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Abstract

SYNTHESIS OF INHIBITORS OF CHOLESTEROL BIOSYNTHESIS

by

Virender K. Sarin

Advisor: Professor Robert Engel

The work described here deals with the synthesils of inhibitors
of cholesterol biosynthesis, in vivo and potentially in vitro.
Among the different compounds synthesised here, that of greatest
importance is 3-carboxy-4-hydroxy-U4-methylpentyl-l-phosphonic acid,
the isosteric phosphonic acid analogue of 5-phosphomevalonate. Three
different approaches for its synthesis are described. All of
these approaches use Diethyl U4-oxopentyl-l-phosphonate as the
starting compound. The first route involves the use of a Reformatsky
reaction with methyl bromoacetate followed by the hydrolysis of the
carboxylic ester with a base. The second approach utilizes
Lithium Naphthalene to generate the dianion of acetic acid which in
turn reacts with the starting Keto campound to yield 3-carboxy-
U-hydroxy-U-methylpentyl~l-phosphonic acid in the form of the
diethyl phosphonate. The last route uses Lithium diisopropylamide

to generate the carbanion of ethylacetate which in turn reacts’



with the starting ketone to give the desired compound again in
the form of the diethyl phosphonate. In all the three routes, the
Phosphonate ester was hydrolysed to the free phosphonic acid by
reaction with Trimethylsilyl Bromide followed by hydrolysis

th water. This isosteric phosphonic acid analogue of 5-phos-
phomevalonate has been found to serve as a potent inhihitor of
squalene synthesis using the Slo homogenaté of rat liver, The
specific point of inhibition has been determined to be phospho—~
mevalonate phosphokinase.

For this compound to be used as a drug, however, it must be
transported inside an intact cell. Unfortunately, the simple compound
appears to be incapable of this by itself. Thus an approach of
"illicit transport" has been utilised where the potential drug is
chemically attached to a "chemical vector" for which a mode of
transport into the intact cell exists. Once the potential drug
with its chemical vector has entered the cell, it is expected that the
extraneous portion will be cleaved by enzymes normally present. Two
types of chemical vectors have been considered here, the first of
these being a tripeptide with the potential drug attached through a
functional group to a carboxyl group along the tripeptide. Such a
system is expected to gain entrance to the cell via an oligopeptide
transport system. For this approach, two tripeptide systems have
been synthesised. The first 1s a Diglycylglycine with the drug.
coupled to the terminal carboxyl group of the tripeptide leaving a
free terminal amino function. The second tripeptide synthesised is
|-Aspartyl-l~alaryl-l-alanine with the phosphonate analogue coupled

to thef{-carboxyl function of the aspartic acid. This coupled system



has both free carboxyl and a terminal amino function. The potential
drug coupled to the tripeptide system as a model test system is

Diethyl-U-hydroxy-3butanone ~l-phosphonate, an analogue of dihydroxy-
aéetone phosphate which is an important product of glyeosis in lipid

metabolism.

o] 0
I I Il I I
HNCH,CNHCH,CNHCH ,C—OCH,CCHCHP OC.H;

N0 C,H,

P g Ge
H,NCHCNHCHCNHCH C—OH

0 H
CHC—OCHCCHCH,P T o0

The second type of "chemical vector" is a large lipophilic function
which is capable of taking part in micelle formation. A micelle once
formed, could then simply be enveloped by a cell. For this approach,
the potential drug chosen is the phosphonic acid analogue of 5-phospho-

mevalonate. The lipophilic function is a large aliphatic unit.
CO,R
HO

POH,

JFinally, reactions of differentially substituted haloketones

with Triethyl phosphite and Diethylphosphite have been discussed.



Historical

The phase of contimuous research on cholesterol biosynthesis
began in 1937 with two independent and remarkably complementry
investigations. Rittenberg and Schoenheimer from their studies
on intermediary metabolism with the ald of stable isotopes, arrived
at the conclusion that the process of cholesterol formation invélved
the coupling of smaller molecules "possibly those which have been
postulated to be intermediates in the fat and carbohydrate metabol-
isml." Sorderhoff and Thomas came to the saﬁe conclusion basedlon
their studies of the incorporation of trideuterio acetate into the
unsaponifiable materials of the yeastz.

Rittenberg and Bloch.3’u’5 predicted that a two-carbon metabolite,
acetate, is the principal building block of cholesterocl. This predic-
tion was based on a study of the utilisation of labeled acetic
acid for cholesterol synthesis in animal tissues. More convineing
evidence for the ékéiﬁéivé origin of the sterol molecule from acetate

came from studies doneon amutant of Neurospera crassa. A deficiency

in pyruvate metabolism made the growth of this mutant dependent on
exogenous acetate. Cells of the mutant strain grown on labeled
acebate produced ergosterol with essentially no dilution of the
isotope. This demonstrated that no other carbon source contributed
significantly to the synthesis of the sterol skeleton.6

Bonner and Arreguen demonstrated the utilisation of acetate
for the biosynthesis of rubber and speculated on the way that
three acetate molecules could combine to form the requisite isoprenoid

subunit for the macramolecule via acetoacetate and methyl crotonic acid.7
fig. I.



CH, COOH ~ CH,COCH,COOH

CH,COCH,COOH CH;COCH, + CO,
CH3 CQ3
P =0 + CH,COOH » ,C=—CHCOOH
CHy e,
CH, CQ“
C==CHCOOH ¢ —CH
CH4 /BN
CH, CH,

Fig .

From this postulate evolved the thought that cholesterol,

1like many other natural substances, was derived from a polyisoprencid

intermediate. For this view to take hold, the ground was well prepared

by Robinsons hypothesls according to which cholesterol was formed

by the cyclization of squalene, a polyisoprenoid hydrocarbon.B’9 An

outline of the major stages of the overall process emerged as

shown below:

acetate » 1soprenoid intermediate
cyclization product squalene
cholesterol



The link between acetic acid and the bilological isoprene unit
remained a mystery until the discovery of Mevalonic acid in 1956

by Wright, Folkers and associates at the Merk Sharp and Dolme

10

laboratories. The original purpose of these investigations

was to isolabte and characterize a factor which was exceptionmally

active as a substitute for acetate in the nutrition of acetate

11

requiring strains of Lacto-bacillus acidophilus™ . Noting the

structural resemblance of mevalonic acid and hydroxymethyl—
glutarate — their carbon skeletons are identical (fig. 2.) ———
Tavormina, Gibbs and Huff tested the bacterial growth factor and
found it to be remarkably active as a pregursor of squalene and
steroll2. Conversion was essentially quantitative, assuming that
only one of the enantiamorphs was active. Mevalonic acid is in
fact, the key intermedlate in the terpene and sterél biosynthesis,
as- shown by the isotope labeling experiments. Isotoplcally labeled.
mevalonic acid was incubated with liver slices and found to be
incorporated into squalene and cholesterol with a very high yield.
Furthermore, incubation of labeled acetate with liver slices
showed that acetate carbon was a:u-jimnediate precursor of mevalonic
acid. The following section.will deal with the enzymatic mechanisms
by which

(1) acetate is cqnver'ted to meyalonic acid.

(2) mevyalonic acid is converted 41pt0'squalene.

(3) squalene is converted into cholesterol.

The enzymatic link between acetyl coenzyme A (Co A) and meyalonate
by way of acetoacetyl Co A and hydroxymethylglutaryl Co A was estahlished

13,14 15,06 (pig. 3.).

in the laboratories of Rudney and of Lyden



CH, OH
\::/ °Q3c PH

HOI-!?C' - -COH COZH CQH
Mevalonic Acid , ,G—Hydroxy—IB—Methyl
Glutaric Acid
Fig 2
CH
Ny CH; OH
AN
[o{0) C/
/ CH; c/ N
CH, io ,Hz er
o l
, SCoA £O  CooH
SCoA SCoA
CH, OH
\é/
AR



K}Hydroxyzj}methyl glutaryl Co A undergoes reduction of one of its
carbonyl groups and loss of CoA by the action o%(?-hydroxyfgmethyl
glutaryl CoA reductase to yiéld mevalonic acid.

[g-hydroxy ethylglutaryl CoA + 2NADPH + 2H' —-—Smevalonic acid

+ 2NADPT + Coa.

Bloch17 studied the retention of tritium in the enzymatic

conversion of 5,5—di—L3H)ﬁmevalonate to squalene and found thaf in
this tfénsftmnetion only a small fraction of the 12 hydrogen atoms
attaahed to Cy of the six participating mevalonate molecules wes
removed. Thus, one of the two bond forming centers (Csl seemed

to remain in the reduced state during the process of carbon — carhon
bond formation. Later experiments with D,0 and 5,5—d1-(3H)—mevalonate
strengthened the above conclusion and allowed Bloch to make the same
deduction for carbon atom 2 ofAnwValonate18 (fig.4.). Therefore,

in the coupling of 05 and C6 sub-units, bond formation had to

occur without loss or reintroduction of hydrogens at'the reacting
centers — that is, by interaction of mevalonic acid deriyatiyes
containing —CHz—groups at both the 02 and 05 positions. Fram the
same experiments, it could be inferred further that the remoyal

of the tertiary hydoxyl group and the loss of the carboxyl function
of mevalonic acid proceed concertedly to a 05 compound bearing
methydene group. Possiblé structures for the reactive condensing
unit are thereby limited to isoprene itself or a derivative of

18

isopentene™ .

6 CH, IO, - > CHyTy g2




HO—CT, ‘
| 2 CH, /C"‘lJ Tzfll ?l
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In the synthesis of squalene from mevalonic acld in yeast extract,
both adenosine triphosphate (ATP) and reduced triphosphopyridine
nucleotide (TPNH) had to be supplied to the enzyme system as cofactors}7
Mevalonic aeid is phosphorylated by ATP to the 5-monophosphate
ester as shown by T.T. Tchen who isolated the stable monophosphate of

o}
mevalonic acid and the requisite kinase enzymelg’“o.

5~Phosphomevalonic
acid is once again phosphorylated to mevalonate-5-diphosphate by ATP-
(fig.S:) The next reaction in the sequence 1s the formation of isopen-
tenyl-pyrophosphate by the ATP-facilitated decarboxylativg‘}-elimination
of mevalonic acid-5-pyrophosphate. The concerted nature of this reaction
had been shown by deuterium studies as depicted in fig. 4. It was
further demonstraﬁed by studies using the purified "anhydrodecarboxy-
lase" which catalysed the coordinated removal of the carboxyl group and

of the tertiary hydroxy group s. Data obtained with -0y suggest that

3-phosphomevalonic~5-pyrophosphate is a transient intermediateZI. ATP
serving as the phosphorylating agent for the tertiaryhhydroxyl group

and thereby promoting its elimination. (fig. 6.)

CHOH . CH,0P
ATP  ADP ATP ADP
OH A oH A
H3C : Hsc j _
- 5 : Cco
co, ),

10
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In the symmetrical squalene molecule there are two terminal
isopropylidene groups, and, since the biological "5:5_»99{313?_“ unit"
has the isopropenyl structure, two of the six isopentenyl groups
mist isomerize at some stage of squalene synthesis. Lynen and his
associates proposed a mechanism involving the iscmerisation of free
isopentenyl-pyrophosphate to dimethylallyi pyrophosphate prior to
condensa’(:ion22 (fig.7.) Support and proof for this mechanism were
provided by Lynen et al, when they isolated the requisite isamerase
and showed that this enzyme is an essential camponent in the coupling

system when isopentenyl pyrophosphate is the sole substrate23 :

CH,OR CH,0R
H—CH - CH
\~c Se
I\>cH A
HC 3 CH; CH,
H’ fig 7

These two isomeri.c isoprenyl pyrophqsphates then.undergq ’
condensation with the elimination of pyropﬁos_phate to form the
monoterpene derivative trans-geranyl pyrophospha‘t:e.gLl A third
isoprenyl pyrophosphate then reacts, again with elimination of
pyrophosphate to yield the sesquiterpene trans-Farnesyl-pyrophosphate.

(fig.8.)

12



POPO

X
OPOP
Geranyl Pyro— - Farnesy|
Phosphate _ Pyrophosphate
C Cis
10

Fig 8

One can formulate hoth the initial interaction of two 05

units and subsequent C. additdions as resulting from a nucleophilic

5
attack by theTl-electrons of the examethylene group of isopentenyl
pyrophosphate on an incipient cation formed by the pyrophosphate
elimination fram the allyl pyrophosphate. All these events are
considered as concerted. (fig.9a.)

A covalent enzyme-substrate complex might be formed initially
between the allyl pyrophosphate and the condensing enzyme with
elimination of pyrophosphate. Allyl-enzyme rather than the free
allyl pyrophosphate would then react with a second 05 unit to form

the new carbon-carbon bond. (fig. 9b.)

13
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Fig ¢

In the ahsence of any cofactqr, excgp? Mg2+, two molecules of
farnesyl pyrophosphate are condensed by the enzyme presqualene
synthetasé to presqualene pyrophosphate, accompanied by loss of one
H atan from C-1 of one of the two molecules of farnesyl pyrophosphate;
farnesyl coupling is reductive and proceeds by tail to tail linkage.

Rilling and Epstein>” isolated an intermediate from TPNH-staryed
yeast subcellular particles and assigned the structure26 as shown in
fig.11. Altman and Rilling®! have synthesised this intermediate pre-

squalene pyrophosphate and confirmed its conversion to squalene by =~

yeast subcellular particles;

14



OPOP POPO’

\oy OPOP + H

Y

CH, CH,0POP

' H CH;
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Fig 10
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Presqualené pyrophosphate, which centains three assymetric centers
at the three carbon atoms of the cyclopropane ring, is rearranged and
reduced with TPNH as co-enzyme to the symmetrical CBO-terpene, squalene
The H atom lost in the previous reaction, is now replaced by direct
transfer from TPNH. Altman and Rilling have proposed a mechanism for
the biological conversion of presqualene pyrophosphate to squalene based
on the well established equilibrium between cyclopropyl carbinyl,
cyclobutyl, and allylcarbinyl cations generated in solvolysis and
deaminations27. This mechanism is shown in Fig. 11 as.proceeding
through classical ions. r—

+
CH, CHOPOP CH; CH,

+

R “H R’ “H |
=

X
. “"\H , |
H, H, JLCH-"

!/

Squalene IPN_“

Fig 1
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Squalene is transformed into the tetracyclic steroidal configur-
ation by the pathway depicted in fig. 12. The enzyme squalene epoxl-~
dase catalyses conversion of squalene to the 2,3-oxide by molecular
oxygen. T.T. Tchen showed that molecular oxygen and not water, is
the source of thé 3-hydroxyl group of cholestercl. Furthermore,
his experiments showed that the enzymatic cyclisation of squalene to
- lanosterol :Ln a DZO medium proceeds without attachment of deuterium
to car'bon28 as it would 1f any in the series of presumptive carbonium
ions fall to stabilise. The cyclization of squalene-2,3-oxide is
postulated to be initiated by attack of a proton on the oxide ring and
is.f‘ollowed by concerted electron shifts leading to ring closures and
formation of a transient carbonium ion at Cop (fig.lE)'. Lanosterol is

derived by a series of concerted hydride and methyl shifts and

elimination of the proton from C-9.

Squalene

17



Squalene

Oxide Cyclase

CH,

HO Lanosterol

Fig 12
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~ The conversion of Lanosterol to cholesterol involves the
removal of three methyl groups (at Cy and Clh)’ saturation of the
double bond in the side chain, and the migration of the double bond
fram position 8,9 in lanosterol to position 5,6 in ring B. The removal
of three methyl groups is an oxidative process since the carbon atam

appéars as CO ,29

suggesting that the methyl group in lanosterol at
Cq anc'lAclLl are first oxidised to the carboxyl functions and that their

Joes is a decarboxylation process.

Lanosterol —p — —
HO

Cholesterol

The inhibition of cholesterol biosynthesis has been approached
fram several directions. Consider first same in yivo studies and the
conclusions from them.

The in vivo studies of Schoenheimer and Br*eusch.3O provided
strong suggestive evidence that when cholesterol is added to the
diet the ability of an animal to synthesise cholesterol is greatly
diminished. Later isotopic experiments of Gould et al3l and Bloch32
confirmed the above study. They found that when animals are fed a
high cholesterol diet, the ability of liver slices from such animals

to synthesise cholesterol from acetate—luc is markedly inhibited.

19



The sensitivity of this,feedbackfsysﬁénias,well as the extent to which
cholesterol synthesis can be suppressed b& such a.féedbaqk_dnhibition
is well illustrated by the data in table I-o.

Table I.

Cholesterc] in Cholesterol synthesis

diet (2) (nmoles of added

acetate—2-1uc )

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 subcellular sites at which the
cholesterol feedback system operates in liver have been examined in a
number of laboratories. Gould and Popjak‘gll and subsequently Buscher
et al,35 noted that cholesterol feeding causes a more marked inhibition
in the conversion of acetate—luc to cholesterol than was observed when
labelled mevalonate was used as a sterol precursor. On the basis of this
study, both the iaboratories concluded that cholesterol feeding inhibits
cholesterol synthesis at a site prior to synthesis of mevalonate.

Subsequent studies by Siperstein36’37’38’33 led to a specific

biochemical localization of this feedback reaction site. They showed
that feeding of cholesterol has: no effect on the conversion of acetate

to_elither_acetoacetic acid.cz*K}—hydroxy ~butyric acid, nor was the

20



conversion of mevalonate to squalene or of squalene to cholesterol
inhibited by short-term cholesterol feeding. Since, /@-hydroxy-
Ia—methyl glutarate forms a cammon intermediate for the synthesis

both of ketone bodies and of cholesterol39’u0, 1t was inferentially
concluded that the specific slte at which cholesterol inhibits its

own synthesis 1is at the point of conversion of B-hydroxyﬁ -methyl
glutarate to mevalonate 3233 fig. 13. Using a gas-liquid chromato-
graphic procedure, the specific effect of cholesterol feeding upon

the synthesis both of l@—hydroxy—/@—methyl glutarate and of mevalonate,
and hence the activity of B—hydroxy-lg-methyl glutaryl reductase

was studied38’ug. The results of such a study are shown in table 2.

It clearly demonstrates that dietary cholesterol results in a marked
inhibition of the synthesis of mevalonate while having no detectable
effect upon the synthesis of /Gv-hydroxy-lg—methyl glutarate36’38. This
finding therefore, provided definitive evidence that the specific
biochemical site of cholesterol feedback system is in fact localized
to the point of conversion of /G-hydroxy—lg—methyl glutarate to

mevalonate as shown in fig. 13.

Acetyl CoA Aceto-acetyl CoA — —hydroxy—ﬁ—methyl-
/

[ — 7glutarate (CoA)
-

l - //
I Krebs cycle _ - /
\ - " II mevalonate
3 Acetoacetic Primary
CO2 N
Acid site of saualene
cholesterol
feedback cholesterol
,G-hydroxy- K inhibition !
bUtyr' ic— S o7
acid.
fig. 13
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Further evidence for the above results has been provided by reports

4 and of Shapiro and Rodwell™,

of Iinnf3 of Kandutsch and Saucier
who have demonstrated that cholesterol feeding inhibits the direct
conversion of%}-&wﬁroxy— methylglutaryl-Cod to mevalonate
in cell~free systems.

It has also been noted that fasting, or removal of cholesterol
from the diet, depresses cholesterol synthesis. Back, et allu“ haye
suggested that this might be more sensitive than the feedback inhibition

mechanism, although all others have found fasting to be significantly

145-152 It has also been found that cholesterol feedback

87,88,155,156

less effective.

inhibition and fasting act at the same engymatic site.

Table 2.

Choles- .
Expt. terol in Acetate ZELhydroxyj[E Mevalonate Cholesterol
# diet % -methyl- :

glutarate
I 0 3.37 0.80 16.18 28.40
5 0.02 0.96 0.46 16.82
IT 0 6.16 1.08 16.20 34.52
5 0.09 0.96 0.46 17.36

The point to be emphasized from these results is that the
feedback inhibition of cholesterol synthesis operates at the first
reaction following the last quantitatively important branch point in the
reactions leading from acetyl-CoA to cholesterol as shown in fig. 13.
This reaction, moreover, is irreversible.u6’33
If cholesterol is fed for relatively long periods of time, i.e.,

5-6 days, a modest inhibition in the conversion of mevalonate to

cholesterol is superimposed upon the primary and much more striking
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inhibition of mevalonate synthesis 35’33. Gould and Swyryd31a’b

have
emphasized that with more prolonged'feeding of cholesterol, a progres-
sively greater inhibition of reactions beyond mevalonate synthesis
develops, probably at a site between mevalonate and farnesyl pyrophosphate.

38 claimed that since mevalonate formation is

Sipérstein and Fagan
clearly the rate-limiting reaction in the pathwéy of cholesterol
synthesis, even a major reduction in the activity of the enzymes
respon;ible for the reactiéns beyqnd the production of mevalonate could
have only a modest effect upon the overall process of cholesterol
synthesis. Tt is, moreover, likely30?33 that this inhibition of
the later reactions of cholesterol synthesis is not the result of
coordinate repression, but rather represents a secondary response to the
primary depression of mevalonate synthesis that fbllows long~term
cholesterol feeding.

Another approach to the inhibition of cholesterol biosynthesis
is by the administration of drugs. As the biosynthesis of cholesterol
involves a series of phosphate esters, one approach to the development
of a specific inhibitor would involve the introduction of a phosphonic
acid species as a substitute for the natural metabolite. Briefly
consider prior efforts of this type.

Phosphonic acids and their deriyatiyes, which. can be cqnsidered
to be analogues of the naturally occurring phosphates, haye been gilyen
considerable attention during the last few years. This interest
is generated by the recognition that phosphonic acids and their
derivatives can function as analogues of naturally 6ccurring phosphates,

possess the potential to serve as metabolic regulators and drugs.
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As examples, 3,4-dihydroxybutyl-l-phosphonic acid,I both in the
racemic and optically active form have been prepared by Kabak et

éi-47,48 and 4-hydroxy-3-oxobutyl-l-phosphonic acid II,an anzlogue of

dihydroxy acetoneg phosphate has also been reported by Goldstein gg_gg?9.
It has been demonstrated by Shopsis gg_g;?o_sz, that the

isosteric analogue (I) is capable of inhibiting the growth of mutant
strains of E.coll at rather low concentration. The net effect 1s
bacteriostasis which may result from a perturbation of the normal
phospholipid production53’55 resulting from an inability of the
organism to cleave the phosphonate linkage which is present in place

6f normal phosphate. The analogue substitutes for glycerol-3-phosphate
for a portion of the normal metabolic process but a point of inhibition
is reached as a result of the inabllity to release phosphate. From
this study, the authors conclude that for biological activity, there
shotld be correspondence of size between the analogue and the natural

substrate. Similar approaches have %ﬁ;}{gried with the analogue(II).

.

l
HOCH,CHOHCH,,CH,P (OH)
2
I

0
I [ _

HO CH,CCH.CH,P(OH),
I

Some analogues of phospholipids, the isosteric phospho-
tidic acids (ITI) bearing saturated and unsaturated fatty acid ester

linkages, have been prepared by Tang §§AQQ?6.
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'-Also, a lipid derivative of the analogue of dihydroxyacetone
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prepare%?’s%ompound (V) has been found to be a substrate for lyso-
(V), and the differntially substituted compound (VI) have been

prepare%?’s%ompound (V) has been found to be a substrate for lyso-

phosphatidate acyltransferase.

o)
I ﬁ
——OCR R | ,

(iv) ) (vi)

In The design of an analogue for a natural metabolite,
it is desired that the analogue bear only one structural variation
fram the parent compound. The structural variation considered here
is the presence of a carbon-phosphorous linkage in place of the normal
phosphate ester linkage. The term “isosteric" strictly refers to
compounds of idenfical size and shape. According to available

crystallographic data for related compounds 2-aminoethyl phosphate
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and Z-aminoethyl phosphonic a.c:Lng—61 the distance between phosphoryl
oxygen and same other position for a phosphate in comparison to its
nominally isosteric phosphonic acid analogue varies by about 0.8%.’
Although, the cempounds mentioned here do not meet this requirement

. of identical size and shape most rigorously, the bond length and
angles involved are similar enough that the term may reasonzably

be applied. -

Thus there is good reason to believe that phosphonic acid
analogues of natural organic phosphates might serve as very useful
probes for studying metabolic regulation.

One must consider the choice of analogue which is most likely to
have the desired effect, inhibition éf cholesterol biosynthesis.
Biosynthetic pathways are frequently regulated at either the initiation
step or at branch points. The biosynthesis of cholesterocl from
acetate has two branéh points. The first is the reductive synthesis
of the cructal intermediate mevalonic acid from -hydroxy7[3emethy1—
glutaryl Co A. Here the alternate fate of the substrate is degradative
cleavage. The second branch on the biosynthetic route to cholesterol
is the synthesis of presqualene pyrophosphate - an intermediate which
Altman et al, have characterized and synthesized27 from farmesyl
pyrophosphate. Here, the alternate fate for the'growing polyterpenoid
molecule 1s continued elongation for ultimate use as the ublquinone
side chain. |

5-Phosphomevalonic acid represents the first stage at which an
analogue might be introduced which would be of use in the inhibition
of squalene synthesis; a structural analogue vhich could be of value

here is the phosphonate(VIII), isosteric with (VII). This might he
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expected to cause inhibition of squalene blosynthesis by a feedback
mechanism.

CH
e CH,

H,O,POCHCH,CCH,COOH HO,PCH,CH,CHCCH,COOH
OH | b
(i) (vin)

This structure (VIII) retains all the reactive sites necessary
for continuation of the normal reaction sequence witﬁ the exception
of an alkyl-phosphate esterlinkage; this ester linkage normally is not
involved until the beginning stages of condensation of isopentenyl units.
62&;62,63) The next step in the cholesterol blosynthesis is the enzyme
facilitated decarboxylation and dephosphorylation of mevalonic acid
pyrophosphate to yield isopentenyl pyropﬁosphate(IX). A continuation
of this reasoning leads one to predict that the following structures
would also represent potential significant inhibitors.

28
(oH)P OP OCHCH,C =CH,

OH
(X
I T
(czl-l,;o)2 P CHCH,CH,C =CH,

(x)
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Prior to condensation, it is known that the enzymatic conversion
of (IX) to dimethylallyl pyrophosphate (XI) is necessary. The phosphonic
acld isostere of (XI), compound (XII), provides another site for
interruption of the biosynthesis of squalene. As the normal condensation
of (IX) amd (XI) dnvolves pyrophosphate cleavage from (XI) yielding
geranyl pyrophosphate (XIII), such formation would.be precluded by (XIII).

CH, H
\C_ / o)
AN |
CH; CH,0 P O P(OH)
| 2
X OH
N " o o0
c=C__ BN
cHy CHCHPO P(oH)
OH
Xl
CH
Ne oM
~€=c__
CH3 CHZCHZ H
\c-c/ 0o 0
s N [
CH CH,0PO P(OH)
X1l OH

Thus, the cwurrent project was concerned with the synthesis of a series
of phosphonates i.e. (VIII), (X), XII) and compound (XIV), an isostere

of (XITI) and the analogue of farnesyl pyrophosphate.
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(x1v)
After work on this project had begun, Corey and Vola.ntesu
reported the synthesis of analogues of isopentenyl, ’)’ ,’)/—djmethylallyl,
geranyl, farnesyl and presqualene pyrophosphate. At this stage the -
attempt to synthesize the entire series of compounds was abandoned and
concentration was placed on the phosphonic acid analogue of
mevalonic acid (VIII).

A secord type of phosphonic acid analogue of the natural phosphates
are those isosteric with pyrophosphates in which the anhydride type

oxygen has' been replaced by a single methylene group as shown below:

1
RO P—CH,— P—OH
OH OH

These analogues would be of interest to define the bilochemical
role of the natural phosphate by looking at the interruptions or
modifications of the mormal process upon introduction of the phosphoni.é
acid analogues.

Important differences are present between normal pyrophosphates

ard thelr nominally isosteric analogues. First is the loss of binding



capabllities of th%}'}l-pyrophosphate oxygen in the natural compound.
Thus, these isosteric analogues would be of use in mechanistic evaluation
in the determination of binding requirements for enzymatic action.

Also, the geametric differences between the two could result in very
serious differences in"binding properties of the two functions.

Along with the synthesis of the simple analogues, another chemical
and biochemical problem presented itself.

A major difficulty in wor}_;’mg with phosphonic acid analogues of
natural compounds is the inability of many of these charged compounds
to enter the cell. In fact, the impermeability of intact cells is a
frequent problem in biochemistry. When there is no transport system
for a compound, the cell membrane is a formidahle barrier. For charged
campounds, passive diffusion seldam produces the desired intermal
concentration, and the metaboiism of these compounds must be studied in
a cell - free extract.

Praminent among techniques used to circumvent the cell barrier is
chemical modification of the compound under study in the hope that it
will then be soluble in the cell membrane. One successful example is
the use of N6, 2'~0-dibutyryl cyclic AMP in the place of cyclic AMP in
both prokaryotic and eukaryotic sys‘cems.65 Another approach is to link
the non-penetrating substance cawalently to a molecule that is actually
transported by a pre-existing transport system; an obvious advantage of
using an active transport system is that high internal concentrations
of the material can be reached very quickly amd sec_ondly such a method
.maintajns to the greatest degree possible the structural integrity of

the substance. In addition, the extreme measure of masking the charges
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of anionic or cationic campounds need not be used, as moleéules for
which there exists a transport system need not be soluble in the cell
membrane to reach the cytoplasm. If is known that due to special
transport systems bacteria are capable of taking up nutrients even
fram very dilute solutions, resulting in an aceumlation of solutes
inside the cell. Likewise the bactericidal effect of various anti-
biotics can be obtained at extremely low concentration of the drug.

In some cases the minimal inhibitory concentration is found to be
lower in vivo than in 1i_§x_=9_.66 It is believed that certain antibiotics
are able to 'misuse' existing transport system(s) which the bacterium
needs to take up various nutrients. This ralses the question of which
transport system(s) can be used by which drug(s).

For several years, Gilvarg has been concerned with the utilisation
of oligopeptides by Escherichia coli and has delineated the structural
features of a peptide substrate which governs its transportability.

It is a requirement oflthe transport system that the N-terminal C[-amino
group of a peptide be unsubstituted. This was shown be performing com—
parative studies on the growth response of E.coll lysine auxotroph to
lysine,67’68 oligolysine peptides and (T~N-acetyl - derivatives of
oligolysine. It was observed that the lysine auxotroph could use di-,
tri-, and tetralysine as sources of lysine, while (] -N- acetylated deri-
vatives were inactive. This conclusion was further substantiated by the
results with acetylated arginine oligopeptides. The importance of the
C-terminal carboxyl group in peptide transport was also studied by

Gllvarg and Payne69’7o. They concluded that the C-terminal carboxyl group -

is not necessary for the .uptake of oligopeptide. To this end, a series
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of peptides without the free carboxyl group were synthesised. The
campourds prepared were lysylcadaverine peptides. Cadaverine, which is
the diamine obtained on decarboxylation of lysine, comprised only the
C-terminal residue in these peptides; all other residues were lysine.

All these amalogues were able to enter E. coli as shown by their capa- -

city to support the growth of lysine auxotroph. The oligopeptide
system, while showlng preferances for all I-forms, seems able to toler-
ate a degree of 'steric wobble' with respect to the third and presumably
later amino acid residues relative to the N-termirus. Studies with

E. coli indicate that this organism possesses an accessory permeability
barrier that excludes peptides with a diffusional radius greater than a
certain critical value. This feature is reflected in the inability of
the higher members of homologous peptide series to enter the organism.
Some of the structural specifications for oligopeptide transport in

E. coli are shown in diagramatic form in fig. 14 J1A

little sPpecificity

PN

T f ¢

NH —1— — ——¢o,
must bpe n
unacylated Variable critical unit
Fig 44
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A striking finding was that a permease is capable of transporting
peptides of widely varying amino-acid components and size.71 The
non-stringent nature of oligopeptide permease suggests that it would
be an ideal cardidate for carrying out the transport of normally imper-
meant corpounds.

A particularly suitable test substance would be an amino-acid
which alone could not reach the cytoplasm, but which could be linked
covalently to a potentially transporting peptide. To prove that the
peptlde carried such an amino-alcd into the cell it would be highly
desirable that the amino-acid be involved in a normal metabolic scheme
so that a2 mutant unable to synthesize the amino-acid could be isolated
and tested for its growth response to the peptide. Gilvarg and .
F:'Lckel72 showed transport of a theronine precursor, homoserine phosphate
into E. coll using the oligopeptide permease as lysyl-lysyl-homoserine
phosphate.

73
Ames et al , have shown the existence of oligopeptide permease

in Salmonella typhimurium. They uéed this transport system for smug-

gling a histidine biosynthetic intermediate, histidinol phosphate
ester into the bacteria as its glycylglycyl derivative, gly-gly-
histindinol phosphate. Free histidinol phosphate ester is not trans-
ported into Salmonells.

The transport of small peptides is found in mammalian systems as
well. The first reports of peptide transport in mammals were those

74,75,76,77

of Newey and Smyth who demonstrated the uptake of peptides
by, and hydr'olysis. to amino aclds within, the mucosal cells of the
small intestine. Subseguent studies by Craft, Sadikall and Matthews

(78,79,80a,b) confirmed and extended this observation. They investi-
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gated the absorption of glyecine and glyeylglyeine in gastrointestinal
disease in man, Their results Indiecated that a given dose of glycine
was absorbed more rapldly from glycylglycine than from thé free amino
acid, and most rapidly when given in the form of triglycine. Similar
results were obtained in ratssla’b. These workers indicated abresem—
blance between peptide transport in mammalian gut and in bacteria82

Extension of the work to the series I-methionine, L-methionyl-
I~methionine and IL-methionyl-I~methionyl-L~methionine gave essentially
the same results as those obtained from the glycine series. Further
examples of more rapid transport of neutral amino acids from peptides
than from the eguivalent free amino acids in mammalian gut were
reported from the laboratories of Adibi and Phillip583,8u who extended
the finding to glycyl-L-leucine and L-leucylglycine. Edward585
reported the phenomenon with I~leucyl-L~alanine, I~leucyl-l~tyrosine,
I~a2lanylglycine, glycyl-I-alanine and tryptophyl glycine in the rat
in g;yg_and Rubino and Auricch:1086 fourd 1t with Glycyl-L-proline
with rat small intestine in vitro.

Bayer et al,89

have pointed out that the tripeptide antibiotlc
L-phosphinothricyl-alanyl-alanyl (I, fig. 15) exhibits much greater
antibacterial activity against intact cells than does the constituent
amino acid, phosphinothricin. In contrast, in the cell free system
only the amino acid shows effective inhibition of the E. coli glutamine
synthetase. It is suggested that the uptake of the antibiotic into

the cell is strongly favored by the tripeptide form which is then
hydrolyzed to the free phosphinothricin and alanine. This shows that
the tripeptide form, but not the free inhibitor is capable of invading

71,90
the cell via the oligopeptide system.
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A similar transport effect has been used to explain the

greater antibacterial activity of the tripeptide antibiotic L—(N5-
phosphono) methionine-5-sulfoximinyl-alanyl-alanine (II, fig. 15)91 ,
compared to fhe amino acid L—(Ns—phosphino)—methionine—5—sulfoximine,
which also inhibits the glutamine synthetase of E. coli. Zahner and
JUng92 investigated the upﬁake of L~methionine-s-dloxide. They
found that L-methionine-s~dioxide-alanyl-alanine (III, fig. 15) is
taken up via the oligopeptide transport system. Inside the cell, it

specifically inhibits the glutamine synthetase.
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Thus, the oligopeptide transport system provides a basic and
within certain limits, widely applicable carrier system.

The absence of a transport system for some simple phosphonic
acid amalogues of natural phosphates has already been found to be a
problem. The phosphonic acid analogue of dihydroxyacetone phosphate,
Y-hydroxy-3-oxybutyl- 1-phosphonate is reduced by the anabolic glycerol-
3-phosphate dehydrogenase of E. 391553; unfortunétely, the analogue
does not have any effect on intact cells because it can not be trans-
ported. It would appear reasonable from the examples clted before that
if a phosphonic acid analogue species were coupled to a tripeptide
1t would have a very good probability of.being transported into the
cell. Thus studieé were initiated with 4-hydroxy-3-oxybutyl-I-phos-
._phonate as the drug ard triglycine as the peptide carrier. A tripep-
tide linked to an analogue should have the proper hydrodynamic V'olum.e9Q
but the choice of triglycine is somewhat arbitrary. The main reason
for selecting triglycine 1s that it appeared to present the fewest
synthetic problems since there is no need to be concerned about side
chain functional group or optical activity. Another tripeptide, perhaps
a better transport carrier would be L-Aspartyl-alanyl-alanine with
the phosphonic acid analogue coupled to the B-carboxyl group of the

aspartyl unlt of the tripeptide.

* I il H I il
HNCHCNHCHCNHCHC O0CH ccHenp~ OC2Hs
C T T TN ocH,
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Once the analogue is transported into the cell, 1t is expected
to be cleaved from the tripeptide by enzymes normally present. It
there should be reduced by the anabolic glycerol-3-phosphate dehydro-
genase into dihydroxybutyl phosphonic acid53 (DHBP) which will then
cause bacteriostasis. If 4-hydroxy-3-oxybutyl-I-phosphonate attached
to a tripeptide does not inhlbit cell growth, the above analogue
coupled to the carboxylterminus of a tripeptide can be reduced chemic-
ally into DHBP and then tested for its inhibltory actilvity.

Another 'chemical vector' which can possibly transport a drug
into a cell would be a large lipophilic function which is capable of
taking part in micelle formation. A micelle once formed, could then
simply be enveloped by a cell. This 1s of particular interest for the
inhibition of cholesterol biosynthesis in liver. The most tractable
site for attaching a lipophilic chemical vector to (VIII) is the car-
boxyl function. This is accomplished by preparation of an ester with

a fatty alcohol as shown in (XV).

on % OH
- |
H,OPCHCHCHE CH H203PCH2CH2CH2(|: CH,
CHCOH CHCOR
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Statement of Problem

The present thesis program has had as 1its purpose the synthesls of
a specific regulator of cholesterol biosynthesis. This was to be
accomplished by the preparation of the isosteric phosphonic acid analogue
of 5-phosphomevalonate, 5-carboxy-4-hydroxy-U-methylpentyl-l-phosphonic
acld. In addition, analogues of the pyrophosphate bearing precursors
of cholesterol were intended to .be prepared where 1ln a methylene
group is substituted for the anhydride oxygen. However, once it had been
found that the isostere of 5-phosphomevalonate did indeed serve as an
Inhibitor of cholestercl blosynthesis, but did not enter intact liver
cells, this latter was replaced by the highér priority problem of design-
ing and synthesizing the agent bearing a sultable chemiéal vector.

RESULT AND DISCUSSION

L4-Methyl-U4-pentyl-I-phosphonic acid, an analogue of isopentyl
phosphonic acid has been prepared fram 5-chloro-2-pentanone ethylene
ketal (XVI) according to the route as shown in the scheme.I. A standard
Arbuzov :r'eac't:iong3 was performed on (XVI) using triethyl phosphite to
give the diethyl phosphonate (XVII); this is followed by.mild hydrolysis
to generate the free carbonyl compound (XVIII). The ketone (XVIII) is
allowed to react hth the methylenetripherwlphosphorane under standard
W:Lttiggll conditions to yield the compound (XIX) bearing the fundamental
carbon structure desired. The phosphonate ester linkages are cleaved
by NaI/DMF according to Moffatt 's9° procedure (see Experimental)
yielding the disodium salt (XX) which is then converted to free phosphonic
acid (XXI) by treatment with Dowex-50 in the hydrogen ion form. The

final compound is isolated for storage and analysis as the monosodium



salt by titration with NaOH to the first inflection point of the titra-

tion curve.

Low yields of the olefin (XIX) are obtained when n-Buli is used
as the base according to standard Wittig conditions. However, yields
are improved by using sodium hydride as the basé in dimethyl sulfoxide

according to Coreys modification. 9

—
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The Y-methyl-3-pentenyl-1-phosphoryl-phosphonic acid is synthe-
sised in a mammer similar to that for the previously mentioned com-
pound (XXIT). The diethyl ester of propanal-3-phosphonic acid (XXV)
is allowed to react with isopropylidenetriphenyl phosphorane in a
Wittig reaction using either n-BuL19 7 or the dimsyl anion derived
from dimethylsulfoxide/NaH® as the base. The starting compound (XXV)

Is prepared by performing an Arbuzov reaction with triethyl phosphite
on 3—chloro—l-propana_198 (XXIII), the latter obtained by a careful
reaction of acrolein with ethanol and hydrochloric acid gas9 9 as shown .
in scheme 2.

An interesting observation to be noted in this scheme is the nature
of the compounds obtained in the Wittig reaction using two different
bases to generate the reactive phosphorane. The exclusive formation
of the campound (XXVI) is found when p—BuLi is used as the base.

However reaction involving DMSO/NsH gives a 1:1 mixture of (XXVI) and

(XIX). This has been confirmed by performing gas chromatographic studies
as explained in the table (III). When the reaction mixture obtained fram
- the IMSO/NaH reaction.-are injected together, there 1s observed an increase
"in the area of the peak corresponding to (XIX). - Similarly, there is ob-
served an increase in-the area of the peak corresponding to (XXVI) when

pure ((XVI) is injected with the reaction products of DMSO/NaH reaction.

H,C=CH—CHO + G,HOH + HCI CICHLH,CHDC, HY)

(xx1n)
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material injécted Peaks

(1) (i1)

Ratio
retention retention (1)s (1)
time (min) time (min)
Xy 8.60
(XXVI) -t 9.30
Reaction product
DMSO/NaH 8.60 9.30 1.09
(XTX) + Rxf prod. 8.60 9.30 0.46
(1:2)
(XXVI) + R prod. £.60 9.30 2.50
(1:2)
TABLE IT1

The synthesis of compounds (XVII) to (XXI) in Scheme I and (XXIIT)
to (XXVI) in Scheme 2 had been completed when the synthesis of phosphonic
acid arizlogues of isopentenyl;)/;)/-djnmmhylallyl, geranyl, farnesyl
ard presqualene pyrorhosphates were published by Corey and V‘olante.64 At
this stage, completion of the synthesis in this series was sbandoned

anc attention was devoted to the analbgue of mevalonic acid.
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The 4-methyl-4hydroxy~5-carboxypentyl-I-phosphonic acia (XXX)
is prepared from the diethyl ester of 4-oxopentyl-l-phosphonic acid
(XVITI) which has been described above in scheme I. Campound (XVIII)
was subjected to the Reformatsky reaction using the two-step pro-

100

cedure as described by Grob and Bunneisen. This was followed by

hydrolysis under basic conditions using sodium hydroxide in mg‘chanolzL 01
to yleld the free carboxylic acié (XXIX). The phosphonate ester
linkages were cleaved according to the Rabinowitzi02 technique using
trimethylsilyl chloride followed by aqueous hydrolysis to generate the
free phesphenic acid (XXX) which is isolated as the dicyclohexylammonium
salt (XXXI). (Scheme 3) In spite of numerous efforts using different
techniques to activate zinc for the Reformatsky reacticn, the yields of
the reaction could not be improved.

104,105 4o reagent used to generate a dianion

Lithium naphthalene
from carboxylic acids. These dianions have been repor'ted' to attack
" carbonyl carbons generating intermediates which after hydrolysis, yield
B—hydroxy acids directly. Lithium naphthzlene is a radical anion

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

Scheme 1.
| - THF :
BNO0 0le)"
(o] ] o
] 2 L;apht-'—l\a ~ I -
R —ICH"'C-OH pe R —?-—C-—O
R/ H F RI

R =R = H’CH3 ,CZHS' """csHsetC'
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=0

- - : O RO
R—IC_C'_O + R_c= ,’___Ic_é ” -
L L, T —R-¢ 9 c—0
H,0
OHE Q
R—C—C—C—OH
SCHEME 4 ’

Some examples of the use of lithium naphfhalene to prepare

B-hydroxy acid are shown in Table (IV).

several advantages over the Reformatsky reaction, although the yield

104

This approach offers

of the reaction is not particularly high. Better yleélds of the

compound (XXIX) have been obtained by allowing (XVIII) to react with

the anion obtained fram ethyl acetate using lithium diisopropylamide106

as the bese.

. ] \ -
in MeOH)‘O7 to yield the carboxylic acid (XXTX) in gond yield as shown

in schamne 5.

ke

The carboxylate ester is then hydrolyzed by a base (NaOH



o>

o)

I 0 . o} OH
R SN |
co
v s (xxvii) CHLOCH,
NaOH
CH.,OH
o
"GO\l o
HGo”
(Xx1x)  CHeow -
1-(CH3)3$iCl
N 2. HO
[ ] o)
- \O HO__|i OH
— P
l HO—

(xx)  cHeon
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: &p\ﬂ OH
CHSO\” “C\,N\GOY\ (XXIXJ CH2C00H

GO
CHCOCH,
(xxxi)

Q - |1 leHysic
- 9 2.HO

NH 0 Il OH

HO/R\/\V4\ o]
HO
Q (xxx) CHzcoz;n\ >{L OH

HO

CH,COOH
SCHEME 5
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Table (Iv)

carbonyl product °/ Yield
% 58
CHLOOH 1 eHeocH, | cpccheoon
CGHS
OH
CH,COOH D:o 38
HCOH
¢
CH,COO0H  |CH.CO[CH) CH, CHCCHCOOH | 373
(CH) cH,
"
CHCHCOOH PCHJOCGHACO(%HS‘pCHSOC%H“Cl:CHCOZH 38
CH;
CHCHCHCOH O:o OH 43
HCHCH| g
,Hs

b9




Another analogue of interest for the present work would be
mevalonyl methylendiphosphonic acid in which a methylene group 1s
present in place of the normal anhydride oxygen of the pyrophosphate
funetion. The scheme for its synthesis would involve the prepara-
tion of mevalonic acid and its coupling to diphosphonic acid at the
primary hydroxyl function of the mevalonic acid. Because of the
ease with which mevalonic acid forms the lactone it is important
that at no stage during its synthesis should both the primary hydrbxy
and carboxyl groups be allowed to be free simultaneously. DCifferent
rbutes for preparing the protected mevalonic acid have been tried, the

first one of which is shown in scheme 6.

c H{
. — - CHCHCHCHOC[C
.CHCHCHOH H,PO, BF-Et0 ’ (xz)(Xlzl I)C( Has
| Cr03/
Pyridine

1
I

CHCCHCHOC(CH,)

(xxx1v), 3

.
LDA |CHC—OCH,

OH
CH,CCHCHO c(cns)3
CHCOCH,
(xxxv)
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(xxxy)  +K%"/meon
2-HClmeon

OH
CH,CCHCH,0H
CH,COCHCH,
(xxxvin)

70
0—PCH,POH

OH OH

DCC

I
I
CH,CCHCH,0 PCH,P—OH
- OH
CHZCOZCHZCGHS
(xxx1x) ¢

AN

SCHEME
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OH
CH3C|: CH2CH20 C(CH3)3
CH,COH
(xxxvi)
C;H;CH.OH
pce

0 H
CHECHCHO clcHy),

CHC °2CH2C6H5
(xxxvi)

OH 0

| T
CH,CCH,CH 2°PCH2r—°H

CHCOOH OH OH

(x)



No problem' was encountered in the syntheslis through generation
of compound (XXXVI), but the coupling of benzyl alcohol with DCCLOY
could not be performed in Et.0, CHCl3 or THF at rocom temperature or

at reflux. An glternative would be to mske the sodium salt of the

acid and then allow this salt to react with benzyl bromide,'C
Scheme 7.
(l)H
' . NaHCO |
CHs?CHzCHzoc(CHs)a — CH3(|:CH2CH20C(CH3)3
CH,COOH CH,C—O Na
0 (xw)
CGHSCHzBr
DMF
H
CH3(|.2CH2CHZOC(CH3)3
CHC— CsH
SCHEME 7 2] OCHLC:H;
O (xxxvi
The synthesis of the benzyl ester was best achieved by performing
the reaction of the carbanicn obtained from . benzylacetate 106 with
the ketone (XXXIV) as shown bslow:
CH EOC ?H ‘
Il 3 'ﬁ
CH.CCHCH,OCI|CH
CH,CCHCHOC[CHy) — x CCHLH, Hy
CHzﬁ —0CH2C6H5
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Scheme 7 had to be abandoned as the removal of the protecting
t-butyl group could not be attained with an a.cidl224 in the presence
of a tertiary hydroxyl group due to the sase of formation of a
tertiary carbonium ion and the resulting extraneous reactions.

Inlthe second scheme used for the synthesis of this campound
(XL), an acetate group instead of t-butyl was used for the protec-
tion of the primary hydroxyl function.’®> At the end of the
Sequence, selective removal of the acetate in the presence of a
benzyl ester would be tried using potassium carbonate as the base.
There are examples reported in the literature where the selective
removal of the acetate has been achleved in the presence aof deacti-

126

vated esters. Corey achieved this in the synthesis of dl-sirenin

using potassium carbonate in methanol as the base.

. , 'K,CO,
o OAc  MeOH N OH
COC.H, COC,H;

However, this selective removal could nct be achieved using
potassium carbonate under varying condivions of temperature and
time. The Scheme 8§ shown below was also abandoned after the compound

(XLII) had been synthesised.
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i [
CH,=CHCCH, ~CH,C OCH,CHCCH,
XLII

CH,COCHCH,

LDA

™3
CHCCHCHOCCH,
I

CHCO,CHCH,
XLl

l
C H3(|:CHZCH20H
CH,C—OCHCH,
0
XXX VIil

SCHEME 8
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Another possible route for its synthesis would involve the use

of a tetrahydropyranyl ether as a_protecting group. 2! The advantage of

using this as a protecting group is that it can be removed under

extremely mild acidic condition5128 and hopefully leave the tertiary

hydroxyl group untouched. (Scheme 9.)

o 0
/U\/U\oc H —_— Q/COZCZHS
o (xLv)
LiAIH,
‘ o 88
OH
(xLvi) (X)) - OH

o OH
N
OTHP LDA

(xLvn)
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‘I)I 0
HO—PCH,P—OH OH

I
(xxxvin) HszH © o o

hl

DCC -0
PCHP—OH
| | N

SCHEME 9

A variety of routes used to synthesize methylenediphosphionic
acid all invclve acidic hydrolysis of the tetraalkyl esters. The use

129-132 )
29-132 o methylene dihalides has been

of the Arbuzov reaction
reported to give the desired tetraalkyl ester in widely varying yields
depending on the alkyl groups of the trialkyl phosphite and the reaction
corditicns used. Reaction of triethylphosphite with methylene iodide
under Arbuzov conditions gave the monophosphonate (XLIX); attempts to
make the desired tetrazllyl ester by performing either an Arbuzoy
reaction with more triethylrhosplite on (XLIX) or by a Michaelis—

Becker reaction on (3LIX) were not successful in our hands.

The required ester was eventually synthesised in good yield..
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by performing a reaction between methylene bramide and trilsopropyl
phosphite at 140-185° using a 24 - inch fractionating colum packed.
with glass helices.T35 Methylenediphosphonic acid was obtained by
hydrolysis of the ester with concentrated hy%aechloric écid.133

‘ Il
CH,l, + P(OEt) IcH,PZQE!
X
Q lojoé “©
NS
D ) /O;\ Arbu zov
& ' -2
Eto_] O |
(0 N AOEt
EtO~ PCH,P <OEt (L)
(L Low Yield
00
. iPrO -
CH,Br, + P(Oi-Pr PO ~Oi-Pr
2 ( )3 iPrO/PCHz ~0i-Pr

HCI (Conc-)
2 0
HO- ~OH
Ho-FCHPI gy

(Ln)

SCHEME 10
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During the preparation of diethyl U-oxopentyl-l-phosphonate
(XVIII) there was performed a reaction of triethyl phosphite on
5-chloro-2-pentanone. Instead of obtaining the desired compound
(XVIII), there was isolated a cyclized material. This reaction
prompted the study of the reaction of different halo-ketones with
Trriethyl phosphite under Arbuzov conditions and with diethyl phos-
phite under Michaeles-Becker conditions. 1, 4-Haloketones give
cyclized product with a tetrahvdrofuranyl skeleton both under Arbuzov---
ard Michasles-Becker conditions. 1, 5-Haloketones also yield
cyclized campounds with a tetrahydropyran skeleton. However, 1, 3-

Hzlcketones give open chain compounds as shown in Scheme 11.

+ P(OEt)3 —_ H3C>O
EtO~||
(o]

(L)

0
Ci T
/W . —:P(OEt HC

" ), —  Etol
Na Et0~ )
0

(L)
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0

|
c:sHs,)J\/\/c + P(OEt) —p Eto%‘>©

3 ~

EtO~7|
O (L)

\/ﬂ\/\/\Br+ POE) —» O(j

EtO_ (o)
EtO’g (Lv)

| 9 |
(%H)J\/\Cl - POE)  —» f okt

A (i) ~OEt

0
LN _ort —OEt
G ' PZoEY CH

o
SCHEME 11

Investigations of the mechanism of this reactions led to the
conclusion that for the dialkyl phosphites, reaztion proceeds by
ettack of phosphordus at the carbonyl carbon to form an inter-
mediate halohydrin, fecllowed by the nucleophilic 5,1 attack of oaxygen

on the halogen-bearing carbon. This route is sterieally favorable
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for the formation of five and six membered ring compounds. However,
in the case oi‘B—‘haloke‘cones, the formation of the four membered ring
1is unfavorable and therefore the reaction proceeds by the attack of

phosphorous at the I@-carbon displacing halogen ¢ give an open chain

compound.
PN N
X I ot ¥ HC\I \/r*
' T ¢
y o
C
NaX + EtO\
Eto’g
o )
/L\/\x Chom K
Na OEt . Et%\/ -
A% A mOT
K,
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In the first case, k2 is fast and therefore the reversible
first step of the reaction shifts towards the right, l.e. towards
the ring compound. In the second case, however lé is slow because of
the unfavoratle four-msmbered ring, and therefore the reversible

first step of the reaction shifts towards the open chain compound.

In reaction with triethyl phosphitfe, phosphorous adds across the

carbonyl to give a pentacovalent speciles as shown below. It can be

considered as a tautamer of (C) and (B).

Sk i+ OB ; Ew)?L/@”z)n\

o k" (A) (n = 2,3)

A

0

(E‘°;:N Jiojm)n\

© ©)

0

Il
OE{)

nz1 -
c X

(E*O)f S \ cH o:J
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Either (A) or (C) may proceed readily to (D). This latter species
may then be converted rapidly to the ring compound (E) for those
systems where a five or six membered ring is formed. The last step, a
displacement of an alkyl group by halide ion, similar to the second
step of an Arbuzov reaction, is rapid and is not invoivad in the rate
determining step. Phosplite addition across the carbonyl is
reversible. The kl2l is much larger than k_’i for five and six membered
ring compounds (k:’_2 >>kil) , but in the sterically unfavorable four-

Yy . 7, e s
membered ring system K, becames small and hence k_l is significant.

2
Therefore, phosophorous atfack at the I@—carbon to yield a B -ketophos—~
phonate (kzl>> k,;) which predomirates.

The phosphonic acid (XXXI) was designed as a specific inhikitor
for the biosynthetic pathway leading tco squalene and cholesterol. In
fact, it has been found to act as & most potent inhibitor of squalene
and cholesterol synthesisv when used with enzyme preparations from rat
l:'Lver'.108 The site of specific inhibition has been found to inyolye
phospho-mevalorate kinase; once phosphorylated, the analogue is unahle
to undergc the reguired decarboxylation, and feedback inhibition occurs.
(108). The Ki for the analogue has been found to be very similar to the
Km of the natural subs’cra’ce.lo8 |

Unfortunately, the analogue does not appear to be transported into
08

intact cells, a necessity for its use as a dr'u.g.l To overcome this
problem, the potential drug is covalently attachsd to a “chemical vector®
for which a mode of transport into the intact cell may exist. Once the
potentici drug with its chemical vector has entered the intact cell, it .-
is expected that the extraneous portion will be cleaved by enzymes

normally present. As described before, two types of chemical vectors
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are consldered here. The first of these would be a tripeptide with

the potential drug attachsd through a funétional group to a

sultably reactive residue on the peptide. Such a system may then be
able to gain entrance to the cell via an oligopeptide transport

system. The second type of chemical vector would be a large lipophilic-
function which is capable of taking part in micelle formation.

Tae carboxyl function of the mevalonate analogue is the most
suitable site for attaching a lipophilic chemical vector. It would
appear reasonable that fatty alcohols could be coupled to the free
carboxylic acid-phosphonate diester (XXIX) by a dicyclohexylcarbodiimide
(109} mediated reaction to generate the ester (LVII) as illustrated in

Scheme 12. However, dodecanol could not be counled.to the acid OD(TX) iw
ulcyClonexyicarbodlnnude using ether, chlorofonm or tetranyurofuran as”

_ solvent at room temperature or at reflux temperature for time varying
from 5 to 48 hours.

OH OH
(EtO)g ' (Eto)ﬁ
) + ROH__(F10)
CHCOOH
KX X H CH.COOR
SCHEME 12

This coupling was eventually achieved by preparing a sodium
salt of the carboxylic acid (XXIX) by treatment with sodium bicarbon-

ate%lo

The soZiumn salb is thoroughly dried over P905 under high
vacuum and is then allowed to react with cetyl bromide in DMF as the

solvent. (Scheme 13)
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SCHEME

OH

NaHCO, (g10) .
CHLO0H CH.L 6Na
o
cuicHz)ﬁB,
DMF
v
OH
(Et())2
CHE OcH,)cH,
(Lvi) o

Model structufés for tre second type of chemical vector i.e. an

of the analogue.

oligopeptide transport system, were begun with the synthesis of trigly-
cine as the "chemical vector" and 4-hydroxy-3-oxobutyl-I-phosphonate,
the isosteric analogue of dihydroxyacetone phosphate, as the drug.

The carboxyl terminus of the triglycine is coupled to the hydroxy group

o]

-+ I Il ll
Br HN CH,CNH CH,CNHCH,C OCHZCCHZCH PLoH
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Three approackes for its synthesis were used. The first of
these involves coupling the phosphonate analogue tc one glycine unit
and then a diglycyl unit is attached to the amino terminus of the

coupla-;l compound as shown below.

8 e
(EtO)}CHZCH?_CCHZOH
(i)

i it
(Eto)zPCHZCHZC CH,0Ac

TR TR | I [
(EtO)fCHzCHZCCHzOH + Z-NHCH,COOH —Z NHCH,C OCHZCCHZCHzF(OEt)z

L i
NH,CH,COCH
Then. 2CH, ZCCH2c|-12|>(0E1f-)2

7-Gly-GI . I I Il
YOH + NHCHCOCHC .CHZCHZP(OEt)z

[
Z-Gly-Gly-Gly-0CHC CHLH,P(OE)
‘ 2

The second approach would be to couple the phosphionate analcgue
frst to a diglycine unit and then hook up the third glycine unlt.
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(o)

[ o
(Et OPCHCHCCHOH + Z-
> 2 2 2

GIY-GIyOH—>ZGIy GlyocH I(I:CHC
Lx)* ° HZP(OEt)Z

NH,Gly G| 1] Il
Then: 2=y )'OCHzcci-lzcl-lzp(oust)2

I 1
ZGlyOH NHzGIyGIyOCHchHchZP(OE’r)z

0

|
Z GlyGlyGlyOCHC CHZCHZg(OEt)
(LXxi) ?

The third, and most likely the best, approach is to synthesise

the triglycine unit first and then Ocouple it to the phosphonate analogue.

I -
Z GlyGhGlyOH +H0CH2|(‘:CH2CH2P(OE-QZ —  (Lxx1)

For the synthesisof the tripertide linked to the phosphonate

analogue, the carbobenzyloxy groap was used for the protection of

o oisfat - 1=<r - e
the amino groupll" whereas t-butyl esters were prepared for th’~ pro-

tection of carboxyl g,rou‘p.l:L3 In later efforts ethyl es‘cer'sl14 were
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used as ths éarbo::yl protecting group instead of the t-butyl group.
For coupling g}ggg}_mits, Bodanslq‘z'sl:L5 active ester method was used,
p-nitrcphenol being used as the activaving group. (Scheme 14)

1 C¢HsCH,0COCI 0
H,NCH,CooH  NaOH - CGH,CHzogNHCHchOH
2 HCI
(tx)
0 ﬁ —
' (LX)-+'HO "_NOZ D‘C—C—’CsHscHngNHCHZC*O @Noz
(Lx1 )
e 8
l
LX) +gf_,'3>c=cr|2 H2894 | ¢ H, cH,OCNHCHL—OC(CH,),
3 (Lxn)
1Pd - +
(Lxxi) + Hy E)}é%c_’ Ox NH3CH2gOC(CH3)3
acid (Lxm)
Pyridine il
(LX) + (Lxm) ————-—>CH5CH20CNHCH2|CI:NHCHgOC(CH)J
N(C4H9) 6 2 3
s (Lxv)
H i 9
(Lxiv) *CGHSCHpCNHCHZgNHCHz_COOH
(Lxv)
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LX) + HocwgCHszﬁ(o&)z “Bec  2GlYOCH,CCHCH, OEt)z
(wa)

HB'/HC)AG

Br NH CH&OCHccrchIP(oa)
(wa)
SCHEME 14 - .

A1l attempts made to couple (LXV) and (IXVI) were in valn The .
different methods used to couple (IXV) and (IXVI) include DCC in
CH2C12, EtOAc, Et20 as solvents, the mixed anhydride, and actiyated

ester methods; none of these worked. Nelther was success. obtained. -

with the second method, combining the phosphonate analogue with digly-

cine unit and then hooking up the third glycine unit.
The best results were obtained when the phosphonic acid analogue

was tied to the entire triglycine unit as shown below. (Scheme 15)

0
II C,H;OH il
CHCHOCNHCHCOOH — “Ho— CH,CH ocNchzcoc Hs
. H Pd/c
2. HCI

CINH,CH,COC H,
(Lxwi)

o} o 0
DCC I I
(Lxv)+HO NO, ~pmE CHSCHOCNHCHZCNHCHZCO NO,
(Lxvin)
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. Ryridin |
(LXVII) . (LXVIII) IJ(I' : )e ~ CHCH OCNHCHZHNHCHZCNHCH‘COC H,
9

(Lxix)
KOH l
(Lxix) ~ ——=GHCH OCNHCHZCNHCHCNHCHCOOH

(Lxx)

_ o
LX)+ HOCHICCH CH P(ost)
o

| [
CHsCHOCNHCHZCNHCHZCNHCHCOCH CCH CHZP(OEt)
(Lxxi)

Pgndme

B
r/c+|3cc>0|-|

I I l I
BrNH3CHZCNHCH2CNHCHCOCH C CHCHZP(OEt)

(Lxxu)
(CH 3)35i Br
2-H,0
. o 0
Br NH3CHCNHCHCNHCH2COCH2C CHCHzP(OH)
(Lxxm)

SCHEME 15
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For the preparation of (ILXXI) from (IXX) and the phosphonic acid
analogue by DCC coupling, the ornly solvent which has been found to be
satisfactory is anhydrous pyr'idine.:Ll6 This reaction falls in ethyl
acetate, methylene chloride, chloroform and ether. In the next step,
removal of the carbobenzyloxy group by I-IBr/HOAc,ll7 the ester gr'oﬁp is
left untouched as shown by MR, IR and TIC. This is not unusuel as

118 where this reagent

there are examples reported in the literature
has been used without cleaving the ester linkage.

Unfertunately, when the above tripeptide system was studied for
its transport activity with E. coll unequivocal results were not found.

The second tripertide, a better choice based on its hydrodynamic
volume and availability of interacting functions 1s -

. CH, CH,
Br NH, CHENHEH 0c':NHcl:H COOH

|
CHZ(]: o CHZP: CHCH,P(0 Et)2

AsP—AI%-AIa -OH

|

BOCH L CHCH 2E(ost)2

The tripeptide unit is made first and is then linked to the
phosphonic acid znalogue at the Ig-carboxyl function of the aspartic
acid unit in the tripeptide. The peptide is made by combining a
sultably protected aspartic acid to the alawylalanine unit. The
t-butyloxycarbonyl group '_(‘c,-BC)C):L19 is used for the protection of the

amino group in aspariic acid whereas its IG-—carboxyl firnetion is
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2
protected by a benzyl group.l"o The dipeptide 1s prepared as alanyl-

slanine t-butyl ester”® with a free amino group. These two mults
are coupled by DCC to give the required tripeptide with all the
functional groups protected. The 18 —carboxyl function of aspartic
acid is liberated by hydrogenation over palladium on carbon as
catalyst. The final coupling of the analogue with the tripeptide is
achieved by using DCC in anhydrous pyr'idjnell6 as the solvent‘.

Both the amino and the carboXyl protecting groups are cleaved using

HBr in glacial acetic acid.l! Scheme 18.

NH,CHCOOH HzN CHCOOH

H,SQ,
+ CgHCHOH ————
H,COOH HCOCHL, H,
Lxxw)

o 0
i
Cl—C—CI +|-|o<_i>wo2 m—c—o@ NO,

(Lxxv)

(cH J C~OH

. (cH ;DSC—O(L!—O@NQZ
(Lxxvi)
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(Lxx) -+ (xxvi (CH.o)sCOCNHCHCOOH
CH,C OCHCH,
(Lxxvi)
SCHEME 16

The above reaction for the introduvction of the t-BOC group
proceeds with only a poor yleld (20-25%). More recently t-BOC~ON has ~
been used as the reagent to introduce a t-butyloxycarbonyl group.l21
It offers the advantages of time and ease and works with a much

better yield over the earlier mentioned reaction.

(LXXIV) + t-BOC-ON BOCNHCHCOOH

CH,COCH.CH,

(LXxv1)

CH, 0 o cH,

HNCHCOOH + CHCHOCCI ———CH.CH,0CNHCHCOOH
(LXxvn)

C|.’3 0 CH3O

H,SO I
(LXXVII) + >¢=CH2 — % - CH,CH,0CNHCHCOCCH)
CH; (Lxxx) ’
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9
—~HNCHCOC(CHy,
(Lxxx)

H,
Pd/c

'SCHEME 17

A more convenient method for making (LXXX) without protecting
the amino group, is to allow alanine to react with fiquified iso-
butylene In the presence of concentrated sulfuric acid in a pressure

bot‘cle.12‘2 The desired compound is isolated as the hydrochloride of
(I33X).
CH,;<

3
|
H,NCHCOOH + (l3=C=CH, + H,S0, —l
’ H3O

H,NCHC O C (CH3)3

Hely 40

2o (=
OH *+ H NO
C¢H;CH,0CNHCHCO o-@— ZTDCC
| NN
CGHSCH20CNHCHCO'©—N02

(LXxX1) |
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(LxxX) + (LXXXI) ijrldme/N(cd ),

CHy  CHso

—NHCH CONHCHC—O NOz

(LxxxIt)
CH,  CH, 0

I |
(LxxxIl) —ﬁ;;—z—— HNCHCONHEHC -0 CCHy),
(Lxxxii)

(LXXVIII) . (LXX\(HD DCC/CH,ClI,

0 0 CH; O CH; 0

I v -4 1/
(CH3)3C0CNHC|:HC Ch)lHCHr.:NHCHC——c:c(cHa)3
CH,E—CH,CH,

(LXXXIV)

o ﬁ CH“(IDI CH,0

(Lxxxiv) ?d;g—* (CHy) COgNH(l:HLNHCHCNHCHC—O clcHy),
CH, C—OH
0

(LXXXV)
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0
Il I _OC,H
(LXXXV)+ HOCH,CCH,cH P~ pCC/

0 0 O CHPO
I I 1oL oclens),
(CH,),cOCNHCHCNHCHCNHCHC 3

OC,H
CHzﬁOCHzﬁOHzCHzﬁ<OC:H:
0O O o)
(Lxxxv1)
(Lxxxv1) + HBr/CH,COOH .
R
érNH3(II:HCNHCHCNHCHcooH
C,H
CH,COCH,C CH,CH, pr0%27s
A F jNOCH,
o o 0
(Lxxxvin)
1 (CH;),SiBr
(Lxxxvn)
2 H,0
-+ 1
BrNH,CHCNHCHCNHCH COOH
CHZC—OCHzﬁCH2CHzﬁ<g:
I
o) 0
(LXXXVII)

SCHEME 18
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Experimental

General . A1l chemicals were of reagent quality and used
without further purification with the following exceptions:
benzene, pentane and hexanes were dried over sodium ribbon. IMSO
and pyridine was distilled over calcium hydride. THF was distilled
over lithium alumirum hydride. DMF, cetyl bromide, dioxane and
methylene chloride were distilled immediately prior to use and stored
over molecular sieves. Thin layer chromatography was performed
using Polygram Sil N-HR silica gel sheets. Silica gel for preparative
chromatograpny was from Baker (60-200 mesh). Infrared spectra were
measured using a Perkin-Elmer 237-B spectrophotometer, and NVR spectra
were measured with a Varian EM-360 or Varian A-60-A instrument. Mass
spectra were measured using a Varian MAT CH-7 instrument and calibrated
against perflourokerosene. Melting points were obtained on a Hoover

Uni-Melt capillary melting point apparatus.
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Diethyl 4--Oxopentyl~-l-phosphonate (XVIII)
In a 500 mL round-bottomed flask equipped with a reflux condenser
and a calcium chloride drying tube was refluxed a mixture of 50 g
(0.304 moles) of 5-Chloro-2-pentanone ethylene ketal and 55.0 g (0.33
moles) of triethyl phosphite for 42-U3 hours. The reaction mixture was
cooled to room temperature and then stirred for 30-U40 minutes with 150 nl .-
of 0.1M HCl. The aqueous solution was extracted with 4x100 mlL of benzene |
_and the combined extracts were dried over anhydrous magnesium sulfate.
After filtering the magnesium sulfate, the solvent was removed on a rotary
evaporator and. the residual oll distilled under reduced pressure to yield
23.1 g (36%) of the required compound as a clear liquid. bp 80-100°/.05-
.025 Torr. NWR (CCL,) ) 1.1(t, 6H,0CH CHy) , 1.7(m, 2H,CHp), 2.1(s,3H,C0CH3),
2.4(m,2H,0H,), 3.5(m,2H,CHaC0), 4.0(m,HH,0CH,); IR(CClu)cm—l 3000, 1725,
1370, 1255, 1165, 1050.
Analysis: Calculated for CgH,q0,P C,u48.65; H,8.56
Found C,48.73; H,8.60

Diethyl U4-Methyl-l-pentenyl-l-phosphonate (XIX) Method A

sti In a 1L three-necked round-bottomed flask fitted with a mechanical

" stirrer, feflux condenser, a gas inlet tube, and an Erlermeyer flask
connected through Gooch tubing a gentle flow of nitrogen was mainfained i
throughout the reaction. The flask was charged with 250 mL of anhydrous
ether and (0.038 moles, 22.8 mL) of n-butyllithium (conc. about 1 mole in
600 mL of cyclohexane). The solution was stirred and 15.3 g (0.038 moles)
of triphenylmethyl phosphoniwn iodide, dried over P205 under high vacuum,
was added over a period of 5 minutes through the Gooch tubing. The solu-

tion was stirred for 4 hours at room temperature.

77



After 4 hours, the Gooch tubing was replaced by a dropping furnel
and ketone (XVIII) (9.2 g, 0.041 moles) was added dropwise. The solution
became cloudy and a white precipitate separated. The mixture was heated ‘
under the reflux overnight, allowed to cool to room temperature, and
then the precipitate was removed with suction filtration . The preclpi-
tate was washed with 100 mL portions of ether, and the combined ether
filtrates were washed With 100 mL portions of water until neutral. The
ether extract was dried over anhydrous magnesium sulfate, the solvent was
removed on a rotary evaporator, and the residual liquid was distilled
under ‘vacuum using a spinning band distilling column. bp 65-69°/0.09 Torr.
Yield 2.0 g (24%). NVR (neat) 5‘0.9-—1.3 (’c,6H,OCH2CH3), 1.3-1.7 (singlet .
superimposed on a multiplet, 7I-I,CH3,CH2CII-12), 1.8—2.1(m,2H,CH2), 3.5-4.0
(q,MH,OCHz), 4.45(5,2H,=CH2); IR(CCl)_l)cm'1 1650,1450,1390,1250,1060,1030.

Analysis - Caleulated for CygHyOsP C,54.54; H,9.5U

Found C,54.29; H,9..7ll

Diethyl 4-Methyl-l-pentenyl-l-phosphonate (XIX) Method B

Sodium hydride (0.04 moles, 1.68 g of 57%) was washed with pentane
(dried over sodium) 3-4 times in a three-necked flask. The flask was
filled with nitrogen gas by alternatively applying suction and flowing in
rnitrogen gas. An atmosphere of nitrogen was maintained throughout the
reaction. 30 mL of freshly distilled dimethylsulfoxide was injected into
the flask and the flask heated at approximately 60° with the reaction
mixture being stirred with a magnetic stirrer until there was no more
evolution of hydrogen gas (about 40-45 minutes). At this stage, the oil

bath was replaced by an ice bath.
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Triphenylmethyl phosphonium lodide (C.04 moles, 15.92 g) dried over
P205 under vacuum, was dissolyed in 50.:mL of warm IMSO in a round-
bottomed flask with a minimm exposure to air. This solution was added
to the three-necked flaék dropwise through an addition furmel while
the flask was being cooled in an ice-bath. When the addition was over,
the ice-water bath was removed ard the reaction mixture was stirred
for 36-45 minutes at room temperature. At this stage, thé reaction
mixture had a dark reddish-green color. The ketone '(XVIII), (8.0 g,
0.036 moles) was added throlgh a dropping funnel. On addition of the
ketone the reaction mixture became warm and there was a lightening of
the color to pale yellow. The reaction mixture was stirred fcr 2-3
hours a5 room tempersture and then heated at 60° for another 3-4 hours.
After cooling to roam temperature the reaction mixture was poured into
150 mL of distilled water. The resulting turtid solution was extracted
with pentane. At this stage, a white solid precipitated which was
filtered. The pentane layer was separated and the aquecus layer
extracted repeatedly with 50 mL portions of pentane. The filtered
sclid was also washed 2-3 times with pentane. All the pentane extracts
and washings were cambined and Gried over anhydrous MgSOM. The dried
solution was then passed through a colum packed with 33 g of neutral
alumina. All the pertane was removed under reduced pressure an¢ the
residual liquid dlstilled under vacuum to yield 2.6 g (36%) of the
desired campound as a cclorless liquid. It was used withcut any
further purification for the next reaction. bp 63-67°/ 0.08 Torr NVR
(neat)S 0.9-1.3(t ,5H,OCHZCH3), 1.3-1.7{singlet super:hﬁposed upon a
multiplet, THOH3,CHGH,), 1.8-2.1(m,24,CH,), 3.5-4.0(q,4H,0CH,),
4,4(s,2Hd,=CH2), l‘R(CClu)c:m':L 1650,1450,1390,1250,1160,1050, 940.
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Monosodium salt of 4-Methyl-4 pentenyl-l-phosphonic acid (XXI)

A mixture of 3.3 g (0.015 moles) of diethyl --UY-pentenyl-l1-
phosphonate (XIX) and(6.5 g, 0.042 moles ) of sodium icdide in 35 mL of
dimethylformamide was heated at 1140-150o for 27 hours. Following this
reaction period, a white solid was obtained on cooling the reaction
mixture to room temperature. The mixture was evaporated to dryness
at room temperature under high vacuum and the :fésidue was triturated
with 100 mL of acetone to yield a precipitate which was then washed
with 500 mL of fresh acetone on a sintered glass funnel. The undis-
solved solid was dried and weighed (1.4 g, 45.4%) + Of this disodium
salt 0.3 g was dissolved in 15 mL of 50% agueous methanol and then
passed through a colum of acid-form Dowex 50 to convert the above
disodium salt into free phosphonic acid. The acidic eluate was then
heated at 100° for one hour and evaporated to dryness to yleld 0.22
g (96%) of the free phosphonic acid. It was dissolved in 50 mL of
distilled water and then titrated with 0.015N sodium hydroxide to
pH 5-6. The aqueous solution was evaporated under reduced pressure at
50°. The residual oil partially solidified after being kept under
high vacuum overnight. To this partial solid, 15-20 mL of absolute
methanol was added and then stirred for some time. Methanol was
removed under reduced pressure to yield 0.2 g (90%) of a white solid
which was dried under high vacuum. It gave a single spot on TLC
using 10% 0.1N HCl in methanol as the developing solvent - Rf,=0.69.
IR(Fluorolube)cm—l 3600-3000 (broad), 1650,1465,1360,1260(s), 2200,
1110, 1030, 955,900.

Analysis: Calculated for CanO3PNa.HéO C,31.85_; H,5.75
Found €,31.73; H,6.12
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Preparation of Dowex-5Q, acid form:

Dowex~50 was washed with about 150 mL of 2N sodium hydroxide and
then with water till the washings were neutral. It was then washed
with 250 mL of 6N hydrochloric acid on a sintered glass funnel; this
was followed by water washings until they were neutral. The whole
process was repeated three times and at the end Dowex-50 was allowed
to stir with 250 mL of 6N hydrochloric acid for 1 hour, f‘oilowed by -
washings with distilled water until the washings were neutral and no
more color was leached from the Dowex. The Dowex~50 used had the
exchange strength of 5 meqg/g.

1-Chloro-3-propanyl diethyl acetal (XXIII)

A three liter three-necked flask equipped with a magnetic stirrer,
a dropping furmel, a gas inlet tube, a condenser with a calcium
chloride drying tube and surrounded by an ice-salt bath, was charged
with 226 mL of absolute ethanol. The aleohol was saturated with
hydrogen chloride at o°. Simultaneously, 10.0 g of acrolein was weighed
and kept in the addition funnel surrounded by an ice-salt mixture.
When the alecohol was saturated with hydrogen chloride acrolein was
added slowly to The reaction mixture with stirring, keeping the three-
necked flasked immersed in an ice-salt bath at 0°. This addition
required 1-2 hours taking care that the temperature of the reaction
mixture did not rise above 0°C. The stirring was continued for another
hour and then the reaction mixture was transferred to a separatory
funnel and allowed to stand until there was a separat;ion of two layers.
The lower layer of acetal was separated and treated gradually with

powdered sodium bicarbonate until all the acid was neutralized. The
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mixture was filtered and the filtrate washed with two 50 mL portions
of ice cooled water and then dried over anhydrous potassium carbonate
for 7 hours. Potassium carbonate was rémoved and the liquid
distilled under reduced pressure using a fractionating colum. bp 79-
86° /19-24 Torr Litt. bpo® . 58-62/ 8 Torr.

Yield: 98.0 g (34%). I\IMR(CClu)S 1.0(t,6H,0CH,CH) , 1.9(q,2H,CHCH),
3.5(m, 6H,0CH,,C1CH,), 4.5(t,1H,CH).

Diethyl 3,3-diethoxy-l-phosphonate (XXIV)

Freshly distilled triethyl phosphite, 50 g (0.30 moles), and a
15% excess of the acetal (XXIII), 58 g (0.35 moles) were refluxed at
170-178° for U hours using a fractionating colum. After 4 hours, the
round-bottomed flask was cooled and a low boiling fraction was removed
by distillation at 40-46°/5 Torr. The residual liquid was transferred
to a 50 mL round-bottamed flask and distilled under reduced pressure
using a fractionating column to yield 10.0 g (12.5%) of the reguired
compound. bp 91-95°/0.05 Torr, Litt. bp98_ 98-100°/0.07 Torr. NVR
(neat)§ 1.0(m,12 BOCH,CH,), 1.3-1.9(m,4H,CH,CH,), 3-3.5(m,4H,0CH,), 3.6
~4.1(q, 4H,0CH, ), 4.3(m,1H,CH).

Diethyl 3-oxopropyl-l-phosphonate

The above compound,(9.5 g, 0.035 moles), 53.6 mL of 3% hydro—
chloric acid and a small amount of hydroquinone were heated at '70--’75o
for 5 hours under an atmosphere of nitrogen gas. At the end of this
period, water was removed using a“ro‘cary-evaporator and the residual

liquid was immediately vacuum distilled to yield 5.7 g (83%) of the
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reguired compound (XXV) bp .87-90°/ 0.13 Torr, Litt. -bp9 8 92-94°/
0.23 Torr. NMR(neat)® 0. 9-1.3(t ,6H,0CH,CH; ), 1.5~2. 9(m, 4H,CH,CH,) ,
3.6-4.35(q, 4H,0CH,), 9.9(s,1H,CHO). IR(COL,)em ™ 3400,3020, 2850,
1730,1420,1390,1250,1175,1060,1040,940.

Diethyl U-Methyl-3-pentenyl-l-phosphonate (XXVI): Method A, using
n~-Buli:

In a three-necked flask equipped with a mechanical stirrer, an
addition fummel, a refluxing condenser anpl a gas inlet tube, was
placed 200 mL of anhydrousether. n-Buli (0.031 moles)23 mL was injected
into the flask followed by the addition of 0.031 moles (14.6 g) of
triphenylisopropyl phosphonium iodide through Gooch tubing fram an
Erlemmeyer flask. There was a develomment of a dark red color after
the addition of phosphonium salt. The reaction mixture was stirred for
2 days at room temperature. After 2 days, 5.8 g (0.03 moles) of the
aldehyde (XXV) was added dropwise.. There was the formation of a
yellow precipitate and the color changed fram deep red to orange to
yellow as the reaction proceeded. The reaction mixture was allowed to
reflux for three days. At the end of this period, the mixture was
filtered and the solid washed with 200 mL of ether. The combined
etheredl extracts were washed with water until the agueous washings
were no longer basic. The ether layer was dried with anhydrous
magnesium sulfate. The solvent was removed on a rotary—évaporator and
the residual liquid distilled umkier vacuum to yield 1.0 g (15%) of the
required campound. bp 68-72° /0.05 Torr. NYR(neat) 0.9-1.3(t,6H,
OCHZCH3), 1.4-2.5(two singlets superimposed on a multiplet, 10H, CH,CH,,

=C: CH3

), 3.6-4.25(q,4H,00H,), 4.9-5.2(n,1H,HC=C). IR(CClu)cm-l 3100,
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1660, 1450, 1150, 960.
Analysis: Calculated for C10H2103P C,54.55; H,9.54
Found  C,54.43; H,9.60

Method B: using DMSO/NaH

Sodium hydride (0.046 moles, 2.0 g of 57%) was washed with dry
pentane 4 times in a three-necked flask. An atmosphere of nitrogen
gas was maintained throughout the reaction and 35.0 mL of freshly
distilled dimethylsulfoxide was injected into the flask and heated
at about 60° with the reaction mixture stirring until there was no
more evolution of hydrogen gas (about 40-45 minutes). At this stage,
the oil bath was replaced by an ice-bath. Triphenylisopropylphos—
phonium icdide (0.046 moles, 19.9 g), dried over 1>2O5 under yacuum,
was dissolved in 50 mL of warm dimethylsulfoxide in a round-bottamed
flask with a minimm exposure to air. This solution was added to the
three-necked flask dropwise through an addifion funnel while the flask
was being cdoled in ice-water bath. When the addition was over, the
ice-water bath was removed and the reaction mixture stirred for
30-45 minutes at roam temperature. The formation of the ylide was
shown by the development of a dark red color. The aldehyae xxv) (9.0
g, 0.046 moles) was added through a dropping funnel. The mixture
was stirred for 5-6 hours and then heated at about 60:«70O overnight.
After cooling to room temperature, it was poured into 100-150 mL of
distilled water and then extracted 5-6 times with 100 mL portions of
pentane. During the extraction, a solid repeatedly precipiltated;
this solid was filtered and washed with 200 mL of pentane, All the

pentane washings and extractions were combined and passed through a
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colunm packed with neutral alumina. The solvent was removed under
reduced pressure and the residual liquid distilled under vacuum to
yield 2.9 g (29%) of a coloriess liquid. bp. 60-62°/0.01 Torr. N'R
(neat)§ 0.9-1.2(t,12H,0CH L) 1.2-2.u(m,19H,CHQCH3,(01{2),=c(CCHHg),
3.5-4.15(m, 8H,0CK,) , 4.5(s,2H=CH,), 4.8-5.15(m,1H,CH=C), IR(CCLy)e
3500(w), 3000,1700(w),1660,1460,1410,1260,1175,1100,975. NMR and IR
indicated that the distilled material was a mixture of two compounds.
This was confirmed by VPC studies. As explained in the result and
discussion chapter before, these two compounds were identified as.1l:1
mixture of the desired campound and diethyl M-methyl—ik—pentenyl-l—phos-

phonate (XIX).

Diethyl 5-Carbamethoxy-U-hydroxy-U4-methylpentyl-l-phosphonate (XVIII);
Method A, Reformatsky reaction:

Washing of Zinc: About 25 g of Zinc was washed with 200 mL each of
2M hpdrochloric acid, water, acetone and then with ether. At the end,
it was washed with 120 mL of a 1:1 mixture of ether and benzene and then
dried over P2O5 under high vacuum. |

A 500 mL three-necked flask equipped with a mechanical stirrer, a
reflux condenser, an addition funnel, and a gas inlet tube, was
charged with 7.5 g (0.115 moles) of washed, dry zinc and 150 mL of a
1:1 mixture of ether and benzene as the solvent. In this was added
over a period of 2 hours 19.1 g (0.125 moles) of metmlbrdnoacetate
dissolved in an equal amount of the same ether-benzene mixture. The
reaction was triggered by addition of a trace of iodine and slight
warming. After two-thirds of the bromoester had been added, .another

5 g of zinc followed by another 4 g of zinc and at the end of the
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addition (0.25 moles of zinc total). E[i'aces of iodine were added 3
times during the course of addition of the hramoester. In the
reaction mixture was'generated the organo-zinc campound which appeared
as a thick oil. The mixture was vigorously stirred under reflux for

4 hours. It was observed that at this stage a significant portion

of the zinc was left unreacted. The reaction mixture was cooled to
room temperature and 11.0 g (0.05 moles) of the ketone (XVIIL) was
added dropwise. It was refluxed for 3 hours under vigorous stirring
and after cooling to roam temperature 100 mlL of glacial acetic acid
was added. After the addition of ketone (XVIII), there was observed

a deposition of a green precipitate at .the walls of the flask which
dissolved as the refluxing was continued and eventually gave a yellow
solution. After 30 minutes of addition of acetic acid, the clear
solution was decanted and extracted i:wice with 40 mL. of distilled water
and thrice with dilute hydrochloric acid. The combined aqueous extract
was made basic by the addition of concentrated amonia. It was satur-
ated with sodium chloride and then extracted several times with
benzene. The organic extracts were dried over anhydrous pobassium
nsarbonate and the solvent removed under reduced pressure. The resid-
ual liquid was distilled under vacuum to yield 2.6 g (17.5%) of the
product. bp 55-60°/.005 Torr. Rf.(9CH013:1 CHBOH)=0.79. NMR(CCJ.L;)

8 1.2(t,9H,OCH20H3 . CH3), 1.5-2.6(singlet superimposed on a multiplet,
7H,(CH2)3,CH2CO2), 3.5(two singlets, 4H,0CH,,0H), 3.6-4.3(m,5H,0CH,,
OH), TR(CCL,)em™" 3550, 3050,1735,1460,1410,1390,1250,1175,1040,950.
Analysis: Caleulated for Cy pH,0gP C,48.65; H,8.15

Found C,48.89; H,8.64
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Diethyl 5-Carboxy-U-hydroxy-methylpentyl-l-phosphonate (XXIX)
Method A: |

The hydroxyester (XXVIII) (0.5 g, 0.0017 moles) was dissolved in
10 mL of methanol and 1.5 g of potassium hydroxide dissolved in 10 mL
of water was added to it. It was refluxed for 4 hours and then
brought to room terﬁpéra‘cure. The reaction mixture was acidified to
congo red and then extracted three times with chloroform. The organic
extracts were concentrated and then washed thoroughly with sodium
bicarbonate solution. The agueous extract was acidified to congo
red and then extracted with chloroform. The organic extract was
dried over anhydrous sodium sulfate and the solvent removed under
reduced pressure.: The residual liquld yielded the expected spectral
analysis. The campound decomposed upon attempted distillation. It
was found to be sufficiently pure on TLC and u§ed for further reaction
as such. NYR(CC1y)y 0.9-1.45(t,9H,CHy,0CHCH,), 1.45-1.9(m, 2H,CH, ),
2.l(s,2H,CH2002), 2.3—2.7(m,2H,CH2), 3.1—3.55(m,2H,CH2), 3.6-4.5
(q,48,00H,), 8.25(s,2H,0H,C0,H, exchange with D,0), E(CHCl3)crn'l
3300-3600(broad), 3000,1710,1450,1390,1250,1175,1050,975.

Diethyl 5~Carboxy-U-hydroxy-U-methylpentyl-l-phosphonate (XXIX)
Method B, using lithium naphthalene:

Naphthalene recrystallized (12.8 g, 0.1 moles) from 2-propanol was
dissolved in 80 mL of freshly distilled tetrahydrofuran (over lithium
aluminium hydride) in a three-necked flask equipped with a magnetic
stirrer and a gas inlet tube. An atmosphere of argon was maintained

throughout the reaction. Lithium (0.7 g, 0.1 gram atom) washed with
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benzene and ether was put into the reaction flask. On stirring there
developed a dark green color within -5 minutes. It was léep‘c stirring
for 2 hours at room temperature. At the end of this period, the flask
d was cooled in an ice-water bath and 3.0 g (0.05 moles) of glacial
acetic acld in 30 mL of dry tetrahydrofuran was added dropwise tlhrough
an addition funnel. It was stirred for 10 minutes at room temperature
and then at 50—60o for the next two hours. At this stage, the reaction
mixture had an orahge color. The ketone (XVIIT) dissolved in 30 mL

of anhydrous ether was added rapidly to the reaction mixture which
resulted in a rise of the temperature and decolorization of the
reactlon mixture to a pale yellow. It was refluxed for 2 hours at
50—600. After cooling to room temperature, the reaction mixture was

- hydrolyzed with.a minimum amount of water which resulted in the formation
of a clear two layer mixture. The alkaline bottom layer was acidified
to congo red and then eztracted three times with chloroform. After
drying over anhydrous sodium suifate, the solvent was removed using a
rotary evaporator leawing behind 5 g (35.5%) of an oil which exhihited
spectra in accord with the proposed structure. It ga\'re a single spot

on TLC using CHCl.:EtOH(9:1) mixture, Rf=0.45. NMR(CClu80.9—l.3

3
(m,lGH,OCHZCH3,CH3,CH2)3, CHZCO2)’ 3.2—'4.’_4(m,51—1,OCH2,CH), 8. 6(broad
singlet, 2H,OH,CO.H, exchange with DZO)’ ZIZR(CHCl3)cm-1 3600~3300(broad),

3000, 1710, 1450,1410,1390,1250,1175,1050,975.

Analysis: Calculated for cllHQSOGP C,46.81; H,8.16
Found C,47.30; H,7.85
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Attempts to further purify this carboxylic acid as the piperazine
salt were unsuccessful. It could, however, be further purified by
generation of the dicyclohexylamine salt which was prepared by
carrying out the hydrolysis with triznethylchlorosilane and then treat-
ing with dicyclohexylamin.
Analysis, Calculated for CygHagOgNP C,56.02; H,9.34

- Found C,55.73; H,9.17

Diethyl 5-carboethoxy-4-hydroxy-U-methylpentyl-l-phosphorate (XXXII)
Method C, using Lithium diisopropylamide.

In a 100 mL three-necked flask equipped with two addition funnels,
a gas inlet tube, a magnetic stirring bar, and a rubber septum, was
placed 20 mL of anhydrous ether which was cooled to --230 under a
nitrogen atmosphere. Freshly distilled diisopropylamine (2.22 g,
0.022 moles, 3.08 mL) was added via syringe followed by a solution of
n-butyllithium in hexane (0.22 moles, 13.2 mlL) which was added over a
period of 10 minutes through an addition furmel. After stirring for
1 hour, the bath temperature was reduced to -78° and'dr-y ethyl acetate
(0.22 moles, 2.16 mL) was slowly added. The solution was stirred
for 30 minutes at 78 and then 4.88 g (0.022 moles) of the ketone
(XVIII) was added slowly. After 30 minutes, the reaction mixture was
treated with 20% hydrochloric acid (4.0 mL) and allowed to warm to
room temperature; the mixture was diluted with 4 mL of distilled
water and extracted 4 times with 20 mL portions of ether. The organic
extractions were combined, dried over anhydrous sodium sulfate, and
the solvent was evaporated to yleld 3.53 g (52%) of (XXXII) as an oil.
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It gave spectral analysls in accord with the proposed structure, also
showing that there was present a small amount of the unreacted starting
ketone. NYR (CC1,§0.9-1. 8(m, 16H,0CH CH_, CCHy , CHyCH,) 1.8-2.7(singlet
superimposed on a multiplet, lIH,CHZOOZ,PCH), 3.2-l.3(m,7H,0CH, ,0H) ,
'l_'R(CClM)cm'1 3550, 3050, 1735, 1#60,11510,1390,1250,1175,1060,10110,

950. It was purified in the next step by hydrolyzing the carboxylic
ester to a carboxylic acid and then extracting the acid with

sodium bicarbonate solution.

Diethyl 5-carboxy-U-hydroxy-U-methylpentyl-l-phosphonate (XXIX)

The above ester.(}ocx:[l) (3_._53 g, 0.0113 moles) was dissolved 1n
8 mL of 1 N potassium hydroxide in methanol at -20°. After 1 hour
at -20°, the reaction mixture was warmed to room temperature and
éllowed to stand overnight. It was neutralized with methanolic
hydrochloric acid, prepared by dissolving 5.0 mL of acetyl chloride
in 100 mL of methanol, to congo red. The precipitate potassium
chloride was filtered and the filtrate evaporated to dryness using
a rotary evaporator. The residue was dissolved in chloroform and the
precipitated potassium chloride again filtered. The filtrate upon
evaporation gave 2.53 g of the crude acid (79.3%). This crude acld
was purified by dissolving in 10 mL of chloroform and then extracting
the chloroform solution 4 times with 7 mL portions of saturated -
sodium bicarbonate solution. The agueous extracts were cambined and
acidified aqueous solution was extracted thoroughly with chloroform.
The combined extracts were dried over anhydrous sodium sulfate and the

solvent removed under reduced pressure to yield 2.0 g of the purified
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acld (62.7%). It gave a single spot on TLC. Rf(CHC13:EtOH,9:1) =
0.45. MR (CC1)§ 0.9-1.45(t,9H,CCHs,00H,CH,) 5 1.45-1.9(m,2H,CHp),
2.1(s, 2HOH,(0,) , 2.2-2.7(m, 2H,CH,), 3.1-3.55(m, 2H,PCH0, 3.6-4.5
(q,4H,0CH,), 8.45(Broad singlet, 2H,0H,COoH, exchanged with D,0)
IR(CHCl3)am™1 3300-3600(Broad), 3000, 1710,1450,1410, 1390,1250,1175,
1050,910. '

5-Carboxy—ll-hydroxy—l&—metl?ylpentyl-l-phosphonic acid, dicyclohexyl~
ammonium salt (X0XI). |

' In a 25 miL round bottomed flask, a solution of 1.67 g (0.0059
moles) of the above hydroxy acid (XXIX) and 4.56 g (0.042 moles) of
freshly distilled trimefhylchlorosilane was heated under reflux, under
an atmosphere of nitrogen for 4 days. During this period 1 g of
trime’chylchlorosiléne was added every day and the temperature was not
allowed to exceed 85°. Excess trimethylchlorosilane was distilled
off at atmospieric pressure. The residue was shaken with 15 mL of
distilled water for 1 hour. At this point an oll floated on the water
whereas in the original mixture the bis-trimethylsilyl derivative was in
chloroform and the water layer was evaporated to dryness to yield
1.1 g of (XXX) as a thick oil (82.5%). The free phosphonic acid 0.5 .g
(0.0023 moles) was dissolved in 2 mL of pengene and 1.5 ml of acetone.
This was added to a solution of-1.26 g (0.0069 moies) of freshly
distilled dicyclohexylamine in 2 mL of benzene and 1.5 mL of acetone.
On mixing,the solution immediately became turbid. The mixture was
stirred for 3 hours and then the clear liquid was decanted. The
thick white paste sticking to the sides of the flask was crystallized
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by trituration wilth anhydrous ether. The solid was filtered under

a nitrogen aﬁnosphere and washed several times with anhydrous ether.
The solid was recrystallized from acetone containing 4-5 drops of
methanol, more acetone being added until 1t became turbid. The clear
solution was decanted and the thick paste again crystallized as beforé
with anhydrous ether to yield 0.72 g (76.9%) of a white solid.
N'R(D,0)} 1.0-2.4(m,31H,5 CHy, of ring, PCHCH,CH, ,CCH3,CHoC02) »
2.9-3.1t(m,2H,_}_I,\O ). IR(Fluorolube)3600-3200(Broad) ,3000,1650,
1450,1250-1050(Broad) , 950. '

Analysis: Caleulated for C; HagOgNP C,56.02; H,9.34

19
Found C,56.33; H,9.60

Attempted preparation of diethyl 5-carbo dodecyloxy-i-hydroxy~U-methyl-
pentylphosphonate (LVII'):
Diethyl~5-carboxy-U-hydroxy-4-methylpentyl-1l-phosphonate (XXIX),
(0.0042 moles) and 0.79 g (0.0042 moles) of dodecanol were dissolved
in 10 mL of ethylacetate and then cooled to 0° in an ice-bath. After
adding 0.86 g (0.0042 moles) of dicyclohexyl cafbodiimide, the reaction
was kept in the lce-bath for 1 hour and then at room temperature for
24 hours. The precipitated dicyclohexylurea was filtered off and to
the filtrate 5-6 drops of an acetic acid-water mixture was added. It
was kept at 0° overnight and thé additional amount of dicyclo-
hexylurea precipitated was removed. The filtrate, after washing with
1IN sodium hydroxide and water, was dried over anhydrous sodium sulfa’ce.‘
The residue after removal of the solvent under reduced pressure showed

three spots on TLC using chloroform as the developing solvent; two of
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these spots corresponded to the starting acid and the alcohol, the
third spot could not be accounted for. It did not give the expected
spectral analysis for the desired compound. The above procedure

for its synthesis was abandoned.

Diethyl 5-carbohexadecyloxy-i-hydroxy-U-methylpentylphosphonate (LVII)
Diethyl 5-carboxy-4-hydroxy-U-methylpentyl-l-phosphonate (XXIX),

2.82 g (0.01 moles) was dissolved in 15 mL of water containing. .84

g (0.01 moles) of sodium bicarbonate. It was allowed to stir at

room temperature for 30 minutes and then the water removed under

reduced pressure at 40°. The residue, after drying over sodium

hydroxide under high vacuum for 2 days, was dissolved in 17 mL of

anhydrous dimethylformamide at 80°. To this solution, 3.05 g.(0.01

moles) of cetyl bromide was added. The reaction mixture was heated

with stirring at 80° for 20 hours in a stoppered round-bottamed

flask. To the residue after removal of dimethylformamide under reduced

pressure was added 15 mL of ether and 15 mL of water. The organic .

layer, after washing with saturated sodium bicarbonate and water,

was dried over anhydrous sodium sulfate. The residue after removal of

the solvent was purified by putting thke compound on a silica gel

colum and eluting it first with chloroform to remove cetyl tiramide and

then with a mixture of 90% chloroform and 10% ethanol. It showed a

single spot on TLC. Rf(9CHC1 :]_EtOH)=O.72. The fraction containing

3
the desired compound was filtered through a milli-pore filter to yield

3.0 g of the desired compound (ILVII). Yield, (60%). NMR(CCJ.M)S 0.8-2.2
(m with a broad singlet, 46H,1HCH2,OCHZCH3,CCHB, CH2CHZCH2)’ 2.4(s,2H,. _

CH,C0,), 3.5-4.4(m,TH,0CH, ,C0,CH, ,0H) IR(CClu)cm—l 3700-3100(broad),
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3000, 1740,1450,1390,1250,1200,1060,1040,950.

Analysis Calculated for 02,7H55

Found C,63.73; H,11.15

OgP C,63.99; H,10.94

" N~Carbobenzyloxy glycine (LX)

To a solution of 7.5 g [0.1 moles) of glycine in 25 mL of 4N
sodium hydroxide, kept at 0° for 20 minutes was added in 5parts 17 g -
of benzylchloroformate and 25 ml of UN sodium hydroxide through two
separate addition funnels. This was allowed to stir for another 30
‘minutes. The reaction mixture, Wpon acidification with concentrated
hydrochloric acid, yielded the desired compound as a white solid.
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15.04 g (72%). mp 120-122°. Litt. mp—= 119-121°. It was used as such

without any further purification.

Diethyl 4-hydroxy-3-oxobutyl-l-phosphonate. (IVIII)
A mixture of 1.0 g of Diethyl U4-acetylaxy-3-axcbutyl-l-phosphonate
and 20 mL of 1N potassium carbonate in 80% ethanolwas: stirfed for
~15 minutes at room temperature. After 15 minutes a small piece of dry
ice was added to the reaction mixture. The mixture was concentrated
under reduced pressure to remove most of the ethanol. The cloudy
solution was diluted with 5 mL of brine and extracted thoroughly with.
methylene chloride. After drying, the solvent was removed under
reduced pressure to give 0.73 g (88%) of the desired compound. It was
further purified on a silica gel colum using 90% CHCl,, 10% EtOH
mixture as the eluting solvent. Rf. (90HCl3:lEtOH)=O.56-MVR(CCJ.4)_
530.9-1.u(t,6H,OCH20H3), 1.4-2.25(m,2H,CH,), 2.25-3.0(m,2H,CH,), 3.8
4.3(m,6H,OCH2,CH20). 4.8(vroad,1H,0H), IR(,CClu)cm-l 3500,3000,1725,1450,
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1250,1175,1050.
Analysis: Calculated for 08H1705P C,42.85; H,7.58
Found c,U2.66; . H,7.70

N-Carbobenzyloxy glycyl-3-oxobutyl-l-diethyl phosphonate (LXVI')

A solution of 2.30 g (0.011 moles) of N—Carbobenzyioxy glycine
and 2.5 g (0.011 moles) of U-hydroxy-3-oxobutyl-l=phosphonate in
40 mL 'of ethylacetate was cooled to 0° and then were added 2.27 g
(0.011 moles) of dicyclohexylecarbodiimide. THis mixture was kept at
0° for 4 hours and then stirred at roam temperature overnight. The
precipitated dicyclohexylurea was filtered and to the filtrate U4 drops
of acetic acid were added and the solution kept at o° for 6 hours.
Additional dicyclohexylurea was removed and the filtrate, after drying
over anhydrous sodium sulfate, was evaporated under reduced pressure
to yield 4.07 g (89%) of the desired compound. This was dissolved in
10 ml, of ethylacetate and then petroleum ether (30-35°C) was added
until it became turbid. After cooling overnight at o° it yielded 3.87
g (84%) of an oil which gave the correct spectral analysis and was of
sufficient purity. NMR(CCla)éSiL.O—l.35(t,6H,OCH20H3), 1.35-2.2
(ra, 3H, CH,CO,CH) , 2.2-2.9(m,2H,CH,), 3.5-4.2(m,6H,0CH,,NCH,), 4.55(s,
1H,0CH), 5.0(_s,2H,CH206H5), 6.5(broad, 1H,NH), 7.2(5,5H,06H5)_,
IR(_CClLl)cm_:L 3600-3200(broad), 3000,1725(broad), 1650,1500;1250,105Q,
1000,975,900,695.

Attempts to couple N-Carbobenzyloxy glycyl-glycine with (LXVI)
2.10 g (0.005 moles) of (IXVI) was dissolyed in a freshly
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prepared saturated solution of hydrobromic acid in glacial acetic acid
(15 mL), and after 90 minutes at roam temperature, ether was added.
After maintenance at 0° for three hours, the precipitated oil was
washed with ether and reprecipitated twice form ethyl écetate/pet.
ether mixture to give 1.59 g (87%) of the hydrobromide (ILXVI). All
attempts to couple th:iLs hydrobromide with N-Carbobenzyloxy glycyl-

. glycine using mixed --anhydride, activated ester method or DCC coupling -

. were unsuccessful.

t-Butyl Benzyloxycarbonyl glycinate (LXII)

Concentrated sulfuric acid (0.8 mL) was added to a solution of
15 g (0.072 moles) of carbobenzyloxy glycine in 250 mL of methylene
chloride. The solution was saturated with isobutylene, causing a
volume increase of about 150 mL. After 65 hours at roam temperature,
the solution was added to 150 mL of 5% aqueous potassium hydroxide
solution, The methylene chloride layer was separated, washed with
water, then concentrated under vacuum at 60° to an oi1. 13 Yield, 9.56 g
(50%). NMR(CC13) & 1.5(s,9H,C(CH;)5), 3.75-3.9(d,2H,NCH, ), 5.1(s,2H,
CH,CgHz)> 5.9(broad,1H,NH), 7.3(s,5H,CqHs)-

t-Butyl glycinate oxalate salt (IXTII)

A solution of 3.95 g (0.015 moles) of t-hiityl N-carbobenzyloxy
glycinate (IXII) in 60 mL of methanol was hydrogenated at atmospheric
pressure with 300 mg of PA/C catalyst. The filtered solution was
treated with a methanolic solution of oxalic acid and the salt precipi-

tated with ebher to yield 2.8 g (85%) of (IXTII). mp 145-146°,
Litt.mpt3” 146.5-147°,
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3-Oxobutyl-l-phosphonate adduct with N-carbobenzyloxyglycyl -glycine
(LIX). "

A solution of 0.35 g (0.0016 moles) of U-hydroxy-3-oxobutyl=l-
phosphonate and 0.40 g (0.0016 moles) of carbobenzpxy glycime in 8 mL
of anhydrous pyridine was cooled to 0°. Then, 0.35 g (0.0016 moles)
of DCC was added to the above solution and stirred for 4 hours at 0°
and overnight at roam temperature. The precipitated dicyclohexylurea
was fiitered and washed with 10 mL of pyridine. After removing the
pyridine solvent under high vacuum at room temperature, the residue
was dissolved in ethylacetate and washed with cold 1 N acetic acid and
water. The organic layer, after drying over anhydrous sodium sulfate,
was concentrated under vacuum to yield 0.5 g (65%) of (LIX) as a
yellow oil. The crude compound, after dissolving in ethyl acetate, was
d?colOrised using activated charcoal and then reprecipitated with
petroleum ether. This purification with ethyl acetate;petroleum ether
was repeated to yield 0.35 g (40%) of the campound (LIX) which exhi-
bited spectra in accord with expected structure. Rf(MnBuOH:lHOAc:lHéO)=
0.86, | Rf(85sec. BAOK:15(10%)NE,) = 0.81. NMR(0DC1JBL: 0-L. 35(s, B, 00H,06,
1.4-2.2(m,3H,CH,,0=C-CH), 3.6-4.3(m,8H,NHCH2, OCHZCH3), 4,55 (s,1H,0=
C-OCH), 4.95(5,2H,CHé06H5), 6.2(Broad, 1H,NH), 7.1~7.3 ( singlet with

a multiplet, 6H,NH,Ceilyy, rp (CHCIB)cm_l 3300, 1715,1645,1545,1410,
1275,1210,1020, 955.
Analysis: Calculated for C20H2909N2P. Héo.
C,49.89 ; H,6-23
Found C,50.10 ; H,6.37
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t-Butyl N-carbobenzoxyglycyleglycylglycinate (IXIXa)

To a stirred solution of 4.57 g (0.0172 mole) of N-carboben-
zoxyglycylglyeine and 2.4 mL (0.0172 mole) of triethylamine in 38 mL
of chloroform at -40°, was added 2.27 mL (0.0172 mole) of isobutylchlor- .
oformate at a rate which allowed the temperature to remain below -20°.
The mixture was stirred for 20 minutes at -10 to -150, cooled_ to -uo°,
and treated with 3.8 g (0.0172 mole) of t-butylglycinate oxalate salt
and 4.8 mL (0.035 moles) of triethylamine. The solution was stirred
for 7 hours (~10 to +12°), evaporated, and the residue treated with
water and ethyl acetate. The organic layer was washed with water, .
saturated sodium chloride solution, and dried. Addition of petroleum
ether caused crystallization. The solid was recrystallized from ethyl
acetate-petroleum ether to give 3.38 g (52.5%) of the desired compound
(LXDHa) of mp 125-126°. Iitt. mp'>> 127-126°. Re(4n-BuOH:1HOAc:1H,0)=0.14
NVR (dmso-d6)8 1.35 (s,9H,C(CH3)3), 3.45-3.7 (Distorted doublet, 6H,
NHCH,), 7.1-7.3 (s,6H,Cgllz, NH), 7.85-8.3 (Distorted t, 2H,NH).

N-Carbobenzoxyglycylglyeylglyeine (IXX)

A suspension of 1.0 g (0.0025 moles) of t-butyl N-carbobenzoxy-
diglycylglycine and 0.10 g of p-toluenesulfonic acid in 20 mL of
benzene~ was refluxed for 30 minutes. On heating, the solid
dissolved but the solution then became milky white and precipitation
occurred after 3-5 minutes of refluxing. After cooling, the reaction
mixture was filtered and the solid washed with benzene. The crude
compourd (0.83 g,100%) had a mp of 165-180°. It was recrystallised
from ethanol to yield 0.70 g (83.3%) of the desired compound (LXX) of
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mp 193-195°. Litt. mp136 (186-188°, dec. ). RF (WBuOH:1HOAC : 1H,0)=
0.35 NMR(dmso-dgS) 3.45-3.7(Broad,6H,N CH,), k. 9(s, 2H, O, Oz, NH) ,
7.7-8.1(m,2H,NH).

Ethyl glycinate hydrochloride (IXVII)

Through a suspension of 20 g of glycine in 100 mL of ghsolute
ethanol, dry HCl gas was passed until all the material dissolved.
The solvent was removed under reduced pressure arx the crude product
was recrystallised from aleohol-ether to yield 22.3 g (60%) of the

114 lu3_lq50

nydrochloride. mp 143-145° Litt. mp
Benzyloxycarbonylglycylglycine p-Nitrophenyl ester (LXVIII)

To a solution of 1.62 g (Q.0061 mole) of benzyloxycarbonylglycyl—
gycine in 12 mL of dimethylformamide was added 1.02 g (0.007 mole) of
p-nitrophenol. Then 1.26 .g (0.0061 mole) of DCC was added to the .
solution at 0°. The mixture was kept at 0° for 1 hour and then over-
night at roan temperature. After the removal of diecyclohexylurea the
filtrate was diluted with 100 mL of cold water and the precipitated
solid was filtered and washed with water. On standing in air, it
became a hard solid which was recrystallized from 100 mL of ethanol
containing 1% acetic acid. It gave a pure product 1.80 g (76%)
which melted at 163.5-164° Litt. mp>! 163-165°.
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Ethyl Benzyloxycarbonyldiglycylglycinate (LXIX)

'Ethyl glycinate hydrochloride 1.25 g (0.0088 mole), benzyloxy-
carbonyl glyeylglycine p-nitrophenyl ester 3.4 g (0.088 moles), and
tri-n-butylamine (2.1 mL) were dissolved in 9 mL of pyridine and
kept at room temperature for 48 hours. The mixture was triturated
with 15 mL methanol and after filtration an equal amount of water was

- .added to the filtrate. The combined precipitates were recrystallised
from ethyl acetate to yield 2.3 g*(75%) of the desired-compound.
mp 167-169° Litt. mpi3® 167-169°

Benzyloxycarbonyl diglycylglycine (LXX)

To a solution of compound (IXTX) 1.5 g (0.0042 moles) in 35 mL
methanol and 5 mL water was added 2.5 mL of a solution of 2N sodium
hydroxide. After 2 hours at room temperature, 1 mL of water was
added. The solution was left at room temperature for 15 minutes and
then ancther 1 mL of water was added. After a total of three hours
the solution was acidified with IN hydrochloric acid to congo-red
and was Kept overnight in the refrigerator. The white solid
obtained was filtered, washed with methanol and then recrystallised
from ethanol to yield 1.07 g(77.5%) of the product. mp 19.'1.—192o Litt.
mp*30 186-188° (dec.). Ry (4 BUGH: 1 HOAC: 1,0)=0.35 NMR (DMSO-dg)
83.u5-3.7(Br’oad,6H,NHCHZ)u.9(s,2H,CH206H5), 7-7.3(Broad Singlet,
T T6H, g ), 7.7-8.1(m, 2H, )

Adduct of Diethyl U-hydroxy-3-axobutyl-l-phosphonate with benzyloxy-
carbonyl diglycylglycine (IXXT)

100



To a solution of 1.7 g (0.0053 moles) of campound (IXX) and
1.18 g (0.0053 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) of
dicyclohexylcarbodﬁnide. The solution was stirred at 0° for 4 hours
and then at room temperature for U8 hours. The solution had a dark
yellow color. Pyridine was evaporated using a vacuum pump and the
fesidue was dissolved in ethyl acetate. It was washed immediately
with cold 5% acetic acid, water and colé sodium bicarbonate solution.
The ethyl acetate layer, after drying over anhydrous sodium sulfate,
was concentrated to 5-10 mL and then the campound precipitated with
petroleum ether to give 2.36 g (84%) of the crude product. It was
purified by reprecipitation with ethyl acetate and petroleum ether to
yield 1.8 g (64%) of the desired product which showed one spot on
Tlc using two different solvent systems. (85 Sec.BuOH:15(10%) NH3)=
0.78. Re (4 1BUDH:1HOAC:1H,0)=0.72 I\IMR(CDCl3)81.l-l. 5(t,6H,0CH,CH3) 5
1.5-2.35(m, 3H,CH,,,0=C-0CH), 2.3-3.1(m,2H,CH,), 3.8-4.4(m,10H,NHCH,,
OCH,CH,),4.7 (s,1H, 0=C-0CH) , 5.O(s,ZH,CHEC6H5), 6.1-6.4(m,1H,NH) ,
7.3(s,5H,06H5) 7.3-7.5(m,2H,NH) ; IF{(CJHC:Ls)mn":L 3300,1715,1645

__ (broad)l545,1410,1275,1210,1020,955,780.

ON3P C,49.90; H,6.05

Analysis: Calculated for 022H3201
' Found : C,49.69;, H,6.23
4-Hydroxy-3-oxobutyl-l-diethyl phosphonate diglycyl glycine
hydrobromide (ILXXII)
The compound (IXXI), 1.2 g (0.0022 moles) was dissolved in 13 mL
of a freshly prepared saturated solution of hydrobramic acid in
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glaclal acetic aclid and after standing at roam temperature for 1.5 hours,

30 mL: of ether was added. The oil which separated (1.0 g) was
——dissolved in ethyl acetate,decolorised using activated charcoal, and

the purified campound was preciplitated with petroleum ether to yileld

0.85 g (86%) of material which exhibited spectra in accordance with
—the proposed structure. I\lMR(DéOB 1.1-3.0 (t,two multiplets, 11H.

OCH,CH; , CH,CH,, , CO,CH) , 3. 7-4. 35 (m,11H,NCH,, ,0CH,, , C0,CH), IR (Fluoro-

iube)cm’l 3500,..3000, 1715, 1650, 1540, 1425, 1375, 1250.

L-Hydroxy~3-oxobutyl-l-phosphonic acid diglycylglycine (LXXTITT)

The campound (IXXIT) 0.29 g (0.00060 moles) was placed in a
nitrogen filled vial equipped with a septum as stopper. Then 0.38 g
(0.0024 moles) of bromotrimethylsilane was injected. The vial was
sealed and the reaction mixture stirred at 40° for 24 hours. After
removing the alkyl bromide and the excess trimethylsilylbromide under
vacuum, 1 mL of water was added to the vial and the reaction mixture
stirred for 1 hour. It was extracted with chloroform and the agueous
layer evaporated to dryness. The residue was dissolved in ethyl
acetate and then precipitated with petroleum ether to yield 0.2 g
(79%) of the desired compound as anoil. m(n20)8 1.35-2.15(m, 2H,CH,),
2.15—2.8(m,2H,CH2), 3.5—11.2(m,8H,N-CH2,C-CH2,g—CH20 ).

Benzyloxycarﬁonyl L~alanine (LXXVII)

To a solution of 8 g of IL~alanine in 50 mL of 2N sodium hydroxide,
set aside for 20 minutes at OO, was added over 30 minutes, 17 g
of benzylchloroformate and 25 ml of 4N sodium hydroxide simultaneously
through two addition funnels attached to a three-necked flask. It was
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allowed to stir in an ice-bath for an additional 10-15 minutes and
then acidified with concentrated bydrochloric acid to congo red. The
acidified solution, from which an oily compound separated, was cooled
in the refrigerator for 4-5 hours. After decanting the agueous layer,
the oil was solidified by trituration with cold petroleum ether. The
white solid obtained was filtered, washed with ether, dried and used
without further purification. mp 82-84° Litt. mp™'Z 8L,
NMR(CDC1 )81 0-1.4(d,3H,08;), 3.9-H.3(m,1H,CH), 4.9(s,2H CH206H ),
5.6(broad,lH,NH), 7.1(S,SH,C6H5), 10.1(s,lH,COZH), IR(CHCl3)cm

3500,1720, 1510, 1455, 1350, 1075, 915, 695.

Benzyloxycarbonyl-L~alanine t-butyl ester (IXXIX)
Benzyloxycarbonyl-I~alanine 15.6 g (0.07 moles) was dissolved

in 250 mlL of methyl isobutyl ketone containing 0.8 mL of concentrated

sulfuric acid which was saturated with isobutylene. After stirring

for three days, it was washed with saturated sodium carbonate solution,

water, .and then dried over antydrous sodium sulfate. The solvent was

removed under reduced pressure and the residual chil was dried under

vacuum for U4-6 hours to yield 11.42 g (58.5%) of (ILXXIX).

NYR(CCL,,)S 1.15-1.4 (two singlets ,12H,C(CH;)5,C0H,), 3.85-4.3(m,1H,CH),

M.95(s,2H,CH2C6H5), 5.8(4,1H,NH), ‘7.2(s,5H,06H5), IR(,CHClB)cm-l

3500, 3000, 1745, 1695, 1500, 1450, 1375, 1250, 1150, 1050, 930, 695.

Alanine t-butyl ester (LXXX)

Benzyloxycarbonyl-L-alanine t-butyl ester 11.0 g (0.039 moles)
was hydrogenatied using 300 mg of Pd/C as the catalyst at atmospheric

103"



pressure. After removing the catalyst by filtration through Celite,
the filtrate was concentrated over a rotary evaporator to yield 4.0 g
(70%) of the compound (LXXX). It was used without further purifi-
cation. 2 "2NIR of the hydrochloride, (0,008 1.2-1.5 (two singlets,12H,
C(CH, )5, CHy), 3.7-4.15(m,1H,CH), IR(CHClS)cm_T-L 3400(broad), 3000,

1750, 1375, 1250, 1150.

Benzyléxycarhonyl—I.:—alanyl—L—alarﬁne t-butyl ester (LXXXII) Method A
Alanine t-butyl ester (IXXX) 3.8 g (0.026 moles) was dissolved
in 50 mL of pyridine and 4.3 mL of triethylamine and 8.65 g (0.025
moles) of Z—AlaAON%M%IJDDC[) were added. The Z-Ala~ONP was prepared
by coupling benzyloxycarbonyl-L-alanine and p-nitrophenol using DCC
in ethyl acetate as the solvent. The reaction mixture was kept at
room temperature overnight, the solvent was evaporated under reduced
pressure and the residue, taken up in chloroform, was thoroughly
washed with 1N sodium hydroxide, 5% citric acid and water, dried over
anhydrous sodium sulfate and evaporated to dryness. It was recrystal-
lised twice from ether-light petroleum ether to give 7.36 g (82%) of
the protected dipeptide ester (LXXXIT). mp 71-75% Rf(3N-BUOH: JIHOAC:
1H,0)=0.65. Rp(9CHCL3:1H,0)=0.80. NMR(CDC15)S 1.1-1.5 (singlet with

two shoulders, 15H,C(CH CH3), 4,1-4.45(m,2H,CH), 4.9{5,21—1,CH?C6H5),

)
3’3°
6.3(d,1H,NH), 7.1(s,5H,CqHg), 7.2(m,1H,NE). :11%(01{013)@1‘l 3500, 3000,

1745, 1695, 1500, 1375, 1150, 1050, 930,875, 695.

Alanine t-butyl ester hydrochloride (LXXX)
Concentrated sulfuric acid (10 mL, 1 ML per g of the amino
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acld) was added to a suspension of 10 g (0.112 moles) of alanine in
100 mL of dioxane in a pressure bbttle. An equal volume (100 mL)

of liquid isobutene was added and the mixture shaken overnight. The
mixture was poured into an excess of 2N sodium hydroxide and the ester
extracted thoroughly with ether. The ether extract was concentrated
to about 70 mL and cooled to 0°'ard a dry ethereal solution of
hydrogen chloride carefully added until there was no precipitation

on further addition of HCl and an acidic medium was indicated by

pH paper (pH 2-3). It was then cooled to -20° overnight. White
crystals of alanine t-butyl ester hydrochloride were filtered and
dried under vacuum to yield 8.3 g (41%). mp 164-167 (dec.), Litt.
mp'%? (dec.). MR (D0)S1.2-1.5(two singlets, 12H,C(CHy)3,CHy),
3.7-4.15(m,1H,CH). IR(CI—IC."L3)cm":L 3400(broad), 3000, 1750, 1375,
1250, 1150.

N-Benzyloxycarbonyl-L-alanyl-L-alanine tert. butyl ester (LIXIT)
Method B:

Benzyloxycarbonyl-l~alarnine 2.9 g (0.013 moles) and 2.36 g
(0.013 moles) of L~alanine t-butyl eéter hydrochloride were dissolved
in 30 mL of dichloromethane. After cooling to o° » N~ethylmorpholine,
1.52 g (0.013 moles), and 2.95 g (0.014 moles) of N,N-dicylo-
hexylcarbodiimide were added and the mixture stirred for 2 hours at
0° and then overnight at room temperature. At this time, 4 drops of
acetic acid were added and the reation mixture was filtered after 1
hour. The solution was washed with 4x25ml of 10% aqueous solution

of citric acid, of 1M NaHCO3 and of water. The organic layer was
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dried over anbydrous sodium sulfate and,after removal of dichloro-
methane, the colorless oily residue was dissolved in dry ether (25mL)
After 2l hours in the cold small amounts of additionally precipitated
dicyclohexylurea were filtered and hexane added to the filtrate until
it became turhid. After standing at -20° for 2 days, the crystalline
product was filtered and washed with hexane. It was inmediately
transferred to a round-bottamed flask and dried under vacuum over
P,05 to yield h.2g (92%) of (LXOXXIT) of mp 67-70° Litt. mp> 69-71°
(Hygroscopic)-_Bf' (3n—BuOH) 1HOAC: 1H20)=0.65, Rf(QCHCI3: 1 EtOH)=0.80.
NMR(CD013)8 1.1-1.5(singlet with shoulder,lSH,C(CH3),CH3), §.a-4.4
(m,2H,CH) , 4.95(s,28, Gl ), 6.3(4,IH,MD. TR (CHCL)em™ 3500,
3000, 1745, 1695, 1500, 1455, 1375, 1250, 1150, 1050, 930, 875, 695.

I~Alanyl-L~alanine tert. butyl ester hydrochloride @DQEE_):

The compound (ILXXXIT) 4.0g (0.011 moles) dissolved in 75 mL of
ethanol was hydrogenated at atmospheric pressure after addition of
150 mg. of PA/C catalyst and two drops of acetic acid. After filtering
the catalyst, the ethanol was evaporated and the residue dissolved in
25ml, of dry ether. After cooling to 0°, a dry ethereal solution of HCL
was added until no more precipitation occurredon further addition of
HC1l and a slight acidic medium (pH 2-3) was indicated by pH péper. It
was kept at -20° for 24 hours. The erystalline precipitates were
filtered and immediately éransferred to a round-bottomed flask, and

dried under vacuum over P205 to yield 2.35 g (83%) of (LXXXIII).

'mp‘ 190-195° (dec.), Litt. np92195° (dec. ). Rgof amine(3 n—BuOH.. 1HOAC:
1 H20)==O.61. NMR of amine (CDC13)8 1.4(singlet with shouldér,lSI{,C(Cf_%)
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CHy), 3.5-3.8(m,1H,CH), 4.1-4.5(troad,2H,NH,CH} , 7.9-8.2(broad, 2,
NE,). TR(CHC1Z) et 3700-3000(broad), 1745, 1680, 1560, 1500, 1475,
1375, 1275, 1060, 860.

B-Benzyl L-aspartate (LXXIV)

. Sulfuric acid (10 L) was added to anhydrous ether (100 mL)
followed by benzyl alcohol(100 mL) in a 500 mL. round-bottomed flask.
The ether was removed under vacuum and finely ground L-aspartic acid
(13.4 g) was added in several portions while the mixture was
magnetically stirred. The ensuing solution was left at room temper—
ature for 24 hours after which 200 mL of 95% ethanol was added
followed by 50 mL of pyridine dropwise while the solution was stirred
vigorously. The mixture was cooled overnight and the solid present
was filtered and washed with ether. If was recrystallized from
water containing a few drops of pyridine to yield 9.5 gm. (45%) of

the desired compound (IXXIV). mp 210-212°, Litt. morol 218-221°.

p=Nitrophenylchloroformate:

In a 500 mL round~bottomed flask equipped with a long refluxing
condenser and an Erlermyer flask attached by Gooch tubing was placed
77.6 mL. of a 12.5% solution of phosgene in benzene. Sodium
p-nitrophenolate was dried by heating at 40-45° ynder high vacuum.
(Dr'y sodium p-nitrophenclate has a red color while the hydrate is
yellow). Dry sodium p-nitrophenolate was added in portions to the
round-bottomed flask via the rubber tube. The reaction flask was

cooled during the addition to maintain the temperature below 40P,
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The mixture was then allowed to reflux gently for an hour. Excess
phosgene was distilled out while heating the flask over a water bath

.-at 50—60° for 30 minutes. Sodium chloride was removed by _i'iltrati_on,
washed with benzene and the filtrate concentrated under vacuum on a
rotary evaporator. The residue was distilled under vacuum (129—1330/
1.5-2.‘() Torr). This distilled material solidified and was recrystal-
lized from carbon tetrachloride to yield 10.8 g. (43%) of the product.
mp 80-81° Litt. mpto" 81-82°.

t-Butyl p-nitrophenylcarbonate (LXXVI):

p-Nitrophenylchloroformate, 12.6 g. (0.062 moles), was added
slowly in portions to a stirred solution of t-butyl aleohol, 4.59 g.
(0.062 moles)in 25 mL of pyridine at 0-5°. The reaction mixture was
stirred at roam temperature for three hours and the precipitated
pyridine hydrochloride was then removed by filtration. There was then
é.dded 3.0 mL of water to the filtrate and the solution extracted 3-4
times with 25 mL portions of ether. The ether extract was washed with

" 1N hydrochloric acid, saturated sodium carbonate solution, and

saturated sodium chloride solution. The ethereal extract was dried
over anhydrous sodium sulfate and evaporated to dryness. The residue
was dissolved in 30 mL. of absolute ethanol and the ¢ompound precipi-
tated by the addition of water to yield 6.7 g. (46%) of the product.
mp 76.5-78.5° Litt. mp13“ 78.5-79.5°. NMR(CDC13)8 1.5(s,9H,C(CH;)5),
7.3, 8.2(symmetrical, MH,C6§4). '

t—Butyloxycarbonyl—ﬁ-benzyl—L—aspartate (LXXVII)
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A mixture of 4.14 g. (.0186 moles) ofB—benzyl—L—aspartate,

6.17 g. (.028 moles) of t-butyl p-nitrophenylcarbonate, 4.93 g.

(.046 moleé) of sodium carbonate, 28 mL. of t~butyl alcohol, and 19 mL.
of water was refluxed on a steam bath for 1 hour. The condenser was
removed and the mixture concentrated by an air stream during heating

to remove t-butyl alcohol. Sodium p-nitrophenclate dihydrate
crystallised, was filtered after cooling, and was washed with 5 mL. of
.water. The filtrate was adjusted to pH5-6 by dilute hydrochloric acid
and extracted with ether to remove any remaining t-butyl p-nitrophenyl-
cafbonate and p-nitrophenol. The agueous portion was adjusted to pHi
and then extracted four times with ether. After evaporation of the
ether, the solid residue was recrystallized from ethyl acetate and
petroleum ether to yield 3.5 g (58%) of the desired campound (LXXVIT).
m 97-9¢° Litt. mor'0 102-103°. RF(3 n-BuOk:1HOAC: 1H,0)=0. 69
Mvm(CDc13)81.35(s,9H,c(CH3)3), 2.9(distorted doublet,2H,CH,C0,)
4.5(m,1H,CH), 5.0(s,2H,CI_-I_206H5), 5.5(d,1H,NH), 7.15(s,5H,06}_15).
IR(CI-ICl?))c.'m_1 3200-3700(broad) ,1725(broad), 1475,1360, 1160, 925, 695.

t—Butyloxycarbonyl-,G-benzyl-L-aspartate JLXXVIT) Method B:

To a solution ogg-benzyl-L—aspar'tate (2.45 g., 0.010 moles) and
triethylamine (2.10 mL.,0.015 moles) in water (6 mL) was added
dioxane (6 mL) and BOC-ON (2.71 g 0.011 moles) at room temperature.
The mixture became homogeneous within 1 hour and stirring was
continued for 2 hours. At this stage, the solution had a yellow color.
After addition of water (15 mL) and ethyl acetate (20 mL) the reaction

mixture was acidified with 5% citric acid solution and extracted
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with ethyl acetate. The organic extract was dried over anhydrous
sodium sulfate and then concentrated to about 25 nl under reduced
pressure. The required compound was precipitated by the addition of
light petroleum ether and cooling at -20° overnight yielding 2.14 g.
9 %) of (LKXVII). mp 100-102° Litt. mp °102-104°. R.(3 n-
BUOH: 1HOAC: 1H,0)=0.69. NMR(CDCl3)81.35(8,9H,C(‘CH3)3), 2.9(dis-

torted d,?.H’CH.ZCO2), 4.5(m,1H,CH), 5.0(s,2H,CHzCGH5), 5.5(d,1H,NH),

- 7:15(s,5H,0Hs) . TR(CHOL ya L 3200-3700(broad), 1725(broad), 1475,

1360,1160,925, 695.

t—Butyloxycarbonyl-lg—benzyl-I.:—aspartyl—-L—alanyl—-L—alanine tert.
butyl ester (LXXXIV)

A solution of 0.00736 moles (1.59 g) of NEL,-Ala-Ala-OtBu and 2.4 g
(0.0074 moles) of BOC-aspartylﬁ ~berizyl ester in 30 mL of methylene
chloride was cooled to 0°. After addition of 1.52 g. (0.0074 moles)
of dicyclohexylcarbodiimide, the solution was stirred at o° for U
hours and then overnight at roam temperature. Acetic acid (4-6 drops)
was added, the solution filtered after 30 minutes, and the filtrate
evaporated to dryness. The oily residue was dissolved in ethyl
acetate (30 mL), washed with 5% citric acid, water, and then with 1M
sodium carbonate solution. The organic layer, after drying over
anhydrous sodium sulfate, was concentrated to 7-10 mL and the desired
compound precipitated upon addition of light petroleum ether and
cooling at —20° overnight yielded 3.08 g (80.5%) of (LXXXIV).

Rp(3n-BUCH: 1HOAC: 1H,0)=0.76, Rn(JCHCly: 1EGOH)=0.78. MNMR(CDCL;)

&1.2-1.5(broad s,24H,c(CH3)3,CH3), 2.8(distorted d,2H,CH,C0,), 3.9-
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4.8(m,3H,CH), 5.0(d,1H,NH), 7.2(s,with a miltiplet,7H,CqHz,NH).
IR(CH013)cm‘1 3500, 3000, 1740(broad), 1670, 1500, 1455, 1375, 1175,
930, 725, 650.
Analysis: Calculated for CZ6H3908N3: €,59.88; H,7.48
Found: C,59.80; H,7.73

t-Butyloxycarbonyl-/ y-carboxyl~L~aspartyl-L~alanyl-l~alanine tert.
butyl ester (LXXXV)

A solution of 2.56 g. (0.004 moles) of compound (IXXXTV) in
50 mL of ethanol was;hydrogenated at atmospheric pressure using 150 mg
of Pd/C.as the catalyst. It was filtered through a Celite pad and
then concentrated under reduced pressure to yield 1.56 g of the
compound (IXXXV). It was used for the next reaction without further
purification. Re(3.n-BUCH: 1HOAC: 1H,0)=0.5. MNR(CDC1)S1.55(sing-
let with a shoulder, 24H,C(CH;);CH,),2.9(broad,2H,CH,C0,), 4.0-9.9
(broad multiplet,3H,CH),5.9(broad,1H,NH), 7.1-7.7 (broad,2H;NH), &
8.8 (broad, 1H,COH). IR(CH013)cm.'1 3500(broad), 3000, 1725, 1670, 1500,
1365, 1160, 920.

t—Butyloxycarbonyl-ﬁ ~4-hydroxy-3-oxobutyl-l-diethyl phosphonate-L~
aspartyl-l~alanyl-alanyl-tert. butyl ester. (LXXXVI}

A solution of 1.58 g (0.004 moles) of campound (IXXXV) and 0.918
g (0.004 moles) of U-hydroxy-3-oxybutyl-l-diethylphosphonate in 10 mL
of anhydrous pyridine was cooled to 0° and to this cooled solution was
added 0.86 g (0.004 moles) of DCC. The solution was stirred at 0° for

4 hours and overnight at room temperature. The precipitated dicyclo-
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hexylurea was filtered and the filtrate evaporated to a thick ol "

under high vacuum at room temperature. To the residue dissolved in
10 mL of ethyl acetate was added 2 drops of acetic acid. After 30
minutes the additional precipitated DCU was removed by filtration and
The filtrate worked up in the usual way as ’descr’ibed before to yield
2.1 g (82.5%) of the desired compound (IXXXVI). A small amount of it
was purified for elemental analysisby: precipitating it from ethyl
acetate and light petroleum ether. R.(4n-BUOH: 1HOAC: 1H,0)=0.69,
Re(9CHC13: 1E6CH)=0.55. MMR(CDC15)%) 0.9-2.1(m, 32H, C(CHg)5, Chy,
OCH,CH) , 2.3-3.2(m,4H,CH,C0,,CCH,), 3.6-4.8(m, 9H, CH, 0CH, CHz , CO,CH, ),
5.8(m,1H,NH), 6.7(m,1H,NH), 7.2(m,1H,NH). IR(CI*ICl?)).c:rf""L 3500, 3000,
1720(broad), 1675,1510, 1450, 1375, 1250, 1185,1040.

Analysis: Calculated for 027Hu8012N3P.1/2H20. C,50.14; H,7.64

Found  C,49.98; H,7.52

The protecting groups, t-butyloxycarbonyl and the t-butyl ester in the

above compound (IXXXVI) were removed by using a freshly prepared sat-

- urated solution gf HRrin acetic acid as described before for the

trigiycyl system. The diethyl phosphonate ester was hydrolyzed to the
free phosphonic acid (LXXXVIIT) by using trimethylsilylbromide at 35—

40° for 48 hours as described earlier.

. 1=t. butyloxy-3-hydroxybutane (XXXTIT)
1.3-Dihydroxybutane, 10.0 g (0.11 moles) was dissolyed in 150 mL
of. methylene chloride. The solution was cooled to -20° and then to it
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was added successively boron trifluoride etherate (SmL), phosphoric
'acid (100%, 2.1 mL). After shaking the reaction mixture in order to
disperse the catalyst uniformly there was added 100 mL of liquified
isobutene. The reaction mixture was shaken in a pressure bottle for
90 minutes. It was then poured into 2N agueocus ammonia with stirring
and most of the excess isobutene evaporated. The two layers were
separated and the agueous layer extracted with methylene chloride.
The co.mbined extracts were washed with aqueous ammonia, water and
then dried with anhydrous magnesium sulfate. Evaporation of the
solvent yielded a residue which was distilled under vacuum. 79-80°
/20 Torr to yield 11.0 g (68.5%) of the desired compound (XXXTTI).

- WMR(Neat)§ 0, 9-1.2(two singlets,12H C(CHy)5,CHy), 1.2-1.65(q,2H,CH,),
3.2-3.4(t,2H,CH,0), 3.4-3.7(m,2H,0H,CH), IR(CCL,yem - 3700(broad),
3000, 1475, 1425, 1360, 1250, 1200, 1075, 1025. It was of sufficient

purity and used as such for the next reaction.

Pyridinium Chlorochromate

To 92 mL of 6M HC1 (0.5 molés) was added 50.0 g (0.5 moles) of
chromium trioxide rapidly with stirring. After 5 minutes, the solution
was cooled to 0° and 39.5 g (0.5 moles) of pyridine was added slowly
over 10 minutes. Cooling to o° gave a yellow-orange solid which was
collected on a sintered glass fumel and dried under vacuum to yield

90 g (B4%) of the desired campound.
1-t. butyloxy-3-butanone (XXXIV)
In a 250 mL round-bottomed flask was suspended 22.1 g (0.10 moles)

of pyridinium chlorochromate in 75 mL of methylene chloride. To it
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1-t-butyloxy~-3-hydroxybutane (10 g, 2.068 moles) was added in one
portion to the magnetically stirred solution. After stirring over-
night, 100 mL of dry ether was added and the supernatant decanted
fram the black gum. The insoluble residue was washed several times
with ether. The combined organic solution was passed through a
short column of Florisil and the solvent removed under vacuum.
Distillation under reduced pressure of the residue through a
vigreux colum gave 7.85 g (80%) of the desired compound (XXXIV).
bp 60-65° /20 Torr. NYR(neat)$ 1.0(s,9H,C(CH;)5), 1.9(s,3H,CH;00),
2.15-2.45(5,2H,XH,00) , 3. 2-3. 45(,,2H,%H,0)  IR(OCL))am ™ 3000, 1715,
1475, 1425, 1400, 1375, 1245, 1210, 1175, 1100, 1015, 900. It was

used without any further purification for the next reaction.

I-carboethoxy-3-hydroxy-3-methylhutyl-l-t. tutyl ether (XXXV)

Dry ether (20'mL) was cooled to ~23° in a 100 ml three-necked
flask under a nitrogen atmosphere. Disopropylamine (3.08 mL, 0.022
moles) was added via a syringe followed by a solution of n-butyl-
lithium in heptane (13.2 mL, 0.022 moles) which was added over a
period of 10 minutes. After stirring for 1 hour at -20°, the bath.
temperature was reduced to -78%nd dry ethyl acetate (2.16.mL, 0.022
moles) added slowly. The solution was stirred for 20-30 minutes at
-78° and then 1-t. butyloxy-3-butanone (3.2 g.,0.022 moles) added
dropwise. After 15 minutes, the reaction mixture was treated with
20% aqueous HC1 (4.0 mL) and then allowed to warm to room temperature.
The mixture was diluted with water (4 mL) and extracted with ether.

The organic layer was dried and the solvent evaporated to leave an
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oil. Fram this oil, the unreacted ketone (0.5 g) was removed by
fractional distillation under high vacuum leaving behind 2.95 g (68%)
of the residue which gave spectral data in accord with the proposed
product structure. NMR(neatﬁS 0.9-1.1(singlet with a multiplet,15H,
C(CH3)5,CH, 0CH,CH, ), 1.35-1. 65(t,2H,0CH, ) ,2..2(s, 2H, 05,00, ,3.1-3. 4
(t,2H,CH,0),3.55-4.0(t with & singlet,3H,0CH,,0H). IR(CCL)) et
3500, 3000, 1720, 1455, 1360, 1200, 1115, 1090, 925, 695. -

L-Carboxy-3-hydroxy~-3-methylbutyl-1~t. butyl ether (XXXVI)

To 20 mL of 1N potassium hydroxide in methanol-at -20° was added
2.95 g (0.013 moles) of campound (XXXV) in 5 mL of dry ether. After
1 hour at —200, the reaction mixture was maintained at room tempera-—
ture overnight. At the end of this period the reaction mixture had a
dark yellow color. It was neutralized with methanolic hydrochloric
acid to congo red. The precipitated KC1 was filtered and:the filtrate
conicentrated to dryness. The residue was dissolved in chloroform
and additional precipitated KC1l was removed. The solvent was evapo-
rated under reduced pressure to give 2.0 g (77%) of the desired com-
pound. It was further purified by dissolving in ¢hloroform and then
extracting 4 times with 10 mL portions of saturated sodium bicarbonate
solution. The aqueous extract was acidified to congo-red with con—
centrated hydrochloric acid and then extracted thoroughly with
chloroform. The organic extract after drying and removal of the sol-
vent gave 1.8 g (68%) of the pure compound. The organic extract
obtained after extraction with sodium bicarbonate solution, was

concentrated to give the starting ester which was again hydrolyzed
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with KOH in MeOH. mm(0014)_81.2-1.3(fcwo smglets,J.ZH,C(CHB)3,CH3),
1.7-2.0(t,2H,CH,),2.5(s,2H,CH,C0,), 3.5-3.7(t,2H,CH,0), 7.7-8.0

(broad ;2H,C0_H,0H). IR(CCl-,_l)cm_l 3700-3300, 3000, 1720, 1400, 1375,
1250, 1210, 1150, 1095, 910. ‘

4-Carbobenzyloxy-3-hydroxy-3-methyl~l-tert. butyloxybutane (XXXVII)
Attempts to make this campourd using equimolar amounts of
compound (XXXVI), freshly distilled benzyl bromide and DCC in methy-
lene chloride wére unsuccessful. It was prepared by the following
procedure:
The compound (XXXVI),1.16 g (0.0057 moles) was treated with 0.0478 g
(0.0057 moles) of sodium bicarbonate in 7 mL of water and was stirred
at roam temperature for 30 minutes. Water was removed on a rotary
evaporator at 40° and the residue was dried over sodium hydroxide
pellets under high vacuum for 24 hours. The sodium salt thus
obtained was dissolved in 8 mL of N,N-dimethylformamide at 80° and
3.92 g (0.0228 moles) of distilled benzyl bramide was added; the re-—
action mixbure was heated with stirring at 80° C for 20 hours in a
stoppered round-bottomed flask. Excess henzyl bromide and IMF were
distilled off and to the residue were added 50 mL of ether and 15 mL
of water. The organic layer was washed with saturated aquedus sodium
bicarbonate and water and, after drying over anhydrous sodium sulfate,
the solvent was removed on a rotary evaporator. The NMR of thé residue’
indicated the desired compound to be mixed with small amounts of un-
reacted benzyl bromide. It was left overnight at 70-80° under 0.3 Torr

pressure under a distillation colum. The NMR of the residue (1.2 g.,
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84%) indicated that most of benzyl bromide was removed. It was further
purified by silica gel colum chramatography to yield 1.0 g (60%) of
the pure campound (XXXVII). NMR(CClu) 81.0—1.;!.(two singlets,12H,
C(CH3)3,CH3): l.5—l.7(‘b,2H,CH2),.3.2—3.5(t,2H,CH20),3.8(S,1H.,OH),
4.9(s,2H, CH,CaHe) 7. 1(s,5H,Cgll);  TR(CCLy) em™ 3500, 3000, 1720,
1450, 1360, 1250, 1140, 1090, 915, 695.

analysis: Calculated for C 7H26014’ C,69.38; H,8.89

Found: C,69.31; H,9.02

Attempted preparation -of 4-Carbobenzyloxy-3-hydroxy-3-methyl-l-
butanol (XXXVITI)

The above campound (XXXVII), 2.47 g (0.0084 moles) dissolved in
100 nL of benzene (dried over sodium) was refluxed with 750 mg of
p=toluenesulfonic acid for 1 hour. The reaction mixture was poured
into an agueous 5% solution of sodium hydrogen carbonate. The
organic layer was worked up in the usual manner but only an intract-
able residue was obtained.

Attempts to remove the t-butyl ether group by using trifluoro-

acetic acid at 0° were also unsuccessful.

3-0xobutyl-l-acetate (XLIT)

35 g of methyl vinyl ketone, 150 mL acetic acid, and 1 drop of
water were heated under reflux overnight. After removal of acetic
acid on a rotary evaporator, the residue was fractionally distilled
to yield 28.6 g (LU4%) of the compound (XLII). bp 78-82°/15 Torr, Litt.

ppr07 78—8140/_15 Torr. NMMR(neat) 1.6(s,3H, (hC0), 1.8(s,3H, OCCHB)

-1

2.45(t 28 50H2) 3.95(5,2H,008,)1  IR(CHCLg)em 3500, 1725, 1360,
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1250, 1175, 1050.

Y4-Carbobenzyloxy-3~hydroxy-3-methylbutyl-l-acetate (XLIII)

10 mL of dry ether was cooled to -23o under a nitrogen atmos-
phere. Diisopropylamine (1.5 mL, 10.6 mmol.) was added via a syringe
followed by a solution of n-butyl-lithium in heptane (6.39 mL, 10.6
mmol.) which was added over a period of 10 minutes. After stirring
for 1 hour, the bath temperature was reduced to -78° and 1.59 g
(10.6 mmol.) of benzyl acetate slowly added. The solution was stirred
for 30 mirutes at -78° and l-acetoxybutane-3-one (1.26 g., 10.6 mmol.)
added. After 30 minutes, the reaction mixture was treated with 2 mL of
20% agueous hydrochlordc acid and then allowed to warm to roam
temperature. The mixture was diluted with 2-3 mL of water and then
extracted with ether. The dried and evaporated organic layer yielded
an oil (2.1 g) which on NMR indicated the presence of some unreacted
benzylacetate. This was removed by heating the residue under a distil-
lation colurm at 0.005 Torr and 80-90° bath temperature. The residue
of 1.9 g (64%) gave spectral data in aécord with the proposed
structure. It was used for further reaction without any further
purification. I\IIVR(CCZLM)S l.O(s,3H,CCH3), l.8(singlet superimposed
on a triplet,SH,OCOH3,CH2), 2.25(5,2H,CH2002), 3.5(s,1H,0H), 3.9
(£,28,0CH,), 4.8(s,2H, CH Cels), 7-0(s,5H,CeHy);  IR(CHCI om™ 3500,
1715, 1450, 1375, 1250, 700,

Attempted preparation of 4-Carbobenzyloxy-3-hydroxy-3-methyl-l-
butanol (XXVIII)

The above compound, (XLITI) (0.48 g., 0.0017 moles) in 10 mL of
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CHCl,: MeOH (1:1) was stirred with 1.5 mL of 1.2N sodium hydroxide

3
in MeOH:H,0 (1:1) at 37° for 15 minutes. At the end of this period
2.0 ml: of 0.075N acetic acid was added and the reaction mixture
extracted U times with methylene chloride. The NMR of the residue
indicated that both the acetyl and the benzyl groups were removed.
Variation of temperature andtime in this_hydrolysis either gave
the unreacted starting campound or mevalonolactone. The selective

removal of acetate could not be achieved by using potassium darbonate

in ethanol.

Ethyleneketal of ethylacetoacetate (XLIV)

Ethylacetoacetate (20.0 g., 0.16 moles), 14,88 g (0.24 moles)i
of ethylene glycol, and 100 mg of p~toluenesulfonic acid in 100 mL
benzene were refluxed in a 250 mlL round-bottomed flask equipped with
a Dean~Stark apparatus. Refluxing was continued until no more water
was collected in the Dean-Stark apparatus. After cooling the solution
tc_:: room temperature, it was washed with water, saturated sodium
bicarbonate, and then water again. The organic layer after drying
over anhydrous sodium sulfate was concentrated under vacuum and the
residue obtained distilled under vacuum to give 20 g of the campound

(xLIv)- bplul 95-100°/20 Torr. R‘i,CCHc13+I4 drops of EtOH)=0.64. NVR

(neat) & 1.4(5,3H, 00,0, ), 1.6(s,3H,00H;), 2.75(s 2H,CHLC0), 3.8-4.3
(singlet superimposed on a triplet,GH.,OCHa; IRCCHC13)cmj_l 3000, 1740,
1450, 1375, 1150, 1110, 1050, 950, 875,
Analysis: Calculated for Cgty)0y C, 55.17; H, 8.a4
Found;  C, 55,49; H, 8.13

119



- IG—Ketobutanoi—etbyleneketal eon) B
In a 250 mL three-necked round-bottamed flask was suspended 1.14 g

- (0.03 moles) of lithium gluminium hydride in 35 mL anhydrous ether.
To this stirred suspension was added dropwise a solution of 3.5 g
(0.054 moles) of ethylene ketal of ethyl acetoacetate in 30 mL anhy-
drous ether. The addition was maintained at such a rate that uniform
refluxing occured. It was refluxed for an additional 2 hours and
then cooled to room temperature. This was followed by the addition
of 5 mL of 10% sodium hydroxide soiution. The precipitated solids
were filtered and rinsed with ether. The combined filtrates were
washed with brine, dried, and evaporated. There was thus isolated
4.6 g (65%) of the desired compound (XIV). bp 100-105°/20 Torr Litt.

opl 't 85-87°/11 Torr. R, (CHCL#h drops of Et0H)=0.33 NMR(neat)y

3
1.2(s,3H,CH3'), 1.8(t,2H,CH,), 3.3-3.6(t,2H,00H,), 3.75(s,4H,0CH, ),

3.9(s,1H,0H); IR(CHCl3)cm—1 3600, 3000, 1375, 1100, 1050, 950.

U-Hydroxy-2-butanone (XLVI)

A mixture of 1Q0.5 g of the ketal (XLV), 7.2 mL water, and four
drops of concentrated HC1 was stirred for 2 hours at 60-70°. After
cooling to room temperature, the aqueous solution was extracted
thoroughly with ether and the ether solution washed with saturated
sodium bicarbonate solution. After drying, the—solvent was removed
by evaporation under vacuum to yield 5 g of the residue which was
distilled atll-13 Torr pressure to give 4.8 g (69%) of the desired

x|

campound (XIVI). bp 71-76°/11-13 Torr, Litt. bpr o 70-76%/11 Torr.

NMR(neat)S 2.0(s,3H,CH3CO), 2.115(t,2H,CHZOO), 3.15(s ,1H,0H), 3.45
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(t,2H,0CH,); IR(CCL Yo 3600(broad), 3000, 1725, 1520, 1350, 1110.
CH, y

4-Tetrahydropyranyl-2-butanone (XLVII)

A solution 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) of pyridinium p~toluenesulfonate was
stirred for 4 hours at room temperature. ‘The solution was then diluted
with ether and washed once with brine to remove the catalyst. After
removal of the solvent on a rotary evaporator the residue was distilled
under vacuum to yield 6.9 g (72%) of the compound (XIVII). bp 100-
106°/15-18 Torr. It was used without any further purification for
the next reaction. Rp(CHCL,)=0.46. NR(neat)& 1.35(broad singlet,
6H,CH,), 1.9(s 38,C0CH,), 3-1-3.8(m, HEL, OCH, ,CH,0E,0), 4.3 (m, 1H, CH);
IR(.CHC13)cm‘l 3500, 3000, 1725, 1450, 1360, 1130, 1090, 1050, 925, 875.

Pyridinium p—toluensﬁlfonate (PPTR) _

In a 100 mL round-bottomed flask, p~toluenesulfonic acid monohy—
drate (3.7 g, 0.003 moles) was added to 12.1 mL (0.015 moles) of
pyridine with stirring at room temperature. The reactlion was slightly
exothermic. After stirring for 20 minutes, the excess pyridine was
removed with a rotary evaporator on a water bath at 55—609 to give
a white solid which was recrystallised from acetorie to give pure

campound (6.8 g, 90%), mp 119-120°, Litt. mpte! 120°,
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4—Carbobenzyloxy-3-hydrox—3-methylbutyl-l-tetrahydropyran ether .
(XIVIII) '

Driy ether 15 mL was cooled to —230 under a nitrogen atmosphere.
Diisopropylamine (2.1 mL, 0.0147moles) was added via a syringe followed
by a solution of n-bupyllithium in heptane (9.2 mL, 0.015 moles) which
was added over a period of 10 minutes. After stirring for 1 hour, the
bath temperature was reduced to -78° and 2.25 g, (0.015 moles) of
benzyi acetate slowly added. The solution was stirred for 30 minutes
and 2.55 g (0.0147 moles) of tetrahydropyran—2-butanone was slowly
added. After stirring for 30 minutes, the reaction mixture was treated
with 3 mL of 20% agueous HCl and then allowed to warm to roam
temperature. The mixbure was diluted with 3 mL of water and extracted
with ether. The dried and evaporated organic layer yielded 3.5 g of
an oil. Unreacted benzyl acetate and starting ketone were removed by
heating at 90—95O at 0.01 Torr pressure In a distillation apparafus.
The Pesidue (3.3 g, 70%) exhibited spectra in accord with the proposed
structure. It was further purified by colum chramatogra;;hy on silica
gel using chloroform containing 0.75% ethanol. NVR (CClu) 8 1.15(s,
3H,CH3), 1.25—2.0(m,8H,(CH2)3, CCH2), 2.ll(s,2H,CHZOO), 3.1-4.0(m,5H,
OCHZ,OH,OCH2), 4.7(broad, 1H, CH), 5.0(s,2H, CH206), 7.1(s, 5H, C6H5).
IR(CClu)cm_l 3600(broad), 3000,1725,1360,1245,1050,695.

Analysis Calculated for Cl8H2605 c,67.07; H,8.07
Found C,66.75~ H,8.21

Attempted preparation of Tetraethyl methylene bisphosphonate.
Kosolapoff procedure: Diiodamethane 69.0 g (0.26 moles) and 133 g
(0.8 moles) of triethyl phosphite were refluxed at 160-170° for 2L
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hours in a round-bottomed flask equipped with a reflux condenser and
a Dean-Stark tube at the top of the condenser. After removal of
unreacted triethyl phosphite the resgidue was distilled under vacuum
to give 24.3 g (34%) of diethyl iodomethylphosphonate. bp 80-85°/0.05
the residue. NYR(Neat) § 1.2-1.5 (t,6H,0CH,0H;), 3.2-3.4 (d,2H,CHy),
3.9-4. 4 (q, 4, 0CHL,) TR(CCLyan™* 3000,1450,1395,1275,1175,1060,1040,975.
Becker reaction with diethyl iodomethylphosphonate (XLIX)

A solution of sedium ethoxide was prepared by dissolving 2.0 g
(0.087 moles) of sodium in 36 mL ethanol. The sodium ethoxide was then
added dropwise over a period of 30 minutes to a mixture of 24.3 g
(0.087 moles) of diethy].;ibdmethylppogpnonate and 12.00 g (0.87 moles)
of diethyl phosphite in 7 mL of ethanol at room temperature. The
reaction was very exothermic. The solution was stirred for 1 hour after
which it was filtered, ethanol being removed on a rotary evaporator,
and to the residue ether was added to precipitate any additional
sodium iodide. The solution was filtered again and the ether evapor-

ated. The residue did not contain the desired materdial.

Diethyl iodamethylphosphonate, Cé&e Procedure;

Freshly distilled methylene diiodide, 116 g (0.43 moles), was
heated to 180° in a 500 mL three-necked round-bottcomed flask equipped
with an addition funnel, thermometer and a 12 inch fractionating column
with a condenser at top set for distillation. Triethyl phosphite,

47.9 g (0.29 moles), was then added. There was an immediate distilla=~
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tion of ethyl lodide as the temperature rose to 200° in the flask.
Heating was continued for another 20 minutes and the mixture distilled
to give 39.5 g of unreacted methylene diiodide and 47.9 g (61%) of
the desired compound. bp 3> 85-87°/0.05 Torr. The residue (.75 g)
exhibited spectrally the presence of tetraethyl methyleneblsphosphon-—
ate but 1t could not be isolated. NMR(Neat)Q1.2-1.5(t,6H,0CHCHy),
3.2-3:4(d,2H,CH,), 3.9-4.4(q,4H,0CH,); J:R(ccnu)cm"l 3000,1450,1395,
1060,1040,975.

Interaction of triethylphosphite and diethyl iodemethylphosphonate
Diethyl iodemethylphosphonate, 33.5 g, was heated to 220° in a
three-necked round-bottamed flask equipped with an addition funnel,
thermometer and a 12"fractionating colum equipped with a distillation
head. Triethyl phosphite, 30.2 g, was added dropwise as the ethyl:
jodide distilled out (66-70°). After the addition, the mixture was
heated for 1 hour and then distilled. It gave 8.0 g (23%) of
tetracthyl methylenebisphosphonate. bp 102-104°/0.02 Torr. Litt bpioe
123-158°/0.5 Tarr NMR(neat) 1.2-1.5(t,12H,0CH,0H,) , 2.3-2.9(t, J=21
Hz,2H,CH,), 3.9-4.5(m,8H,0CH,); IR ai™ 3000,1255,1025,925,790.

Tetraisopropyl methylenebisphosphonate (LI)

Triisopropyl phosphite (212.3 g, 1 mole) and 86.9 g (0.33 moles)
of dibromomethane were combined in a 500 mL three-necked round-bottomed
flask fitted with a magnetic stirrer, a thermometer and a 24 inch
fractionating colum for separating the isopropyl bromide as the by-

product fram the reaction mixture. The fractionating colum was

124



constructed by combining two Liebig condensers which had been packed
with glass helices. The temperature of the water circulating through
the jackets of the Liebig condensers was maintained at 65o during the
entire reaction period by passing a mixture of steam and hot water. i
A Dean-Stark apparatus was commected to the top of the fractionating
column and to the top of the Dean-Stark apparatus was fitted a Dewar
condenser cooled-with Dry Ice-lsopropanol mixture and protected fram
the atmospheric moisture by a drying tube. The Dean-Stark apparatus
wWas heated by an electric filament. The reaction flask containing
the reactants was heated until the reaction commenced at 140° and
then continued for an additional 7 hours, over whnich time the
temperature of the mixture was gradually raised until a maximum
temperature of 185° was achieved. The temperature was held between
180-190° for the remaining time period (2-3 hours). The temperature
must not be allowed to exceed 195°.  After removal of excess of
triisopropyl phosphite, the residue was distilled under vacuum to

yield 89.1 g (78.5%) of the desired compound. bp 95-108°/.005~.01 Torr.

Methylenediphosphonic acid (LII)

Tetraisopropyl methylenediphosphonate 20 g (0.058 moles) was
dissolved in 100 mL of concentrated HC1l and the mixture refluxed for
three hours. The solution was then concentrated to dryness on a flash -
evaporator at 140-1450. The last traces of water and hydrochloric acid
was removed by adding three portions of isopropyl alcohol and reducing
the volume to dryness after each éddition. The white crystalline
solid was filtered and washed with acetone and dried in yacuum over

P0s. mp 199-201°, Litt. mp3 203-206°. Yield:9.0 g (88%).
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Diethyl 1-Methyl tetrahydrofuranyl-l-~phosphonate (By Arbuzov
reaction) (LIII)

A mixture of 7.2 g (0.06 moles) of 5-chloro-2~-pentanone and
9.95 g (0.06 moles) cf freshly distilled triethyl phosphite were
refiuxed for 24 hours in a 100 mL round-bottamed flask. After
removing any unreacted triethyl phosphite, the residue was vacuum
distilled using a small Vigreaux column to yield 8.9 g (67%) of the
desired compound (LIIT). bp 80-84°/.035 Torr. NMR(CH013)ES 1.1(dis-
torted triplet, 9H,CHiOCH,CH;), 1.3-2.3 (m, MH,—CH2CH24), 3.0-4,2

(m, 6H, OCH,, OCH,CHs), TR(CCLydem™  3000,2100,1700(w),1450,1360,
1250-1160,1025, 950.
Analysis Calculated for CngQOMP C,48.64; H,B.62

Found C,48.75; H,8.81

Diethyl 1-Methyl tetrahydrofuranyl-l-phosphonate (LIII)

A solution of sodium ethoxide was prepared by dissolving 1.37 g
(0.06 moles) of sodium in 25 mL of absolute ethanol. Sodium ethoxide
prepared above was added drapwise over a period of 20—25 minutes to a
mixture of 7.23 g (0.06 moles) of 5-chloro-2-pentanone and 8.28 g
(0.06 moles) of diethyl phosphonate in 5 mL of absolute ethanol at
room temperature. The reaction was very exothermic. After refluxing
for 1 hour the solution was cooled to roam temperature and then filtered.
Ethanol was removed on a rotary evaporator. To the residue 25 mL of
ether was added and the precipitated solid removed by filtrat¥on =~ -
The ether was evaporated at reduced pressure and the residue distilled

at reduced pressure using a Short-path vigreaux colum to yield 9.28 g
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(70%) of the compound (LIIT) which gave the right spectral analysis
and corresponded to the earlier prepared campound both in spectral
and VEC measurements. NWR ‘(neat). §).. 1.1(distorted triplet,9H,CH,

'ocazcn3),, 1.3-2. 4 (m, 4H,~CH,CH.~) 3.2—14.2(m,6H,OCH2,OCH20H3) IR(CCLy),

3000,2100,1700(w) ,1450,1360-1240,1160,1020,950.

Diethyl l-phenyl tetrahydrofuranyl-l-phosphonate (LIy) Arbuzov reaction.
23.3 g (0.14 moles) of freshly distilled ‘crie’chylphosphite were re-
fluxed overnight. After removing the unreacted triethyl phosphite,
the residue was distilled at reduced pressure to yield 23.5 g (60%)
of the desired compound (LIV). bp 130-142°/.15-.20 Torr. NMR(CCl,)
&S1.1(two overlapping triplets, 6H, OCH,CH,), 1.4-2.9(m, 4H,~CH,CHL),
3.3-4. 2(m, 6H,0CH,,0CH,CH,) 7.2(m,5H,O6H5) B(CClucr}l-l 3000,1700(w),
1600,1450,1390,1250,1150,1050,950,700.
Analysis Calculated for ClllH2lOllP C,59.15; H,7.39

Found ¢,59.15; H,7.58

Diethyl 1-Ethyltetrahydropyranyl-l-phosphonate (LV) Arbuzov reaction

A mixture of 10.0 g (0.052 moles) of l—Br'osmo—5—1r1c-:p’canone155 and
10.79 g (0.065 moles) of triethylphosphite were refluxed at 180-185°
for 16 hours in a 100 mL round-bottamed flask. The unreacted tri-
'ethylphosphite was removed and the residue vacuum distilled to yield
7.7 g, 61.6% of the desired campound (LV) bp 109-112°/0.06 Torr.
NWR (neat) 3.9-1.6(three overlapping triplets, SH, OCH,CH., CHy),
1.6-2.8(m, 8H, (.CH2)3, CH,) 3.4—3.85@,2}1,001{2), 3.9-u.5(m,4H,00f120H3)

Analysis Calculated for CllH23OLlP C,52.80; H,9.20
Found C,51.90; H,9.46
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Diethyl 3-phenyl-3-oxopropyl-l-phosphonate (IVI)

A mixture of 5.0 g (0.029 moles) of ,G ~chloropropiophenone
and 4.98 g €0.03 moles) of freshly distilled triethylphosphite were :.
refluxed overnight. Excess triethylphosphite was removed and the
residue distilled under reduced pressure to glve 4,05 g (51.7%) of the
desired campound (IVI). I\IMR(_CCIM)S l.O(t,6H,OCH20H3), 1.4-2.15(m,
2H,CHP), 2.6-3.25(m,2H,C0H,), 3.4-4.1(m,4H,00H,CHy), 7.2-T.6(bwo

multiplets, 5H,C6H5); ZIIR(CClu)c:m—:L

3000,1700(s),1600,1450,1250,
1060,1030,960,850,750. '
Analysis Caleulated for C)gH; (0P C,57.70, H,7.03

Found C,56.74 H,7.08

Diethyl 3-phenyl-3-oxopropyl-l-phosphonate {(IVI)

A solution of sodium ethoxide was prepared by dissolving 0.42 g
(0.018 moles) of.sodium in 7.5 mL of absolute ethanol. This solution
of sodium ethoxide was added dropwise over a period of 15-20 minutes to
a mixture of 3.0 g (0.018 moles) of /8 —~chloropropiophenone and 2.48 g
(0.018 moles) of diethyl phosphonate in 2 mL of absolute ethanol at
room temperature. The reaction is exothermic. After refluxing for one
hour, the reaction mixture was cooled to room temperature and then
filtered. Ethanol was removed with a rotary evaporator and to the
residue 20-25 mL of ether added. Any precipitated solid was filtered and
then the ether was removed by evaporation at reduced pressure. The
spectral data of the residue corresponded to the same compound prepared
by Arbuzov reaction as described before. NMR(neat) 8 9(t,6H,OCH20H3 1,
l.3-2.5(m,2H,PCH2), 2.5-3.3(m,2H,CCH, ), 3.4—4.0(;11,4}1,00}12), 7.0=7.5(two
m, 5H,C6H5). :[R(ne:a.t)cm_1 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 cell involwves diffusiom.
of the molecules from the bulk phase of the blood to the agueous~
membrane interface followed by translocatien iﬁto the cytosolic campart-
ments either by diffusion through the cell membrane or by interaction
with a finite number of recognition sites on the cell surface prior to
uptake. Dietschy et al 155 measured the increase in the mass of cholesterol
esters in the liver to estimate hepatic néet uptake rates of cholesterol
from various serum and intestinal lipoproteins fractions. They report
that liver is capable of taking. up cholesterol fram chylamicron remants =
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 remants and —
allows the liver to “sense" the amount of cholesterol that is entering
the hody through the intestine. This transport process apparently is
present only in the liver. Therefore it seems reasonable to couple
the mevalonic acid analogue to a bile acid in order to get the analogue
transported ingide a cell. Bile acid of choice would be tetrahydroxy-

cholane.
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Chemical Shifts of (LXXI):

201.906, 201.349, 170.566, 170.020, 169.288, 156.974, 136.310,
128,44k, 127.956, 68.216, 66.936, 62.120, 61.876, 44.502, 42.73H,
40.905, 31.699, 21.458, 16.454, 16.215.
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Chemical Shifts of (ILXXXIV):

171.112, 170.937, 169.962, 154.599, 134.847, 127.532, 127.166, 80.347, .
78.823, 78.153, 76.872, T5.592, 65.656, 64.802, 52.91L, 50.415, 47.916,
36.333, 27.432, 27.067, 17.861, 17.008.
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Cnemical Shifts in (IXX0XIVI):

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.
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