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ABSTRACT
ORGANOPHOSPHORUS SYNTHESIS
BY
PARITOSH R. DAVE

Adviser: Dr. Robert Engel

The following analogs of glycerol=-3-phosphate have
been synthesized for the purpose of affinity label
experiments: 1. Monotrliethyl ammonium 3,4-dihydroxy 1,2-
epoxybutylphosphonate. 2. Dimethyl 3,4-0-lsopropylidene-
3,4-dihydroxy~2-ketobutylphosphonate.

.- The first of these has been prepared by sodium
tungstate catalyzed epoxidation of the corresponding trans
alkene phosphonate with hydrogenperoxide.

The second of these has been prepared by alkylation
of lithio dimethyl methylphosphonate with methyl glycerate
2,3-acetonide.

The Darzen’s condensation has been applled to
the synthesis of diethyl 3,4~0~-1sopropyl idene-3,4-
dihydroxy-1,2~epoxybutylphosphonate, although all attenmpts
to hydrolyze the product resulted in attack at the oxirane
ring. '

: Attenpts to syntheslize 3,4-dihydroxy~1-
ketobutylphosphonic acid via 1,3=dithiane-2~-ylphosphonate
and other methods were unsuccessful. -

A nmethod for one pot conversion of bromides to
aldehydes using DMSO, Nal and base has been developed.

' il
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INTRODUCTION

Organic esters of phosphoric acid play an Integral
role {n the blochemical processes of all llving systensl.
The study of the chemistry of phosphonates has accelerated
In recent years owing to a recognition of their structural
relationship to the phosphates, coupled with the role of
natural phosphonates in llving systeas.

Glycerol may serve as a precursor to glycerol 3=
phosphate V(GBP) s+ A motabollite of significance both ({n
lipid metabolism and és a by=-product of glycolysis. The
metabolism of glycerol and gl'ycerol 3-phosphate in mammals

is governed mainly by three enzymes: glycerol kinase, the

. . + .
cytosolic NAD ~dependent glycerol 3-phosphate
dehydrogenase, and the mitochondrial FAD~linked glycerol

3
3-phosphate dehydrogenase [fig 1, 1.
4 5

Bucher and Klingenberg and Estabrook and Sactor
proposed a G3P SHUTTLE on the baslis of:

(a) the Iinability of intact rat liver altochondria to
6
oxidize external or cytosolic NADH , -

(b) the abllity of mitochondria to oxidize G3P but not

dihydroxy-acetone phosphate (DHAP), and

(c) the existence of a cytosolic NAD+-linked‘enzyne that

thermodynamically favours the formation of G3P and NAD+.
Reducing equivalents In glycolysis are deposited

temporarily in DHAP converting it to G3P, which then



Glycerel

Glycolytic system

Glycerol
Lipias
ATP
NADH
G3P DHAP

G3P Shuttle

FAD
Mitochondrion

(Figure 1)
ATP= adenosine triphosphate
G3P= glycerol 3=-phosphate .

DHAP= dihydroxy-acetone phosphate
FAD= flavin adenosine dlnucleotide

enters the outer mltochondrial membrane and is reoxidized
to DHAP. The DHAP c¢an then return to cytosol to be
recycled. In this cycle, reducing equivalents are dlisposed
in the cytosol in exchange for oxldative phosphorylation
in mitochondria. Although the {mportance of this pfocess
for the generation of‘ne;a:olic energy In nmuscles of

insects 1s well establ ished » there [s no evidence that

the shuttle plays a major role in this respect Iin

vertebrates.

8
In bacteria, glycerol is dissimilated in two ways .



One begins with dehydrogenation followed by
phosphorylation, and the other beginz with phosphorylation
followed by dehydrogenation. In both cases the terminal
product is DHAP. The complexity of enzymology that brings
forth these transformations is not obvious from the above
sinplistic representation of the chemical reactlons of
glycerol. Certalin organisms are able to utilize not only
external glycerol, but also G3P and/or dlhydroxy'acetone
DHA, the intermedliates of the two pathways. A speclal
perneatloﬁ protein would be required for metabolic access
to all three. Also, although having a single pathway In
principle should suffice for utilization, some bacteria
are equipped with both pathways, in some cases requiring
at least.seven dlfferentlcatalytlc protéins. each saubset
being adapted to serve under a particular circumstance. In%
addition to these, there are considerable vérlations in
the mechanisms of dehydrogenation.

The kinds of proteins eaployed by one bacterial
species, Escherichlia ¢oll., for the utlllzation of
glycerol, G3P, and DHAP are summarized in fig 2., and
discussed briefly below. .

(1) Glycerol facllitator (or facillitator protein):
This protein catalyzes the equilibration of the substrate
across the cell membrane rather than transport agalnst a

9a
concentration gradient .




Cell anbrane

Facilitator

Glycerol —F——= Glycerol

Feedback 1lnhlbkitlon

d

Kinase FDP
Aer. Dehydrogenase
Transport rd 7
G3P —&————"G3P An. Dehydrogenase
- \ — DHAP ¥— GAP

G3P Synthase
C(DHAP) Reductase

(flgure 2)

FDP= fructose 1,6-diphosphate
GAP= glycerol acetone phosphate
AER= aeroblic

AN= anaervbic

(2) G3P transport (or pernease):
9b

This protein catalyzes the active transport of sn G3P .
(3)Glycerol Kinase (ATP: glycerol 3-phosphotransferase):
Its function 1Is to catalyze phosphorylation of glycerol
and is feedback inhiblited by fructose I.S-dlphosphategc.
(4) Anaerobic G3P dehydrogenase:

This enzyme catalyzes the oxldation of G3P to DHAP and is

. 9d
coupled to a fumarate or nitrate reductase chain .



(5) Aeroblc G3P dehydrogenase:
This enzyme also catalyzes the oxidation of G3P to DHAP.
In this case either oxygen or nitrate can serve as the
ultimate electron acceptorge. _
(6) G3P synthase (or DHAP reductasé) (G$P:NADP+ 2-
oxidoreductase)
This enzyme catalyzes the conversion of DHAP to G3P. As
such it serves as the 1link between glycolyslis and
phosphoglyceride synthesis. It s 1inhibited by high
concentratlona.of the product G3P.
(7) G3P acyltransferase (acyl=Co=-A:G3P O-acyl
transferase): |
This enzyme catalyzes the first step in phoaphoglyceridé
synthesls, the formation of lonoacyl‘ G3P. It s an
important step in metabollc control. :
Consideration of some of the important roles played
b} glycerol 3-phosphate makes it a priase target for
antimetabolic activity by structurally related phosphonlic
acids. One of the most common modes by which phdSphonlc
aclds and phoﬁphonates may act as an antimetabolite
involves Iintroduction of a phosphonic aclid 1linkage 1In
place of the normal phosphate ester portion of a
metabolite while the remaining functionalities remain the
same. Since the carbon-phosphorous bond is Incapable of

hydrolysis by phosphoesterases, there exlists the potentlial

to perturb one or more blochemical processes. For



optimlization of activity, other structural varlations
might be desirable.

Several aspects of change must be considered in
addition to bestowing resistance to hydrolysis. One of the
prime considerations would be the steric factor, 1i.e. the
distances between the phosphorus acid site and the other
functionalities. For exanmple, 2,3-dihydroxypropyl=-1-
phosphonic acid, generated in both racemiclo and chiral
formsll as a potential antimetabolite for sp-glycerol-3-
phosphate wutillizing, processes was found to be totally
without Inhibltory action toward L-~glycerophosphate:NAD

12
oxidoreductase

However 3,4-dihydroxybutyl-1-phosphonic acldl3-18, an
isosteric analog of G3P, - was found to be oxidized by the
L-glycerol-3-phosphate:NAD oxidoreductase at approximately
the same rate as the natural substrate and to have nearly
the same value of Knm,

For some other systems the isosteric requirement Is
not valid. For example, the “shortened” nonisosteric
analogue of UDP-glucose19 (phosphorus bound dlrectly to 5’
carbon of the nucleoside sugar) has been found to
substitute for the natural material as substrate for UDP-
glucose dehydrogenase. Moreover, while both isosteric and
nonlisosterlc phosphonic acid analogues of 3-deocxy-D-

arablinoheptulosonate-7~phosphate and D-gluco-7-phosphate

are competitive inhlbltors of the 3~dehydroquinate



synthetase of E, c¢oll, the nonlsosteric systems are far
better inhibitors than the isosteric systenszo.

_ Another factor of difference between the natural
phosphate and the structd}ally related designed
phosphonate s the loss of binding capabllity resulting
from elimination of esteratic oxygen of the natural
phosphate linkage. This might be of no consequence for a
given phosphonic acid antimetabolite whereas it might
preclude other potential antimetabolite from activity in a
different net;bollc systenm. Fof example, 1 witro
enzymatic studies with 3,4~dihydroxybutyl-i=phosphonic

acld have shown It to serve as a substrate for CDP-

diglyceride:sp~glycerol-3-phosphate phosphatidyl

transferase and s an i{nhibitor of the anaerobic gp-
14,21

glycerol-3-phosphate:NAD(P)oxidoreductase of E, coll .

But, 1t does not appear to interact with the catabolic
membrane bound glycerol-3-phosphate dehydrogenase, CLP-
diglyceride:L=serine phosphatidyltransferase, or acyl
coenzyme A:sn-glycerol-3-phosphate acyl transferastI. The
lack of Interaction of these latter systems has been
attributed to the loss of binding capabllity.

In an effort to test this hypothesis further, species
have been synthesized without the esteratic oxygen but
still bearing a potential binding functionallity. Tang et
3l. synthesized 1{,3,4~trihydroxybutyl~-t~-phosphonic acldls.

When this materlal was investigated with acyl coenzyme



A:sn=glycerol-3=-phosphate acyl transferase 1t was found to
22,23
serve as a substrate .

It may be concluded that both the steric factors and
the binding capabllities are of conseguence,

It s also of |interest to consider a naturally
occurring phosphonic acid which is bactericidal. The novel
structure of the antibiotic phosphonomycin I[11, has
generated nuch interest in epoxyphosphonatesz4'zs.
Phosphonomycin was flrst isolated from fermentation broth
in whizch Streptomyces fradiae was grown and has been shdwn
to have the following structure, based on its synthesis
from (-)-cls-propenyl phosphonic acid as 1its (+)-
phenethylanmonium salt25 and {ts ammonium salt42 by

epo:ldathn with hydrogen peroxide In the presence of

sodium tungstate.

c 0 Hb
H
"\Ql' /OH
CH 4 ‘P
a¥3 "\OH
0
!
25
NMR <D Q) a: 1.48 d J= 5.4 Hz., b: 2.84 (J= 18.5 and
2
5.1 Hz.), ¢: 3.27 n.
A nunber of bacterial strains exposed to



phosphonomycin In growth medium of high osmolarity, are
converted to spheroplasts, strongly‘ implicating the
‘lnteraction of phosphonomycin in cell wall formation.
Moreover, blochenical investlaatlonszs have shown that
phosphonomycin attaches covalently to, and thus Iinhibits
irreversibly, phosphoenolpyruvate:uridine diphospho~-N-
acylglucosanine transferase in extracts from several gram
positive and gram negative nicroorganisl327. This enzyme
catalyzes the first step in the blosynthetlic pathway of
the nucleatid; ruranyl peptides that serve as cell wall
precursors in all bacteria.

Phosphonomycin, administered orally, |s effectlive ‘ln
protecting mice against a numbher of infections caused by
gram positive and gram negative org;nlsns. It is an
effective chemotherapeutic agent and compares favourabiy
with tetracycline and chloramphenicol.

Thus {t Is clear that preparation of phosphonic aclids
structurally related to natural phosphates would be of
considerable Importance. A reasonable structdre for
bleoclogical studies would be 1,2-epoxy 3,4~
dihydroxybutylphosphonic acid [2]. .

The stereochemistry of the epoxide was not considered

critical as the epoxide functionality was chosen ¢to

provide a reactive site only.



H\\éifib//Post
HOHC// N

H

HOCH2

It embodies the following features that make it an

attractive synthetic target:

(1) Structural relationship to phosphonomycin,

(2) Binding and reactlve capabllity of the epoxide oxygen,
(3) Isosteric to glycerophosphate.

Other specie; Ehat lack the  esteratic oxygen of
glycerophosphate but still posses binding capability are
the alpha- and beta-keto phosphonates shown below [3 and
4].

POzH2 | PO H
312
How Ho/v\/

HO
3 4

10



The methods leading to 1!,2-epoxyphosphonates have
28,29

been reviewed . These include :

(a) The reaction of a dialkylphosphonate halohydrin with

base ;
0
Cl OH O P(OR),
m I base 11 11 .
R*~C—C—P(OR), R"R
Lok ’

Scheme I '

(b) The reaction of a dialkyl sodioalkane phosphonate with

an alpha-haloketone ;

S
NaP(GR)e + R'—c--c,:—ﬁ“' — 5
Cl
Scheme II

(c) Darzens reaction of a dialkyl chloromethylphosphonate

with a carbonyl compound , and ,

11



e R
H—?—P(OR)2+ > =0 — 5
Cl- Rlll

Scheme I11

(d) Direct epoxidation of an alkenephosphonate :

0
: Il
R PRy, 2%
or an
>""“"< peracid ° S
R" R]
Scheme 1V

Phosphonomycin has been synthesized by method
25, 42

(d) » and 1ts dlalkyl estei's have been syatheslized by
83 36
methods (a) and (c) .
83

Wendler et. al . synthesized phosphonomycin from the
corresponding halohydrin using 10 N NaOH. The product thus
prepared was lsolated as its monobenzylammonium salt and
found to be identical 1In all respects with mnmaterial
derived from natural sources. Our target epoxide would not
survive the above conditions and so It was not considered

a viable approach.

12



LIMITATIONS:
The yields of these reactlions are low and there are

certaln limitations as Indicated below .

The formation of é&pha substitutead 1,2-

epoxyphosphonates in the reaction of sodium-
30,31

dialkylphosphonates with halomethyl ketones +» but the

yields are 1low and a complex mixture of products that
includes enolphosphate (6] yla Perkov reaction and beta

ketoalkylphosphonate {7] yja Arbuzov reactlion is formed.

0 Rﬂ . l?
| e—CcR'R . (RO},P—C—CR'
ORRP |
6 Rll
Y
Alpha-substituted 1,2-epoxyphosphonates may be

prepared by alkaline treatment of the halchydrins formed
by the additlion of dialkylphosphonates with halomethyl
31

ketones , but the slow rate of reaction and low ylelds
limit the utllization of the reaction.

The Darzens condensation of aromatic aldehydes and
aryl and alkyl ketones with

32-35

dialkylchloromethylphosphonates has been found to be

effective, But the reaction was found to be Iineffectlve

13



for the preparation of beta-alkyl and alpha-alkyl or aryl
34
substituted 1,2-epoxyphosphonates

36
Recently, however Coutrot et. al. , have reported
successful preparation of a variety of alpha- as well as

beta- alkyl substituted 1,2-epoxyphosphonates, as shown

below.
0 nBulLi 0
X Hex/ THF X ]
PCHgCI - >PCHCILI

X -70° X

RR'CO/THE CH3l/ THF
-70-20°/ ° -70-20°

X

0
4o
Y v

AN
X ~P-CHCICHg
X
nBulL.i
RR'CO/THF
| -70-20°
o ¢Hz

X B R
x> V.

X=OEt,NMes

Schene V

14



X= QOEt.

R’R’*CO Yield %
2-propanone 80
3-pentanone 89

2,4-dinethyl~3-pentanone 88
2-butanone 8%
3=methyl~2=-butanone 86
3,3-dimnethyl-2-butanone 75
buten-3-one 36
3=-methyl-buten-3-one 75
1,1=dinethoxy=-2=-propanone 76

acetophenone ) 51

To date this reaction has only been performed wlth.
methyl and ethyl esters of chloromethylphosphonic acid. |

Direct epoxidation. of dialkyl vinylphosphonate can
result in side reactions owling to the relative
electrophilicity of the double bond. For example, the use
of t-butylhydroperoxide has been shown to result‘fn the
Michael addition of the butoxide to the colefin as shownzg.

Attempted reaction of diethylvinylphosphonate with
buffered peroxytrifluorcacetic acid in dlchloronethane37
and with peracetic acid in ethylacetate38 gave very little
(ca 10%)or no yleld of 1,2-epoxyphosphonate. These
reagents have been shown tg be effective In the

epoxidation of alpha~beta unsaturated carboxylic

15



37,38
esters .

H E(gmz 0
—> (CH3)z~ C—O—CHa-CHZ—L-(OR)Z

(CHz)3CO"

Scheme VI

Reaction of diethylvinylphosphonate with nethanolié
hydrogen peroxide at pH 9.5-10.039 resulted In 10% yleld
of the epoxldex. A 62% ylield of the 1,2-epoxide wasz
obtalned with t-butylhydroperoxide . in benzéne4° uslné
Triton B as a catalyst. In addition tc the desired
epoxide, a significant amount of diethyl 2=-t~-
butoxyethylphosphonate was also formed in this reaction
presumably by a Michael addition of t-butoxide.

Direct _epoxldation offers a dval advantage. First,
the formatlion of the intermediate vinylphosphonate pernmits
acid catalyzed deprotection prior to epoxidation or
removal of the ester following epoxidation by
hydrogenation if R=benzyl or pheny14l. Secondly,

stereospecific vinylphosphonates can be obtalned via

i6



PCl3+21BuOH + 3 EtgN ——(tBuO),PCl

HC=C—CH,0H ./
: » HC=C—CHo0P(0tBu)y

450°C 9
———  HoC=C=CHP(OtBu)o

Hz"Pd/C HSC 'PI(Of BU)Z
- /N
H H
H'a H,C I'=|’(OH)2
— N
VRN
H H
QO o
IR ; Hsc g<:oH
2 H202' Nap,WO4 , .
H H

R=() CSH5CH(NH2 ) CH3

Scheme VII

17



42
catalytic hydrogenation of the corresponding allenyl or
41

alkynyl phosphonate. Epoxidation of the appropriate
isomer can take place assymetrically In the presence of a
resolving agent, to isolate the product of the desired
absolute steriochemistry as shown {n the synthesis of
phosphono-ycln42 (scheme VII):

Haake et. 31.43 also reported a facile one step-
procedure to 1,2-epoxyphosphonates, in 33-84% ylelds

shown below In scheme VIII :

0 RO
base -
(RO)ng + R'(!‘-—L;:R"R'" —_— \c{—\cn“n’"
X (RO)le:;

R=CH , CH , CH Ph;
3 25 2
R’= CH , t-=Bu,

3
R*?=H, CH ,
3
R"’:H
Scheme VIII
44
In 1979, Sekine et. al. reported the faclile

hydrolysis of bistrimethylsilyl esters of phosphonic acids
by addition of alcohols. They also reported the conversion
of halohydrin adducts (10] to the free acids as shown

below in scheme IX:

18

as



x 9 Potme; X R \)‘(/(7& o forTMs
RoC—CR Ro C—C—P(OTMS) 7= Ry C=C—-P(OTMS)
2 2 [ 3 2
0 R
P(OTMS)3
Rl
P9 Rp =<
(SMTO),PCR,CR 2 0-P (OTMS),
i
RpC—(--POTMS),
OTMS
|- NaOMe/MeOH
2: TMSCI
. M %
R R’
CgHgNH, /EtOH
v O
R Ii=l’<OH +
?f}i O  CgHgNHy
- "

Scheme IX

19



45
In 1979, Benlignl and Trevisan synthesized aminoaclid

salts of (=)-cis 1,2-epoxypropylphosphonic acld

(phosphononycin) as shown below (scheme X):

- 'H202‘ -
H=C POxH H=C PO<H
3N /03", Nepwog 3 3",
.AH —— 'AH
/7 \ EDTA
H M H "0 H

A = amino acid

Scheme X

ZQOxophosphonates are important Intermediates In the‘
syntheslis of enones by the phosphoryl _stabilized.
oclefination reaction. 2-bxophosphonates can In certain
instances be prepared fron alpha-halogehoketones by the
Michaelis-Arbusov reaction. However, the Perkov reactlon46
forming enol phosphates, as shown below (scheme XI),
competes. Whlle this reactlon can be minlimized by varylng

the reaction conditions, other routes to the 2~

oxophosphonates are superior.

20



O
: I,
(RO} PCH, COR
oo

R/

i
Schene XI
A nore e}ficlent way to prepare 2-oxophosphonates is
by acylation of the corresponding alkigphosphonate, using

47
elther the acyl hallde or the ‘ester as shown below.

Q O
I'nBuLi/THF/-60° T
(RO),PCH
2PChs oo a5 (RO)oP CHo Cu

R'COC! i
> (R0)2P CHchR'
80-100%
12
ﬁ I- nBulLi/-78° .
(RO)>PCHy — 12
2: R'C/0)OR"
3- HCI/H20
Scheme XII |

21



Further route to make these important Intermediates

involves reaction of alkylphosphonate anions with

aldehydes followed by oxidation of the intermediate beta~-
48
hydroxy compound , as shown below (scheme XIII).

O  LnBuLis-7E° 7 ™
(RO}PCH3 > (RO)p PCHp—CHR
2. RCHO
OXIDN-
> 12

Schene XIII
1-Ketophosphonates are readily prepared by the
Michaelis-Arbuzov reaction of acyl halides with trlalkylt

49
phosphlites as shown below (scheme XIV).

(RO}3P + RC(O)X ——— RC(O} PIO)XOR); + RX
13

Scheme XIV

The high acylating potential of acylphosphonates
50
towards O, N, and C nucleophiles has been recognized and

has 1led to their use as alkoxycarbonylating agents in Key

51
steps of the synthesis of prostaglandins .

22



They are highly reactive compounds and are cleaved by

acid as well as alkali to phosphites and carboxylic acid
52,53

derivatives ’ presumably through the following

' 53

mechanism .

Hp0
(OR)z'_" RC 02H + (RO)Z PO
0 OH (4

- 0-

OH Ho0 -
R ? —P(ONOR)s— 14 +(RO)5P(O)
OH
Schene XV

They are more readily cleaved than glpha-hydroxy
compounds, and some acyl phosphonates ace sensitive to
noisture- at roonm temperature54. It has been shown that
the hemiketal [15] |s produced when the l-ketophosphonate is
dissolved 1In alcohol at room temperature In the absence of

52
aciad (scheme XVI).

OR"
|
13 +  R'OH .——»R’-E—P(O)(OR)Z
' ' H

Scheme XVI

23



The current project has been concerned with the
preparation of - analogues of glycerol 3-phosphate which
would incorporate 1) a non-labile phosphorus linkage, and
2) a functionallity which (s capable of Irreversibly
binding at an enzyme site. Such species would allow
affinity label experiments to be designed and performed Iin

enzymatic systenms.

<
P(OH)2
HO OH
0 ¢ (x? K
i ' '
0. P(OCH3), ! PloH, |
/ , t
| :
o><o « HO OH )
0 f o
P(OR)o [ P(OH)2 :
|
]
| (9] ‘
0 ' J
. HO OH

24



The major target to this end was 3,4-dlhydroxy-1,2-
epoxybutylphosphonic acid, which could be considered an

analog of glycerol 3-phosphate and the naturally occuring

antibliotlc, Phosphononmycin. A

Related materials which could serve for this purpose
are 3,4-dihydroxy-1-ketobutylphosphonic acid and 3,4-
dihydrozy=-2-ketobutylphosphonic acld.

25



RESULTé AND DISCUSSION

I. Sypthesis of l.2-epoxyphosphonates:
(a) Attempts via halohydrins:

The Darzens reaction, within the structural
limitations discussed, has been found very effective Iin
the synthesls of 1,2-epoxyphosphonates. Numerous examples
of its application to the synthesis of dlalkyl esters of
1.é-epoxyphosphonic acid have been noted. However, In no
case has the }eaction been attempted with aryl esters of
phosphonic acid. Furthernore, there s but one example of
a dealkylation of a dialkyl -1, 2-epoxyphosphonate to g!vé
the corresponding epoxyphosphonic acldss. |

Our initial approach to 1,2-epoxy 3,4~
dlhydroxybutylphosphonic acid (2] is outlined below in
schene XVII.

It was desired to fully deprotect the corresponding
halohydrin prior to epoxide formation in view of the
sensitivity of the oxirane ring alpha to the phosphonate.
In this light it was declded that model systems should be
examined first In order to develop methodology.

The - known diethyl chloromethylphoaphonate [16]56a,b
was syntheslized by reaction of chloromethyl phosphonlic

dichloride with 2 equivalents each of ethanol and triethyl

amine as shown below In scheme XVIII.
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o) HO P(OEH),
O nBuLi
CICHgg(OEt)z + !
00 -78° ¢l
X Xo
16 7 18
|'TMSBr HO P(OH),
2. dil- HCI
o
HO OH- -
0

base

v

NT.

/__<<jf§L// 0O

HO  “OH g
Scheme XVII

I I
CICH,PCly +2EtOH + 2Et;N  ——— CICH,P(OE 1),
| 16

Scheme XVIII

27



Reaction of the anlon generated from diethyl
chloromethylphosphonate using nBulLl with acetaldehyde in dry
ether at -78°C. for three hours followed by quenching with
water, gave a reaction nmixfure for which NMR indicated

product formation.

0 :
g nBuLi
CICH,P(OEt), + CH3CHO >
-78°
0
HO iL(OEf)z . .
HyC o
2

Scheme XIX
Unfortunately, all attempts to purify it by .
chromatography met with fallure. It decomposed on standard
sllica gel chromatography columns as well a$ on attempted
HPLC.
Similar resu1t§ were obtalned on reaction of
lithiated dlethyl chloromethylphosphonate, generated using

nBuLi or lithiun diisopropyl anide [LDAl, with
benzaldehyde.
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Similarly, generation of the anion of diethyl
chloromethylphosphonate using t-butyl lithlum , and |{ts
subsequent reaction with n-pentanal also failed to provide

a purifiable product.

(|? nBul.i/ LDA
CICH,P(OEt), + CgHgCHO e
0
H()>_<P(0Et)2 .
.H5cs el
r 22
Scheme XX
CICH g(oét) 4 .c HyGHO el
2 2 ‘5, i go
0
HO Boen,
/‘ ‘ |
H,,C5 cl |
| 23
Schene XXI1
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36
In 1978, Coutrot and Savignac , reported the

preparation of 1,2-epoxyphosphonates by the reaction of
lithiated diethyl chloromethylphosphonate with various

carbonyl compounds. Diethyl dhloronethylphosphonate was
o
added to nBuLi in THF/hexane at =70 followed by addition
. o
of the carbonyl compound at =70 . After stirring for one
o

hour at =78 , it was warmed to room temperature and

stirred overnight.

We have applied this reaction to acetone
. ' o
glyceraldehyde but it was quenched at -78 in order to

isolate the halohydrin [18].

il
’ o HO P(OEt),
: C|CH2£>(QE”2 + nBulLi :
' 0 0 -78° Ci

X | Xo

. I
- TMSBr ~HO P(OH),
2- dil- HCI

HO  OH
IS

Scheme XXII
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Acetone glyceraldehyde [17) was prepared by the method
57

of Baer and Fisher as shown below.

HO— 0
HO— (CHz),CO
HO— ) HO—
OH ZhCly —OH
——OH | —'o><

Pb (OAC )4

Ll
X

|7

Z2inc chloride catalyzed acetonization of D-mannitol at
room temperature for 16 hr provided 1,2-5,6-diacetone-D-
mannitol, which on treatment with lead tetraacetate in dry
benzene afforded acetone glyceraldehyde.

Treatment of lithiated diethyl
chloromethylphosphonate with acetone glyceraldehyde at =70

o
to =75 C for 1 hour followed by quenching with water gave

31



1

the halohydrin. Attempts to purlfy 1t directly were
unsuccessful. NMR of this crude material showed presence
some starting phosphonate and a multiplet at 5.2 ppa. The
mixture was then treated with./1% aqgq. HC1l and extracted
.with methylene chloride. The aquecus layer was pumped dry
to yield a solid which decomposed rapidly. Elemental
analysis of this compound was not accurate but did
calculate closely with diethyl I(-chloro-3,4-dlhydroxy~1-
butenylphosphonate as an impurity formed by dehydration of
the desired haiohydrin.

Attempted treatment of It with excess (ca 5 fold)
trimethyl bromosilane resulted ‘in complete decoméosltloﬁ

to a black material.

(b). via Darzen’s reaction:
C1) with Diethyl chloromethylphosphonate:

Following the - fallure to obtain the epoxide by the
halohydrin route an attempt was made to prepare diethyl
1,2-epoxy-3,4-0-{sopropyl idene butylphosphonate .[241.

using Coutrot’s conditions, as shown (scheme XXIV).
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S=0 nBuli/ hex/THF

CICH,P(OEt), ——

X RT,I8hr

=0

0

o

{o].3 97

0

K 2
Scheme XXIV

The reaction of lithlated diethyl
chloromethylphosphonate with acetone glyceraldehyde was
carried out as above and allowed to warm to room
temperature with stirring over an 18 hour periqd. The
reaction mixture was then quenched with water and
extracted with 1:1 ether-methylene chloride. Product
formation was evident by NMR.

Attempted chromatography on silica gel resulted in

decomposition. Attempts at HPLC using Lichosorb 81 60
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column resulted in numerous peaks. One of these peaks was
identifled as diethyl chloromethylphosphonate.
Decomposition under HPLC conditions was also evident.
fortunately. distillation under reduced pressure provided
a fraction comprised of pure dlethyln 1,2=-epoxy-3,4=0-
isopropylidene butylphosphonate, which gave satisfactory
spectra and elemental analysls. Remaining diethyl
chloromethylphosphonate distilled prior to the product. On
injection of the pure sample on the analytical HPLC
column, all the peaks of the reactlion mixture but the one
corresﬁonding to dlethyl chloromethyl phosphonﬁte vere
found, indlcating decohpositton -on the column.
Trimethylbronosilane has been found to be an
effective reagent 1In the cleavage of 'alkyl esters of
phosphonlic acldssa. It was hoped that there would be a
difference In the rate of cleavage and the rate of
nucleophllic attack on the epoxide by bromide.
Unfortunately, treatment of diethyl 3,4-O-isopropylidene
1,2=epoxybutylphosphonate with 2 eq." of
trimethylbromosilane at room temperature resulted |n
attack primarily at the epoxide. This was seen by carrying
out the reaction in an NMR tube using CDCl as a solvent.
Within minutes of mixing the reagents? the protons
assigned to the oxirane system had shifted. It Is Kknown
that nucleophilic attack on 1,2-epoxyphosphonates always

29
occurs at the beta-carbon , so the product of reaction
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with excess trimethylbromosilane would be ditrimethylsilyl
2-bromo-3, 4-0-isopropyl idene-1-trimethylsilyloxy o

butylphosphonate {25]. NMR of this material showed attack

at the oxirane and the material was presumed to be [25].

=0

Br P(OTMS)2

24 — . OTMS

x 29

Attempts at cleavage of the acetonide of [24] also
resulted in the opening of the epoxide. For exalpie.z'
treatment with saturated ammonium chloride in 90 %
methanol overnight at room temperature resulted in attack
at the epoxide while the acetonide remained untouched.

Sekine, et 3144. hAVe demonstrated that trimethyl
silylated halchydrins . formed by reaction of
trimethylsllylphosphite with alpha halocarbonyl compounds
can be converted to the corresponding bis (trimethylsilyl)
1,2=epoxy phosphonates by reaction with sodlum methoxide
in me thanol followed by resilylation with

trimethylchlorosilane. These can in turn be converted to

-monoanilinfum salts of the epoxyphosphonlc acids by
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treatment with anlline in alcohol, as shown below

schene XXV.

X X OTMS
R'R'C—CR" 4+ P(OTMS)z — R'R"C—#—lﬁ(OTMS)Z
. RIII 0

o)
1

P(OT MS)2

I-'NOOMe/MeOHk . O
2- TMSCI ’ RRL¥

Rlll

- 0

. | .

CgHgNH, / ROH },<0H .
R'R" o} CgHgNHy

RIII

Scheme XXV
This approach was applied to the system at hand

shown below.
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Br P(OH)Z
: TMSBr

4

OH NeOMe/MeOH

HO OH |
25a
o)

0
O /7 (ONaY TMSCI

v

Me
NaO ONa NH,CI/Me0OH

26

0
O NHg4

HO OH

Schene XXVI
Treatment of [24] with trimethylbromosilane (3 eq.)
followed by reactlon with 1% aq. HC1l gave the 2-bromo-
1,3,4=-trihydroxybutylphosphonic acid [(25al. Agajin the

structure was presumed on the basis of NMR which confirmed
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the cleavage of acetonide.This was treated with 5 eq of
bromotrimethylsilane followed by 5 eq. of sodium
methoxide in methanol. Two regloisomers are possible,both
the 1,2-epoxy and the 2,3-epoxf phosphonates. This mixture
was treated with chlorotrimethylsilane. Saturated
ammonium chloride in methanol was added and the crystals
formed were flltered. This material gave elemental
analysis for the trlhydrate of the dlsodiun salt of (27].
In order to avold the possibility of obtaining a
mixture of tw; regloiscmers, the following approach was

taken.

-78° | hr.
R-T- I8 hr-

H
9 S0 nBuLizhex/THF
CICHP(OENy + ==/ S

0 E(OET)Z 0504
_~ o

= . CgHs NH,
28
Scheme XXVII
The reaction of lithlated diethyl chloromethyl
o

phosphonate with acrolein at =70 to =75 C for one hour

followed by stirring at room temperature for 18 hours gave
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on distillation dlethyl 3-butenyl 1,2-epoxy phosphonate
(28], -which gave satisfactory spectra and elemental
analysis. Treatment with 3 eq. of bromotrimethylsilane
folloved by 3 eq. of sodium methoxide in methanol gave as
above disodium salt of 3-butenyl-1,2-epoxyphosphonic acid.
Treatment with chlorotrimethylsilane followed by Osmium
tetraoxide mediated hydroxylation falled to glve any

isolable product.

(2 Attempts with diphenyl chloromethylphosphonate:

Phenyi esters of phosphonic aclds can be cleaved by
hydrogenolysis. Therefore, °“if 'the Darzens-type reactions
discussed above could be applied to - dlphenyi
chlorohethylphosphonate {30], the resuléing diphenyl-1,2-
epoxyphosphonic acids could possibly be obtained afterl
hydrogenolysis of the ester linkages.

Accofdlngly. the use of dipheuyl
chloromethylphosphonate in a Darzen reaction was
investigated. The reaction with acrolein would be expected
to generate the epoxide {(29], which could be hydroxylated
with 0s0 and hydrogenoclysed with the ozxlrane ring

4
present.

0

H rEBu;_i/THF-H ex 0 g(om)z
=0 _(42) YAV4
—rJr—_ -70°C - R 29

Scheme XXVIII
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The reaction of lithlated diphenyl
chloromefhylphosphonate with acrolein was performed at -
_78°C. as noted for other systems before, and after the
usual workup there was obtainéﬁ fron.the reaction mixture
a solid. This was Isolated by chromatography, and also by
precipitation from a ether solution by addition of
methylene chloride. NMR of this material showed formation
of the product. The material was not puriflable completely
and so analysis was not obtained.

Another route explored is shown in the scheme below:

‘ i
H - - 0. P(OO
\—=0 nBuLi/THF-Hex 2

l___r . 30 ~7r0°C

0. O :
'wa X
32

H 2

Scheme XXIX

Diphenyl 3,4-0-benzy1ldene-3,4-dihydroxy-l;2-epoxy
phosphonate should be susceptible to hydrogenolysis to
generate (21].

Benzylidene glyceraldehyde has been Known as an
unstable species, not isolated but derlvatlzed78’79. It
has been synthesized from D-msnnltol79. Direct
benzylidenation of glycerol followed by seperation of the

isomers would give 2,3-O«benzylidene glycerol which could
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be oxidlized. In our hands these methods failed to glive the
desired product.
Synthesis = of benzyl idene glyceraldehyde was

approached by a novel route as shown below.

0, S8 BCHO CHoBr
BFg0Et, [ |
HXQ
DMSO H -3
Nal A \=—0.
NaHCOg 5
0
32

Scheme XXX

Eplbromohydrin was treated with benzaldehyde in dry
chlorofornm in the presence of a catalytic amount of boron
trifluoride etherate at room temperature., Distillation of
the reaction mixture gave 2,3-0-benzyl idene-1~-bromo
propane {31181.

Alkyl fodides have been oxidized directly by
treatment with DHSOso. Alkyl chlorides and bronmides
require prior conversion to the tosylate using silver

tosylate in order to be so oxidlized. We decided to convert
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the primary bromide to the lodide 1insitu, using Nal.

Treatment of the bromide [31] with DMSO in the presence of

Nal and NaHCO at 133 °C, gave the desired aldehyde [321]
along wi'th soie unreacted bromihe. In view of i{ts reported
unstablility, this was used without purification.

The Darzeﬁs reaction of [30] with [32] as shown in
the scheme below, gave a mixture in which the aldehyde had
been consumed (NMR). Chromatography gave a fraction the

NMR of which s In accordance with that of the expected

coxpound.

(c) Direct epoxidation of alkene phosphonates:

Yet another approach to preparation of l.z-epox;
phosphonateé involves direct epoxidation of alkene
phosphonates. The advantage of this approach is that lt=
would be possible to cleave or modify the protecting
groups on the alkenephosphonate prlior to epoxidation. It
would also be possible to perform the epoxidation In the
presence of chiral auxillaries in order to lsolafe the
product of desired stereochemistry. One such approach
suitable to the present synthetic target would be the
Sharpless type epoxidation, in yhich allylic alcohols are
epoxidized using t-butyl hydroperoxide in the presence of
optically active tartaric aclid esters and titanium

61
tetraalkoxides .
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" ) Ru Ra
FQ'\)‘!'/R (CHz) 3COOH, T1(0iPrl4

CH,Clp , -20°C oH

Rlll

L-(+)- det. ‘

Scheme XXXI

Another approach is to epoxidize alkeae phospnonate
salts with hydrogen peroxlde using chiral counterions ,
for example chiral ammonium lons42.

The known dlisopropyl 3,4-0-isopropylidene~3, 4~
dihydroxy=-1=-butenylphosphonate [(34] was synthesised as
shown belowsz.

Reaction of dibromome thane with triisopropyl
phosphite, with removal of the formed isopropyl bromide
through a column heated at 65 oc, gave tetraizgpropyl

methyleneblisphosphonate (TIMBP]1 (331 in good yleld . The

43



anion of TIMBP, generated with nBuLl, on condensation with

acetone glyceraldehyde gave [34].

. 1l 0.
2 P(OiPr); + CHzBr2 —— (iPrO),P CHZF’(OlPr)2
33

nBuli /'F'>(inr)2

e
L

CHO o -
0.0 n |
X

34

Schemne XXXII

Attempted epoxidation of [34] with either hydrogen
peroxide/sodium hydroxide or m-chleroperoxybenzoic acid

resulted In recovery of the starting vinyl phosphonate.

i
Hs05/NaOH : P(OiPr)
2 2or / 2

34 ~ >
mcpba

X

Scheme XXXIII
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Previous results in this laboratory have shown that

prior - conversion of the isopropyl esters of the
vinylphosphonate ([(34] to trimethylsilyl esters followed by
reaction with hydrogen peroxide and sodium hydroxide
results In oxidation of the double bond.

Treatment of the vinylphosphonate (341, as shown In
schene XXXII with 4 eq. of trimethylbromosilane followed
by reaction with hydrogen peroxide and sodium hydroxide,
maintaining a pH of 9.5 to 10, in methylene
chloride/methanol mixture overnight resulted in formation
of a white solid on 1lypholyzing the aqueous layer.
Deacetonization with Dowex™ 50 in the H+ form at pH 3
followed by treatment wltb dil. NaGCH fo pH 7.5, and dryln;
under .vacuuu resulted {n formation of a.whlte hygroscoplic
compound. This compound analysed for the hydrated form of
the desired compound [36al, but was found to , be
biologically 1nactiVe65. |

It was determined by quantitative analysis that the
above product was not the desired epoxy diol but the
tetrahydroxy compound which would be formed by the water
opening of the epoxy compound. NMR of this material did
not show any signals between 2.8 and 3.3 ppm which could
be assignable to the oxirane protons (for example

25
phosphonomycin .
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'
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/7 YO No
~ OH
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36a

Scheme XXXIV
Repeating the above epoxidation procedure at a pH of
7=-7.5 also resulted in formation of the sane conpouﬁd. The
same procedure was applied to bis (trimethylsilyl)-3,4-
ditrimethylsilyloxybut-l-enyl-1-phosphonate, and yet again
the same tetrahydroxy compound resulted.
FPailure of the above reaction sequence indicates that

the epoxidation must be performed in a nonaqueous solvent
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systen if the formed epoxide is to survive. This would
require' an organic soluble substrate with protectlive
groups removable under mild conditions in the presence of
the epoxide 1inkage, and a nonagueous epoxidation
procedure. One such procedure that ha$ been mentioned
above {s the Sharpless epoxidation. A limitation of this
procedure is that epoxidation of allylic alcohols which
yleld water soluble products proceed with low vylelds,

presumably due to further reaction of the water soluble

epoxide with NaOH used during workup. A modified workup

has been suggested using saturated NaF and saturated aq.
NaCl followed by extraction with organic solvent. Thus it

was very desirable that the epoxide have 1limited water

solubility.
It 1s known that benzyl and phenyl esters of
14,66
phosphonic acids can be cleaved by hydrogenolysis .

Benzyl ethers can also be cleaved by hydrogenclysis. So,
attempts were nade to synthesize diphenyl -and dibenzyl
esters of the corr?qunding butenylphosphonic acld.
Initial attempts were made starting with 3,4-dlhydroxy-
but-1-enyl-1-phosphonic acid because of its avallabillty.
Treatment of [37] with 3 equivalents of benzyl bromide in
dimethyl formamide [DMF] in presence of potassium
hydroxide resulted iIn attack at the double bond. Reaction
of the butenylphosphonic acid [371 with 3 eq of nBuLi

followed by benzyl bromide also gave none of the desired
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product.
14

Next, the Known diphenyl 3,4-0O-isopropylidene-3,4-
dihydroxy-but-1-enyl-1-phosphonate [41] was prepared as
shown in scheme XXXV.

Reaction of chloromethylphosphonic dichloride with 2
eq of phenol gave ' on distillation diphenyl
chloronethylphosphonate67. Treatment with triphenyl
phosphine followed by neutralization with sodiumhydroxide
gave triphenyphosphoranylidene dlphenylphosphonatesa.
Wittig reacti;n of this with acetone D- glyceraldehyde in
dimethyl sulfoxide {DMSO], gave (41](scheme XXXIII).

-

In a similar fashion reaction of
chloromethylphosphonic dichloride with benzyl alcohol .lﬁ
ether In the presence of triethyl aniée gave dibenzyl
chloromethylphosphonate which was purified by
chromatography. Treatment with triphenylphosphine followed
by neutralization with NaOH,as above gave
triphenylphosphoranyl idene dibenzylphosphonate.
Unfortunately reactlion with acetone D-glyceraldehyd? under
the same condition as above falled to give fhe desired
product.

Aclid catalyzed hydrolysis of [41] gave diphenyl 3,4-
dlhydroxy but-1-enyl-1-phosphonate [421]. Sharpless
epoxida~ion on thls would not work because the dlol

functionallity would coordinate with the Ti and make attack

on the double bond impossible.
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0 O
| 3
ClCH2#C|2 + CGH50H —— C|CH2L’(OC6H5)2

38
0
r o (C5H5)3P CH2P(006H5)2 Cli
39
Na OH 1o ﬁ ' 17
> (C6H5)3PCHP(OC6H5)2 —>
40 DMSO

.

P(OCGHéz

~
X,

scheme XXXV

It was necessary to block the primary hydroxyl group
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>o£ [{45] 1In order to make [t a suitable substrate for
epoxidation. Our first choice of the blocking group was a
benzyl ether which could be removed by hydrogenolysis,
possibly along with the phéhyl esters in one step.
Unfortunately treatment of [(45] with benzyl bromide in DMF
in the presence of KOH resulted in attack at the double

bond and no desired product was observed (scheme XXXVI).

il
P(OPh)o
— PhCHoBr
q - — ' ravg
| é—(— ) KOH
HO OH |
42

CHp

Scheme XXXVI
Another blocking group widely used to protect
69
alcohols 1is the t-butyl dimethyl silyl group, [TBDMS] .

It can be cleaved selectively with fluoride 1ion under
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mild conditions. Based on the method of Chaudhary and
Hernandez7o) the primary hydroxyl group was selectively
protected using t-butyl dimethyl silyl chloride In the
presence of ¢triethyl amine and dimethyl anminopyridine
[(DMAP] at room temperature In methylene chloride as shown
below in scheme XXXVII. NMR of thlis nmaterial showed | t-
butyldimethyl silyl group by integration and a broad
signal for hydroxyl proton. Other signals also

corresponded to the assigned structure. It gave

satlisfactory analysls.

+ -
ysicr ,PLOPh)
DMAP, ELN.
: | oM
|
/\—1- 94
Scheme XXXVII
Sharpless epd:idatlon of diphenyl 4-t-

butyldimethylslilyloxy-3-hydroxy-but-1-enyl-1-phosphonate
71
{44) was carried out as shown below .

o
I
(CH3) 5 COOH /P(OPh)g
wr
TP, , DET
CHyCly, -20°C _ OH
o5+

Scheme XXXVIII
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Diethyl tartrate [(DET] was prepared by esterlification

of (+)tartaric acid as shown below, and purified by

distillation.
HO //0 HO O
o) 4
\ \ EtOH o) :
/ OH > > OEt
HO ~ OH CH3COCI ogt OH

Scheme XXXIX
Anhydrous t-butylhydroperoxide [(TBHP] was prepared as
a solution {n 1,2-dichloroethane by the procedure 'of
Sharpless72, starting with 70% agq TBHP, removing water
azeotroplcally. Its concentration was determined by NMR
integration using the following relation:

Molarity = A/((0.10A+(0.18B)]

Where A = integration of tert-butyl resonance (~1.25)
and B = integration of dichloroethane resonance

(~3.70)

To titanium tetralsopropoxide 1In dry methylene
chloride at -2o°c was added DET followed by the alkene
{44]) and finally TBHP was added. The mixture was stored at
-2o°c for 10 days and poured into saturated NaF solutlon.
The mixture wés stirred for 14 pours at room temperature.

The -aquecus layer was saturated with sodium chloride and
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filtered through celite pad to remove titanium salts.
Extraction provided a reactlion mixture which consisted
mainly of the starting alkene. Traces of another compound
were observed on TLC. At this point this approach was
abondoned.

Failure of the above method led us to explore the
possibility of conducting the epoxidation of (371 |In
aqueous medium after converting it to a amine salt, based
on synthesis of phosphonomycin, as a salt of a chiral
anine45. Epoxidation of 3,4~-dihydroxybut~l-enyl=-1-

phosphohlc acld was attempted as shown.

0 . o .

i | 1 O

P(OH)2 Arg- PLS .
EfsN . 5 Arg H +
HoO> » EDTA EtzNH
NQ@NO4- H OH 46

Schene XXXX
3,4-dlhydroxybut-1-enyl-1-phosphonic acid was stirred
with 1- arginine in 2-propanol at room temperature for one
hour. The pH of the resultant mixture was adjusted to 5.5-
5.6 with triethyl amine. Sodium tungstate and ethylene
o

diamine tetraacetic aclid disodium salt were added at 50 C.

Hydrogen peroxide was added maintainling the temperature
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o o
between 50 and 55 C. The mixture was stirred at 50 C for
o
one hour and then cooled to 0 C. The product obtalned from

this reaction showed that epoxidation had indeed taken
‘place but some trlethyl'anlngfwas incorporated in the
product along with arginine.

It was therefore decided to perform the epoxidation
without arginine. The pH of the mixture was adjusted to
5.5-5.6 with triethyl amine and the reaction was performed

as shown belgw (scheme XXXXI).

("J . +
H50, ) / —OH
Na-WOQ, , EDTA
e"ra/ H OH 47

Scheme XXXXI
The reaction mizxture on cooling deposited crystals
which were recrystallized thrice from aqueous ethanol. The
NMR spectra supported the postulated reaction as the
vinylic proton signal had disappeared and epoxide proton
signals were present. A doublet of doublets due to the
oxirane éroton alpha to phosphorous matches that observed

for phosphonomycin . It gave satisfactory analysis.
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(d) Attempted preparation 2-halo-3,4-0-isopro§ylldene-3,4-
dlhydroxybutanal:

Another approach to 1,2-epoxyphosphonates I{nvolves
treatment of alpha-halocarbonyl compounds with either tris
(trimethylsilyl) phosphite or with dialkylphosphonate
anions.

The following approach to the desired
epoxyphosphonate was lnvestigated (schene xxerr).

l1-Malic acld was esterified with methanol
acétylchlorlde system to glve dimethyl nalate [49]59.
Reduction of [49) with LAH {n THF gave (S8)-1,2,4-
trihydrox? butane . Acetornization was perforned with
catalyslis by p-toluenegulfonlc acid to glve 3,4-0i
!soprobyl;dene-l-butanol (50). Oxidation of the primary
hydroxyl group was achleved using pyridiniunm
chlorochromate in methylene chloride to give 3,4-0-
isopropylidene butanal which was purlfied by distillatloa.
Attempts to halogenate the position alpha to the carbonyl
either directly (with CuCl )60 or by prior acetalization

2
were not successful.
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Scheme XXXXII
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II Synthesis of 2-ketophosphonate:

There are avallable a number of methods for the
synthesis of 2=ketophosphonates. In order to syntheslize
3,4-dlhydroxy butane-2-one-i-phosphonic acid, [3] direct
acylation of nmnethylphosphonate seemed to ke the best
method. This was partly due to the ready availlbility of
methyl glycerate-z,3-0-acetonide73 from glycerol by the

following route.

Y

0 OH KMnO
/f'CNi )= r__1/r- 4
[\ STsON ‘

OH OH pTsOH KOH

0.0
K
53
COOK- CHQ COOCH3
&g TMEDA 6><O
54

Scheme XXXXIII
Commercial glycerol was converted to glycerol
acetonide by reaction with acetone In the presence of p-
toluenesulfonic acid. Oxldation of the primary hydroxyl
group was achieved using potassium permanganate 1In the

presence of KOH. This ylelded potassium glycerate-2,3-0~
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acetonjde which was methylated with methyl Ilodide In
1 1

acetonitrile in the: presence of N,N,N ,N -
tetramethylethylenediamine [ TMEDA] to give methyl
' 73

glycerate~2,3=-0O-acetonlide [54f » which was puriflied by

distillation.
74

Treatment of dimethyl methylphosphonate with nBuLi
in dimethoxyethane (DME] at -7800, followed by reaction
with methyl glycerate-2,3-0O-acetonide, gave dimethyl 3,4-
O-isopropyl idene-3,4-dihydroxy-2-ketobutylphosphonate
[551, which ;xhibited satisfactory spectra and elemental

analysis.

V=0

(OCH3),
nBuLi/DME‘

[
CHzP(OCHz)p

Scheme XXXXIV
Initial attempts to hydrolyse this material failed to
glve analytically pure sample. This material is being
stored in protected form and shall be hydrolyzed

inmedliately prior to bliological investigations.
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III Attempted Synthesls of 1-ketophosphonate:

Owing to the instability of such ketophosphonates,
our initial approach to the l-ketophosphonate involved
preparing It in such a manner that the Keto group would be
protected until the final step. We chose to staft with the
known diethyl;l.3-d1thlane-z-ylphosphonatevs. prepared as

follows.

a' ~ 1-nBuLi (\
A 2 CIP(O)OE N2 S

 2-ClIV Wnwie g

R 57

Scheme XXXXV

Attempts to alkylate the anion of [57] with 3,4-0-
isopropylidene-3,4-dihydroxy-1-chloropropane, prepared as
showq below (scheme XXXXVI) were unsuccessful.

We then chose to use allyl halide to provide the 3
carbon fragment which could be hydroxylated.

Treatment of the |,3-dithiane anlon, generated using
nBulli, with freshly distilled allyl chloride gave on
dls;illatlon under vacuun the known 2-allyl-1,2-

76
dithiane scheme (XXXXVII).
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4\
PPhy
CCly
CHoOH
o 0O

Schene XXXXVI

Scheme XXXXVII
Reaction of the anion, generated from 2-allyl-l,3-
o
dithiane using nBulLi in THF at -30 C for 2.5 hours, with

- dlethyl phosphochloridate gave diethyl 1-(1,3-dithliane-2-
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yl)-2-propen-1-ylphosphonate {61]. Product formatfon was
inferred from the NMR and purification was not attempted
as it was presumed that simple extraction procedures would
suffice to purify the desired compound after hydrolysis in

the following steps.

1-nBulli (\\

> 2 CIPOIOEN,
H _ 6

\  POsklz

H,0-,/HCOOH
2v2 :

Scheme XXXXVIII
Unfortunately, attempted oxidatlon using hydrogen
peroxide formic aclid resulted in simultaneous attack at
the sulfur to give an intractable mixture of products.
The most often used method for synthesis of 1-
ketophosphonates is the Michaells~-Arbusov reaction of acyl
halides with trialkyl pggsphites. The reaction of the

knoﬁn's-butenoyl chloride , prepared as shown below, with
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triethyl phosphlte gave on dlstillation a mixture of
isomeric diethyl-3-butenyl-1-phosphonates. There was
.distilled material exhibiting NMR corresponding to ethyl
protons only. ‘It was deducéﬁ that pyrophosphate was

formed, and the approach was abandoned.

COOH , coc!
AN + SOCl, — AL~
62

P(OEN); /\)o\ . 0
- POsEh /\/\P'O3Et2
63 © 64
.Scheme XXXXIX
Next 1t was decided to attempt the preparation of
3,4=-0-{sopropyl idene-t-butanoyl chloride and use it In a

Michaelils-Arbusov reaction. The starting material for this

was the already described 3,4-0O-isopropyl idene butan-1-ol.

KMnO,/ KOH 0

50 > OH

0O
Schene Xxxxx X

Unfortunately treatment of [(50] with KMnO -KOH resulteqd
‘ 4

in a mixture of intractable products.
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SUMMARY OF RESULIS
Preparation of the target, 3,4~dihydroxy~-1,2-

époxybutylphosphonlc acid, as {ts monotriethylammonium
salt has been acconéllshed. Darzens condensation of
diethyl chlororethylphosphonate has been successfully
employed in the synthesis diethyl 3,4-O-isopropylidene-
3,4-dihydroxy=-1,2-epoxybutylphosphonate and diethyl 1,2~
epoxy=-3-butenylphosphonate. Attempts to prepare dialkyl 1-
chloro=-2~hydroxyphosphonates in pure form enroute to the
target eﬁoxide as well as model structures were
unsuccessful.

Preparation of the - target dimethyl 3,4-0-
isopropylidene-3,4~-dihydroxy-2-ketobutylphosphonate has
been aécogplished. The naﬁerial iIs to be-kept in this form
until it is to be used for blochemical purposes, whereupon-
it will be hydrolysed immediately prior to use.

All attempts to prepare dlalkyl 3,4-d.hydrozy-i-
Ketobutylphosphonate were unsuccessful.

A novel procedure for direct conversion of primary
bromides to aldehydes via In situ conversion to lodides

has been developed.
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Suggestions for Future Research

Our interest in 1,2=-epoxyphosphonates has led us to
search for novel methods for thelr synthesis. One such
method that has received vef& little attention 1Is the

reaction of formyl phosphonate with sulfur ylides.

0
p— \
RCHSPhy,  OHC-P(O)(OR), R cﬁ—CHP(O)(OR)Z
. 82
This nethod has been mentioned in a patent which

gives no detalls of preparation of formyl phosphonates.

The success of our afthod of converting prlmar}
bromides to aldehydes provided us with a possible nethoé
of synthesizing formylphosphonates. Treatment of diethyl
chloromethylphosphonate in an NMR tube with Nal and NaHCO 1
in DMSO @ at 130°C showed conversion to the correspondlng
aldehyde. Simiiar results were obtained for diethyl

iodonmethylphosphonate.

Nal, NaHCOg .
XCHaP(O)(OR), >OHC—P(0)(OR),
DMSO,
X=Cl, |
R=0Et, Ph

Treatment of dlphenyl chloromethylphosphonate as
° .
above at 135 C for 2 hours showed almost complete
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consumption of the starting material.

It this method could be used to provide DMSO
solutions of formyl phosphonates its reactlion with sulfur
ylides prepared from halides would provide a general

method for the synthesis of 1,2-epoxyphosphonates.
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Routine proton spectra were recorded at 60 MHz on a
Varlen EM360 instrument and the hligh fleld proton spectra
_were obtalned on a Brucker-IBH WondéY instrument. Proton
NMR data are reported in parts per mlllion downfield from
TMS used as internal standard ¢ multipllcity s=singlet,
d=doublet, ¢t=triplet, dd=doublet of doublets, m=nultiplet
and bs=broad s!nglet).‘Infrared spectra were recorded on a
‘éerkin-Elmer IR598 spectrometer and absorptions are
reported in reclprocal centimeters.

Column chromatography was performed in glass colunns
packed with silica (60-200 mesh, Baker). |

THF was drled and distilled from LAH and used
immediately. DMSO was distilled under reduced pressure
from calcium hydride prior to use. Methylene chloride and
triethylamine were distlllgd from calcium hydride and
stored over.molecular seives, Methanol was distilled fronm
4Ao 'and stored over the same. Benzene was dried and
distilled from sodium metal just before use. Triisopropyl
phosphite, acetaldehyde and benzaldehyde were distilled
just before use under inert atmospﬁere.

Triisopropyl phosphite, 1l-malic acid, 1lead tetraacetate,
dimethyl methylphosphonate, triphenylphosphine and
titanjium tetraISOproxlde‘ were obtalned ‘from Aldrich.
Chloromethylphosphonfc dichloride and sodium tungstate

were obtalned from Alfa. Diiodo methane was obtained from
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Matheson vColeman and Bell. Hydrogen peroxlide (30%) and
‘phenol.was obtained from Fisher sclentific Co. D=-mannitol
was obtained form Sigma. | '
Micro analysis were performed by Mié Anal, Tucson, Arizona.
‘ _ - - 56a,b
Preparation of diethylchloromethyl phosphonate [16) :
In a |IL flask was placed 15.52 g (0.0927 mol) of
chlorome;hylphosphonlc"dlchlnride in 200 mL ether and the
mixture was cooled in an ice Sath. A_ﬁixture of 18.77 g
(0.1854 mol) of. tf!ethylamine and 6.68 g of ~absolute
ethanol (0.1854 mol) was added dropwise with stirring and
cooling. The Ice h;th was removed after the additlon and
the mizxture was stirred for 2 hours. The white precipitate
formed was flltered off and the mixture concentrated under
reduced pressure. The residue; on vacuum distillation,
gave 8 g € 46.2 X% ) of dlethyl chloromethylphosphonate

o
(b.p. 78-93 C/1.1 torrl.

.Preparation.of éiethyl i-chloro-2-hydroxypropylphosphonate
[211:

Diethyl chloromethylphosphonate (2g, 0.1072 mol) was
dissolved in 50 mL of anhydrous ether and placed in a 3
neck flask equipped with an addition funnel and a
nitrogen inlet tube, and flushed with nitrogen. A 1.7 M
solutjon of nBuLi in hexane (6.3‘mL, 0.1072 mol) was added

o
at =78 C and stirred at the same temperature for ! hour.
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Acetaldehyde (freshly distilled) (0.47 g, 0.1072 mol) was
added at -78°C and the mixture stirred at -78°C for three
hours. Ice water (20 nL) was added and the reactlion
mi;ture was extracted thrice with 50 mL portions of ether.
The ‘comﬁlned organics were dried over magnesium sulfate
and concentrated under reduced pressure to give 1.72 g of
a residue. | ‘

Product formation was evldent.from NMR of the residue
(diminished peak of aldehyde, presence of -OH peak ) but
purification by' chromatography on silica was precluded by

product decomposition on the column. This was also true

with HPLC using porasil colunmn. ' .

Preparation of diethyl l-chloro-z-hydroxy-z-phenylethyl-1-
phosphonate (221]: ‘

Diethyl chloromethylphosphonate (2g, 0.0107 mol) in 50 mL
of anhydrous ether was placed In a 3 neck flask equipped
with addition funnel, nitrogen inlet tube, and flushéd
with nitrogen. A 1.7 M solution of nBulLi (6.3 mL, 0.0107

(4]
mal) iIn hexane was added dropwise at -78 C and the

mixture was stirred at -78o C for 90 minutes. Freshly
distilled benzaldehyde ( 1.137 g, 0.0107 mol) was then
added at -78o C and the mixture was stirred at -780-0 for
1 hour.. The cooling bath was removed and after 2 minutes
20 nl. of ice water were added. The mixture was extracted

thrice with 50 mL portions of ether and the residue after
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solvent evaporatlion was chromatographed on sllica, eluting
with -ethyl acetate followed by ethanol. Again
décomposltion of product on silica was observed, although
_product formation was evidenced by NMR.

NMR (CDCl )I: 1.3 (m CH CH 0);.3.1 ¢dd CHC1,J HP=31.2 Hz);
3.5-4.5 (i CH 0J; 5.5—2.02<m CHOHAr); 6.75 (bs -OH); 7.1~

2
8.0 (ArH).

P}eparatlon of dlethyl 1-chloro-2-hydroxy-2-phenylethyl-1i-
phosphonate [221]:; '

Diisopropyl amine (1.085 g, 0.01072 mol) was dissolved in
25 nL of anhydrous ether and was placed In a 3 neck flask
equipped ﬁlth a condenser, addition funnel, and n!trogeﬁ
inlet tube, and flushed with nitrogen. The solution was
cooled to -23°C and a 1.7 M nBulLi (6.3 mL, 0.01072 mol)
solution In hexane was injected and stirred for 30 minutes
. The reactlon flask was then cooled to -7800 and 2 g ¢
0.1072 mol) of diethyl chloromethylphosphonate in 15 mL of
ether were added dropwise and stirred for 1 hour at -'78o
C. Then freshly distilled benzaldehyde (1.085 g, 0.01072
mol) was added dropwise and the .mixture was stirred
overnight at room temperature. The mixture was treated
with 10 %¥ aq acetic acid until. the aqueous layer
maintained a pH of 3. The layers'were then separated and

the agqueous layer extracted flve times with 50 mL portions

‘of ether. The combined organics were dried over magnesium
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sulfate and concentrated. The mixture was chromatographed
on silica using 1:1 chloroform-hexane and as in ' the
previous case product decompositién was evident on silfca.
NMR similar to above.
' 57

Preparation of 1,2,5,6-Diacetene D-Mannitol :
A mixture of 300 mL of acetone and 60 g. of zinc chloride
was stirred for a few mlinutes, then filtered., Then, 10 g.
of D-manhltol (0.055 mol) were added and the mixture was
shaken at room temperature qntll solution was complete (2
hours). The mixture was stirred overnight at room
temperature and then poured Into a solution of 70 g. df
potéssium carbonate In 70 ml. water covered by 300 mL of
diethyl ether. The mixture was shaken for 30 mlnutes,then.
decanted. The residue (zinc carbonate) was washed twice
with 100 mL of 1:1 acetone-~ether solution and the combined
filtrates were concentrated on a rotary evaporator and
further dried 1n vacuo for tw§ hours at 60-7000. The
resldue. was refluxed five times for 20 minutes each with
250 nL portions of petroleum ether '(b.p. GO-SOOC). The
resulting solutions were filtered while hot and then
cooled gradually to yield crygtals.of 1,2,5,6~diacetone D-
mannitel, which were flltered and dried.

o 57 o
m.p. 116-19 C, 1lit. 119 C.

Yield : 7 g. (48.5 %).
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, 57
Preparation of Acetone D=Glyceraldehyde (17) :

To a suspension of 1,2,5,6~dlacetone D-mannitol (7.8
9,0.0297 mol) in 275 mL of dry benzene (distilled fronm
sodium) was added 13.2 g of i:ad tetraacetate and the
mixture was stirred for 45 minutes (until the sticky
precipitate of 1lead salts were triturated to a fine
powder), If on testing with potassium lodlide-starch paper
lead tetraacetate were still present more diacetone D-
mannitol was added. The mixture was filtered and
concentrated on the rotary evaporator tc yield acetcne D=
glyceraldehyde, which was used immediately due to its
tendency to polymerize. D

Yield: 7 g (90%).

In some cases residual lead salts remalned In the product.
These were removed by addlng hexane, filtering and

concentrating the solution.

Preparation of diethyl i-chloro-2-hydroxy-3, 4-0-
, 36
isopropylidene~3,4~-dihydroxybutylphosphonate [(24] :

A 1.7 M solution of nBuLi (3.4 mL, 0.0278 mol) in hexane
was injectéd into a 3 neck flask equipped with a nitrogen

inlet tube, addition funnel and a thernometer and the
o
mixture was cooled to -20 C. An equal volume of dry THF
o
was added and the mizture cooled to -70 C.

Diethylchloromethyl phosphonate (.07 g (0.00575 mol) In 4

o
mL of THF was added at -75 to =70 C dropwise. After
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stirring this solution for 10 nminutes glyceraldehyde
acetonide (0.75 g, 0.00575 mol) was added at the sane

]
. temperature. The mixture was stirred for an hour at =70 C

and then gquenched with water:i Extraction of this mixture
with three portions of 1:1 ether/methylene chloride
followed by drying over magnesiun sﬁlfate and
concentration gave a residue, which showed an NMR signal
at 2.1 (bs, OH) but no aldehyde signal.

The above nlfture was treated with 1% ag. HCl overnight,
then extracted with methylene chloride to remove the
unreacted dlethyl chloromethylphosphonate. The agqueous
layer was lyophilized to yleld a grey solid. This was
extremely hygroscopic and which turned dark at rooh

temperature.

Analysls for CH O PCl.

8 18 6
Calculated Found
C% ‘ 34.73 34.92
H% 06.58 06.50

The above material was treated with a 5 fold excess of
bromotrimethylsilane under a nitrogen atmosphere. The

mixfure ;urned dark and stlicky, apparently decomposed.

Preparation of dlethyl 3,4~0O-{sopropylidene-1,2~epoxy-3, 4~
36

dihydroxybutylphosphonate (24] :

A 1.7 M solutlon of nBuLl ¢6.7 mL, 0©0.0115 mol) in hexane
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was Injected into a 3 neck flask equipped with a nitrogen
inlet -tube, addition funnel, and a 1Jlow temperature
_thermometer, and was cooled to.-zooc. An equal volume of
dry THF was added and the ntéture was cooled to -7o°c.
Subsequently, 2.15 g (0.0115 mol) of diethyl
chloromethylphosphonate in 5 ml THF was added at -75 to -
70°C dropwise. After stirring this mixture for 10 minutes
a solution of 1.5 g (0.0115 mol) of glyceraldehyde
acetonide In § nl, of THF was added dropwise at -75 to -70o
C. The wuixture was stirred for an hour at -7000. thena
brought to room temperature in a few minutes and then
stirred at-roon temperature for 18 hours. Water (15 mL )
was added and the mixture was extracted thrice with 30 mL
portions of 1:1 methylene chloride-ether. The combined
organic extracts were dried over magnesium sulfate,
filtered and concentrated to glve 2.5 g of residue which
decomposed on attempted chromatography on either a silica
column or HPLC (poracil), as evidenced by NMR. Instead,
the product was collected by vacuum distillation. 'fl.s g,
126-132001.6 torr).

NMR <CDC1 >: 1.2-1.5 (m, 12H, CH CH O, CH ), 2.3-3.4.(n,

3 3 2 3
2H, oxirane) 3.6-4.5 (m, 7H).

Analysis
Calculateqd Found
C% 47.14 46.16
H% 07.55 08.21
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Reaction of d!ethyl 3,4-0-isopropyl idene~1,2-epoxy-3,4-
dihydroxybutylphosphonate with trimethylbromosilane:

The distilled diethyl 3,4-Olsopropylidene-1,2epoxy=-3,4-
dihydroxybutylphosphonate (0.5jg. 0.00178 mol) was stirred
with trimethylbromosilane ¢ 0.81 g, 0.00534 mol) at room
temperature under nltrogeq for 2 hours. The mnixture was
concentrated under reduced pressure.

NMR:

There were ?wo signals due to TMS indicating that the
epoxide was atciacked! So the reaction was carried out in a
NMR tube using excess trimethyl bromosilane and
immediately on mixing the two reagents the signals
assigned to the epoxide protons shifted. As time went . By
the ethyl ester portion also chaﬁged. fhe acetonide methyl

signals remained unchanged even after three days.

Reaction of bistrimethylsilyl 2-bromo~3, 4-0~
Isopropylidene-1~trimethylslilyloxybutylphosphonate with
aqg. HCl. .

Crude blistrimethylsilyl 2-bromo-3,4-0-1sopropyl idene~3,4~
dihydroxy-1-trimethylsilyloxy butylphosphonate from above
was mixed with 25 nmL of 1% HCl, 15 mL of ethancl and 10 mL
of THF to effect solutlon which was stirred at roonm
temperature overnight, then concentrated under vacuun.
The fact that hydrolysis of the'aCetonide had ocurred was

confirmed by NMR, which showed a complex' mixture of
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signals from 3.8-4.8 only.

Preparation of 1,2-epoxy=-3,4-dihydroxybutylphosphonic

£

acid. K4

The crude 2-bromo-1,3,4-trihydroxy butylphosphonic acid
from above was treated with bromotrimethyl silane (1.36 g,
0.0089 nmol) for two hours at room temperature under
nitrogen for 2 hours and then concentrated under reduced
pressure. Sodium methoxide (0.0089 mol) in methanol was
added at r;on temperature and the mixture stirred
overnight under nitrogen. The resulting mixture was dried
on a pump to yleld a white sblid to which was added 100 mL
of a saturated solution of ammonium chloride in absolute
methanol. The precipitate formed was filtered and pumped
dry to‘give .2 g of residue . |

NMR of the residue was inconclusive .

Analysis for CH O PNa (trihydrate).

4 13 9 2

Calculated Found
C% 17.03 17.19
H% 04.65 04.88

Preparation of diethyl i1,2-epoxy-3-butenylphosphonate
36
(28) :

To a 250 ml 3 neck flask equipped with a magnetic stirrer,
o
nitrogen inlet tube and an addition funnel cooled to -20 C

was added a 1.7 solution of nBulLi ¢(33mL g, 0.056 mol)
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in hexane followed by THF (33 mL). To this was added at -
7800, -dropwfse. diethyl chlororethylphosphonate (10 g,
. 0.054 mold) in 15 al. THF. After stirring this mixture for
10 minutes at -7800, freshlg dlastilled acrolein (3 g,
0.054 mol) in 10 nl. of THF was added dropwise at -78°C and
stirring was continued for an hour at -78°C. The cooling
bath was then removed and the mixture was allowed to stir
for 16 hours at room temperature. Water (40 mL) was then
added and t@e mixture was extracted thrice with 50 nL
portions of [:1 ether/methylene chloride. The organic
extracts were dried over magnesium sulfate and the solvent
was removed under reduced breésure to yleld 6.5 g of la
ligquid which on vacuum distillation gave diethyl 1,2;
o

epoxy-3-butenylphosphonate ¢ 5.6:g. 45.8%, b.p. 92-97 C/
0.6 torr),

NMR ¢CDCl1l » 1.35 (t, CH >, 2.7-3.8 (m, oxlirane 2H), 4.2

3 3
(m, CH >, 5.2-6.4 (m, vinylle 3H).
2

Analysis for CH O P.

8 15 4
Calculated Found

C% 46 .60 46 .09
H% 07.33 07.68

Reactlon of dlethyl 1,2-epoxy=-3-butenylphosphonate with
bromotrimethylsilane.

To diethyl 1,2-epoxy-3-butenylphosphonate (0.51 g, 0.00247
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mol) was added, under nitrogen, bromotrimethylsilane (1.14
g, 0©0.00741 mol) at room temperature and the mixture was
‘stirred for 2 hours. The mixture on concentration ylelded
bistrimethylsilyl z-brono-tzfrlnethylsllyloxy-S-hutenyl
phosphonate.

NMR Indicated again the attack on oxirane affording bis
trimethylsilyl 2-bromo-1-trimethylsilyloxy=-3-
butenylphosphonate ( the symmetrical pattern at 2.7-3.8
assigned to oxlrane protons was replaced by a complex

multiplet at 3.3-5.5).

Preparation of bistrimethylsilyl 1,2-epoxy-3-
butenylphosphonic acid:

Bistrimethylsilyl 2=-bromo-1-trimethylsilyloxy-3~
butenyiphosphonate was treated with anhydrous sodiunm
methoxlide (€0.38 g, 0.00741 mol) In 5§ mL ofmethanol under
an atmosphere of nitrogen overnight at rodm temperature.
The mixture was then pumped dry and trimethylchlorosilane
(0.88 g,0.00815 mol) was added under nitrogen;‘ After
stirring for a few hours at room temperature the mixture
was concentrated.

This material was extremely unstable and the NMR on {t was

lncénclusive.
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Preparation of tetralisopropyl methylenebisphosphonate
[33]63: .

‘A 3500 L three neck flask was equipped with a nmagnetic
stirrer, a condenser and thevéometer. It' was charged with
312.4 g (1.5 mol) of triisoﬁropyl phosphite and 87 g. (0.5
mol) of dibromomethane. Water was circulated thfough the
condenser at 65DC 80 as to remove isopropyl bromide as it
was formed, which was collected {n a dry ice trap. The
mixture was heated gradually to 18500 and was wmaintained
at that tenp;rature for two hours. Excess triisopropyl
phosphite was removed under reduced pressure and the
residue on vacuum distillation, afforded tetraisopropyl
methyleneblsphosphonate (¢ b.p. 125~30°C. 0.2-0.3 torf,
111:.63 87-89°c10.003 torr, 85%).

NMR: (CDC13), 1.3-1.5 (d,24 H), 2.0-2.7 (t,2H), 4.3-5.0

(m, 4H)

Preparation of dlisopropyl 3,4-0-i{sopropyl idene=-3, 4~
dihydroxy~1-butenylphosphonate E34162: |

Tetralsopropyl methyleneblsphosphonate (18 g, ©0.052 mol)
was dissolved in 200 mL of dry heptane in a 3 neck flask
equipped with condenser, addition funnel and nitrogen
bubbler. To this was added a 1.6 M solution of nBuLi
(32.5 mL, 0.052 mol) in hezane at room temperature. The

o

mixture was stirred for 2 hours, then cooled to 0 C and

6.8 g (0.052 mol) of acetone D~glyceraldehyde in 20 mL of
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heptane were added dropwise. The reaction mixture was
allowed to warm to room temperature and then refluxed for
2 hours. After cooling to room temperature 500 nl. of water
were added and the layers weg? separated. The aqueous
layer was extracted twice with 100 mL portions of heptane
and the combined organics were dried over magnesium
sulfate. Heptane was removed under reduced pressure and
(37] was collecged by vacuum distillation <(b.p. 110-
20010.05 torrt 85%.)

NMR <CDCl1l >, 1.2-1.5 (m,18H>, 3.5-4.9 (t,5H), O5.5-7.1!

3
(m, 2H).

Epoxidation of diisopropyl 3,4-0-isopropy1ldene-3,4;
dihydroxy~1~butenylphosphonate: -

Diisopropyl 3.4-0-isopropy1lden03.4-dlhydroxy-l-
butenylphosphonate (4g, 0.0137 mol) was placed in a 3 neck
flask equipped with a magnetic stirrer, addition funnel,
and nlitrogen Inlet tube. Trimethylbromosilane (16.76 g,
0.055 mol) was added dropwise and the mixture was‘Stlrred
overnight at room tenmperature. The mixture was then
concentrated to gilve 5 g of bistrimethylsilyl 3,4-0~
isopropyl idene-3,4-dihydroxy~-1-butenylphosphonate.

The silylated material was dissolved In 20 aL of methylene
chloride and 10 mL of methanol and cooled to OOC. Hydrogen
peroxide (30 % v/v) (8 mL) follpwed by 20 mL of NaOH (¢0.2

M) was ‘added maintalining the pH =9.5-10.0. The resulting
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two phase system was stirred overnight at room temperature
and the layers were separated.

-The aq. layer was treated with Dowex 50 (H+) to bring the
pH to 7-7.5, then filtered and/pumped dry to yleld a syrup
which ;ventually solidified. This solid was dissolved |In
water, the pH was adjusted to .3 with Dowex 50 (H+) and the
mixture was stirred for 48 hours, then filtered. The pH of
the filtrate was adjusted to 7.5 with dilute NaOH and
dried under vacuum.

NMR of this material was Inconclusive.

The material is extremely hygroscoplc and exhibits an
elemental analysis In accord wifh the hydrolysed epoxide,
that is 1,2,3,4~tetrahydroxybutylphosphonlic acid dlsodiﬁn

salt.

Analysis for C H O PNa .3H O.
4 7 6 2 2

Calculated Found

C% 17.03 17.40
H% 04.64 04.52
67

Preparation of diphenyl chloromethylphosphonate (38) :

Chlorométhyl phosphonic dichloride (46.8 g, 0.44 mol) and

phenol (53 g, 0.88 mol) were dried under vacuum for 2

hours and then heated at reflux under a nitrogen
o

atmosphere at 155 C overnight. The mizture was cooled to
o

room temperature and then slowly reheated to 160 C for 4
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hours under 15-16 torr pressure with an alr cooled
Vigreaux condenser. Hydfogen chloride was trapped over ice
.coocled NaOH. The resldue was distilled under reduced
pressure to ylelad diphehyl chléromethylphosphonate. ( 70qg,
66%, 166-690010.25 torr).

NMR (CDC13) 3.84 (d, CH2, J H,P=30 Hz), 7.27 (s, Ar 10H).

Preparation of. diphenyl
trlphenylphos?honlunmethylidenephosphonatesaz

Diphenyl chloromethylphosphonate (28.25 g; 0.118 mol) was
placed in a 100 mL 3 neck flask under nitrogen and
triphenyl phosphine (26.2 g30.100 mol) was added. The
mixture was stirred for 10 minutes and then vacuum dri?&
for ! hour. The mixture was heatéd at 16500 under nitrogen
for 4 hours, then cooled to room temperature. A 1light
yellow mass formed. The solld was scraped out using 30 mL
of anhydrous ether, filtered through a sintered glass
funnel, and washed 6 times with 30 mLL portions of ether.
This solid was placed in a 500 nL beakei with zob.mL of
water. The stirred suspension was treated with 6N NaOH and
brought to pH 7 (pH of ppt 9). The white preclipitate was
filtered and recrystallized from ethyl acetate. (m.p. 145-

o 68 (]
46 C lit. 149-50 C, 60%).
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Preparation of diphenyl 3,4-0~-
isopropylidene-3,4-dihydroxybutenylphosphonate t4l]14:

. 1,2,5,6~dlacetone D-mannitol (3 g, 0.0114 mol) was
suspended in 120 mL of dr§ benzene (distilled from
sodiuml, rapidly wnlxed with lead tetraacetate (5.08
940.0!14 mol) and vigorously stirred at room temperature
for 2 hours. The precipitated lead salts were filtered and
the solvent evaporated under reduced pressure.

The resultant.glyceraldehyde acetonide was dissolved in 60
mL of dry DMSO (distilled from calclium hydride) and
diphenyl triphenylphosphoniummethylidenephosphonate (8 g,
0.0114 mol) ﬁas added. This suspension was refluzed at 80-
80°C (bath tenperature) under a nitrogen atmospher@
overnight. The reaction nixtﬁre was cooled to room
temperature and poured into 70 mL of water, and extracted
thrice with 75 =nL portions of anhydrous ether.
Concentration of the organics gave 8 g of a senmisolid
mixture which was chromatographed on sillica using either
ethyl acetate (Rf of product 0.63) or 4:1 pétroleum
ether:ether (Rf 0.4).

Yielad 3.0 g, 73%.

14
NMR matched that in literature .

Hydrolyslis of diphenyl 3,4-0-

isopropylidene~3,4~-dihydroxybutenylphosphonate:
Diphenyl 3,4-0-1sopropylidene-3,4-

82



dihydroxybutenylphosphonate (1.5 g3 0.00416 mol) was
treated with 25 mL of 1% HCl and 25 mL each of THF and
~ethanol and stirred at room temperature overnlght. THF and
ethanol were removed underfjreduced pressure and the
residual aqueous mixture was extracted with 100 ml of
chloroform, dried over magnesium sulfate and concentrated.
TLC showed presence of some less polar contaminants which
were removed by column chromatography, eluting Initially
with 1:1 hexane-ethylacetate. Diphenyl 3,4~
dihydroxybute;ylphosphonate (42} was eluted with absolute
ethanol (1.1 g, 82.5%).

NMR (CDC1 > 3-4.3 (m, Cﬁzo,'CHO); 4.4 (bs, OH), 5.8-7.0

3
(m, vinylic H), 7.3 (ArH).

Preparation of dliphenyl 4-(t-butyldimethylsilyloxy)-3-
hydroxy-1-butenylphosphonate [44]70:

To diphenyl 3,4-dihydroxybuteny1-l-phusphunaﬁe €0.21 g,
0.007 mol) in 25 nL of methylene chloride was added under
an atmosphere of nitrogen 4-DMAP (.0035 g, 0.00028 mol),
triethyl amlne (0.779 g;0.0077 mol) and t-butyl dimethyl
chlorosilane (0.107 g3 0.007 mol). The mixture was
stirred overnight at room temperature. Water was added,
the layers were separated and the organic layer was drled
over magnesium sulfate and concentrated. The residue was

chromatographed on silica eluting with 1:1 hexane-

ethylacetate, giving a small amount of disilylated
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material followed by 0.2 g (70% based on [481) of
diphenyl 4=(t~butyldimethylsilyloxy)=-3~-
_hydroxybutenylphosphonate, .It gave satisfactory analysis.
NMR (CDC1 , 200MHz) 0.8 (s, 'é!Cﬂ 3 0.95 (s,'Sl-t-butyl):
2.9-3.7 ?n, OCH # OCH>; 4.25 (gs. OH); 6.15-7.1 (nm,
vinylic H), 7.1-7-35 (m, ArH). '

Analysis for C H O PSI.

22 31 8§
Calculated Found
Cx 60.81 : 61.09
H% 06.90 07.27

Preparation of (+)-diethyl tartarate:

Absclute ethanol (200 mL) was placed in a dry 500 mL rouna
bottom flask equipped with a drflng tube and cooled n a
ice bath. Acetyl chloride (10 nL) was added dropwise with
cooling. (+)-D-Tartaric acid (15 g; 0.1 mol) was added and
the mixture was stirred at room temperature overnight.
Excess ethanol was removed on a rotary evaporator and the
residue was vacuum distilled to give 12 g (58.2t§‘of a-

diethyl tartarate (b.p. 150-153/12 torr).

Attempted epoxidation of diphenyl 4-(-t~
71

butyldimethylsilyloxy)~3-hydroxybutenyl-i-phosphonate :
Freshly dlistllled dry methylene chloride ({5 nL) was
placed in a 100 mL round bottom flask under a nitrogen

°
atmosphere and cooled to =23 C (carbon tetrachloride/Dry
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Ice). Titanium tetralsopropoxide (0.327 ¢g.,0.0115 mol) was
injected £0llowed by 0.237 g €0.0115 mol) of (+)-diethyl
tartarate. After stirring the solution for 5 minutes, 0.5
gn of diphenyl 4-(-t-butyldifiethylsilyloxy)~3-hydroxy-1-
butenylphosphonate was added, followed by 0.52 anL of a 4.4
M solution of t-butyl hydroperoxide in l,i-dichloro
ethane. The solutlon was stirred for a few mlnutes at -
23°C and then stored in a freezer at -zooc for 5 days.

Workup involving treatment with NaF followed by saturation
with RaCl, .flltration and extraction with methylene

chloride ylelded a mixture comprised of the starting

alkene along with traces of another compound (by TLC).

Preparation of 3.4-dihydroxy-1;g-epoxybutyl-l-phosphonic
acid monoarginate [46]45:

3,4-dlhydroxy-1-butenyl-1-phosphonic acid (1.51 g, 0.009
mol) was daissolved in 10 nL of isopropancol. L=(+)~=arginine
(0.8 g,0.0045 mol) was added and the mixture was stirred
for { hour. The pH of the mixture was adjusted to 5.6-5.7
with trlethfl amine, and sodium tungstate dlhydrate ( 0.05
g, 0.15 mmol) followed by disodium ethylene diamine
tetraacetic acid [EDTA] €(0.05 g,0.13 mmol) were added. The
mixture was heated to SOOC and hydrogen peroxide (1.2 nml,
30 %) was added maintalning the temperature under 5500.
The mixture was stirred at this temperature for 1 hour,

then cooled to room temperature.
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Crystals which formed were filtered and recrystaillized
from aq. ethanol, glving 0.8 g of a solid. NMR showed
.dissappearance of the vinylic protons and other signals
consistent with oxirane protoﬁs. Unfortunately a small
amount of tflethyl amine was incorporated in the mixture

and could not be removed under vacuun.

Preparation of 3,4-dlhydroxzy=-1,2-epoxybutyl=-l1=-phosphonic
acid nonotrle?hylamuoniun salt [47]45:
3,4~dihydroxybut-1~-enylphosphonic acid ¢(0.25 g, 0.00148
mol) was dissolved In 25 mL of isopropanol and the pH of
the mixture was adjusted to 5.6 with triethyl aulné.
Catalytic amounts of so&lun tungstate and EDTA were addéd
and the nalxture was heated to éooc. 2 nlL of hydrogen
peroxide (30 %) was added dropwise, maintaining the
temperature below 5500. The mixture was stirred at 55°C
for 2 hours then at room temperature overnight. The
mixture, on coolling, deposited crystals whlch were
filtered and recrystallized from agqueous ethanol f6.14 g,
36.8%).

NMR (D O, 200 MHz) 0.14 (t, CH )5 2.8-3.0 (dd, oxirane 1H, J
PH=20H§). 3.2-4.7 (m, 8H). No slnyllc protons were seen.

Analysis for C H O PN (trihydrate).

10 30 9

Calculated Found
Cx 35.40 35.16
H% 08.92 08.99
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Preparation of dimethyl 3,4=-0=isopropyl ldene=-3, 4~
74
dihydroxy-2-ketobutylphosphonate [55] :

A 250 nL 3 neck flask equipped with a magnetic stirrer and
two pressure equalising addlt{on funnels was flushed with
nitrogen and charged with dimethyl methylphosphonate (4.25
g, 0.0342 mol) and dry dimethoxyethane (DME]. After
cooling to -7800 a 1.7 M solution of nBuLLi in hexane (20
nlL, 0.0342 mol) was added dropwlise and the nrixture was
stirred for 30 minutes. Methyl glycerate 2,3-acetonlide
(3.65 g, o.oézs mol) in 10 mL DME was then added dropwise
at -7800 over a period of 30 minutes and the mixture was
stirred for a further 30 minutes at the sanme tenperature}
The mixture was then warmed to room temperature and
stirred overnight. Water (50 mL) was added to the reaction
mixture which was then extracted twice with 50 nL
portions of chloroform. The aqueous layer was acidlified
with | N HCl (%0 mL) then extracted four times with 50 nL
portions of chloroform. The combined organics were dried
over nagnesium sulfate and concentrated under ‘feduced
pressure to glve 4.8 g (84%) of dimethyl 3,4-0~-
isopropylidene=-3,4-dihydroxy-2-Ketobutylphosphonate.

NMR (CDC1 ) 1.35;1.45 (s, CH >»; 3.85 (d, CH P

3 3 2
2.8-4.7 (m, CH2 O, CHOC).
2
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Analyslis for CH O P.

9 17 6
Calculated Found
cx 42.86 _ | 42.11
H% 06.79 4 06.99

Preparation of diethyl 1,3-dithiane-2~ylphosphonate
[57]75:

In a 3 neck flask equipped with a stirring bar, two
dropping funnels and a niltrogen inlet tube was placed 2 g
(0.0166 mnles of sublimed 1,3-dithiane in 50 mL. of dry
THF. The system was then purged with nitrogen, and a 1.7 M
solution of nBuLl In hexane (9.8 mL, 0.166 mol) was added
at -40°C and stirred for 1.5 hour at =25 to -ISOCZ
Following this, the nixture ‘was cooled to -78°C and
dlethyl phosphorochloridate (2.86 g, 0.0166 mol) in 10 aL
» THF_was added dropwise at -7800. The mixture was stirred
cold for 0.5 hour then allowed to warm - slowly to OOC.
and was quenched with 100 mL of 20 ¥ ammonium chloride
solution. The THF was removed under reduced pressﬁre and
the residue was extracted twice with 50 mL of chloroforn.
The comblined organic layers were dried over magnesiunm
sulfate - and the solvent was removed under reduced
pressure. The residue was chromatographed on slllica
eluting with 3:1 hexane: ethyl acetate to glve 1.3 g (30%)

of diethyl 1,3-dithlan-2ylphosphonate.
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NMR (CDCl >, 1.4 ¢(t, CH ), 1.8-2.8 (m, 6H), #.6 (@, CHP J
3 3
2
Attempted preparation of,/ diethyl 1,3-dithiane-~2-
phosphonate«2-~(2,3-0-isopropylidene-)=-propane:
Diethyl !,3-dithian-2-ylphosphonate (0.5 g, 0.00195 meol)

was dissolved in 20 nL of dry THF. Under an atmosphere of
nitrogen was added at -4000. a 1.6 M solution of nBuLi
(1.2 nL, 0.00195 mol) . The mixture was stirred for 2
hours at -25 to -15°C then cooled to -70°C. 2,2-0-
isopropylldene-l-chloropropane' (0.3 g, 0.00195 mol) In 2
nl of THF was added and the mikture was stirred at -70°C
for 1 hour, then stored in the freezer for 2 days at -zoob
and flnally was quenched with water. Removal of THF and
extraction thrice with 25 aL portlions of chloroform gave
0.7 g of a mixture. |
TLC indicated the presence of only the starting materlals.
76
Preparation of 2-allyl 1,3-dithiane (60] :
Sublimed 1,3-dithiane (10 g, 0.088 mol) was dissolved {n
150 mL of dry THF in a 250 mlh flask equipped with a
Claisen head, nitrogen inlet tube, and an addition funnel.
The system was purged with nitrogen and cooled to -SOOC
(Dry Ice/chloroform:carbon tetrachloride 1:1). A 2.6 M
solution of nBull 1In hexane (39.5 mL, 0©0.1027 mol) was

added over a period of 5 minutes and stirring was
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o

continued at =30 C for 2 hours. The solution was then
o

allowed to warm ¢to -10 C and 35 mL of freshly distilled

~allyl chloride <¢0.245 wmol) was added over a 35 nminute
period. The solution was then}set in a refrlgeraéor (400)
for 40 hours, then was poured into 150 mL of water and
acidified to a pH of 5 with 10%x HCl. This mixture w#s
extracted with 200 ml. of pentane and 200 mlL of ether. The
two organic extracts were combined and washed with 100 mL
of sodium bisulfite, 5% aq. potasium hydroxide, water, and
brine, drled over magnesium sulfate and concentrated by
rotary evaporation. Fractional distillation Af the residue
gave 8 g (60%) of 2-allyl=-1,3~dithlane was collected.

o .

(120 C at 1! torr, through Vigreaux column).
’ 76

NMR of this material agreed with that reported .

Preparation of diethyl 1-(1,3-dithian~2~-yl)~-2-propene-1-
ylphosphonate.

2-allyl-1,3-dithiane ¢2 g, 0.01246 mol) was dissolved In
25 mL of dry THF and cooled to -4000. Under an atmbsphere

of nitrogen a 2.6 M solutlon of nBuLi (5 mL, ©0.013 mel)
o

in hexane was added and the solution was stirred at -30 C
o

for 2.5 hours. Aftér cool ing the solution to =70 C,

diethyl phosphorochloridate (2.15 g, 0.0125 mol) was
o

added. The solutlion was stirred for 1 hour at =70 C then
o o
slowly warmed to =10 C and stored at 4 C in the

refrigerator. The mixture was poured Into water (50 mL)
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and extracted with three portions of ether. The combined
ether extracts were washed with brine, dried over
magnesium sulfate and concentrated to give 2.8 g of a
residue. NMR of this materlial indicated that there was
sone 2-allyl-1,3-dithiane along with diethyl 1-(1,3-
dithian-2-yl)-2-propene-i-ylphosphonate. | |
NMR <¢CDCl1 >, 1.3 ¢(t, CH)>, 1.5-3.3 (m, CH >, 3.8-4.4 (n,
POCH ), 4?8-6.2 (vinylicsﬁ) 2
"Thiszmaterial was used without purificatlion as It yould be
easjier to remove the inpurfty on hydrolysis of elther the

protective {,3=dithiane group or the phosphonate by

extraction prdcedures.

Reaction | of diethyl i-¢1,3-dithian-2-yl)-2-propen-1-
ylphosphonate with .Hydrogen Peroxide:

The above material (l1g ) was treated with 3.2 mL of 80%
formic acld and 0.92 mL of hydrogen peroxide (30%) at 4500
cvernight. The mixture was then drieé on the pump to yleld
1.2 g of a gummy product which was not entirely soluble In

any solvent and was impossible to analyse further.

77
Preparation of 3~-butenoyl chloride :

To thionyl chloride (40 g,.336 mol, distilled from -

-

/
quinoline) heated ‘on a water bath was added during the
course of an hour 3-butencic acid (21.%5 g, 0.25 mol). The

o
mixture was stirred at 55 C for three hours and distilled
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: o

to give 18 g (69%) of 3-butenoyl chloride <(b.p. 93-95 C,
77

lit. 93-95/750 torr).

Preparation of diethyl 1-oxo-3-butenylphosphonate:
3-Butenoyl chloride (12 g, 0.114 mol) was cooled in an lce
bath and triethyl phosphite (20 g, 0.12 mol) was added
dropwise over 2 hours. The mixture was stirred overnight
at room temperature then heafed at 70°C for 1 Ahour. The
" mizture was then distilled under reduced pressure. 8 g of
a material distilled at 101-10206115 torr. NMR of this
material showed " signals corresponding only to ethyl
groups. Presumably tetraethyl pyrophosphate was formed.
NMR of the residue showed it to be a mixture of diethyl 1-
oxo=-3-butenylphosphonate and the isomerized dlethyl 1-oxo-
2=-butenylphosphonate.

NMR (CDC1 , 200 MHz) 1.3 (m, POCH CH ), 4-4.5 (m, OCH ), 2

3 2 3 : 2
(dd, CH CO), 5-7.8 (m,vinylic H).
2

Preparation of potassium glycerate 2.3-acetonlde73:

Glycercl acetonide (2.93 g, 0.022 mol) was dlssolved |in
water (20 mlL) contalning potasium hydroxide (1.34 g, 0.024
mol) and oxldized with (*50%) excess agueous potasium
permanganate solutl?n at 0-10°c until the colour of
permanganate renalnga for 30 minutes. Excess permanganate

was decomposed with methancl and the precipitated

manganese dioxide was filtered off. The flltrate was

22



lypholised to yleld a white solid which was used without
purification.

7 73
Preparation of methyl glycerate 2,3-acetonide :
The white sollid from above was suspended in acetonitrile
(25 nlL) and treated with methyl iodide (4.26 g,0.03 mol)

in the presence of N,N,N*Nt'-tetramethylethylenedianine
o
(0.25 g, 0.0002 mol) at 50 C for 5 hours with vigorous

stirring. Thg mizxture was filtered and distllled under
reduced pressure to give methyl glycerate 2,3-acetonide (
50 X from glycerol acetonide, b.p. 70-74°C/ 15-17 torr,
lit.78 88°C128 torr). NMR of thls material matched that ih

73
the reference .

Preparation of dlphenyl 1,2-epoxy-1,3~butenylphosphonate:

A 1.7 M solution of nBulli in hexane ¢ 0.0141 mol) was
placed in a 3 neck flask under nitrogen. Dry THF (10 nL)
was added at -ZODC and the solution was cocled to -70°C.
Diphenyl chloromethylphosphonate (4 g, 0.0141 nol)7in S mL
THF was added and the mixture was stirred for 10 minutes.
Freshly dlistilled acrolein (1 g, 0.0178 mol) in 5 mL of
THF was added at ;75 to -7OOC, and the mixture was
stirred at the same temperature for ! hour, then warmed to
room temperature and stirred for 18 hours. Water (10 nmL)
was added and the mixture was extracted thrice with 30 nL

portions of 1:1 ether/methylene chloride. The combined
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organics were dried over mnagnesium sul fate and
concentrated under reduced pressure. Chromatography of the
‘residue on silica gel, wusing an ethyl acetate:ethanol
gradient, gave 2 g of a pale.fellou solid. This material
was found to be insoluble in ether and so was dissolved In
methylene chloride and preciplitated with ether to give 1.7
g of a white solid. NMR showed the presence of OH and
other expected signals but it could not be satlsfactorily

purified.

Preparation of epibromohydrin benzaldehyde acetal [311]:
Epibromchydrin (2 g, 0.0146 mol) was dlissolved Ih
chloroform ( 10 mL) and under an atmosphere of nitrqgeh
was added freshly dQistilled benzél@ehyde ( 2 g,0.0188 mol)
was added followed by 5 drops of  borontrifluoride
etherate: The nixture was stirred at room temperature
overnignt, washed with ag. sodium bisulfite, drled and
then concentrated under reduced pressure. Distillation of
the residue under reduced pressure gave 2,3-0-benzyildene-
i~bromo propane ¢ 75%,b.p. 105-1080010.5 torr).

81
NMR matches literature .

Oxidation of epibromohydrin benzaldehyde acetal [311:

2,3-0-benzylidene~-1~bromo propane (10 g,0.0433 mol) was
dissolved in dry DMSO (200 nL) and purged with nitrogen.
Sodlum bilcarbonate (7.2 9.0.0566 mol) and NalI (10 g 0.066
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‘ o
mol) were added and the mixture was heated to 130 C

overnight. Water (600 mL) was added and the mixture was
‘extracted thrice with 200 mlL portions of ether. The
combined organics were driedjover magneslium sulfate and
concentrated under reduced pressure to give 6.4 g of a
mixture. NMR indicated that 2,3-0O-benzylidene propanal was

formed (aldehyde peak at 9.9 ) and there was some
unreacted bromide. Owing to the reported instability

of this compound 1t was used without purification.

Preparation of diphenyl l.2-epoxy-3;4-0-benzy1idene-3-4-
dihydroxybutylphosphonate36:' )

A 2.6 M solution of nBuLil in hexane (0.0104 mol) _waS
placed In a 3 neck flask under a nitrogen atmosphere and
THF (4 aL) was added at ~20°C. The Ssolution was then
cooled to -70°C and diphenyl chloromethylphosphonate (2.82
g, 0.01 mol? In 5 mL of THEF was added dropwise. The
mizxture was stirred for 15 minutes at -70°C and 2,3-0-
benzyl idene~2,3-dihydroxypropanal (2.5 g of the 'ilxture
from above) was added and the resulting nizxture was
stirred at -70°C for 2 hours, then warmed to room
temperature and stirred for (8 hours. Water (50 mL) was
added and the mixture was extracted thrice with 50 nL
portions of 1:1 ether/methylene chloride. The combined
organics were dried over magnesium sulfate and

concentrated under reduced pressure to yield 3.5 g of a
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mixture. Chromatography of the residue on silica gel using
4:1 héxane/ether gave 0.8 g of diphenyl 1,2-epoxy-3,4-0-
-benzylidene=3,4-dihydroxy~1-phosphonate.
NMR of this material showed‘ﬁo aldehyde peak, slgﬂals
between 2 and 3 assignable to oxirane protons. Product
formation was thus inferred but purity was doubtfull.
59

Preparation of (S)-(-)-dimethyl mnalate [(49] :
L-Malic acld (67 g, 0.5 mol) was dissolved in 3% HCl 1in
methanol prepared by adding 25 mL of acetyl chloride to
500 mL of methanol. The solution was stirred under an
inert atmosphere overnight' at room temperature, then
concentrated under reduced pressure and distilled under
reduced pressure té give dimethyl malate ( 60%, b.p. 120-
1240115 torr).

59a
Preparation of (S)-1,2,4-butanetriol :
A solution of (8)-Dimethyl malate (13 g, 0.08 mol) in 15
nL. of dry THF was added dropwise to 10.5 g of 'llthlun
aluminium hydride in 500 mnL of THF and the mixture was
refluxed overnight. Water (300 mL) was carefully added and
the white precipitate which formed was filtered and washed
with four 60 nL portions of dry ethanol. The combined
filterates were evaporated to near dryness under vacuunm.
Short column chromatography of the residue over 50 g

silica with graded elution using chloroform ethanol to
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remove Inorganic material gave 4 g (40 %) of olly (S)-

§9a
1,2,4-butanetriol .

Preparation of (S)-l.z-ozisopropylldenebutane-l,2.4-
trlolsga:

(S$)-1,2,4~-butanetriol ( 9 g, 0.084 mol) was stirred in 500
mL acetone in the presence of 400 mg of p-toluenesulfonic
acid monohydrate at room temperature for 1.2 hour. Sodiunm
blcarbonate was suspended In the solution and stirred for
10 minutes, then acetone was ev#porated to dryness and the
residue was extracted with ethyl acetate. After washing
with aq. sodium blcarbonate "and sodium chloride ana
drying, the solvent was removed under reduced pressure t6
glve 11 g (€90 %> of 3,4-0O~isopropylidenebutane-1,2,4-
trlol.'

NMR of this material was in accordance with that 1In the

59a
literature .

Preparation of (S)-B.4-0-isopropy1idene-3,4-dih§droxy-
butanalsga:

(8)~1,2,-0-isopropylidene~1,2,4-butanetriol (7.3 g, 0.05
mol) in 20 mL of methylene chloride was added to a stirred
suspension of pyridinium chlorochromate (16.15 g, 0.075),
sodium acetate (1.23 4g) and celite (15 g> in 100 nL

methylene chloride and stirring was continued at room

temperature for 2 hours. Ether (100 mL) was added and the
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mixture was filtered through florosil. The florosil coiumn
was washed three times with 50 mL portions of ether which
_Wwere combined and concentrated under reduced pressure. The
residue, on vacuun dlstlllatién, afforded 4 g (36 %) of
(8)-3,4-0-1sopropyl idene-3, 4-dihydroxybutanal.

59a
NMR of this material was consistent with that reported .

Attempted halogenation of (8)-3,4-0O-1sopropylidene-3,4-
dihydroxybutanal:
(S)f3.4-Isopr;py1idene-s.4d1hydroxybutanal 0.2 g, 0.00139
mol) and cupric chloride dihydrate (0.23 g, 0.00139 mol)
were dissolved In 12 mL of 3:1 isopropanol/water in a 50
ml. round bottom flask equipped with a magnetlic stirter;
reflux condenser. The mixture was refluxed under an
atmosphere of nitrogen for 48 hours (bath temperature
9600). No precipitatfon was seen and so the approach was

abandoned.
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