl phosphonium iodide, d ried  over under high vacuum, 

was added over a period of 5 minutes through th e  Gooch tubing. The solu­

tio n  was s t i r re d  fo r 4 hours a t roan tem perature.
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A fter 4 hours, the Gooch tubing was replaced by a  dropping funnel 

and ketone (XVIII) (9.2 g, 0.041 moles) was added dropwise. The so lu tion  

became cloudy and a  white p re c ip ita te  separated. The mixture was heated 

under the  re flu x  overnight, allowed to  cool to  roan tem perature, and 

then the  p re c ip ita te  was removed with suction f i l t r a t io n  . The precipi-: 

ta te  was washed with 100 mL portions o f e th e r , and the combined ether 

f i l t r a t e s  were washed with 100 mL portions o f water u n t i l  n e u tra l. The 

e th er ex trac t was dried  over anhydrous magnesium s u lfa te , th e  solvent was 

removed, on a ro ta ry  evaporator, and th e  re s id u a l liq u id  was d is t i l le d  

under vacuum using a spinning band d i s t i l l in g  column, bp 65-69°/0.09 Torr. 

Yield 2.0 g (24*). NMR (neat) § 0 .9 -1 .3  (t,6H,OCH2CH3) ,  1 .3-1 .7  (s in g le t . 

superimposed on a m u ltip le t, 7H,CH3jCH^CI-^), 1.8-2.1(m,2H,CH2), 3.5-4.0 

(q,4H,OCH2), 4.45(s,2H,=CH2); HKCCliPcnf1 1650,1450,1390,1250,1060,1030.

Analysis Calculated fo r  C]_oH21°3p C,54.54; H,9.54

Pound 0,54.29; H,9.74

Diethyl 4-M ethyl-4-pentenyl-l-phosphonate (XIX) Method B

Sodium hydride (0.04 moles, 1.68 g o f 57%) was washed with pentane 

(dried  over sodium) 3-4 times in  a three-necked f la sk . The f la sk  was 

f i l l e d  with n itrogen  gas by a lte rn a tiv e ly  applying suction and flowing in  

n itrogen  gas. An atmosphere of n itrogen  was maintained throughout th e  

reac tio n . 30 mL o f fresh ly  d i s t i l l e d  dim ethylsulfoxide was in jec ted  in to  

the  f la sk  and th e  f la sk  heated a t  approximately 60° with th e  reac tion  

mixture being s t i r r e d  with a  magnetic s t i r r e r  u n t i l  there  was no more 

evolution of hydrogen gas (about 40-45 m inutes). At th is  s tag e , the o i l  

bath was replaced by an ice  bath .
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Triphenylmetbyl phosphonium iodide (0.04 moles, 15*92 g) d ried  over 

P20(j under vacuum, was dissolved in  50.>inL of warn EMSO in  a  round- 

bottomed f la sk  with a minimum exposure to  a i r .  This so lu tion  was added 

to  the three-necked f la sk  dropwise through an addition  funnel while 

th e  f la sk  was being cooled in  an ice-bath . When the addition  was over, 

th e  ice-w ater bath was removed and the reaction  mixture was s t i r re d  

fo r 30-45 minutes a t  rocm tem perature. At th is  s tage , the reac tion  

mixture load a  dark reddish-green color. The ketone (XVIII), (8.0 g, 

0.036 moles) was added through a dropping funnel. On addition  of the 

ketone th e  reac tio n  mixture became warm and there  was a  ligh ten ing  of 

the color to  pale yellow. The reac tio n  mixture was s t i r re d  fo r 2-3 

hours a t roan temperature and then heated a t 60° fo r  another 3-4 hours. 

A fter cooling to  roam temperature the reac tio n  mixture was poured in to  

150 mL of d is t i l l e d  water. The re su ltin g  tu rb id  so lu tion  was ex tracted  

with pentane. At th is  stage , a white so lid  p rec ip ita te d  which was 

f i l te r e d .  The pentane layer was separated and the aqueous layer 

ex tracted  repeatedly  with 50 mL portions of pentane. The f i l te r e d  

so lid  was also  washed 2-3 times with pentane. A ll the pentane ex trac ts  

and washings were combined and d ried  over anhydrous MgSÔ . The dried  

so lu tion  was then passed through a colum packed with 33 g o f n eu tra l 

alumina. A ll the  pentane was removed under reduced pressure and the 

re s id u a l liq u id  d i s t i l l e d  under vacuum to  y ie ld  2.6 g (3&1 o f the 

desired  compound as a co lo rless liq u id . I t  was used'w ithout any 

fu rth e r  p u r if ic a tio n  fo r th e  next reac tion , bp 63-67°/ 0.08 Torr NMR 

(n ea t) 0  0'.9-1.3(t,6H,OCH2CH,), 1 .3 -1 .7 (s in g le t superimposed upon a 

m u ltip le t, 7HCH3,CH2CH-), 1 .8 -2 .l(m ,2 1 ,0 ^ ) ,  3.5-4.0(q,4H,OCH2 ), 

4.4(s,2H,=CH2), IR tC C l^aiT1 1650,1450,1390,1250,1160,1050,940.
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Monosodium s a l t  o f 4-Methyl-4 pentenyl-l-phosphonic acid (XXI)

A m ixture o f 3.3 g (0.015 moles) of d ie th y l --4-pentenyl-l- 

phosphonate (XEX) and(6.5 g, 0.042 moles ) of sodium iodide in  35 mL of 

dimethylformamide was heated a t  140-150° fo r  27 hours. Following th is  

reac tio n  period, a white so lid  was obtained on cooling the reac tio n  

mixture to  room tem perature. The mixture was evaporated to  dryness 

a t  room temperature under high vacuum and the  "residue was t r i tu r a te d  

w ith l'OO mL o f acetone to  y ie ld  a p re c ip ita te  which was then washed 

w ith 500 mL of fresh  acetone on a s in te red  g lass funnel. The undis­

solved so lid  was d ried  and weighed (1.4 g, 45.4%). Of th is  disodium 

s a l t  b .3  g was dissolved in  15 mL of 50% aqueous methanol and then 

passed through a column of acid-form Dowex 50 to  convert the above 

disodium s a l t  in to  free  phosphonic acid. The acid ic  e lua te  was then 

heated a t  100° fo r  one hour and evaporated to  dryness to  y ie ld  0.22 

g (96%) o f the  free  phosphonic acid . I t  was dissolved i n  50 mL of 

d i s t i l l e d  water and then t i t r a t e d  with 0.015N sodium hydroxide to  

pH 5-6. The aqueous so lu tio n  was evaporated under reduced pressure a t 

50°. The re s id u a l o i l  p a r t ia l ly  s o lid if ie d  a f te r  being kept under 

high vacuum overnight. To th i s  p a r t ia l  so lid , 15-20 mL of absolute 

methanol was added and then s t i r r e d  fo r some tim e. Methanol was 

removed under reduced pressure to  y ie ld  0.25 g (90%) of a white so lid  

which was dried  under high vacuum. I t  gave a sing le  spot on TLC 

using 10% 0.1N HCI in  methanol as the developing solvent -  R f,=0.69. 

IR(Fluorolube)cm- ^ 3600-3000 (broad), I650,l465,1360,1260(s), 120.0, 

1110, 1030, 955,900.

Analysis: Calculated fo r Cg^OjHJa.H^O 0,31.85; H,5-75
Found C,31.73; H,6.12
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Preparation of Dowex-5Q, acid fo m :

Dowex-50 was washed w ith ahout 150 mL of 2N sodium hydroxide and 

then with water t i l l  the washings were n eu tra l. I t  was then washed 

with 250 mL of 6N hydrochloric acid on a  s in tered  g lass funnel; th is  

was followed by water washings u n t i l  they were n eu tra l. The whole 

process was repeated th ree  tim es and a t  th e  end Dowex-50 was allowed 

to  s t i r  w ith 250 mL o f 6N hydrochloric a d d  fo r  1 hour, followed by 

washings w ith d i s t i l l e d  water u n t i l  th e  washings were n eu tra l and no 

more co lor was leached from the Dowex. The Dowex-50 used had the 

exchange s treng th  of 5 meq/g.

l-Chloro-3-propanyl d ie th y l a c e ta l (XXIII)

A th ree  l i t e r  three-necked f la sk  equipped w ith  a magnetic s t i r r e r ,  

a  dropping funnel, a  gas in le t  tube, a condenser w ith a  calcium 

chloride drying tube and surrounded by an ic e -sa lt ' bath , was charged 

w ith 226 mL o f absolute ethanol. The alcohol was sa tu ra ted  w ith 

hydrogen chloride a t 0°. Simultaneously, 10.0 g of acro le in  was weighed 

and kept in  the  add ition  funnel surrounded by an ic e - s a l t  mixture.

When the  alcohol was sa tu ra ted  w ith hydrogen chloride acro le in  was 

added slowly to  th e  reac tio n  m ixture with s t i r r in g ,  keeping the th ree­

necked flasked  immersed in  an ic e - s a l t  bath a t  0°. This addition  

required 1-2 hours tak ing  care th a t  th e  temperature of the reac tio n  

m ixture did not r i s e  above 0°. The s t i r r in g  was continued fo r  another 

hour and then th e  reac tio n  mixture was tra n sfe rred  to  a  separatory 

funnel and allowed to  stand u n t i l  th e re  was a separation  of two layers. 

The lower layer o f ac e ta l was separated and tre a te d  gradually with 

powdered sodium bicarbonate u n t i l  a l l  th e  acid  was n eu tra lized . The
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mixture was f i l te r e d  and the f i l t r a t e  washed with two 50 mL portions 

of ic e  cooled water and then dried  over anhydrous potassium carbonate 

fo r  7 hours. Potassium carbonate was removed and the liq u id  

d i s t i l l e d  under reduced pressure using a  frac tio n a tin g  column, bp 79-  

86° /19-24 Torr. L i t t .  b p ^  . 58- 62/  8 Torr.

Yield: 98.0 g (3 W . NMRtCCl^)§  l.Oft.Sl.OCHgCHg), l^ tq ^ C H g C H ), 

S.SCm.fiH.OCHgVClCE^), iJ.5(t,IH,CH).

Diethyl 3 ,3-diethoxy-l-phosphonate (XXIV)

Freshly d i s t i l l e d  t r ie th y l  phosphite, 50 g CO.30 m oles), and a 

15% excess o f the  a c e ta l (XXIII), 58 g (0.35 moles), were refluxed a t  

170-178° fo r  4 hours using a  frac tio n a tin g  column. A fter 4 hours, the 

round-bottomed f la sk  was cooled and a low bo iling  frac tio n  was removed 

by d i s t i l l a t io n  a t  40-46°/5 Torr. The resid u a l liq u id  was tran sfe rred  

to  a 50 mL round-bottaned f la sk  and d i s t i l l e d  under reduced pressure 

using a frac tio n a tin g  column to  y ie ld  10.0  g (12 . 5$) o f th e  required 

compound, bp 91-95°/0.05 Torr, L i t t .  bp^® 9&-100°/0.07 Torr. NMR 

(neat)gl.O(m,12B,OCH2CH3 ), , 3-3.5(m,4H,OCH2), 3-6

-4.1(q,^H,OCH2 ) , 4.3(m,lH,CH).

Diethyl 3-oxopropyl-l-phosphonate

The above compound,(9.5  g , 0.035 m oles), 53-6 mL of 3% hydro­

ch lo ric  acid and a small amount of hydroquinone were heated a t 70-75° 

fo r  5 hours under an atmosphere of n itrogen  gas. At the end o f th i s  

period, water was removed using a ro tary-eyaporator and the  resid u a l 

liq u id  was immediately vacuum d is t i l l e d  to  y ie ld  5-7 g (83$) o f the
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requ ired  compound (XXV) bp .87-90°/ 0.13 Torr, L i t t .  b p ^  92-94°/

0.23 Torr. NMR(neat)§ 0 .9 -1 .3 (t,6 H ,O d ^O ^), 1 .5 -2 .9(m,4H,CHjCHg),

3-6-it. 35(q.,4H,CX2^) , 9.9(s,lH,CHO). IRCCCl^cnf1 3400,3020, 2850, 

1730,1420,1390,1250,1175,1060,1040,940.

D iethyl 4-Methyl-3-pentenyl-l-phosphonate (XXVI): Method A, using 

n-BuLi:

In a three-necked f la sk  equipped w ith a mechanical s t i r r e r ,  an 

add ition  funnel, a re flux ing  condenser and a gas in le t  tube, was 

placed 200 mL of anhydrous e th e r . n-BuLi (0.031 moles] 23 mL was. In jected  

in to  the f la sk  followed by th e  add ition  of 0*031 moles (14.6 g) of 

triphenylisopropyl phosphonium iodide through Gooch tubing frcm an 

Erlenmeyer f la sk . There was a development o f a  dark red color a f te r  

th e  add ition  of phosphonium s a l t .  The reac tio n  mixture was s t i r re d  fo r 

2 days a t room tem perature. A fter 2 days, 5-8 g (0.03 moles) of the 

aldehyde (XXV) was added dropwise. There was the  formation o f a 

yellow p re c ip ita te  and the color changed frcm deep red to  orange to  

yellow as the  reac tio n  proceeded. The reac tio n  mixture was allowed to  

re flu x  fo r  th ree  days.. At the end of th is  period , the mixture was 

f i l te r e d  and the so lid  washed w ith 200 mL of e th er. The combined 

e therea l ex trac ts  were washed w ith water u n t i l  the  aqueous washings 

were no longer basic . The e th er lay er was d ried  with anhydrous 

magnesium s u lf a te . The solvent was removed on a  ro tary-evaporator and 

the re s id u a l liq u id  d i s t i l l e d  under vacuum to  y ie ld  1.0 g (15%) o f the 

required canpound. bp 68-72° / 0 . 05 Torr. NMR(neat)£) 0 .9-l*3(t,6H , 

OCI^CH^), 1.4-2.5(two s in g le ts  superimposed on a m u ltip le t, lOHjCHgCHg, 

= 0 ^  ) , 3 . 6- 4 . 25 (q ,4H,OCH2 ) , 4.9-5.2(jn,lH,HC=C). IRCCCl^Jcm"1 3100,



1660, 1450, 1150, 960.

Analysis: Calculated fo r  C3_oH2i ° 3F c >54.55; H,9-54

Pound C,54.43; H,9.60

Method B: using EMSO/NaH

Sodium hydride (.0.046 moles, 2.0 g o f 57$) was washed w ith dry 

pentane 4 times in  a three-necked fla sk . An atmosphere o f n itrogen  

gas wa's maintained throughout the reac tion  and 35- 0 mL of fresh ly  

d is t i l le d  dim ethylsulfoxide was in jec ted  in to  the  f la sk  and heated 

a t about 60° with the reac tio n  mixture s t i r r in g  u n t i l  there  was no 

more evolution o f hydrogen gas (about 40-45 m inutes). At th is  stage , 

the o i l  bath was replaced by an ice-bath . Triphenylisopropylphos- 

phonium iodide (0.046 moles, 19-9 g ), d ried  over P20^ under vacuum, 

was dissolved in  50 mL of warm dim ethylsulfoxide in  a  round-bottomed 

f la sk  with a  minimum exposure to  a i r .  This so lu tion  was added to  the 

three-necked f la sk  dropwise through an addition  funnel while the f la sk  

was being cooled in  ice-w ater bath. When the addition  was over, the 

ice-w ater bath was removed and the  reac tio n  mixture s t i r re d  fo r 

30-45 minutes a t roam temperature. The formation of the  y lide  was 

shown by the development o f a dark red color. The aldehyde QffiVl (9.0 

g , 0.046 moles) was added through a  dropping funnel. The mixture 

was s t i r re d  fo r 5-6 hours and then heated a t  about 6 0-̂ 7 0° overnight. 

A fter cooling to  roam tem perature, i t  was poured in to  100-150 mL of 

d i s t i l l e d  water and then ex tracted  5-6 times w ith 100 mL portions of 

pentane. During the ex trac tio n , a  so lid  repeatedly p rec ip ita ted ; 

th i s  so lid  was f i l te r e d  and washed with 200 mL of pentane, A ll the 

pentane washings and ex tractions were combined and passed through a
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column packed with n eu tra l alumina. The solvent was removed under 

reduced pressure and the resid u a l liq u id  d is t i l le d  under vacuum to  

y ie ld  2.9 g (29$) o f a  co lo rless liq u id , bp. 60-62°/0.01 Torr. NMR 

(n e a t)§  0 .9 -1 .2 (t.ia i.O G H gG H g1 . 2- 2 . il(m,1 9 ^ 0 ^ ^ ,  

3 . 5-4 . 15(111, 8^ 0012) , i l .S C s^ ^ O ^ ) , 4.8-5.15(m,lH,CH=C)', IRCCCl^cnf* 

3500(w), 3000,1700(w),1660,1460,1410,1260,1175,1100,975- NMR and IR 

ind icated  th a t the  d is t i l l e d  m ateria l was a mixture of two compounds. 

This was confirmed by VPC stud ies . As explained In  the re su lt  and 

discussion chapter before, these two compounds were id en tif ied  a s .1:1 

mixture of the  desired  compound and d ie thy l 4-m ethyl-4-pentenyl-l-phos- 

phonate (XIX).

Diethyl 5-Carbcmethoxy-4-hydroxy-4-methylpentyl-l-phosphonate (XXVXCIl; 

Method A, Reformat sky reac tion :

Washing of Zinc: About 25 g of Zinc was washed with 200 mL each of 

2M hydrochloric ac id , w ater, acetone and then w ith e th er. At the end, 

i t  was washed with 120 mL of a 1:1 mixture of e ther and benzene and then 

dried  over P20,- under high vacuum.

A 500 mL three-necked f la sk  equipped with a mechanical s t i r r e r ,  a 

re flu x  condenser, an addition  funnel, and a gas in le t  tube, was 

charged w ith 7*5 g (0.115 moles) of washed, dry zinc and 150 mL of a 

1:1 mixture of e ther and benzene as the  solvent. In th is  was added 

over a  period of 2 hours 19.1  g (0.125 moles) o f metbylbranoacetate 

dissolved in  an equal amount o f th e  same ether-benzene m ixture. The 

reac tio n  was triggered  by addition  of a tra ce  of iodine and s lig h t 

warming. A fter tw o-thirds of the  brcmoester had been added, another 

5 g o f zinc followed by another 4 g o f zinc and a t  the end of the
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addition  (.0.25  moles o f zinc to ta l} . Traces of iodine were added 3 

times during the  course of addition  o f the  brcmoester. In  the 

reac tio n  mixture was • generated the  organo-zinc compound which appeared 

as a  th ic k  o i l .  The mixture was vigorously s t i r re d  under re flu x  fo r 

4 hours. I t  was observed th a t a t th is  stage a  s ig n if ic a n t portion  

o f th e  zinc was l e f t  unreacted. The reac tio n  mixture was cooled to  

room temperature and 11.0 g (0.05 moles) of th e  ketone (XVHI). was 

added dropwise. I t  was refluxed  fo r  3 hours under vigorous s t i r r in g  

and a f te r  cooling to  room temperature 100 mL of g la c ia l ace tic  acid 

was added. A fter the  add ition  of ketone (XVIII), th e re  was observed 

a  deposition  o f a  green p re c ip ita te  a t  .the w alls of the f la s k  which, 

dissolved as the reflux ing  was continued and eventually  gave a yellow 

so lu tio n . A fter 30 minutes of addition  of ace tic  ac id , the c lea r 

so lu tion  was decanted and ex tracted  tw ice with 40 mL o f d i s t i l l e d  water 

and th r ic e  with d ilu te  hydrochloric acid . The combined aqueous ex trac t 

was made basic by the add ition  of concentrated ammonia. I t  was sa tu r­

ated w ith sodium chloride and then ex tracted  several times with, 

benzene. The organic ex trac ts  were d ried  over anhydrous potassium 

carbonate and the solvent removed under reduced pressure. The resid -. 

u a l liq u id  was d i s t i l l e d  under vacuum to  y ie ld  2.6 g (17.5$) o f the 

product, bp 55-60°/. 005 Torr. Rf.(9CHC13 :1 C3^QH)»0.79. NMR(CCli|) 

§1.2(t,9H,CX3^CH3 , CH^), 1 .5 -2 .6 (s in g le t superimposed on a  rau ltip le t, 

THjtCHg^jCf^CC^), 3 .5 (two s in g le ts , 4H,OCH3,OH), 3.6-4.3(m,5H,OCH2, 

CH), IRCCCl^cnf1 .3550, 3050,1735,1460,1410,1390,1250,1175,1040,950. 

Analysis: Calculated fo r  C]_2H25° 6P C,48.65; H,8.45

Pound C,48.89; K,8.64
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Diethyl 5-Carboxy-4-hydroxy-methylperityl-l-phosphonate (XXIX)

Method A:

The hydroxyester (XXVIII) (.0.5 g, 0.0017 moles) was dissolved in  

10 mL o f methanol and 1.5 g o f potassium hydroxide dissolved in  10 mL 

of water was added to  i t .  I t  was refluxed fo r  4 hours and then 

brought to  room temperature. The reac tio n  mixture was a c id if ie d  to  

congo red  and then ex tracted  th ree  times with chloroform. The organic 

ex tra c ts  were 'concentrated and then washed thoroughly with sodium 

bicarbonate so lu tion . The aqueous ex trac t was a c id if ie d  to  congo 

red and then ex tracted  with chloroform. The organic ex trac t was 

dried  over anhydrous sodium su lfa te  and the  solvent removed under 

reduced p ressu res  The re s id u a l liq u id  yielded the  expected sp ec tra l 

analysis . The compound decomposed upon attempted d is t i l la t io n .  I t  

was found to  be su ff ic ie n tly  pure on TLC and used fo r  fu rth e r reac tio n  

as such. NMFKCCl^g O^l.^Ct.gH.GH^OGHgGHg), 1.45-1.9(mJ2Ei CH2)., 

2 .1 (s , 2H,CH2C02 ) 5 2.3-2.7(m,2HJCH2) J 3.1-3.55(m,2H,CI^), 3-6-4.5 

(q^H.OGH^, 8.25(s , 2H,0H,C02H} exchange w ith D ^ ) ,  nKCHCl^cm"1 

3300-3600(broad), 3000,1710,1450,1390,1250,1175,1050,975-

Diethyl 5-Carboxy-4-hydroxy-4-methylpentyl-l-phosphonate (XXIX)

Method B, using lith ium  naphthalene:

Naphthalene re c ry s ta ll iz e d  (12.8 g, 0.1 moles) from 2-propanol was 

dissolved in  80 mL of fresh ly  d is t i l le d  tetrahydrofuran  (over lith ium  

aluminium, hydride) in  a three-necked f la sk  equipped with a magnetic 

s t i r r e r  and a gas in le t  tube. An atmosphere o f argon was maintained 

throughout the reac tio n . Lithium (0.7 g, 0.1 gram atom) washed w ith

87



benzene and e th er was put in to  the  reac tio n  f la sk . On s t i r r in g  there  

developed a dark green color w ithin 2-5 minutes. I t  was kept s t i r r in g  

fo r  2 hours a t  room tem perature. At th e  end of th is  period, the f la sk  

was cooled in  an ice-w ater bath  and 3 .0  g CO.05 moles) of g la c ia l 

a ce tic  acid in  30 mL of dry tetrahydrofuran was added dropwise through 

an addition  funnel. I t  was s t i r r e d  fo r  10 minutes a t room temperature 

and then  a t 50-60° fo r  the  next two hours. At th is  s tage , the  reac tio n  

mixture had an orange color. The ketone CXVin) dissolved in  30 mL 

of anhydrous e ther was added rap id ly  to  the  reac tio n  mixture which 

re su lted  in  a r i s e  of the  temperature and deco lo rization  of the 

reac tio n  mixture to  a  pale yellow. I t  was refluxed fo r  2 hours a t 

50-60°. A fter cooling to  room tem perature, the reac tio n  mixture was 

- hydrolyzed with..a minimum amount o f water which re su lted  in  the formation 

of a c lea r two lay er m ixture. The a lk a lin e  bottom lay er was ac id ifie d  

to  congo red and then ex tracted  th ree  times w ith  chloroform. A fter 

drying over anhydrous sodium s u lfa te , the solvent was removed using a 

ro ta ry  evaporator leaving behind 5 g (35-5%) of an o i l  which, exhibited 

spectra  in  accord with th e  proposed s tru c tu re . I t  gave a sing le  spot 

on TLC using CHCl3 :EtOH(9:l) m ixture, Rf^O.45. N M RtCCljjgo^lG  

(m,l6H,0(H2CH3 ,CH3,CH2 ) GÊ CSOg), 3.2-4.4(m,5H,OGI^,Ctt3, 8.6Cbroad 

s in g le t, 2H,0H,C02H, exchange with DgO). rRCCHCl^cm-1  3600-33Q0Cbroad), 

3000, 1710, 1450,1410,1390,1250,1175,1050,975.

Analysis: Calculated fo r  C,46.81; R ,8.l6.

Found C,47.30.; K,7.85
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Attempts to  fu rth e r  p u rify  th is  carboxylic acid  as the  piperazine 

s a l t  were unsuccessful. I t  could, however, be fu rth e r p u rif ied  by 

generation of the  dicyclohexylamine s a l t  which was prepared by 

carrying out the hydrolysis w ith trim ethy lch lorosilane and then t r e a t ­

ing w ith dicyclohexylaroin.

Analysis, Calculated fo r O ^^O gN P C,56.02; H,9.34

Pound C,55.73; H,9.17

D iethyl ^carboethoxy-4-hydroxy-4-methylpentyl-l-phosphonate (XXXEI)

Method C, using Lithium diisopropylamide.

In  a 100 mL three-necked f la sk  equipped w ith two add ition  funnels,

a  gas in le t  tube, a  magnetic s t i r r in g  b a r, and a  rubber septum, was
o

placed 20 mL o f anhydrous e ther which was cooled to  -23 under a 

n itrogen  atmosphere. Freshly d is t i l l e d  diisopropylamine (2.22 g,

0.022 moles, 3.08 mL) was added v ia  syringe followed by a  so lu tio n  of 

n -bu ty llith ium  in  hexane (0.22 moles, 13.2 mL) which was added over a 

period of 10 minutes through an add ition  funnel. A fter s t i r r in g  fo r  

1 hour, the bath temperature was reduced to  -78° and dry ethy l ace ta te  

(0.22 moles, 2.16 mL) was slowly added. The so lu tion  was s t i r r e d  

fo r  30 minutes a t  -78° and then 4.88 g (0.022 moles) o f the  ketone 

(XVIII) was added slowly. A fter 30 m inutes, the  reac tio n  mixture was 

tre a te d  w ith 20$ hydrochloric acid  (4.0 mL) and allowed to  warm to  

room tem perature; th e  mixture was d ilu ted  w ith 4 mL of d i s t i l le d  

water and ex tracted  4 times w ith 20 mL portions of e th e r. The organic 

ex trac tions were combined, d ried  over anhydrous sodium s u lfa te , and 

the solvent was evaporated to  y ie ld  3.53 g (52$) o f (XXXH) as an o i l .
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I t  gave sp e c tra l analysis  in  accord w ith the proposed s tru c tu re , a lso  

showing th a t  th e re  was present a  small amount o f th e  unreacted s ta r t in g  

ketone. NMR (CCl^^O. 9-1. Stm^H^CH^CHgjCCH^CI^CHj) 1 .8-2 .7  (s in g le t 

superimposed on a m u ltip le t, ^Cf^CC^PCH), 3 .2 -il.3(m,7H,OCH2,OH), 

IR(CCl|j)cm-1  3550, 3050, 1735, 1460,1410,1390,1250,1175,1060,1040,

950. I t  was p u rified  in  the next step  by hydrolyzing the  carboxylic 

e s te r  to  a carboxylic acid  and then ex trac ting  th e  acid  with 

sodium bicarbonate so lu tion .

D iethyl 5-carboxy-4-hydroxy-4-methylpentyl-l-phosphonate (XXIX)

Ihe above e s te r  (XXXII) (3.-53 g , 0.0113 moles) was dissolved in  

8 mL o f 1 N potassium hydroxide in  methanol a t  -20°. A fter 1 hour 

a t  -20°, th e  reac tio n  mixture was warmed to  roan temperature and 

allowed to  stand overnight. I t  was n eu tra lized  w ith methanolic 

hydrochloric ac id , prepared by d isso lv ing  5-0 mL of ace ty l chloride 

in  100 mL o f methanol, to  congo red . The p re c ip ita te  potassium 

chloride was f i l te r e d  and the f i l t r a t e  evaporated to  dryness using 

a ro ta ry  evaporator. The residue was dissolved in  chloroform and the 

p rec ip ita te d  potassium chloride again f i l te r e d .  The f i l t r a t e  upon 

evaporation gave 2.53 g o f the crude ac id  (79-3$). This crude acid  

was p u rif ied  by d isso lv ing  in  10 mL of chloroform and then ex trac ting  

the  chloroform so lu tio n  4 times with 7 mL portions of sa tu ra ted  

sodium bicarbonate so lu tion . The aqueous ex trac ts  were combined and 

a c id if ie d  aqueous so lu tion  was ex tracted  thoroughly w ith chloroform.

The combined e x tra c ts  were d ried  over anhydrous sodium su lfa te  and the 

solvent removed under reduced pressure to  y ie ld  2.0 g of the p u rif ied
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acid  (62.7%). I t  gave a  s in g le  spot on TLC. Rf(CHCl3:EtOH,9:l) =

0.45. NMR (C C l^ g  0.9-1.45(t,9H,CCH3,OCH2CH3) ,  1.45-1.9(m,2HtCH2) , 

2.1(s,2HCH2C02)s 2.2-2.7(m,2H,CH2) , 3 .1 -3 -55(m,2H,PCH20, 3.6-11.5 

(q,4H,0GH2) , 8.45(Broad s in g le t ,  2H,OH,CC>2H, exchanged with D20) 

IR(CHCl3 )cm-l 3300-3600(Broad), 3000, 1710,1450,1410, 1390,1250,1175, 

1050,910.

5-Carboxy-4-hydroxy-4-methylpentyl-l-phosphonic ac id , dicyclohexyl- 

ammonlum s a l t  (XXXI).

In  a  25 mL round bottomed f la sk , a  so lu tion  o f I .67 g (0.0059 

moles) o f  the  above hydroxy acid  (XXIX) and 4.56 g (0.042 moles) of 

fre sh ly  d i s t i l l e d  triraethy lch lorosilane was heated under re f lu x , under 

an atmosphere o f n itrogen fo r  4 days. During th is  period 1 g of 

trim ethy lch lo rosilane was added every day and the  temperature was not 

allowed to  exceed 850 . Excess trim ethy lch lorosilane was d is t i l l e d  

o f f  a t  atmospiieric pressure. The residue was shaken w ith 15 mL of 

d i s t i l l e d  water fo r  1 hour. At th is  poin t an o i l  f lo a ted  on the water 

whereas in  the o rig in a l mixture th e  b is - tr im e th y ls ily l d eriv a tiv e  was in  

chloroform and th e  water layer was evaporated to  dryness to  y ie ld

1.1 g o f (XXX) as a  th ick  o i l  (82.5%). The free  phosphonic acid  0.5 g 

(0.0023 moles) was dissolved in  2 mL o f benzene and 1.5 mL of acetone. 

This was added to  a so lu tion  of 1.26 g (0.0069 moles) o f fresh ly  

d i s t i l l e d  dicyclohexylamine in  2 mL of benzene and 1.5 mL of acetone. 

On m ixing,the so lu tio n  irrmediately became tu rb id . The mixture was 

s t i r r e d  fo r  3 hours and then the  c le a r  liq u id  was decanted. The 

th ic k  white paste  s tick in g  to  th e  sides of the  f la sk  was c ry s ta lliz e d
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by t r i tu r a t io n  with anhydrous e th er. Hie so lid  was f i l te r e d  under 

a n itrogen  atmosphere and washed several times with anhydrous e th er.

The so lid  was re c ry s ta lliz e d  from acetone containing 4-5 drops of 

methanol, more acetone being added u n t i l  i t  became tu rb id . The c lea r 

so lu tio n  was decanted and the  th ick  paste again c ry s ta lliz e d  as before 

with anhydrous e th er to  y ie ld  0.72 g (76.9%) o f a white so lid . 

NMR(D20 ) §  1.0-2.4(m,31H,5 CH2, o f r in g , PC^CS^CH^CCf^Cf^CC^),

2.9-3.4(m ,2H ,H ><^>) . IR(Fluorolube)3600-3200(Broad) ,3000,1650, 

l450,1250-1050(Broad), 950.

Analysis: Calculated fo r  C^HggOgNP C,56.02; H,9.34

Pound C,56.33; H,9.60

Attempted preparation  o f d ie th y l 5-carbo dodecyloxy-4-hydroxy-4-methyl- 

pentylphosphonate (L V H '):

Diethyl-5-carboxy-4-hydroxy-4-methylpentyl-l-phosphonate (XXIX), 

(0.0042 moles) and 0.79 g (0.0042 moles) of dodecanol were dissolved 

in  10 mL of e th y lace ta te  and then cooled to  0° in  an ice -b a th . A fter 

adding 0.86 g (0.0042 moles) of dicyclohexyl carbodiimide, the  reac tio n  

was kept in  the ice-ba th  fo r 1 hour and then a t  roan temperature fo r 

24 hours. The p rec ip ita te d  dicyclohexylurea was f i l te r e d  o ff  and to  

the  f i l t r a t e  5-6 drops of an ace tic  acid-w ater mixture was added. I t  

was kept a t  0° overnight and th e  ad d itio n a l amount of dicyclo­

hexylurea p re c ip ita te d  was removed. The f i l t r a t e ,  a f te r  washing with 

IN sodium hydroxide and w ater, was dried  over anhydrous sodium s u lfa te . 

Hie residue a f te r  removal o f the solvent under reduced pressure showed 

th ree  spots on TLC using chloroform as the developing so lven t; two of
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these, spots corresponded to  the s ta r t in g  acid and the  alcohol, the  

th ird  spot could not be accounted fo r. I t  did not give the expected 

sp ec tra l analysis  fo r  the  desired compound. The above procedure 

fo r  i t s  synthesis was abandoned.

Diethyl 5-carbohexadecyloxy—4-hydroxy-4-methylpentylphosphonate (EVIIl 

Diethyl 5-carboxy-4-hydroxy-4-methylpentyl-l-pbosphonate (XXIX)., 

2.82 g (0.01 moles) was dissolved in  15 mL o f water containingC-84 

g (0.01 moles) o f sodium bicarbonate. I t  was allowed to  s t i r  a t 

room temperature fo r  30 minutes and then the water removed under 

reduced pressure a t  40°. The residue , a f te r  drying over sodium 

hydroxide under high vacuum fo r  2 days, was dissolved in  17 mL of 

anhydrous dimethylformamide a t 80°. To th is  so lu tio n , 3-05 g -(0.01 

moles) o f ce ty l bromide was added. The reac tio n  mixture was heated 

with s t i r r in g  a t  80° fo r 20 hours in  a stoppered round-bottcmed 

f la sk . To the  residue a f te r  removal of dimethylformamide under reduced 

pressure was added 15 mL of e th er and 15 mL of water. The organic . 

lay e r, a f te r  washing with sa tu rated  sodium bicarbonate and water, 

was d ried  over anhydrous sodium su lfa te . The residue a f te r  removal of 

the  solvent was p u rif ied  by p u ttin g  the compound on a s i l i c a  gel 

column and e lu tin g  i t  f i r s t  w ith chloroform to  remove ce ty l brcmide and 

then with a  mixture of 90% chloroform and 10% ethanol. I t  showed a 

s in g le  spot on ILC. Rf(901101^:lEtOH)=0.72. The f ra c tio n  containing 

the  desired  compound was f i l te r e d  through a m illi-p o re  f i l t e r  to  y ie ld  

3.0 g of th e  desired  compound (LVII). Y ield, (60$). NMRCCCl^^ 0.8-2.2 

(m w ith a broad s in g le t ,  ^Hjl^C^jOCHgCI^CCHg, CH^CHg^), 2 .4(s,2H ,. 

CHgCOg), 3 .S-^fa.TH.OGH^COgCHg,OH), nK C C l^cnf1 3700-3100(broad),
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3000, 1740,1450,1390,1250,1200,1060,1040,950.

Analysis Calculated fo r  C2yH^0gP 0,63.99} H,10.94

Pound 0,63.73; H,11.15

' N-Carbobenzyloxy glycine (LX)

To a so lu tion  of 7.5 g L0.1 moles) o f glycine in  25 mL of 4N 

sodium hydroxide, kept a t 0° fo r  20 minutes was added in  5 p a rts  17 g 

of benzylchloroformate and 25 mL of 4N sodium hydroxide through, two 

separate add ition  funnels. This was allowed to  s t i r  fo r  another 30 

minutes. The reac tio n  m ixture, upon a c id if ic a tio n  with concentrated 

hydrochloric acid , yielded the  desired  compound as a white so lid .

15.04 g (.72%). mp 120-122°. L i t t .  mp112 119-121°. I t  was used as such, 

without any fu rth e r  p u rif ic a tio n .

D iethyl 4-hydroxy-3-oxobutyl-l-phosphonate. (LVHI)

A mixture o f 1.-0 g o f D iethyl 4-acetyloxy-3-oxobutyl-l-phosphonate 

and 20 mL of IN potassium carbonate in  80% ethanol was' s t i r r e d  fo r  

-15 minutes a t room temperature. A fter 15 minutes a small piece o f dry 

ice  was added to  the  reac tio n  mixture. The mixture was concentrated 

under reduced pressure to  remove most of the  ethanol. The cloudy 

so lu tion  was d ilu ted  with 5 mL o f brine and ex tracted  thoroughly with, 

methylene chloride. A fter drying, the solvent was removed under 

reduced pressure to  give 0.73 g (.88$) o f the  desired  compound. I t  was 

fu rth e r  p u rif ied  on a s i l i c a  g e l column using 90$ CHCl^, 10$ EtOK 

mixture as the  e lu tin g  solvent. Rf. (SCHCl^liftOH^O.SG-NMRCCCljjl

8o.9-1.4(t,6H,OCH2CH3 ) ,  1.4-2.25(m,2H,CE2) , 2.25-3.0(m,2H,GH2l ,  3 .8 -  

4.3(m,6H,0CH2 ,CH20). 4 .8(broad,lH,0H), IRCCCl^cnf1 3500,3000,1725,1450.,
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1250,1175,1050.

Analysis: Calculated fo r CgH^OjJ? C,42.85; H,7.58

Pound C,42.66; . H,7.70

N-Carbobenzyloxy g lycy l-3-oxobuty l-l-d iethy l phosphonate (LXVX’ ).

A so lu tion  of 2.30 g CO. Oil moles), o f N-Carbobenzyloxy glycine 

and 2.5 g (0.011 moles) o f 4-hydroxy-3-oxobutyl-l-*phosphonate in  

40 mL of e thy lace ta te  was cooled to  0° and then were added 2.27 g 

(0.011 moles) of dicyclohexylcarbodiimide. This mixture was kept a t 

0° fo r  4 hours and then s t i r r e d  a t roam temperature overnight. The 

p rec ip ita te d  dicyclohexylurea was f i l te r e d  and to  the f i l t r a t e  4 drops 

of ace tic  acid were added and the  so lu tion  kept a t 0° fo r  6 hours. 

Additional dicyclohexylurea was removed and the  f i l t r a t e ,  a f te r  drying 

over anhydrous sodium s u lfa te , was evaporated under reduced pressure 

to  y ie ld  4.07 g (39%) of the desired  compound. This was dissolved in  

10 mL o f e th y lace ta te  and then petroleum e th e r  (30-35°C) was added 

u n t i l  i t  became tu rb id . A fter cooling overnight a t 0° i t  yielded 3.87 

g (84%) of an o i l  which gave the  correct sp ec tra l analysis  and was. of 

su ff ic ie n t p u rity . NMR(CC1jP§ 1 .0 -1 .3 5 (4 ,6 ^ 0 0 1 ^ 0 ^ ), 1.35-2.2

(m,3H,CH2C02CH), 2 .2 -2 .9 (m,2 ^ 0 ^ ) ,  S-S-^^Gm.^OCHg.NCHg), 4 .55(s, 

IH,0CH), 5 .0 (.S ,2H,CH2CgH5), 6 .5 (broad, 1H,NH), 7.20s,5H,CgHg)., 

IRCCCl^cnf1 3600-3200(broad), 3000,1725(broad), 1650,1500;i25Q,1050,. 

1000,975,900,695-

Attempts to  couple N-Carbobenzyloxy glycy 1-glycine with. (LXyil 

2.10 g (0.005 moles) o f (LXVI) was dissolved in  a fresh ly
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prepared satu ra ted  so lu tion  o f hydrobromic acid in  g la c ia l ace tic  acid 

(.15 mL] , and a f te r  90 minutes a t  roan tenperatu re , e ther was added.

A fter maintenance a t  0° fo r  th ree  hours, th e  p rec ip ita te d  o i l  was 

washed w ith e ther and rep re c ip ita te d  twice form ethy l a ce ta te /p e t. 

e th er mixture to  give 1.59 g (87$) of the hydrobramide (LXVI). All 

attem pts to  couple th is  hydrobromide with N-Carbobenzyloxy glycyl- 

glycine using mixed - anhydride, ac tivated  e s te r  method or DCC coupling • 

were unsuccessful.

t-B u ty l Benzyloxycarbonyl g lycinate  (LXH)

Concentrated su lfu ric  acid CO.8 mL) was added to  a so lu tion  of 

15 g (0.072 moles) of carbobenzyloxy glycine in  250 mL of methylene 

chloride. The so lu tio n  was sa tu ra ted  w ith isobutylene, causing a 

volume increase o f about 150 mL. A fter 65 hours a t roan tem perature, 

the so lu tion  was added to  150 mL of 5$ aqueous potassium hydroxide 

solution* The methylene chloride layer was separated, washed w ith 

w ater, then concentrated under vacuum a t 60° to  an o i l .  Y ield, 9-56 g 

(50$). NMR(CDCl3 ) g  i.5(b,9H,C(CH3)3 ), 3.75-3.9(d,2H,NCH2), 5.1-(s,2H, 

CHgCgHg), 5.9(broad,lH,NH), 7.3(s,5H,CgH5).

t-B u ty l g lycinate  oxalate s a l t  (LXIII.)

A so lu tion  of 3-95 g (0.015 moles) of t-h u ty l N-carbohenzyloxy 

g lycinate  (LXII) in  60 mL of methanol was hydrogenated a t atmospheric 

pressure w ith 300 mg of Pd/C c a ta ly s t. The f i l te r e d  so lu tion  was 

tre a te d  w ith a methanolic so lu tio n  of oxalic  acid and the s a l t  p rec ip i­

ta te d  with e th er to  y ie ld  2.8 g (85$) o f (LXIII). mp 145-146°,

L itt.m p135 146.5-147°.
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3-Qxobutyl-l-phosphonate adduct with N-earbobenzyloxyglycyl 'glycine 

(LEX).

A so lu tion  of 0.35 g CO.0016 moles) of 4-hydroxy-3-oxobutyl-l- 

phosphonate and 0.40 g CO.0016 moles) of carbobenzpxy glycine in  8 mL 

of anhydrous pyridine was cooled to  0°. Then, 0.35 g (0.0016 moles) 

o f DCC was added to  th e  above so lu tion  and s t i r r e d  fo r  4 hours a t 0° 

and overnight a t  rocm tem perature. The p rec ip ita te d  dicyclohexylurea 

was f i l te r e d  and washed with 10 mL of pyrid ine. A fter removing the  

pyrid ine solvent under high vacuum a t room tem perature, the  residue 

was dissolved in  e thy lace ta te  and washed w ith cold 1 N ace tic  acid and 

water. The organic lay er, a f te r  drying over anhydrous sodium su lfa te , 

was concentrated under vacuum to  y ie ld  0.5 g (65%) of (LEX) as a 

yellow o i l .  The crude compound, a f te r  d isso lv ing  in  ethy l ace ta te , was 

decolorised using activa ted  charcoal and then rep rec ip ita ted  with, 

petroleum e th er. This p u r if ic a tio n  w ith ethy l acetate,petroleum  ether 

was repeated to  y ie ld  0.35 g (40$) o f the compound (LEX) which exhi­

b ited  spec tra  i n  accord w ith expected s tru c tu re . Rf (4nBu0H:lH0Ac:lH20)= 

0.86. . Rf(85sec.BuOH:15(iO£)NH3 ) = 0 .8l .' NMRCCDCl^l.'0-1.35(t,'5H,OCH^CH^)

1.4-2.2(m,3H,CH2 ,0=C-CH), 3.6-4.3(m,8H,NHCH2, O C iy ^ ) ,  4.55 ( s ,111,0= 

C-OCH), 4.95(s,2H,CH2CgH5 ), 6.2(Broad, 1H,NH), 7 .1 -7 .3  C s in g le t with 

a m u ltip le t, 6H,NH,C6H5 ) . ^  33^  1715, 1645,1545,1410,

1275,1210,1020,955.

Analysis: Calculated fo r  ^ 0 .

C,49.89 ; H,6-23 

Pound C,50.10 ; H,6.37
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t-B u ty l N-carbobenzoxyglycylglycylglycinate (LXTXa)

To a  s t i r re d  so lu tion  of 4.57 g CO.0172 mole) of N-carboben- 

zoxyglycylglycine and 2.4 mL (0.0172 mole) of triethylam ine in  38 mL 

of chloroform a t  -40°, was added 2.27 mL (0.0172 mole) o f iso b u ty lch lo r- ■ 

oformate a t  a r a te  which allowed the  temperature to  remain below -20°.

The mixture was s t i r r e d  fo r  20 minutes a t  -10 to  -15°, cooled to  -40°, 

and tre a te d  with 3.8 g (0.0172 mole) o f t-b u ty lg ly c in a te  oxalate s a l t  

and 4.8 mL (0.035 moles) o f trie thy lam ine. The solution.w as s t i r re d  

fo r  7 hours (-10 to  +12°), evaporated, and the  residue tre a te d  w ith  

water and e thy l ace ta te . The organic lay e r was washed w ith w ater, 

sa tu ra ted  sodium chloride so lu tio n , and d ried . Addition of petroleum 

ether caused c ry s ta lliz a tio n . The so lid  was re c ry s ta lliz e d  frcm ethy l 

acetate-petroleum  e th e r to  give 3..38 g (52. 5$) o f th e  desired  compound 

(LXIXa) of mp 125-126°. LLtt. np135 127-128°. Rf (4n-BuOH:IHOAc:lH2O)=0.l4 

NMR (dmso-dg)g 1.35 (s.gH.CCGH^), 3.45-3-7 (D istorted doublet, 6a, 

NHCH^, 7.1-7-3 (s,6H,CgH5, NH), 7.85-8.3 (D istorted t ,  2H,NH).

N-Carbobenzoxyglycylglycylglycine (LXX)

A suspension o f 1 .0  g (0.0025 moles) o f t-b u ty l  N-carbobenzoxy- 

d iglycylglycine and 0.10 g o f p-to luenesulfonic acid in  20 mL of 

benzene' was refluxed fo r 30 minutes. On heating , the  so lid  

d issolved but th e  so lu tio n  then became milky white and p re c ip ita tio n  

occurred a f te r  3-5 minutes o f reflux ing . A fter cooling, the reac tio n  

mixture was f i l te r e d  and the so lid  washed with benzene. The crude 

compound (0.83 g , 100/S) had a  np of 165-180°. I t  was re c ry s ta llis e d  

from ethanol to  y ie ld  0.70 g (83.3%) of th e  desired  compound (LXX) of
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np 193-195°. L i t t .  np136 (186-188°, d ec .) . Rf(4Bu0H:lH0Ac:IH20)=

0.35 NMR(dmso-d6g 3 . if5-3.7(Broad,6H,N CH2),4.9(s,2H,CH2C6H5,NH),

7.7-8 . 1 (m, 2H,NH).

Ethyl g lycinate tydrochloride (LXVH)

Through a suspension of 20 g o f glycine in  100 mL of ahsolute 

ethanol, dry HC1 gas was passed u n t i l  a l l  th e  m ateria l dissolved.

The solvent was removed under reduced pressure and the  crude product 

was re c ry s ta ll is e d  from alcoho l-e ther to  y ie ld  22.3 g (60$) of the 

hydrochloride, np 143-145° L i t t .  mp^'^ 143-145°

Benzyloxycarbonylglycylglycine p-Nitrophenyl e s te r  (LXVIII)

To a so lu tion  of 1.62 g (0.0061 mole) of benzyloxycarbonylglycyl- 

gLycine in  12 mL of dimethylformamide was added 1.02 g (0.007 mole) of 

p-nitrophenol. Then 1.26 .g (0.0061 mole) o f DOC was added to  the  . 

so lu tio n  a t 0°. The mixture was kept a t 0 ° 'fo r  1 hour and then over­

night a t  roan tem perature. A fter the ranoval of dicyclohexylurea the 

f i l t r a t e  was d ilu ted  w ith 100 mL of cold water and the p rec ip ita te d  

so lid  was f il te re d  and washed w ith water. On standing in  a i r ,  i t  

became a hard so lid  which was re c ry s ta ll iz e d  from 100 mL of ethanol 

containing 1$ ace tic  acid . I t  gave a  pure product 1.80 g (76$) 

which melted a t 163.5-164° L i t t .  np13^ 163-165°.
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Ethyl Benzyloxycarbonyldiglycylglycinate (DdX)

Ethyl g lycinate hydrochloride 1.25 g (0.0088 mole), benzyloxy- 

carbonyl glycylglycine p-nltrophenyl e s te r  3-4 g (0.088 moles), and 

tri-n-buty lam ine (2.1 mL) were dissolved in  9 mL of pyridine and 

kept a t room tenperature fo r  43 hours. The mixture was tr i tu ra te d  

w ith 15 mL methanol and a f te r  f i l t r a t i o n  an equal amount of water was 

•added to  the  f i l t r a t e .  The combined p re c ip ita te s  were re c ry s ta llis e d  

frcm ethyl ace ta te  to  y ie ld  2.3 g '(75/0 of the  desired-compound, 

up 167-169° L i t t .  mp138 167-169°

Benzyloxycarhonyl diglycylglycine (LXX)

To a so lu tion  o f compound (LHXl 1 .5  g CO.0042 moles) in  35 mL 

methanol and 5 mL water was added. 2.5 mL of a  so lu tion  of 2N sodium 

hydroxide. A fter 2 hours a t roam tenperatu re , 1  mL of water was 

added. The so lu tion  was l e f t  a t room temperature fo r  15 minutes and 

then another 1 mL of water was added. After a to t a l  of th ree  hours 

the so lu tion  was ac id ifie d  with .IN hydrochloric acid to  congo-red 

and was kept overnight in  the re fr ig e ra to r .  The white so lid  

obtained was f i l te r e d ,  washed w ith methanol and then re c ry s ta llis e d  

from ethanol to  y ie ld  1.07 8(77-5%) of the product, up 191-192° L i t t .  

mp136 186-188° (dec .). Rf  (4 BU0H: 1 HOAC: l H ^ X ) ^  NMR (EMSO-dg) 

§3.45-3.7(Broad,6H,NHCH2 )4.9(s,2H,CH2C6H5), 7-7>3(Broad S ing le t,

' 6H,CgH5,NH), 7 -7-8 .l(m,2H,NH)

Adduct of D iethyl 4-hydroxy-3-oxobutyl-l-phosphonate with benzyloxy- 

carbonyl d ig lycylglycine (LXXI)
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To a so lu tion  o f 1 .7  g (0.0053 moles) of canpound (LXX) and 

, 1.18 g CO.0053 moles) of 4-hydroxy-3-oxobutyl-l-phosphonate in  25 mL 

of anhydrous pyridine cooled to  0° was added 1.09  g (0.0053 moles) o f 

dicyclohexylcarbodimide. The so lu tio n  was s t i r re d  a t 0° fo r  4 hours 

and then a t roan tenperature fo r 48 hours. The so lu tion  had a dark 

yellow color. Pyridine was evaporated using a vacuum pump and the 

residue was dissolved in  ethy l ace ta te . I t  was washed immediately 

with cold 5% ace tic  acid , water and cold sodium bicarbonate so lu tion . 

The ethyl ace ta te  lay e r, a f te r  drying over anhydrous sodium su lfa te , 

was concentrated to  5-10 mL and then the canpound p rec ip ita te d  with 

petroleum ether to  give 2.36 g (84%) of th e  crude product. I t  was 

p u rif ied  by re p re c ip ita tio n  with ethy l ace ta te  and petroleum ether to  

y ie ld  1.8 g (64%) of th e  desired  product which showed one spot on 

Tic using two d iffe re n t solvent systans. (85 Sec.BuOH:15ClO%) NH )̂= 

0.78. Rf(4 n-BUOH: 1HQAC:ILL,0)=0.72 NM RCCDC^iSl.l-l.SCt.eH .OCI^^),

1.5-2.35(m,3H,CH2,0=O-0CH), 2.3-3.1(m,2H,ca^}, 3.8-4.4^,1011,1^012, 

OCH2CH3) ,4 .7 ( s^1H,0=O-OCH), 5.0ts,2H,O32C6H5) , 6 .1 -6 .4(jn,lH,NH), 

7.3(s,5H,C6H5) 7• 3-7• 5(m,2H,NH); IRtCHOl^)®1-1 3300,1715,1645 

^<broad)1545,1^10,1275,1210,1020,955,780.

Analysis: Calculated fo r C22H32°10N3P H,6.05

Pound: 0,49.69; H,6.23

4-Hydroxy-3-oxobutyl-l-diethyl phosphonate d iglycyl glycine 

hydrobr.amide (LXXII)

The canpound (LXXI), 1 .2  g CO. 0022 moles) was dissolved in  13 mL 

of a fresh ly  prepared sa turated  so lu tion  of hydrobronic acid in
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g la c ia l ace tic  acid and a f te r  standing a t  rocm temperature fo r  1 .5  hours, 

30 mL o f e th er was added. The o i l  which separated (1.0 g) was 

— dissolved in  e thy l ace ta te ,d eco lo rised  using ac tivated  charcoal, and 

the  p u rif ied  canpound was p rec ip ita te d  w ith petroleum ether to  y ie ld  

0.85 g (86%) of m ateria l which exhibited spectra  in  accordance w ith  

—th e  proposed s tru c tu re . NMR(Pp)§ 1 .1 -3 .0  (t,tw o m u ltip le ts , 11H. 

OCHgCH^jQ^CH^CC^CH), 3-7-4 .35(mAlHjNCI^,0 0 ^ ,C02CH), IE (Fluoro- 

lube)cm“1 3500,'3000, 1715, 1650, 1540, 1425, 1375, 1250.

4-Hydroxy-3-oxobutyl-l-phosphonic acid d iglycylglycine (LXXHE)

The canpound (LXXH) 0.29 g C0.0Q060 moles) was placed in  a 

n itrogen  f i l l e d  v ia l  equipped w ith a septum as stopper. Then 0.38 g 

(0.0024 moles) of bromotrimethylsilane was in jec ted . The v ia l  was 

sealed and the reac tio n  mixture s t i r re d  a t 40° fo r  24 hours. A fter 

removing the  a lk y l bromide and the  excess trim ethy lsily lb ron ide  under 

vacuum, 1 mL of water was added to  th e  v ia l  and th e  reac tio n  mixture 

s t i r r e d  fo r  1 hour. I t  was ex tracted  with chloroform and the  aqueous 

layer evaporated to  dryness. The residue was dissolved in  ethy l 

ace ta te  and then p re c ip ita te d  w ith petroleum e th er to  y ie ld  0.2 g 

(.19%) o f th e  desired  compound as an o i l .  NMRd^CO^ 1 . 35- 2 .1 5 (m,211, 0^ ) ,

2 .1 5 -2 .8  (m, 2H, CI^) ,  3 - 5 -4 .2  (m, SHjN-CI^, C-C^ j L c f ^ o l).

Benzyloxycarbonyl L-alanine (LXXVU)

To a so lu tion  o f 8 g o f L-alanine in  50 mL o f 2N sodium hydroxide, 

se t aside fo r  20 minutes a t 0°, was added over 30 m inutes, 17 g

of benzylchloroformate and 25 mL of 4N sodium hydroxide simultaneously 

through two addition  funnels attached to  a  three-necked f la sk . I t  was
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allowed to  s t i r  In  an Ice-bath  fo r  an add itional 10-15 minutes and 

then ac id if ie d  w ith concentrated hydrochloric acid  to  congo red . The 

a c id if ie d  so lu tio n , frcm which an o ily  compound separated, was cooled 

in  th e  re f r ig e ra to r  fo r  4-5 hours. A fter decanting the  aqueous lay e r, 

the  o i l  was s o lid if ie d  by t r i tu r a t io n  with cold petroleum e th er. The 

white so lid  obtained was f i l t e r e d ,  washed w ith e th e r , d ried  and used 

without fu rth e r  p u r if ic a tio n , mp 82-84° L i t t .  mp"*~̂  84°.

NMR(C3DC1 )§1.0-1.4(d,3H ,CH3) , 3.9-4.3(m,lH,CH), 4.9(s,2H,£JH2CgH5) , 

5.6(broad,lH,NH), 7.1(s,5H,CgH5) , 1 0 . 1 ( s ,1H ,C 02H ) ,  ^(CH Cl^crif1 

3500,1720, 1510, 1455, 1350, 1075, 915, 695.

Benzyloxycarbonyl-L-alanine t-b u ty l  e s te r  (LXXIX)

Benzyloxycarbonyl-L-alanine 15.6 g(0.07 moles) was dissolved 

in  250 mL of methyl isobu ty l ketone containing 0.8  mL of concentrated 

su lfu ric  acid which was sa tu ra ted  w ith isobutylene. A fter s t i r r in g  

fo r  th ree  days, i t  was washed w ith sa tu rated  sodium carbonate so lu tion , 

w ater,.and  then dried  over anhydrous sodium' su lfa te . The solvent was 

removed under reduced pressure and the  resid u a l dtil was d ried  under 

vacuum fo r  4-6 hours to  y ie ld  11.42 g (.58.5$) o f (LXXIX).

NMR(CCl2j)$  1-15-1.4 (two s in g le ts ,1211, 0 (003)3 ,(313) , 3.85-4.3Cm^UI,CH), 

4 . 95( s ,2H,CH2C6H5), 5.8(d,lH,NH), 7.2(s,5H,CgH5), IR(CHCl3 )cm"1  

3500, 3000, 1745, 1695, 1500, 1450, 1375, 1250, 1150, 1050, 930, 695.

Alanine t-b u ty l  e s te r  (LXXX)

Benzyloxycarbonyl-L-alanine t-b u ty l  e s te r  11.0 g (0.039 moles) 

was hydrogenated using 300 mg of Pd/C as the  ca ta ly s t a t atmospheric
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pressure. A fter removing the  ca ta ly s t by f i l t r a t io n  through C e lite , 

the  f i l t r a t e  was concentrated over a ro ta ry  evaporator to  y ie ld  4.0 g 

(70%) o f the  canpound (LXXX). I t  was used without fu rth e r p u r if i ­

cation . "^NMR of the hydrochloride, 1 .2 -1 .5  (.two singlets,12H ,

C(.CH3 )3 , 013) , 3• 7-4.15(m,lH,CH), HKCHCl^cm-1  3400(broad), 3000,

1750, 1375, 1250, 1150.

Benzyloxycarhonyl-L-alanyl-L-alanine t-b u ty l e s te r  (LXXXIIj. Method A: 

Alanine t-b u ty l e s te r  (LXXX) 3.8 g (.0.026 moles) was dissolved 

in  50 mL of pyridine and 4.3 mL of trietbylam ine and 8.65 g CO.025 

moles) o f Z-Ala-ON^^EXXXI) were added. The Z-Ala-ONP was prepared 

by coupling benzyloxycarbonyl-L-alanine and p-nitrophenol using DCC 

in  e thy l ace ta te  as the so lvent. The reac tion  mixture was kept a t 

room temperature overnight, th e  solvent was evaporated under reduced 

pressure and the  residue , taken up in  chloroform, was thoroughly 

washed w ith IN sodium hydroxide, 5% c i t r i c  acid  and w ater, d ried  over 

anhydrous sodium su lfa te  and evaporated to  dryness. I t  was re c ry s ta l­

l is e d  twice from e th e r- lig h t petroleum ether to  give 7.36 g (.82$) of 

the pro tected  dipeptide e s te r  (LXXXII). up 71-75° R^GN-BUOH: 1H0AC: 

2E20)=0.65. 'Kf (9CHCl3 :lH20)=0.80. NMR(CDC13 )§ 1 .1 -1 .5  (s in g le t w ith 

two shoulders, 15H,C(CH3 )3 ,CH3) , 4.1-4.45(m,2H,CH), 4.9Cs,2H,CH2CgH5), 

6.3(d,lH,NH), 7.1(s,5H,CgH5), 7.2(m,lH,NH). IRCCHCl^cnf1 3500, 3000, 

1745, 1695, 1500, 1375, 1150, 1050, 930,...875, 695.

Alanine t-b u ty l e s te r  hydrochloride (LXXX)

Concentrated su lfu ric  acid (10 mL, 1 ML per g of the  amino
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acid), was added to  a suspension of 10 g (0.112 moles) o f alanine in  

100 mL of dioxane in  a  pressure b o ttle . An equal volume (.100 mL) 

of liq u id  isobutene was added and the  mixture shaken ovemigiht. The 

m ixture was poured in to  an excess o f 2N sodium hydroxide and the e s te r  

ex tracted  thoroughly w ith e ther. The e th er ex trac t was concentrated 

to  about 70 mL and cooled to  0° 'and a dry e therea l so lu tion  of 

hydrogen chloride care fu lly  added u n t i l  th ere  was no p rec ip ita tio n  

on fu rth e r  addition  of HC1 and an acid ic  medium was ind icated  by 

pH paper (pH 2-3). I t  was then cooled to  -20° overnight. White 

c ry s ta ls  of alan ine t-b u ty l e s te r  hydrochloride were f i l te r e d  and 

dried under vacuum to  y ie ld  8.3 g (41$). up 164-167 (d ec .) , L i t t .  

np122 (dec.). NMR (D20)§1 .2 -1 .5 (tw o  singlets,12H,C(CH3 )3 ,CH3 ),

3.7-4.15(m,lH,CH). IR(CHC13 )cm-1 3400(broad), 3000, 1750, 1375,

1250, 1150.

N-Benzyloxycarbonyl-L-alanyl-L-alanine t e r t .  butyl e s te r  (LXXXCll 

Method B:

Benzyloxycarbonyl-L-alanine 2.9 g (0.013 moles) and 2.36 g 

(0.013 moles) of L-alanine t-b u ty l e s te r  hydrochloride were dissolved 

in  30 mL of dichloromethane- A fter cooling to  0°, N-ethylmorpholine, 

1.52 g (0.013 m oles), and 2.95 g (0.014 moles) of N,N-dicylo- 

hexylcarbodiimide were added and the  mixture s t i r re d  fo r  2 hours a t 

0° and then overnight a t room ts ip e ra tu re . At th is  tim e, 4 drops of 

ace tic  acid were added and th e  rea tio n  mixture was f i l te r e d  a f te r  1 

hour. The so lu tion  was washed with 4x25nL of 10$ aqueous so lu tion  

of c i t r i c  acid , of 1M NaHC03 and of water. The organic layer was
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dried  over anhydrous sodium s u lfa te  and, a f te r  removal of d lch loro- 

methane, th e  co lo rless  o ily  residue was dissolved in  dry e ther (2fraL) 

A fter 24 hours in  th e  cold small amounts of ad d itio n a lly  p rec ip ita te d  

dicyclohexylurea were f i l te r e d  and hexane added to  the  f i l t r a t e  u n t i l  

i t  became tu rb id . A fter standing a t  -20° fo r  2 days, the c ry s ta llin e  

product was f i l te r e d  and washed w ith hexane. I t  was immediately 

tra n sfe rred  to  a round-bottaned f la sk  and dried  under vacuum over 

P205 to  y ie ld  4.2g (92%) of (LXXHI) o f up 67-70? L i t t .  mp9269-71° 

(Hygroscopic). Rf(3 'n-BuOH) 1HOAC: l ^ O ^ O ^ ,  UpOCHCl^ 1  EtOH)=0.80. 

NMR(CDCl̂ )S 1 .1 -1 .5 (s in g le t w ith shoulder,15H,C(CH3 ),CH3) , 4.1-4.4 

(m,2H,CH), ^.95Cs,2H,q^CgH5) , 6 .3 (d ,lH ,M ). HI. (O K l^ cn f1 3500,

3000, 17^5, 1695, 1500, 1455, 1375, 1250, 1150, 1050, 930, 875, 695.

L-Alanyl-L-alanine t e r t .  bu ty l e s te r  hydrochloride (LXXXIII):

The compound (LXXXII) 4.0g (0.011 moles) dissolved in  75 mL of 

ethanol was hydrogenated a t  atmospheric pressure a f te r  addition  of 

150 mg. o f Pd/C c a ta ly s t and two drops o f a c e tic  acid . A fter f i l te r in g  

the c a ta ly s t,  the  ethanol was evaporated and the  residue dissolved in  

25mL of dry e th er. A fter cooling to  0°, a  dry e th erea l so lu tion  of HC1 

was added un til- no more p re c ip ita tio n  occurred on fu rth e r  add ition  of 

HC1 and a s lig h t ac id ic  medium (pH 2-3) was ind ica ted  by pH paper. I t  

was kept a t -20° fo r  24 hours. The c ry s ta llin e  p re c ip ita te s  were 

f i l te r e d  and immediately tra n sfe rre d  'to  a  round-bottomed f la sk , and 

d ried  under vacuum over PgO  ̂ to  y ie ld  2.35 g (83$) o f (LXXXIII).

mp 190-195° (d ec .) , L i t t .  np92195° (dec .). Rf of amine(3 n-rBuOHj ihQAC: 

1 HgO^O.ei. NMR o f amine (CDC13 )B 1 .4  (s in g le t with shoulder,15H,C(.CH^).
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CHg)., 3 -5 -3 .8(m,lH,CH), 4 .1 -4 .5(hroad,2H,NH,CH}, 7 .9 -8 .2 (broad,2H, 

1 ^ ) .  IR(.CHC13 ) cm-1  3700-3000(broad), 1745, 1680, 1560, 1500, 1475, 

1375, 1275, 1060, 860.

-Benzyl L -aspartate  (LXXiy)

S ulfu ric  acid  (10 mL) was. added to  anhydrous e ther &QQ mL) 

followed by benzyl alcohoK.100 mL) in  a 500 mL. round-bottcmed fla sk . 

The e th er was ranoved under vacuum and f in e ly  ground L -aspartic  acid 

(13.4 g) was added in  several portions while the  mixture was 

m agnetically s t i r re d . The ensuing so lu tion  was l e f t  a t room temper­

a tu re  fo r 24 hours a f te r  which 200 mL of 95% ethanol was added 

followed by 50 mL of pyridine dropwise while the  so lu tion  was s t i r re d  

vigorously. The mixture was cooled overnight and the  so lid  present 

was f i l te r e d  and washed w ith e th er. I t  was re c ry s ta lliz e d  from 

water containing a  few drops o f pyridine to  y ie ld  9.5 S'11* (.45$) of 

the  desired  compound (LXXIV). mp 210-212°, L i t t .  m p '^  218-221°.

p-Nitrophenylchloroform ate:

In a 500 mL round-bottomed f la sk  equipped w ith  a.long reflux ing  

condenser and an Erlenmyer f la sk  attached by Gooch tubing was placed

77.6 mL. o f a 12.5$ so lu tion  of phosgene in  benzene. Sodium 

p-n itrophenolate  was dried  by heating a t 40-45° under high vacuum. 

(Dry sodium p-nitrophenolate has a red  color while th e  hydrate i s  

yellow ). Dry sodium p-nitrophenolate was added in  portions to  the 

round-bottomed f la sk  v ia  the  rubber tube. The reac tio n  fla sk  was 

cooled during the add ition  to  m aintain the temperature below 40°.
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The mixture was then allowed to  re flu x  gently  fo r  an hour. Excess 

phosgene was d i s t i l l e d  out while heating the  f la sk  over a  water bath  

a t  50-60° fo r  30 minutes. Sodium chloride was removed by f i l t r a t io n ,  

washed w ith benzene and the  f i l t r a t e  concentrated under vacuum on a 

ro ta ry  evaporator. The residue was d is t i l l e d  under vacuum (129-133°/

1 .5 -2 .0  Torr). This d is t i l le d  m ate ria l s o lid if ie d  and was re c ry s ta l­

lized  from carbon te tra c h lo rid e  to  y ie ld  10.8  g. (43$) o f th e  product, 

mp- 80-81° L i t t .  mp1311 81-82°.

t-B uty l p-nitrophenylcarbonate (LXXVX):

p-Nitrophenylchloroformate, 12.6 g. (0.062 m oles), was. added 

slowly in  portions to  a s t i r re d  so lu tion  of t-b u ty l alcohol, 4.59 g. 

(0.062 m oles)in 25 mL of pyridine a t  0-5°. The reac tion  mixture was 

s t i r r e d  a t room tenperature  fo r  th ree  hours and th e  p rec ip ita te d  

pyrid ine hydrochloride was then ranoved by f i l t r a t io n .  There was then 

added 3.0 rnL of w ater to  the  f i l t r a t e  and the  so lu tion  ex tracted  3-4 

times w ith 25 mL portions of e ther. The ether ex trac t was washed with 

IN hydrochloric ac id , satu ra ted  sodium carbonate so lu tio n , and 

sa tu ra ted  sodium chloride so lu tion . The e th erea l ex trac t was dried  

over anhydrous sodium su lfa te  and evaporated to  dryness. The residue 

was dissolved in  30 mL. o f absolute ethanol and the compound p rec ip i­

ta te d  by the  add ition  of water to  y ie ld  6.7 g. (46$) of the  product.

mp 76. 5- 78 . 5° L i t t .  mp13lj 78 . 5- 79 . 5° . NMRCCDCl3g  1 .5 te ,9 R ,0 ( ^ ) 3 ) , 

7 .3 , 8 .2 (symmetrical, 4h, w -

t-B utyloxycarbonyl-^J-benzyl-L-aspartate (LXXVTE)
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A mixture of 4.14 g. (.0186 moles) ofy$-henzyl-L-aspart a te ,

6.17 g. (..028 moles) of t -b u ty l  p-nitrophenylcarbonate, 4.93 g*

C.046 moles) o f sodium carbonate, 28 mL. o f t -b u ty l  alcohol, and 19 mL. 

o f water was refluxed  on a steam b a th  fo r 1 hour. The condenser was 

removed and the m ixture concentrated by an a i r  stream during heating 

to  remove t-b u ty l alcohol. Sodium p-nitrophenolate dihydrate 

c ry s ta ll is e d , was f i l t e r e d  a f te r  cooling, and was washed with. 5 mL. of 

water. The f i l t r a t e  was adjusted to  pH5-6 by d ilu te  hydrochloric acid 

and ex tracted  w ith e th e r to  remove any remaining t-b u ty l  p-nitrophenyl­

carbonate and p-nitrophenol. The aqueous p o rtio n  was adjusted to  pB.1 

and then ex tracted  four tim es w ith e ther. A fter evaporation o f the 

e th e r, the  so lid  residue was re c ry s ta lliz e d  from ethy l ace ta te  and 

petroleum ether to  y ie ld  3*5 g (5%%). o f the  desired  compound (LXXVH). 

mp 97-99° L i t t .  mp140 102-103° Rf(3 n-BuCK:lHOAC: HL,0)«0.69 

1#5R(CDC13 )§1.35(s,9H,C(CH3 ) ) ,  2 .9 (d is to rted  doublet,2H,CH2C02 ) , 

4.5(rn,lH,CH), 5.0(s,2H-,q^CgH5) , 5.5(d,lH,NH), 7 -15C s,5H ,C ^). 

IRtCfiCl^cnT1 3200-3700(broad),1725(broad), 1475,1360, 1160, 925, 695-

t-Butyloxy car bony 1-y^-benzyl-L-aspart a t e )LXXVII) Method B:

To a so lu tion  ofj^-benzyl-L-aspartate (2.45 g-j 0.010 moles) and 

trie thy lam ine (2.10 mL.,0.015 moles) in  water (6 mL) was added 

dioxane (6 mL) and BOC-ON (2.71 g 0.011 moles) a t room tenperatu re .

The mixture became homogeneous w ithin 1 hour and s t i r r in g  was 

continued fo r  2 hours. At th is  s tag e , the so lu tion  had a  yellow color. 

A fter add ition  o f water (15 mL) and ethyl ace ta te  (20 mL) the reac tio n  

mixture was a c id if ie d  w ith 5% c i t r i c  acid so lu tion  and ex tracted
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w ith  ethy l ace ta te . The organic ex trac t was dried  over anhydrous 

sodium su lfa te  and then concentrated to  ahout 25 mL under reduced 

pressure. The required  compound was p rec ip ita te d  by th e  add ition  of 

l ig h t petroleum ether and cooling a t  -20° overnight y ie ld ing  2.14 g.

-  96 %) of (LXXVU). np 100-102° L i t t .  npli,0102-104o. 1^(3 n -

BUOH: 1H0AC: 1H20)=0.69.‘ NMR(CDC13 )§  l ^ S t s ^ C C O y ^ , 2 .9 (d is -  

to r te d  d ,2 ip i2C02) , 4.5(m,lH,CH), 5 -0 (s ,2 E ,C i^ C ^ )t 5.5(d,lH,NH),

. 7.15(s,5H,CgH5). IRCCHCl)^-1  3200-3700 (broad), 1725(.broad),l475, 

1360,1160,925, 695.

t-B utyloxycarbonyl-^-benzyl-L -asparty l-L -alanyl-L -alanine t e r t . 

bu ty l e s te r  (LXXHV)

A so lu tion  of 0.00736 moles Cl.59 g) of NfLj-Ala-Ala-OtBu and 2.4 g 

(0.0074 moles) o f BO C-aspartyl-^-benzyl e s te r  in  30 mL of methylene 

ch loride was cooled to  0°. A fter addition  of 1.52 g. (0.0074 moles) 

of dicyclohexylcarbodiimide, the  so lu tion  was s t i r re d  a t  0° fo r  4 

hours and then overnight a t  roam temperature. Acetic acid (4-6 drops) 

was added, the  so lu tion  f i l te r e d  a f te r  30 m inutes, and the  f i l t r a t e  

evaporated to  dryness. The o ily  residue was dissolved in  ethy l 

ace ta te  (30 mL), washed w ith 5! c i t r i c  ac id , w ater, and then w ithlM  

sodium carbonate so lu tion . The organic la y e r , a f te r  drying over 

anhydrous sodium s u lfa te , was concentrated to  7-10 mL and th e  desired 

compound p rec ip ita te d  upon addition  of l ig h t petroleum e th er and 

cooling a t -20° overnight yielded 3*08 g (80. 5%) of (LXXXIV). 

Rj,(3n-BU0H: 1H0AC: 2E20)=Q.rjS > Rj.(9CHCl3 : lEtOH)=0.78. NMR(CDC13 ) 

§ 1 .2 - 1 .5 (broad s , 2411, 0 (0 ^ ) 2 , 012) , 2 .8 (d is to rted  d ^ O ^ C O g ) ,  3-9-
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4.8(m,3H,CH), 5-0(d,lH,NH), 7-2(s,w ith  a  multiplet,7H,CgH5 ,:NH). 

mtCHCl^cnf1 3500, 3000, 1740(broad), 1670, 1500, 1455, 1375, 1175, 

930, 725, 650.

Analysis: Calculated fo r  025^ ^OgN^: 0,59-88; 11,7-48

Pound: C,59-80; H,7-73

t-B utyloxycarhonyl-^-carboxyl-L -aspartyl-L -alanyl-L -alanine t e r t . 

bu ty l e s te r  (LXXXV)

.A so lu tion  of 2,56 g. (0.004 moles), of compound (LXXXTV) in  

50 mL of ethanol was . hydrogenated a t atmospheric pressure using 150 mg 

of Pd/C as the  c a ta ly s t. I t  was f i l te r e d  through a C elite  pad and 

then concentrated under reduced pressure to  y ie ld  I .56 g of the  

compound(LXXXV). I t  was used fo r  th e  next reac tion  without fu rth e r 

p u rif ic a tio n . Rf (3 -n-BUQH: 1H0AC: IHgO-O.S. MNR(CDC13 )§  1 .5 5 (sing­

l e t  with a shoulder, 24H,C(CH3)3CH3),2.9(broad,2H ,na2C02), 4 .0-4 .9  

(.broad multiplet,3H,CH),5-9(broad,lH,NH), 7-l-7-7(broad,2K,-NE), ■' 

8.8(broad,lH,C02H). HKCHCl^cnf1 3500(broad), 3000, 1725, 1670, 1500, 

1365, 1160, 920.

t-B utyloxycarbonyl-^ -4-hydroxy-3-oxobutyl-1-diethyl p h o sp h o n a te -L r- 

a sp a rty l-L -a la n y l-a la n y l- te rt. bu ty l e s te r . (LXXXVI)

A so lu tion  of I .58 g (0.004 moles) of canpound (.LXXXV) and 0.918 

g (0.004 moles) of 4-hydroxy-3-oxybutyl-l-dietbylphosphonate in  10 mL 

of anhydrous pyridine was cooled to  0° and to  th is  cooled so lu tion  was 

added 0.86 g (0.004 moles) o f DCC. The so lu tion  was s ti r re d  a t  0° fo r 

4 hours and overnight a t roam tenperature. The p rec ip ita te d  d icyclo-
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hexylurea was f i l te r e d  and th e  f i l t r a te  evaporated  to  a  th ick  o i l ' ....

under high vacuum a t roam tenperatu re . To the  residue dissolved in  

10 mL of e thy l ace ta te  was added 2 drops of ace tic  acid. A fter 30

minutes the  add itional p re c ip ita te d  DCU was removed by f i l t r a t i o n  and

th e  f i l t r a t e  worked up in  th e  usual way as described before to  y ie ld

2 .1  g (82.5$) o f the  desired  canpound (LXXXYI). A small amount o f i t  

was p u rif ied  fo r  elemental ana lysis  by-- p re c ip ita tin g  i t  from ethy l 

ace ta te  and l ig h t petroleum e th er. R^OJn-BUOH: 1HDAC: 1H^O)=0^693 

R pO T C l^  lEtQH)=0.55. I'MR(.CDCl3)g o .9 -2 .1 (m J32HJC(.CH3 ).3 ,CH3 , 

OCf^CHg), 2.3-3 .2(m }i\E,CH2C02 , <icR2 ) s 3 .6 -4 .8(m ,9H ,C & ,0qi2C H 3 ,C02CH2), 

5.8(m,lH,NH), 6.7(m,lH,NH), 7.2(m ,lh,M I). mCCHCl^crrf1 3500, 3Q0Q, 

1720(broad), 1675,1510, 1450, 1375, 1250, 1185,1040.

Analysis: Calculated fo r  CgyH^gO^^P. 1/21^0. C,50.14; H,7.64

Pound 0,49.98; H,7.52 .

The p ro tec tin g  groups, t-butyloxycarbonyl and the  t-b u ty l e s te r  in  the 

above canpound (LXXXVI) were removed by using a fresh ly  prepared sa t­

u ra ted  so lu tio n  ©f HBr in  ac e tic  acid  as described before fo r  th e  

t r ig ly c y l  system. The d ie th y l phosphonate e s te r  was hydrolyzed to  the 

f re e  phosphonic acid (LXXXVIII) by using trim ethylsily lbram ide a t  35- 

40° fo r  48 hours as described e a r l ie r .

1 - t .  butyloxy-3-hydroxybutane (XXXIII)

1 .3-Dihydroxybutane, 10.0 g (0.11 moles) was dissolyed in  150 mL 

of. methylene chloride. The so lu tio n  was cooled to  -20° and then to  I t
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was added successively boron tr i f lu o r id e  e thera te  (5mL), phosphoric 

acid  0.00%, 2.1 mL). A fter shaking the  reac tio n  mixture in  order to  

d isperse the  ca ta ly s t uniformly th e re  was added 100 mL of l iq u if ie d  

isobutene. The reac tio n  m ixture was shaken in  a pressure b o tt le  fo r 

90 minutes. I t  was then poured in to  2N aqueous ammonia w ith s t i r r in g  

and most of th e  excess isobutene evaporated. The two layers  were 

separated and the  aqueous lay er ex tracted  w ith methylene chloride.

The combined ex trac ts  were washed w ith aqueous ammonia, water and 

then dried  with anhydrous magnesium su lfa te . Evaporation of the  

solvent yielded a  residue which was d i s t i l l e d  under vacuum. 79-80°

/20  Torr to  y ie ld  11.0 g (68.5^) of th e  desired  compound (XXXHI).

- NMR(Neat)§ 0 .9 -1 •2 (two singlets,12H  CCGHgJg.GHg), 1 .2 -1 .65(q,2H,CH2),

. 3.2-3.^(.t,2H,CH20), 3 -4 -3 .7 (m,2H,0H,CH);. IR(CCl^)cm-1  3700(broad), 

3000, 1475, 1425, 1360, 1250, 1200, 1075, 1025- I t  was of su ff ic ie n t 

p u rity  and used as such fo r the next reac tion .

Pyridinium Chlorochromate

To 92 mL of 6M HC1 (0.5 moles) was added 50.0 g (Q.5 moles) of 

chromium tr io x id e  rap id ly  w ith s t i r r in g .  A fter 5 m inutes, the so lu tion  

was cooled to  0° and 39-5 g (0.5 moles) o f pyridine was added slowly 

over 10 minutes. Cooling to  0° gave a yellow-orange so lid  which was 

co llec ted  on a s in te red  g lass  funnel and dried  under vacuum to  y ie ld  

90 g (84$) o f the  desired  canpound.

1 - t .  butyloxy-3-butanone (XXXIV)

In a 250 mL round-bottomed f la s k  was suspended 22.1 g (0.10 moles) 

o f pyridinium chlorochromate in  75 mL of methylene chloride. To i t
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l-t-butyloxy-3-hydroxybutane (10 g, 2.068 moles) was added in  one 

portion  to  the m agnetically s t i r r e d  so lu tion . A fter s t i r r in g  over­

n ig h t, 100 mL of dry e th er was added and th e  supernatant decanted 

fron th e  black gum. The insoluble residue was washed several times 

w ith e ther. The combined organic so lu tion  was passed through a 

short column of F lo r i s i l  and the solvent removed under vacuum. 

D is ti l la t io n  under reduced pressure o f the residue through a 

vigreux c;olumn gave 7.85 g (80%) of th e  desired  canpound (XXXIVl. 

bp 60-65° /20 Torr. N M R tn e a tig l.O C s^ C tC H ^ ), 1 .9Cs,3H,CH3COl, 

2.15-2.i»5Ct,2H,XH20 0 ),3 .2 -3 .^ ( tj^ X H g O ) mCCOl^cm-1 3000, 1715, 

1475, 1425, 1400, 1375, 1245, 1210, 1175, 1100, 1015, 900. I t  was 

used without any fu rth e r  p u r if ic a tio n  fo r  the next reac tion .

4-carboethoxy-3-hydroxy-3-m ethylbutyl-l-t. bu ty l e ther (ZXXV)

Dry e ther (20 'mL) was cooled to  -23° in  a 100 mL three-necked 

f la sk  under a n itrogen  atmosphere. Disopropylamine (3.08 mL, 0.022 

moles) was added v ia  a syringe followed by a so lu tion  of n -bu ty l- 

lith ium  in  heptane (13.2 mL, 0.022 moles) which was added over a 

period of 10 minutes. A fter s t i r r in g  fo r 1 hour a t -20°, the  hath, 

tenperature was reduced to  -78°and dry e thy l ace ta te  (2 .16 .mL, 0.022 

moles) added slowly. The so lu tion  was s t i r re d  fo r  20-30 minutes a t 

-78° and then 1 - t .  butyloxy-3-butanone G»2 g . ,0.022 moles) added 

dropwise. A fter 15 minutes, the  reac tio n  mixture was tre a te d  with.

20% aqueous HC1 (4.0 mL) and then allowed to  warm to  room temperature. 

The mixture was d ilu ted  w ith water (4 mLl and ex tracted  w ith  ether.

The organic lay er was dried  and the  solvent evaporated to  leave an
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♦

o i l .  Ercm th is  o i l ,  the  unreacted ketone CO. 5 g) was removed by 

f ra c tio n a l d i s t i l la t io n  under high vacuum leaving behind 2.95 g (68$) 

o f the  residue which gave sp ec tra l data  in  accord with the proposed 

product s tru c tu re . NMR(neat)^ 0 .9-1 .1  (s in g le t w ith a m ultiplet,15H , 

CC.CH^^CH^OCH^), 1.35-1.65Ct,2H,CCH2),2.2(s,2H,CH2C02),3 .1 -3 .4  

(t,2H,CH20 ),3 .5 5 -4 .0 (t w ith a singlet^HjOCH^OH). IRCCCl^) cm-1 

3500, 3000, 1720, 1455, 1360, 1200, 1115, 1090, 925, 695- "

4-Carboxy-3-hydroxy-3-m ethylbutyl-l-t. bu ty l e ther (XXXVT)

To 20 mL of IN potassium hydroxide in  m ethanol'at -20° was added 

2.95 g CO.013 moles) of compound (XKXV) in  5 mL o f dry e th er. A fter 

1 hour a t  -20°, the  reac tio n  mixture was maintained a t room tempera­

tu re  overnight. At the  end of th is  period th e  reac tio n  mixture had a 

dark yellow color. I t  was n eu tra lized  w ith  methanolic hydrochloric 

acid  to  congo red . The p rec ip ita te d  KC1 was f i l te r e d  and 'the f i l t r a t e  

concentrated to  dryness. The residue was dissolved in  chloroform 

and add itional p rec ip ita te d  KC1 was removed. The solvent was evapo­

ra ted  under reduced pressure to  give 2.0 g (77%) of the  desired  com­

pound. I t  was fu rth e r p u rif ied  by d isso lv ing  in  chloroform and then 

ex trac tin g  4 times w ith 10 mL portions of sa tu ra ted  sodium bicarbonate 

so lu tion . The aqueous ex trac t was ac id ifie d  to  congo-red w ith con­

cen trated  hydrochloric acid and then ex tracted  thoroughly with 

chloroform. The organic ex trac t a f te r  drying and removal of the  so l­

vent gave 1 .8  g (68$) of the pure compound. The organic ex trac t 

obtained a f te r  ex trac tion  with sodium bicarbonate so lu tio n , was 

concentrated to  give the  s ta r t in g  e s te r  which was again hydrolyzed
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w ith KOH In  MeCH. NMRCCCl̂ ) g l . 2-1.3 (two s in g le ts  ,12H, C (CH3 ) 3 , CH3 ), 

1 .7 -2 .0C tJ2H,CH2 ) J2.5CsJ2HJCH2CO2 ) J 3.5-3.7(t,2H,CH20), 7-7-8.0 

(.broad;2H,C02H,0H). irKCd-j^cm"1 3700-3300, 3000, 1720, 1400, 1375, 

1250, 1210, 1150, 1095, 910.

4-Carbobenzyloxy-3-hyd roxy-3-m ethy l-l-tert. butyloxybutane (XXXVII) 

Attempts to  make th is  compound using equimolar amounts of 

conpouhd (XXXVI), fre sh ly  d i s t i l l e d  benzyl bromide and DCC in  methy­

lene chloride were unsuccessful. I t  was prepared by the following 

procedure:

The compound (XXXVI.) ,1 .16 g CO. 0057 moles) was tre a te d  w ith  0.0478 g 

CO. 0057 moles) o f sodium bicarbonate in  7 mL of water and was s t i r re d  

a t room tenperature fo r  30 minutes. Water was removed on a ro ta ry  

evaporator a t 40° and the  residue was dried  over sodium hydroxide 

p e l le ts  under high vacuum fo r  24 hours. The sodium s a l t  thus 

obtained was dissolved in  8 mL of N,N-dimethylformamide a t  80° and 

3.92 g (0.0228 moles) of d is t i l le d  benzyl branide was added; the  re ­

action  mixture was heated w ith s t i r r in g  a t 80° C fo r  20 hours in  a 

stoppered round-bottomed fla sk . Excess benzyl bromide and IMF were 

d i s t i l l e d  o ff  and to  the  residue were added 50 mL of e th er and 15 mL 

of water. The organic layer was washed w ith sa tu ra ted  aqueous sodium 

bicarbonate and water and, a f te r  drying over anhydrous sodium s u lfa te , 

the solvent was removed on a ro ta ry  evaporator. The'NMR of the residue 

ind icated  the desired  compound to  be mixed with small amounts o f un­

reacted  benzyl bromide. I t  was l e f t  overnight a t 70-80° under 0.3 Torr 

pressure under a d i s t i l l a t io n  column. The NMR of the residue (1.2 g . ,
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84?) ind icated  th a t  most o f benzyl bromide was removed. I t  was fu rth e r  

p u rif ied  by s i l i c a  gel column chromatography to  y ie ld  1 .0  g (60?) of 

th e  pure compound (XXXVII). NMR(CCl )̂ §  1 .0 -1 .1  (two singlets,12H , 

CCCH^^CH^, 1 .5 -1 .7 (t,2 H JCH2),3.2-3.5(t,2H,CH20 ) ,3 .8 (s JlKJOH), 

4 .9 (s ,2H,CH2C6H5) .7 .1 ( s j5H,C6H5); IRCCCl^) cm"1 3500, 3000, 1720,

1450, 1360, 1250, 1140, 1090, 915, 695-

analysis : Calculated fo r  , 0,69-38; H,8.89

Pound: C,6 9 .31; H,9.02

Attempted -preparation -of 4-Carhobenzyloxy-3-hydroxy-3-methyl-l- 

butanol (XXXVIII)

The above compound (XXXVII), 2 .47.g  (0.0084 moles) dissolved in  

100 mL o f benzene (dried over sodium) was refluxed  w ith  750 mg of 

p-to luenesulfonic acid  fo r 1 hour. The reac tio n  mixture was poured 

in to  an aqueous 5% so lu tion  o f sodium hydrogen carbonate. The 

organic layer was worked up in  th e  usual manner but only an in tra c t­

able residue was obtained.

Attempts to  remove the  t-b u ty l e ther group by using t r i f lu o ro -  

a ce tic  acid a t 0° were also  unsuccessful.

3-CKobuty 1-1-aceta te  (XLH)

35 g of methyl v iny l ketone, 150 mL ace tic  ac id , and 1  drop of

water were heated under re flu x  overnight. A fter removal o f ace tic

acid  on a  ro ta ry  evaporator, th e  residue was f ra c tio n a lly  d is t i l le d

to  y ie ld  28.6 g (44?) of the  compound (XLII). bp 78-82°/15 Torn, L i t t .
o

bp107 78-84°/15 Ib r r .  NMR(neat)S 1.6(2,311,0^00), l.S C s^ O C C I^ ) , 

2.45(t,2H,licH2 ) , 3 -95(t,2H,OCiyi IRtCHCL^cm"1 3500, 1725,2-360,
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1250., 1175, 1050.

4-Carbobenzyloxy-3-hydroxy-3-roethylbuty1-1-acetate (XLIEI)

10 mL of dry e ther was cooled to  -23° under a  n itrogen atmos­

phere. Dlls opr opylamine (1.5 mL, 10.6 mmol.) was added v ia  a syringe 

followed by a  so lu tion  of n -bu ty l-lith ium  in  heptane (6.39 mL, 10.6 

mmol.) which was added over a period of 10 minutes. A fter s t i r r in g  

fo r  1 hour, the bath temperature was reduced to  -78° and 1.59 g 

(10.6 mmol.) o f benzyl ace ta te  slowly added. The so lu tion  was s ti r re d  

fo r  30 minutes a t -78° and l-acetoxybutane-3-one Cl.26 g . , 10.6 mmol.) 

added. A fter 30 m inutes, the reac tio n  mixture was tre a ted  w ith  2 mL of 

20? aqueous hydrochloric acid  and then allowed to  warm to  room 

tem perature. The mixture was d ilu ted  with 2-3 mL o f water and then 

ex tracted  w ith e ther. The dried  and evaporated organic lay er yielded 

an o i l  (2.1 g) which on NMR ind icated  the  presence of some unreacted 

benzylacetate. This was removed by heating the residue under a d i s t i l ­

la t io n  column a t  0.005 Torr and 80-90° bath temperature. The residue 

of 1 .9  g (64?) gave sp ec tra l data  in  accord w ith  the proposed 

s tru c tu re . I t  was used fo r fu rth e r reac tio n  without any fu rth e r 

p u r if ic a tio n . NMRCCCl̂ ) 3  I.OCsjSHjCCH^), 1 .8C singlet superimposed 

on a  triplet,5H,OCCH3,CH2 ), 2 . 25( s ,2H,CH2C02 ) , 3 .5  Cs,IK, OH), 3-9 

C^ZH.OGHg), 4.8Cs,2H,CH2C6H5), 7.0Cg,5BL,CgH5); IRCCHC^cm"1 3500, 

1715, 1450, 1375, 1250, 700,

Attempted preparation  of 4-Carbohenzyloxy-3-hydroxy-3-methyl-l- 

butanol (XXXVIII)

The ahove compound CXLIU) (0.48 g . , 0.0017 moles) in  10 mL of
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CHCl^: MeOE (1:1) was s t i r re d  w ith 1 .5  mL of 1.2N sodium hydroxide 

in  MeOHtHgO (1:1) a t  37° fo r 15 minutes. At the  end of th is  period 

2.0 mL of 0.075N a c e tic  acid  was added and the reac tio n  mixture 

ex tracted  4 times with methylene chloride. The NMR of the  residue 

ind icated  th a t both the  ace ty l and the  benzyl groups were removed.

V ariation of temperature and'time.Tin this_ho?drplysis_either gave 

th e  unreacted s ta r t in g  compound or mevalonolactone. The se lec tiv e  

removal of acetate  could not be achieved by using potassium carbonate 

in  ethanol.

Ethyleneketal o f.e th y lace to ace ta te  CXLEV)

E thylacetoacetate (20.0 g . , 0.16 moles) , 14,88 g CO.24 moles), 

o f ethylene g lycol, and 100 mg of p-to luenesulfonic acid in  100 mL 

benzene were refluxed  in  a 250 mL round-bottcmed f la sk  equipped w ith

a Dean-Stark apparatus. Refluxing was continued u n t i l  no more water

was co llec ted  in  the  Dean-Stark apparatus. A fter cooling the  so lu tion  

to  room tem perature, i t  was washed w ith w ater, sa tu ra ted  sodium 

bicarbonate, and then water again. The organic lay er a f te r  drying 

over anhydrous sodium su lfa te  was concentrated under vacuum and the 

residue obtained d is t i l le d  under vacuum to  give 20 g o f the  compound 

CXLTV). bp141 95-100°/20 Torr. R̂ CCHCl3+4 drops of EtOK)=Q.64. NMR 

(n e a t)S  1.4(.t,3H#OCH2GH3 l ,  1.6Cr,3H,CCK3X, 2 . 75(ji,2H,CH2C0 l ,  3 .8-4.3 

(s in g le t superimposed on a  trip let,6E ,0C E 2; IRCCHC^lcm-1  3QQQ,17.4Q,. 

1450, 1375, 1150, 1110, 1050, 950, 875,

Analysis: Calculated fo r  CgE^O^ C, 55.17; E, 8.04.

Pound: C, 55,49; E, 8,13.
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^-K etobutanoi-etbyleneketal (XLV)____

In  a  250 mL three-necked round-hottcmed f la sk  was suspended 1.14 g 

. CO. 03 moles) o f lith ium  aLumlnium hydride in  35 mL anhydrous ether.

To th is  s t i r re d  suspension was added dropwise a  so lu tion  of 9.5 g 

CO.054 moles) o f ethylene k e ta l o f e thy l acetoacetate  in  30 mL anhy­

drous e ther. The addition  was maintained a t  such a  ra te  th a t uniform 

re flu x in g  occured. I t  was refluxed  fo r an add itional 2 hours and 

then cooled to  roam tem perature. This was followed by the  addition 

of 5 mL of 10$ sodium hydroxide so lu tion . The p rec ip ita te d  so lid s  

were f i l te r e d  and rin sed  w ith  e th er. The combined f i l t r a t e s  were 

washed w ith b rin e , d ried , and evaporated. There was thus iso la ted

4.6 g (65$) of th e  desired compound (XLV). bp 100-105°/20 Ton? L it t .  

bp1211 85-87°/ll Torr. Rf  (CH013+4 drops of EfcOH)=0.33 NMR(neatg 

1 .2 (3 ,3 1 1 ,0 ^ ), l .S C t ^ j O ^ ) ,  3.3-3.6Ct,2H,0CH2), 3 .7 5 (3 ,4 1 ,0 0 ^ ),  

3.9(s,lH,OH); IRCCHCl^cnf1 3600, 3000, 1375, H 0 0 , 1050, 950.

4-Hydroxy-2-butanone (XLVI)

A mixture of 10.5 g of the k e ta l (XLYl, 7.2 mL w ater, and four 

drops o f concentrated HC1 -was s t i r re d  fo r 2 hours a t  60-70°. After 

cooling to  room tem perature, the  aqueous so lu tion  was extracted  

thoroughly w ith e th er and th e  e th er so lu tion  washed w ith  saturated  

sodium bicarbonate so lu tion . A fter drying, the^solvent was removed 

by evaporation under vacuum to  y ie ld  5 g of the residue which was 

• d is t i l l e d  a t  11-13 Torr pressure to  give 4.8 g (69$) o f th e  desired 

compound (XLVI). bp 71-76°/ll-13 Tbrr, L i t t .  bp141 7Q -76°/ll Tbrr. 

NMR(neat)S 2 .0 (3 ,3 1 ,0 ^ 0 0 ), 2 .4 5 ^ ^ ,0 ^ 2 0 0 ) ,  3 .1 5 (3 ,111, 011), 3.45
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(t,2H,0GH^); HKCCl^cm"1 3600(b ro ad ),.3000, 1725, 1520, 1350, 1110.

4-Tetrahydropyranyl-2-hutanone (XLYXL)

A so lu tion  of 4-hydroxy-2-hutanone (5 g , (0.057 moles) and 

dihydropyran (7.16 g, 0.085 moles) in  100 mL of dry methylene chloride 

containing 1.4 g (0.0057 moles) o f pyridinium p-to luenesulfonate was 

s t i r re d  fo r  4 hours a t  room temperature. The so lu tion  was then d ilu ted  

with ether and washed'once w ith brine to  remove the  c a ta ly s t. A fter 

removal o f the  solvent on a ro ta ry  evaporator the  residue was d is t i l l e d  

under vacuum to  y ie ld  6.9 g (72%) of the compound .'(XLVII). bp 100- 

106°/15-l8 Torr. I t  was used without any fu rth e r  p u r if ic a tio n  fo r 

the  next reac tio n . R,p(CHCl3 )=0.46. NMR(neat)§  1.35(broad s in g le t,

£H,CH^), 1 .9 (s ,3H,C0CK3), 3 .1 -3 .8(m,4H,0 0 ^ ,CJ^CHgO), 4.3(m,lH,CK); 

IR(CHCl3)cm-1 3500, 3000, 1725, 1450, 1360, 1130, 1090, 1050, 925, 875.

Pyridinium p-to luensulfonate (PPTS)

In a 100 mL round-bottomed f la sk , p-to luenesulfonic acid monoby- 

d ra te  (3.7 g, 0.003 moles) was added to  12.1 mL (0.015 moles) of 

pyridine with s t i r r in g  a t room temperature. The reac tio n  was s lig h tly  

exothermic. A fter s t i r r in g  fo r 20 m inutes, the excess pyridine was 

removed with a ro ta ry  evaporator on a water bath a t 55-60? to  give 

a white so lid  which was re c ry s ta llis e d  from acetone to  give pure 

compound (6.8 g, 90%), mp 119-120°, L i t t .  np12^ 120°.
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4-Carbobenzyloxy-3-hydrox—3H nethylbutyl-l-tetrahydropyran e th e r ' 

CXLVIII)

Dry e th er 15 mL was cooled to  -23° under a n itrogen  atmosphere. 

Diisopropylamine (2.1 mL, 0.014Tmoles) was added v ia  a syringe followed 

by a so lu tion  of n-buty llith ium  in  heptane (9.2 mL, 0.015 moles} which 

was added over a period of 10 minutes. A fter s t i r r in g  fo r  1 hour, the  

bath  temperature was reduced to  -78° and 2.25  g} CO.015 moles} of 

benzyl ace ta te  slowly added. The so lu tion  was s t i r re d  fo r  30 minutes 

and 2.55 g (0.0147 moles} of tetrahydropyran-2-butanone was slowly 

added. A fter s t i r r in g  fo r 30 m inutes, the reac tio n  mixture was tre a te d  

w ith  3 mL of 20? aqueous HC1 and then allowed to  warm to  rocm 

tem perature. The mixture was d ilu ted  w ith  3 mL of water and extracted 

w ith e ther. The dried  and evaporated organic layer yielded 3*5 g of 

an o i l .  Unreacted benzyl ace ta te  and s ta r t in g  ketone were ranoved by 

heating a t 90-95° a t  0.01 Torr pressure in  a d i s t i l l a t io n  apparatus.

The residue (3.3 g, 70?} exhibited  spectra  in  accord w ith  the proposed 

s tru c tu re . I t  was fu rth e r  p u r if ie d  by column chronatography on s i l i c a  

gel using chloroform containing 0.75? ethanol. NMR (CCl^) §  1 .15(s, 

311,0^), 1.25-2.0(m,8H,(CH2}3, CCt^}, 2.4(5,211,01200), 3 .1 -4 .0(m,5H, 

OCH^OE^OCHg), 4 .7 (broad, 1H, CH.), 5-0(s,2H, Cl^Cg), 7 .1 (s , 5H, CgH^). 

HKCCl^cnf1 3600(broad), 3000,1725,1360,1245,1050,695.

Analysis Calculated fo r ^8^26^5 0,67.07; H.,8.07

Pound C,66.75- H,8.21

Attempted p reparation  of T etraethy l methylene bisphosphonate. 

Kosolapoff procedure: Diiodamethane 69.0 g (0.26 moles) and 133 g 

(0.8 moles) of t r ie th y l  phosphite were refluxed a t 160-170° fo r  24
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hours In  a round-bottomed flask, equipped with a  re flu x  condenser and 

a Dean-Stark tube a t the top of the condenser. A fter removal of 

unreacted t r ie th y l  phosphite th e  residue was d is t i l le d  under vacuum 

to  give 24.3 g (34$) of d ie thy l iodcmethylphosphonate. bp 80-85°/0.05 

Torr. Pure te tra e th y l methylenebisphosphonate was not obtained from 

the residue. NMR(Neat)§  1 .2 -1 .5  C t^O C I^C H ^ , 3 .2 -3 .4  C d ^ H ,^ ) ,

3 .9 -4 .4 Cq,4^001^) IRCCCl^cm-1  3000,1450,1395,1275,1175,1060,1040,975-

Becker reac tio n  with d ie thy l iodcmethylphosphonate CXLIX)

A so lu tion  of sodium ethoxide was prepared by d isso lv ing  2.0 g 

CO. 087 moles) o f sodium in  36 mL ethanol. The sodium ethoxide was then 

added dropwise over a period o f 30 minutes to  a m ixture of 24.3 g 

CO.087 moles) of d ie th y l iodcmethylphosphonate and 12.00 g CO.8 7 .moles) 

of d ie th y l phosphite in  7 mL of ethanol a t rocm tem perature. The 

reac tio n  was very exothermic. The so lu tion  was s t i r r e d  fo r 1 hour a f te r  

which i t  was f i l te r e d ,  ethanol being removed on a ro ta ry  evaporator, 

and to  the residue e ther was added to  p re c ip ita te  any add itional 

sodium iodide. The so lu tion  was f i l te r e d  again and the ether evapor­

ated . The residue did not contain the  desired m ateria l.

D iethyl iodcmethylphosphonate, Cade Procedure;

Freshly d is t i l l e d  methylene d iiod ide , 116 g (.0.43 m oles), was 

heated to  l80° in  a  500 mL three-necked round-bottomed f la sk  equipped 

w ith  an add ition  funnel, thermometer and a  12 inch frac tio n a tin g  column 

w ith a condenser a t  top se t fo r  d i s t i l la t io n .  T rie thy l phosphite,

47.9 g CO.29 m oles), was then added. There was an immediate d i s t i l l a -
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t io n  of e thy l Iodide as the tanperature rose to  200° in  the f la sk . 

Heating was continued fo r another 20 minutes and th e  mixture d is t i l l e d  

to  give 39-5 g of unreacted methylene d iiodide and 47-9 g (615?) of 

th e  desired  compound. b p " ^  85-87°/0.05 Torr. The residue (4.75 g) 

exhibited  sp ec tra lly  the presence of te tra e th y l methylenebisphosphon­

a te  but i t  could not be iso la te d . NMR(Neat) §  1 .2 -1 .5  ( t , 6H, OCĤ CĤ ) >

3.2-3.4(d,2H,CH2) , 3 .9 -4 .4 ^ ,4 ^ 0 0 1 ^ ); mCCCljpaiT1 3000,1450,1395, 

1060,1040,975.

In te rac tio n  of trie th y lp h o sp h ite  and d ie thy l iodcmethylphosphonate 

D iethyl iodcmethylphosphonate, 33.5 g, was heated to  220° in  a 

three-necked round-bottcmed f la sk  equipped w ith an addition  funnel, 

thermometer and a ^ 'f r a c t io n a t in g  column equipped with a  d is t i l l a t io n  

head. T rie th y l phosphite, 30.2 g, was added dropwise as the e thy l \ 

iodide d is t i l l e d  out (66-70°). A fter the  add ition , the  mixture was 

heated fo r  1 hour and then d is t i l le d .  I t  gave 8.0 g (23%) of 

te tra e th y l methylenebisphosphonate. bp 102-104°/0.02 Torr. L i t t  bp * ^  

123-1280/ q’. 5 Torr NMR(neat)§ 1 .2 -1 .5 (6 ,1 2 ^ 0 0 ^ 0 ^ ) ,  2 .3 -2 .9 ( t , J=21 

Hz,2 ^ 0 ^ ) ,  3.9-4.5(m,8H,OCH2); IR cm-1  3000,1255,1025,925,790.

Tetraisopropyl methylenebisphosphonate (LI)

Triisopropyl phosphite (212.3 g, 1 .mole) and 86.9 g (.0.33 moles) 

of dibramcmethane were combined in  a 500 mL three-necked round-bottcmed 

f la sk  f i t t e d  with a  magnetic s t i r r e r ,  a  thermometer and a  24 inch 

frac tio n a tin g  column fo r separating the  isopropyl bromide as the  by­

product frcm the reac tio n  m ixture. The frac tio n a tin g  column was
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constructed by combining two Liebig condensers which, had been packed 

with glass h e lices . The temperature of the  water c ircu la tin g  through, 

the jackets  o f the  Liehig condensers was maintained a t 65° during the 

e n tire  reaction  period by passing a mixture of steam and hot water.

A Dean-Stark apparatus was connected to  th e  top of the  frac tio n a tin g  

column and to  the top of th e  Dean-Stark apparatus was f i t t e d  a  Dewar 

condenser cooled-with Dry Ice-isopropanol mixture and pro tected  frcnj 

th e  atmospheric m oisture by a drying tube. The Dean-Stark apparatus 

was heated by an e le c tr ic  filam ent. The reac tio n  f la s k  containing 

the reac tan ts  was heated u n t i l  the reac tio n  commenced a t 1^0°  and 

then continued fo r an add itional 7 hours, over which time the 

temperature o f the mixture was gradually ra ised  u n t i l  a maximum 

temperature of 185° was achieved. The temperature was held hetween 

180-190° fo r  the remaining time period (2-3 hours). The temperature 

must not be allowed to  exceed 195°•' A fter ranoval of excess of 

triiso p ro p y l phosphite, the residue was d is t i l le d  under vacuum to  

y ie ld  89.1 g (78.5?) of the  desired compound, bp 95-108°/. 005--. 01 Torr.

Methylenediphosphonic acid  (LIX)

Tetraisopropyl methylenediphosphonate 20 g (0.058 moles) was 

dissolved in  100 mL of concentrated HC1 and the mixture refluxed fo r  

th ree  hours. The so lu tion  was then concentrated to  dryness on a fla sh  

evaporator a t 40-^5°. The la s t  traces  of water and hydrochloric acid 

was removed by adding th ree  portions of isopropyl alcohol and reducing 

the volume to  dryness a f te r  each add ition . The white c ry s ta llin e  

so lid  was f i l te r e d  and washed w ith acetone and dried  in  vacuum over 

P205. mp 199-201°, L i t t .  mp133 203-206°. Y ield :9-0 g (88?).
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Diethyl 1-Methyl tetrahydrofuranyl-n-phosphonate CBy Arbuzov 

reac tio n ) (LU I)

A mixture o f 7-2 g CO.06 moles) o f 5-chloro-2-pentanone and 

9-95 g CO. 06 moles) of fresh ly  d is t i l le d  t r ie th y l  phosphite were 

refluxed  fo r 24 hours in  a 100 mL round-bottomed f la sk . A fter 

rsnoving any unreacted t r ie th y l  phosphite, the  residue was vacuum 

d is t i l le d  using a small Vigreaux column to  y ie ld  8.9 g C672Q of the 

desired  compound (L in ) ,  bp 80-84°/.035 Torr. NMRCCHCl^S l .lC d is -  

to r te d  t r i p l e t ,  gH.CI^pCI^CH^, 1 .3 -2 .3  Cm, 4H,-CH2CH2- ) ,  3-4-4.2 

(m, 6H, 0CH2, OCHgCHg), IRtCCl^ciif1 3000,2100,1700(w),1450,1360, 

1250-1160,1025,950.

Analysis Calculated fo r C^H^O^F C,48.64; H,8.62

Found C,48.75; H ,8.8l

Diethyl 1-Methyl tetrahydrofuranyl-l-phosphonate (LIU)

A so lu tion  of sodium ethoxide was prepared by d isso lv ing  1.37 g 

CO. 06 moles) of sodium in  25 mL of absolute ethanol.'Sodiumethoxide 

prepared above was added drOpwise over a period o f 20-25 minutes to  a 

mixture of 7-23 g CO.06 moles) of 5-chloro-2-pentanone and 8.28 g 

(.0.06 moles) of d ie th y l phosphorate in  5 mL of absolute ethanol a t 

room tenperatu re . The reac tio n  was very  exothermic. A fter reflux ing  

fo r  1 hour the so lu tion  was cooled to  room temperature and then f i l te r e d .  

Ethanol was removed on a ro ta ry  evaporator. To th e  residue 25 mL of 

e ther was added and the p re c ip ita te d  so lid  removed by' f i l t r a t i o n  

The e th er was evaporated a t  reduced pressure and th e  residue d i s t i l le d  

a t  reduced pressure using a  Short-path vigreaux column to  y ie ld  9-28 g

126



(70%). o f th e  compound (LIU ) which gave the  r ig h t sp ec tra l analysis 

and corresponded to  the  e a r l ie r  prepared canpound hoth  in  sp ec tra l 

and VPC measurements. NMR (neat),. §... i . l ( d i s to r te d  t r i p l e t ,

‘OCHgCHg), 1 .3 -2 .1»0n,2IH,-CH2CH2- ) ,  3.2-4.2(m,6H90CH2,0CH2CH3) IRCCCl^), 

3000,2100,1700(w),1450,1360-1240,1160,1020,950.

Diethyl 1-phenyl tetrahydrofuranyl-l-phosphonate (UV) Arbuzov reac tion .

A mixture o f 25.0 g (0.14 moles) of^chlorobutjrophenone. and 

23.3 g (0.14 moles) o f fresh ly  d i s t i l le d  trie th y lp h o sp h ite  were re ­

fluxed overnight. A fter removing th e  unreacted t r ie th y l  phosphite, 

the  residue was d is t i l l e d  a t  reduced pressure to  y ie ld  23.5 g (60%) 

o f th e  desired  compound (LTV), bp 130-142°/. 15~. 20 Torr. NMR(CCl )̂

§ 1 .1  (two overlapping t r i p l e t s ,  6H, OCR^CE )̂, 1 .4 -2 .9 (m,4H,-CH.2 O U -) ,

3.3-4.2(m,6H,OCH2pCH2CH3), 7-2(m,5H,06H5) IR^Cl^cm-1  3000,1700(w), 

1600,1450,1390,1250,1150,1050,950,700.

Analysis Calculated fo r  C-^H^O^P 0,59-15; H,7-39

Pound C,59-15; H,7-58

Diethyl 1-Ethyltetrahydropyranyl-l-phosphonate (LY) Arbuzov reac tio n  

A mixture of 10.0 g (.0-052 moles) o f l-Brano-5-heptanone1^^ and 

10.79 g ( 0.065 moles) o f trie thy lphosph ite  were refluxed a t 18O-I850 

fo r 16 hours in  a 100 mL round-bottomed fla sk . The unreacted t r i ­

ethylphosphite was rsnoved and the residue vacuum d is t i l l e d  to  y ie ld

7.7 g, 61.6% of th e  desired  canpound (LY) bp 109-U 2°/0.06 Torr.

NMR (neat) § .9 -1 -6 (th ree overlapping t r i p l e t s ,  9H, OCE-jCĤ , CH^), 

1.6-2.8(m , 8H, (C H ^ , Ct^) 3 .4 -3 .85(t,2H,OCP^), 3 -9 -4 .5 (xn,4H,OCi^Ci^)

Analysis Calculated fo r  cu H2304P C,52.80; H,5-20
Found C,51-90; H,9-46
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D iethyl 3-phenyl-3-oxopropyl-l-phosphonate (LVI)

A mixture of 5.0 g CQ.Q29 moles 1 of [ 2  -chloropropiophenone 

and 4.98 g £0.03 moles) o f fre sh ly  d is t i l l e d  trie thy lphosph ite  were 

refluxed overnight. Excess trie th y lp h o sp h ite  was ranoved and the  

residue d i s t i l l e d  under reduced pressure to  give 4,05 g (51-7%) of the  

desired  compound (LVI). NMRCCCl̂ ) §  l.OCt^EjOCHgCHg), 1.4-2.15(m, 

2H,O^P), 2.6-3.25(m,2H,CGH2), 3 .4 -4 .1 (1 1 1 ^ ,0 0 1 ^ ) ,  7 .2 -7 .6Ctwo 

m u ltip le ts , S^CgHg); IRCCCli|)cm_1 3000,1700(s),1600,1450,1250, 

1060,1030,960,850,750.

Analysis Calculated fo r C,57-70, H,7•03

Found 0,56.74 E,7.08

D iethyl 3-phenyl-3-oxopropyl-l-phosphonate <L7Il

A so lu tion  of sodium ethoxide was prepared hy d isso lv ing  0.42 g 

CO. 018 moles) of.sodium in  7-5 mL of absolute ethanol. This so lu tion  

o f sodium ethoxide was added dropwise over a period of 15-20 minutes to  

a mixture o f 3-0 g C0.018 moles) o f j 2 -chloropropiophenone and 2.48 g 

(0.018 moles) o f d ie th y l phosphonate in  2 mL of absolute ethanol a t 

room temperature. The reac tio n  i s  exothermic. A fter reflu x in g  fo r  one 

hour, th e  reac tio n  m ixture was cooled to  room temperature and then 

f i l te r e d .  Ethanol was removed w ith  a ro ta ry  evaporator and to  th e  

residue 20-25 mL of e th e r added. Any p rec ip ita te d  so lid  was f i l te r e d  and 

then the e th er was removed by evaporation a t reduced pressure. The 

sp ec tra l da ta  o f th e  residue corresponded to  the  same compound prepared 

by Arbuzov rea c tio n  as described before. NMRCneatl £) 9Ct, 6E,OCHgCE^\,

l.S -^ .S G n ^ P C H g ), 2.5-3.3(m,2H,CCH2), 3.4-4.0(m,4E,OCH2}, 7.0-7.5Ctwo 

m, 5E,CgE5). IRCneatJcmf1 3000,1690,1450,1250,1150,1020,950,800,750,690.
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Suggestions for future research.:

In general, the uptake of substances into a c e ll  involves diffusion., 

of the molecules from the hulk phase of the blood to the aqueous- 

nBirihrane interface followed by translocation into the cytosolic compart­

ments either by diffusion through the c e ll .membrane or by interaction 

with, a fin ite  number of recognition s ite s  on the c e ll  surface prior to
'ICC

uptake. Dietschy et al measured the increase in the mass of cholesterol 

esters in the liver  to estimate hepatic net uptake rates of cholesterol 

from various serum and intestinal lipoproteins fractions. They report 

that liver  i s  capable of taking- up cholesterol frcm chylomicron remnants 

and at significantly lower rates,.low  density serum lipoproteins. One 

of the lipoprotein feedback mechanism operating to regulate sterol 

synthesis in the liver  involves the uptake of chylomicron remnants and —  • 

allows the liver to' "sense11 the amount of cholesterol that i s  entering 

the body through the intestine. This transport process apparently is  

present only in  the liver. Therefore i t  seems reasonable to couple 

the mevalonic acid analogue to a b ile  acid in order to get the analogue 

transported inside a c e ll. Bile acid of choice would be tetrahydroxy- 

cholane.

137



APPENDIX 

lr , -'C and nmr spectra
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-PFT 100
'C of (LXXI) in CDC1.



Chemical Shift:s o f  ChXXI):

201. 906, 201.3^9, 170.566, 170.020, 169.288, 156.974, 136.310, 

128.444, 127.956, 68. 216, 66.936, 62.120, 61.876, 44.502, 42.734, 

40.905, 31.699, 21.458, 16.454, 16.215.
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13C of LXXXIV) in CDC13



Chemical S h if ts  o f  (LXXXIV):

171. 112, 170.937, 169-962, 154.599, 134.847, 127. 532, 127. 166, 80.347, 

78.823, 78.153, 76. 872, 75.592, 65. 656, 64.802, 52.914, 50.415, 47-916, 

36.333, 27.432, 27. 067, 17. 861, 17 . 008.

163



i  i i I i i i i I i i r—i ( i i i i i i i i i |—i i i—i—|—i—i—i—i—|—i—i—i—i—|—i—i—i—i—(—|—|—|—|—|—,—|—|—r

ov4=7

I 9

I . I . I , I l I l 1..........I . I l I , I , 1 l I . 1............... I . 1 . I . I , I , I , I , I , I l I , I , I , I . 1 . I , I .................. I  I L I ■ I ■ I . I I I I I I I . I ■ I I I I I I | .-I

13C o f  (LXXXVI) Of CDC1,



Chemical S h if ts  in  (LXXXVI).:

201.691, 201. 076, 171.654, 171.025, 170.137, 169-922, 155. 116, 81. 381, 

80. 162', 67. 728, 61. 722, 61.478, 60.047, 50.749, 48.708, 48.403, 36.028 

27.981, 27.646, 17.983, 17.770, 16.246, 16. 002, 15. 667, 13.899, 13.777


