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INTRODUCTION

In order to study the mechanism of action of enzymes which utilize
the enol phosphate of pyruvic acid (PEP) as a substrate, it was desired
to find improved synthetic routes to the known PEP analog,1 a-(dihydroxy-
phosphinylmethyl)acrylic acid (CHZ-PEP). It was hoped that these routes

might be utilized for the preparation of a 13C--labeled CH,-PEP analog

2
and stereospecifically deuterium-labeled CHZ-PEP analogs.
In recent years some elegant work2 has revealed that the enzymes of
glycolysis and gluconeogenesis catalyze reactions in a stereospecific
manner, that is, in a manner whose absolute stereochemistry is determined
by the optical dissymmetry of the macromolecule. It is precisely the dis-
symmetric nature of the macromolecule which allows it to recognize and
distinguish between the faces of PEP. The optical activity of the enzymatic
product, 2-phosphoglyceric acid (2-PGA), in the case of the enolase (2-phospho-
D-glycerate hydrolase) reaction, is proof of this ability. While this
information does not tell us whether enolase catalyzed cis- or trans-
addition of water to PEP, X-ray crystallography gives us the absolute con-
figuration of 2-PGA. Thus, two relatively simple physical measurements on
enzymatically formed 2-PGA inform us that enolase catalyzed the stereo-
specific addition of a proton to the si face4 of PEP at C-2. A more subtle
and elegantly conceived physical measurement had to be made in order to prove

that enolase added water with trans- stereospecificity.5

It has been shown that CHZ-PEP (the known phosphonate analog of PEP)

is a substrate for the enolase-catalyzed reaction.1’6 It would be of value

to show that enolase treats CHZ-PEP with the same stereospecificity as it



(1)

PL2 at C-2. A wmore subtle and zlezantly conceived physical
aeasurement had to be wades in order to prove that enolase
added water with trans- stereosnecificity.

It has been shown that I.1»-22Z2 (the inown paosphonate
analog of 2.2) is a substrate for the eaolase-catalyzed
reaction. If one could show that enolaese treats C:ip-2P
with the same stereospecificity as it does 2&P, they would
thereby provide experiaeatal verification of the assizned
specificity of the enolase reactioun. This vzrification is
necessary in viaw of the fact that a lar~e series of inter-
locking sterecocheaical assi-znmants for ~lycolytic and zluco-
neozenic enzyaes denends on the assisned stereospecificity
of enolase. 7Jhea the vinyl protons of CT:i;-2Z2 can be unanm-
bizuously assizned and stercospecifically deuteriun-labeled

. 7

C:p-Pi2 or C.i,-2-23A analogs have been prepared, it will be

el

possible to directly verify the enolase stereospecificity.
fhe vinyl protons of Ci;-PI2 have now been assizned.

Althousgh it is not yet possible to prepare stercospecifically

deuterium-labeled Chy=-2i2 or Cdz-2-0TA analoszs, soae projress

nas been nade towards characterizingz interacdiates which

could eventually be used in a stereospecific synthesis,

Some of these "intermediates! could prove useful in their

own rizht as potentially intesrestinz compounds for study in

a biolozical systemn. Iy retainins soae of the features of

227 and makiny small additioans to the structure, soma con-

pounds were preparad wnhich micht be of interest to study



with some of thz2 other 2irf-utilizine enzyuzs. Sone of these
substituted-PI? analo=zs miszht also reseable the preferred
confornation and distrihucion of charce of a biolo~ically

iaportant pyrophosphate or tripnosphate.
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Below are composite drawings of some of the substituted

CHZ-PEP analogs which were sought.




II. HISTORICAL

Ultimately, the assignment of the stereospecificity of each of
the following enzymes of glycolysis and gluconeogenesis of the

is dependent on the stereochemistry of the enolase-catalyzed reaction.

Table I
Glycolytic Reaction Catalyzed
Pyruvate kinase8 H+ + PEP + ADP 2 Pyr + ATP

Malate dehydrogenase 8 NAD+ + Malate e Pyr + H+ + CO

decarboxylating enzyme + NADH 2

Gluconeogenic

Pyruvate carboxylase8 ATP + Co2 + P3%°E?“ Hf + oxalacetate
- + ADP + Pi
PEP carboxykinase9 PEP + CO, + GDP 7 GIP + oxalacetate

PEP carboxytransphosphosphorylase PEP + CO2 + Pi 2 PPi + oxalacetate

+ OH P + oxalacetate

PEP PEP carboxylase9 PEP + CO
2 « i

10,11%*
Oxalacetate decarboxylase +
oxalacetate + H : pyr + CO2
3—deoxy—D-arabino-heptulosonate12 erythrose 4-phosphate + PEP < DAHP

7-phosphate synthetase

* This enzyme has been shown to be identical to pyruvate kinase. Ref.ll



Specifically labeled phosphoenolpyruvates were prepared utilizing
the known specificities of enolase and phosphoglucose isomerase

(D-glucose-6-phosphate ketol-isomerase).9

O
~0®

o—‘& z-isomer’>
Nge
p” T

O

The malate synthetase - fumarase amalytical sequence was used to

distinguish isotopic enantiomers of acetate.“’15

o o

o e

o o,
p T T P

(S)-2-deuterio-2-tritioacetic (R)-2-deuterio-2-tritioacetic
acid acid

The assigned stereospecificities of enolases, phosphoglucose

14,17 14,15

isomerase, and fumarase18 led

malate synthetase,
eventually to assignments of the stereospecificities of the enzymes

listed in Table I.

The ability to prepare isotopic enantiomers of pyruvate,



oxalacetate, and malate depends on the stereospecificity of pyruvate
kinase as determined by Rose et &8 A specifically labeled PEP was
prepared using the phosphoglucose isomerase - enolase sequence. The
chiral pyruvate formed in the pyruvate kinase reaction was then
analyzed by the malate synthetase -fumarase sequence. Further
support for the specificity of pyruvate kinase was provided when it

was found thata-ketobutyrate is a substrate for the enzyme..]'g’20

% o ¢

N\ ¥ ATP D o O D o
F2- D, 0 H,O
ATS S S

oe ATP *H ChY T0®
Z-isomer PK (7]
+2
Mn

One can compare the optical rotation of the pyruvate kinase-derived
a-deuteriopropionate with the rotation of a-deuteriopropionate of known
absolute conf:l.gurat:ion.21 Since it was determined that the Z-isomer of
phosphoenol a-ketobutyrate is the substrate in the opposite direction,
one concludes that pyruvate kinase does in fact add a proton to the 2
s8i, 3 re face of PEP at C-3.22

Cohn et al. determined the stereochemistry of the enolase reaction

to be the following:

H

M H
e
20 enolase q c¢
®qc 1 oPo; . m— -l
H

(3R)-2-PGA-3~d PEP-3-d



The configuration at C-3 of the 2-PGA-3-d which was established in

the reaction of phosphoglucose isomerase to form fructose-6-phosphate
in DZO is ultimately based16 on the comparison of phosphoglucose-

2-d derived from C-1 and C-2 of this F-6-P with specifically deuterated
Li glycolate.17 The absolute configuration of the latter was

was determined by neutron diffraction. The geometry at C-3 of the
PEP-3-d formed in the enolase reaction was determined on the basis

*
of an NMR assignment of the vinyl protons of PEP.

Direct experimental verification of the assigned stereospecificity
of enolase could be provided if 1) the vinyl protomns of CHZ—PEP can
be assigned in the NMR spectrum, 2) specifically deuterium-labeled
CHZ-PEP or CH2-2-PGA can be prepared, and 3) it can be shown that

%%
enolase treats CHZ—PEP with the same specificity as it does PEP.

H
D H

e CH;P Ozg enolaseeozcz' j“ 2
O;C 0 3 > D cHpP 03
H

(3R)-CH2-2-PGAF3-d CHZ-PEP-3-d

* The NMR assignment of the vinyl protons of PEP is based on the
experimental observation (Ref. 23) and theoretical verification
(Ref. 24) that J trans > J cis for spin-spin coupling between
magnetic nuclei substituted directly to a double bond.

**NMR kinetic data (Refs. 1, 6) indicate that this condition obtains
but one should not assume this a priori.




III. DISCUSSION AND RESULTS

A. Modified Wittig reactions as synthetic routes to phosphonate
analogs of PEP

In order to prepare phosphonate analogs of phosphoenolpyruvate,
the Wadsworth-Emmons-Horner (modified Wittig) reaction,zs’26 was
explored. When the preformed a-anion of bis-(dimethoxyphosphinyl)
methane (la) was treated with ethyl pyruvate in a manner similar to
the procedure of Huff, Moppett, and Sutherland,27 a mixture of E and
Z isomers of ethyl (a-methyl-f-dimethoxyphosphinyl)acrylate (2Ea) and

(3Za) was isolated in good yield.

ko) (e
F{() 1] c>,r()‘i '{CJK‘II CJ*; Fl‘: u

o’ YP\"R R0” P roR! pd

o
la R = CH, 2Ea R = CH, R' = Et 3Za R = CH, R'=Et
b R = Et b R=Et”  R'=Et b R=Et" R'=Et
CR=1Isopropyl cR=Et R'=H cR=Et R'=H
d R-= CH3 R' = CH3 d R= CH3 R' = CH3
e R=H R' = H e R=H R'=H

When the reaction was conducted with an excess of sodium hydride,
substantial amounts of the known itaconate analog, ethyl (a-dimethoxy-

phosphinylmethyl)acrylate1 (4a), were formed as well as 2Ea and 3Za.

4a R=CH R'=Et

b R=Et” R'=Et O H H

c R=Et R'=H

d R=CH, R'-=CH, RO\[I &4

e R=H> R'=H ), Q’
RO H

H



Treatment of a mixture of 2Ea and 3Za with sodium hydride under
equilibrium conditions gave varying amounts of rearrangement to 4a.
The yield for this rearrangement reaction has not yet been optimized.
The modified Wittig reaction and subsequent rearrangement was found
to also occur when the more readily accessible bis-(diethoxyphosphinyl)-
methane (1lb) was treated with ethyl pyruvate. Bis-(diisopropoxy-
phosphinyl)-methane (lc), however, failed to undergo the modified

Wittig reaction with ethyl pyruvate, presumably due to steric hindrance.

Treatment of a mixture of 2Eb and 3Zb with sodium ethoxide in
ethanol under equilibrium conditions gave rearrangement of 3Zb to 4b
as judged by NMR. Compound 2Eb remained .unchanged. Treatment of the
mixture of 2Eb and 3Zb with potassium hydride in tetrahydrofuran both
at 0° and -78° resulted in polymerization of the reaction mixture.
This presumption is supported by the fact that no vinyl protons were

observed in the NMR spectrum of the reaction mixture.

A definitive assignment of the geometries of 2Eb and 3Zb has
been made on the basis of the following observations. A mixture of
2Eb and 3Zb was dissolved in water, stirred 3 days at room temperature
with one equivalent of sodium hydroxide, acidified with 12N HCl to
pH 2, and thorougly extracted. The Cl-12C12 extract was found to
contain only 2Ec in the amount consistent with its being formed from
2Eb. The aqueous layer was found to contain only 3Ze in the amount

consistent with its being formed from 3Zb. Compound 2Ec was
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converted to 2Ee by heating at reflux for 36 hr in 6N IICl. Compound
4b, 4c, and 4e were not observed in either the organic or aqueous
phases.* (See page 1l for a comparison of the NMR spectra of 2Ee
and 3Ze.)

The rapid conversion of 3Zb to 3Ze at room temperature (less
than 10 min at pH 2) is indicative of a reaction proceeding via
intramolecular nucleophilic catalysis.Sl’52 An "in-line", SNZ—
type mechanism can be invoked to explain these results. Both
exocyclic and endocyclic cleavages are thought to occur. An "adjacent"
mechanism involving only exocyclic cleavages is probably prohibited
since pseudorotation would violate one of the preference rules41 for

pentacoordination at phosphorus. In Scheme 1 below, proton transfer

steps have been omitted for the sake of clarity.

SCHEME 1: o 9 O
St By o f‘O\P"):z—oH
\ OE‘t
3 1 EI3|32c

E‘f\ -
)1, CZ\F) :E-Eicx__ E£Ci,__f)~s

* When the reaction sequence was repeated in D,0 with 40% NaOD and
6N DCl, no evidence for base- or acid-catalyzed deuterium exchange

was observed as judged by examining the NMR spectra of the products
obtained, 2Ee and 3Ze.
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' o
gco 9 Ho
\‘g s 6N HC1 \‘g CH3
J/ 36 Hour -c’/’ o
e{ o o reflux H H

2Ec 2Ee

Strong acid and heat are required to convert 2Ec to 2Ee.
Under these conditions, the conversion of 2Ec to 2Ee probably
proceeds through an SNl mechanism wherein a carbon-oxygen bond is

70,71 that in

broken.44 Exchange experiments with 180 have shown
the acidic hydrolysis of trimethyl phosphate, C-0 fission predomi-
nates. In addition, alkyl phosphonates of optically active alcohols
are hydrolyzed with extensive racemization in acid solution.72

For both 2Eb and 3Zb, the initial base-catalyzed hydrolysis

42,43

is thought to occur exclusively at the carboxy ester.
assumption is substantiated by the work of Freedman and Jaffe (1954)42
who showed that 5 and 6 below could be selectively hydrolyzed to 7

and 8 under basic conditioms.

f?/oft
\OEt o g _OFEt
~
OFt 4o OEt
(o

3

|on
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O
o l_OEe
o H=0 SOE+€
O-H
7 8

Precedent for intramolecular carboxyl-group participation
leading to accelerated rates of hydrolysis in phosphonate esters is
found in the work of Gordon, Notaro, and Griffin (1964)40 and
Blackburn and Brown (1968).39 A vastly increased rate of hydrolysis
(8X 107—f01d) was observed for 9 as compared to the para-substituted

10. An "in-line", SNZ-type, mechanism was proposed39 to explain the

results.
o o
Eto\ 4 Eo Il O
o’ P HO /P O—4{
H-O %
9 10

The structure proof and assignment of geometries to
(o-methyl-p-dihydroxyphosphinyl)acrylic acid (2Eb) and 3Zb) confirms
the predictions that 1) the vinyl proton of 2Eb will resonate at
lower field than the vinyl proton of 3Zb due to its cis-relation-

ship to a methoxycarbonyl group28 and 2) the allylic methyl protons

of 2Eb will resonate at lower field than those of 3Zb due to their
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cis-relationship to a dimethoxyphosphinyl group. Anisotropic deshielding
effects in the NMR spectrum are widely used to make geometric assignments
in the absence of other data.28

Hydrolysis of a mixture of 2Ea, 3Za, and 4a with 487 HBr for 1.5
hr at reflux gave a mixture of triacids 2Ee, 3Ze, and 4e whose ratio
of integrated NMR intensities corresponded to the ratio of the initial
mixture of esters. The conditions employed for the hydrolysis were
apparently not severe enough to achieve thermal equilibration of the
mixture of esters or the triacids.* Fractional crystallization from
water gave a 54% yield (based on 4a) ofa-(dihydroxyphosphinylmethyl)
acrylate (4e) which possessed an NMR spectrum identical to that
previously reported.1

The modified Wittig reaction of hexamethyl 2,3-diphosphono-

succinate32 (10) with paraformaldehyde was found to give mixtures

of 11 and 12.

chs O
&7 o l' _ochh 1

/P ?‘OCH)
g ¥ d

f ° Gy CHs

*Sakai 1observed that the thermal rearrangement of citraconic
to itaconic acid can be achieved in H 0 by heating to 170° for
22 hr in a bomb.
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The overall yield and relative amount of each product varied con-
siderably depending on 1) temperature, 2) reaction time, 3) sequence
of addition, 4) solvent, 5) stoichiometry, and 6) nature of base
employed. Compound 12 was always the major product in greater than
60% isolated yield regardless of the conditions employed. Compound
1l could be short-path distilled and on hydrolysis (1.5 hr, 48% HBr
reflux) and recrystallization gave 4e whose NMR spectrum was again
identical to that previously reported.l

The decarboxylation of 11 without double bond rearrangement
was not unexpected in view of the apparently greater thermodynamic

stability of 4a with respect to 2Ea and 3Za. The a-dimethoxyphos-

phinyl group probably stabilizes a cyclic transition state for
decarboxylation. Methyl (dimethoxyphosphinyl)acetate is known to
decarboxylate on thermal, acid-catalyzed hydrolysis.33 The failure
of 4e to decarboxylate under these conditions is probably due to its
inability to isomerize to a B,y-unsaturated carboxylic acid and the
reluctance to form a B-substituted primary carbonium ion. The
following examples lend support to this hypothesis.

Under acidic conditions, cinnamic acids are thought to decarboxy-

late via a B-carbonium ion mechanism.35

* Coa- * He
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When R1 = H and R2 = CH3, the slowest rates of decarboxylation were
achieved. In another study, the pyrolysis of 2,2-dimethyl butenoic
acid (13) has been shown to give 2-methyl-2-butene (14) as the sole

olefinic product.>?

v
C“Fcu—c‘;,“{):“ o=l
C!éiifacuzbv/‘jt, . 3 4 ‘\‘:”’
Hezf ¢ co
N, a
o
13 14

Compound (15) 4,4-dimethyl penten-2-oic acid, however, remained

unchanged on attempted pyrolysis.

¢ ] / 3 no reaction
CH, A

15

3

B. Synthesis of 1 C-labeled a-(dihydroxyphosphinylmethyl)acrylate

In order to assign the vinyl protons of a-(dihydroxyphosphinyl-
methyl)acrylate unambiquously, a suitable labeled synthesis was

sought. A modification of the Stobbe condensation45 seemed appropriate.



17

The normal course of the Stobbe condensation is addition to the carbonyl
of a ketone followed by cyclization of the B-hydroxy alkoxide anion to a

y-lactone follwed by E, or E2 elimination to give an a,B- unsaturated

1
itaconate monoester.65
Martin, Gordon, and Griffin53 observed that Stobbe condensation

of diethyl B-carboethoxyethylphosphonate with a variety of ketones
glves a series of B,y -unsaturated phosphonates. No evidence was
observed for subsequent base-catalyzed rearrangement to B,y-unsaturated
phosphonates. On attempting the analogous reaction with paraformalde-
hyde, condensation occurred @ to the carbonyl as was previously

observed. However, the expected mono-acid Stobbe-product, methyl-o-

(hydroxymethoxyphosphinylmethyl)acrylate (16), was not observed.

O H. KW
Cﬂ,o\u 5
o/
H— H H OCI-I,

Treatment of dimethyl B-carbomethoxyethylphosphonate (17) with
potassium hydride in tetrahydrofuran followed by paraformaldehyde
gave a 40% yield based on 17 of 4d.* Elimination from an initially

* Alternate methods for introducing methylene groups o¢ to carboxyl
groups have been recently reviewed. Ref 48.
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formed g-hydroxy (or g-alkoxy) intermediate 18 would explain the

observed product.

o 4ot Ok
O 5 ChQ JI
Gl gy, BB e 30%";%0
P O / P Oy H

cho” L o, HO #4 H 3 OcH,

The NMR spectrum of 4d was qualitatively similar to that of 4a.

In addition to 4d, which comprised greater than 75% of the isolated
product, unreacted 17 (10%) and at least one unidentified product
(15%) were observed. Compounds 18, 19, and 20 are possible candidates

for the unidentified product.

Cho O
H H ~H \.“ ’#y O o
Vo ol s ao P S 4
3 p—
>P + C‘/,O/\f; OCH, ; ” \0ch
Cﬁ) "R} HH 0y O ¥ ks
3

18 19 20

Compound 20, the self-condensation product of 17, could be formed
47

as follows:
: C O
T ocHs %0\ yh o
CH3O ,? i C"fP\/OCH‘} W H I
> O C}l-—COlC—H) £ — K R‘ 0%
/ - o
Ao ¥ o, JowchRoo, ™0 S

O
17 s

20

—
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Continuous extraction of the acidified reaction mixture might
possibly have revealed the anticipated mono-acid Stobbe-product, 16.
No evidence was observed for base-catalyzed rearrangement to o,B-
unsaturated phosphonates.

Acid—catalyzed hydrolysis of partially purified 4d gave 4e after
several purification steps. This synthesis was then employed to
prepare a 90% 13C-enriched carboxyl-labeled 4e for the purpose of
assigning the vinyl protons of 4d and 4e in the NMR spectrum.
Compound 17 with a 90% 13C—enriched carboxyl group was prepared in
approximately 607 yield via a three-step sequence from ethyl bromo-
acetate 13C-labeled in the carboxylate position (Koch Isotopes). An
Arbusov reaction65 of triethyl phosphite with ethyl bromoacetate
gave a 96% yield of ethyl (diethoxyphosphinyl)acetate. A modified
Wittig reaction with paraformaldehyde gave 13C-labeled ethyl acrylate.
The acrylate was treated without isolation with an excess of dimethyl
phosphite followed by one equivalent of sodium methoxide in methanol.49
Distillation gave a 627 yield of 17 based on ethyl (diethoxyphosphinyl)
acetate. Compound 17 was then treated with potassium hydride and
paraformaldehyde in tetrahydrofuran as described yielding 4d. Com-
pound 4d was hydrolyzed and isolated as the dilithium salt of 4e in
12% yield overall based on ethyl bromoacetate.

The 1H NMR spectra of 13C-labeled 4d and 4e are shown for

comparison with that of non-labeled 4d and 4e on page 20 and 21.

For spin-spin coupling between nuclei substituted directly
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FIGURE LEGENDS

Figure 1 (page 20)

Top The proton NMR spectrum (CDCl,) at 60 MHz showing the
vinyl proton region of methyl a-(dimethoxyphosphinyl-
methyl)acrylate

13

Bottom 907 ~~C-enriched in the carbonyl position

Figure 2 (page 21)

Top The proton NMR spectrum (D,0) at 60 MHz showing the vinyl
proton region of a-(dihydroxyphosphinylmethyl)acrylate
dilithium salt

Bottom 90% 13C—enriched in the carbonyl position
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to carbons of a double bond it has been shown without exception

both experimentallyz3 and theoretically24 that J trans > J cis.

In ég_we observe 3J lﬂ—lSC values of 7.0 Hz and 13.5 Hz for the

§ = 6,35 ppm and the § = 5.95 ppm vinyl protons, respectively.

In 4e we observe 3J 1H-13C values of 6.7 Hz and 11.5 Hz for the

6§ = 6,65 ppm and the § = 6.40 ppm vinyl protons, respectively. It
is clear from the data that the vinyl proton which is cis to the
carboxyl group in both 4d and 4e resonates at lower field than that

which is trans to the carboxyl group.

Chemical Shifts6 cm) ,l O

Rel. to TMS/DSS \\

Ha i3
4d 6 =5,95 ppm 6.35 ppm 4d R = CHy R' = CH,4
4e 8§ =6.40 ppm 6.65 ppm 4e R=H R'=H

The tentative assignment6 of the vinyl protons on the basis
of differences in 4J lH-31P values was considered invalid because

of two examples where 4J coupling between 31P and 1H was shown to

be J cis >J trans.7 Similarly, the small differences in 4J 1H—lH

values were considered inadequate to constitute an unambiguous
assignment.7 A tentative assignment of the vinyl protons of 4e was
made by analogy with the assignment of the vinyl protons of PEP.

In PEP, the vinyl proton cis to the carboxylate group was shown to
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resonate at lower field with 3J lH-lBC cis = 3.1 Hz and 3J 1H—13C

trans = 9.2 Hz for the &= 5.33 ppm and 6= 5.15 ppm protons,
respectively.5 Similarly, in phosphoenol o-ketobutyrate, it was
shown that 3J lﬂ-l3c cis = 2.9 Hz and 35 u-13c trans = 9.5 Hz for
the 6= 6.82 ppm and &= 6.52 ppm protons, respectively.22

Many examples are known where the anisotropic deshielding effect
of a carbonyl group substituted to a double bond results in the vinyl
proton substituted cis to be downfield from the geometric isomer with
the vinyl proton substituted trans.28 In assigning 4d and 4e, we
have shown that the anisotropic deshielding of a vinyl proton by a
carboxyl group substituted to a double bond is greater than that of

a phosphinylmethyl group similarly substituted to a double bond in

both the triester and triacid state.

C. Michael additions to dimethyl acetylenedicarboxylate as a
synthetic route to phosphonate analogs of PEP

Further evidence for the strong thermodynamic preference for

*50,53

double bond isomers deconjugated from phosphinyl groups is

provided by the following results. Michael addition of the preformed

* Ionin and Petrov50 have shown the existence of a base-catalyzed
equilibrium between B,y- and o,B-unsaturated (butenyl) phosphonates
with the former isomer predominating.
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a-anion of methyl (dimethoxyphosphinyl)acetate to dimethyl acetylene-
dicarboxylate under equilibrium conditions gave a mixture of E and Z

isomers of B,y-unsaturated phosphonates 21E and 22Z in the ratio

75E:25Z.
0% o o ,
cho N Y7 Cho Ul e
o © Ocy, o %y
s & >

21E 22Z

Hydrolysis of a 75E:25Z mixture of 21E and 22Z with 12N HCl
during a 2 hour reflux gave a mixture of E and Z isomers of B,y -
unsaturated phosphonates 23E and 24Z in approximately the same
ratio, 75E:25Z. Decarboxylation without double bond rearrange-

ment occurred as predicted. (See page 15)

o
o H %)
HO\,g H HO\I? y %/
o
/ H
HC’/ it oy HO ~ 7¥ 00

23E 24Z
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Compound 23E was separated from 24Z by fractiomal crystallization
from water, the former isomer being slightly less soluble in water.

(See page 26 for the NMR spectra of 23E and 24Z.)

Similarly, the preformed a-anion of bis-(dimethoxyphosphinyl)
methane (la)* was treated with dimethyl acetylenedicarboxylate
under equilibrium conditions to give a mixture of E and Z isomers

of B,y-unsaturated phosphonates 25Za and 26Ea in the ratio of 65Z:

35E.
V4
o
o %
Ro /I A
252a R = CH; R' = CH, Ro” i o
b R=Et R'=CH O~ Op/
3 -~
¢ R=Si (CHy), R' = CH, RO/%R R
0
Ro £ # ,
\F) 2
Ro~ ,
26Ea R = CH; R' = CH, 7] OR
b R=Et R'=CH
3 o o
¢ R=5i (CH}yR' = CH, \OR

¥
R

* The reaction was also found to occur with the more readily
accessible bis-(diethoxyphosphinyl)-methane (1b).
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Treatment of a mixture of E and Z isomers of 25Za and 26Ea

in the ratio 40Z:60E* with excess trimethylsilyl bromide, neat,
at room temperature, for 15 min., gave a 40Z:60E mixture of 25Zc
and 26Ec. Precedent for this mild phosphonate transalkylation
reaction comes from several workers,66’67L. Malatesta68 (1950)
being one of the earliest.

Malatesta68 showed that treatment of diethyl ethylphospho-

nate (27) with triethylsilyl bromide gives ethyl triethylsilyl

ethylphosphonate (28).

(@ (e
B oee — B Hee
27 28

More recently, Rabinowitz66 (1963) has shown that treating
diethyl benzylphosphonate (29) with excess trimethylsilylchloride
at reflux for 4 days gives a 93% yield of bis-(trimethylsilyl)
benzylphosphonate (30). Rabinowitz also studied the hydrolysis
*This 40Z:60E mixture of 25Za and 26Ea is due to an enrichment of

the E isomer during column chromatographic purification of the
equilibrium 65Z:35E mixture.
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of the resultant silyl phosphonates. He points out that the
conventional means of converting a phosphonic acid ester into the
corresponding phosphonic acid by refluxing in concentrated aqueous
acid73 is not applicable to phosphonates containing acid or water
sensitive groups. The mechanism he proposes for the transalkylation

reaction is the following:

(O
5+ §- 0o o
C)_Sict + |‘<*—F’(0R2L ~ @h).Si0-p R rGe
3 o+ El\akl
o)

—

I f
@,5L0-F-R + (e, 5cCl = [(@3:0) PR

OR/
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Hydrolysis of the equilibrium 40Z:60E mixture of 25Zb and
26Eb with 12N HCl during a 3 hour reflux gave a mixture of E and
Z isomers of B,y-unsaturated phosphonates 31Z and 32E in
approximately the same ratio 40Z:60E. Compound 31Z was separated
from 32E by fractional crystallization from water, the former
isomer being slighly less soluble in water. (See page 30 for the

NMR spectra of 31Z and 32E.)
4 &
0 o)
// ‘;/ ”Ci>/7 ﬁ/ f{
o
‘{ H O f{(’ H ;{

H07P‘\o ¥ o R °
P
HO 7% (@

0
Ho\ i

317 32E

Thermal equilibration of geometric isomers under the severe

conditions employed for the hydrolysis of 21E, 22Z, 25Za, and 26Ea

cannot be definitely ruled out. Differences of less than 5% in
the NMR integration would not be discernible. The geometric assign-
ment of 4d. (see page 22) Since it has been shown that the aniso-
tropic deshielding effect of a carboxy group is greater than that

of a phosphinylmethyl group, the vinyl protons of 21E and 22Z can be
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aséigned chemical shifts of 6= 6.91 ppm and 6§ = 6.76 ppm,
respectively. Similarly, the vinyl protons of 25Za and 26Ea
must resonate at 6§ =6.89 ppm and § = 6.85 ppm, respectively.
Support for the validity of these assignments is given by the
prediction that the allylic proton which is cis to a carboxyl
group directly substituted to the double bond should resonate
at lower field relative to that which 1s trans-substituted.

Since the geometric assignment of the vinyl protons in 4d
did not change on hydrolysis to 4e (see page 22), it is a reasonable
assumption that the geometric assignment of 21E and 22Z will not
change on hydrolysis to 23E and 24Z. This assumption is verified
by the lH NMR integration of each isomer. Although the chemical
shift non-equivalence of the vinyl proton in each geometric
isomer is much smaller, the same argument can be applied to 25Za
and 26Ea on being hydrolyzed to 31Z and 32E.

In 25Zb and 26Eb, the assignment of the vinyl proton of

each geometric isomer appears to be reversed from that of 25Za

and 26Ea and the hydrolysis products 31Z and 32E. The vinyl

protons of 25Zb and 26Eb can be tentatively assigned chemical

shifts of 6= 6.82 ppm and § = 6.87 ppm, respectively. This assign-
ment is based on the lH NMR integration of each geometric isomer

and the assumption that the .allylic proton in each geometric isomer
will experience greater deshielding if it is substituted cis to a

carboxyl group on the same double bond. The assignment is further
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based on a comparison of the 4J lH—31P coupling constants in 25Zb

and 26Eb with those observed in 25Za, 26Ea, 31Z, and 32E. (See

Table V,page 79; also see page 31 for a comparison of the vinyl
region at 100 Hz sweep width.)

The geometric assignment of 25Zc and 26Ec can be made by

analogy with the assignment of 4d. (see page 22). The vinyl protons

of 25Zc and 26Ec can be tentatively assigned chemical shifts of

6= 6,88 ppm and§ = 6.86 ppm, respectively. This assignment is
based on the NMR integration of each geometric isomer and the
assumption that the allylic proton in each geometric isomer will
experience greater deshielding if it is substituted cis to a
carboxyl group on the same double bond. The assignment is further
based on a comparison of the 4J 1H-31P coupling constants in 25Zc

and 26Ec with those observed in 25Za, 26Ea, 31Z, and 32E. (See

Table V, pages 79 and 80; also see page 31 for a comparison of

the vinyl regions at 100 Hz sweep width.)

D. A crossed-Claisen condensation of methyl formate as a

synthetic route to phosphonate analogs of PEP

The crossed-Claisen condensation of dimethyl B-carbomethoxy-

ethylphosphonate (17) with methyl formate in glyme using sodium
hydride proceeds exothermically at room temperature48 and occurs
o to the carboxyl group exclusively.47 On workup, an amber-
colored oil was obtained which crystallized on standing at 0° after
several days. Sodium hydride in glyme is not a sufficiently strong

base to preform the 4 —anion of 17 at room temperature. In the
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presence of methyl formate, however, the reaction with 17 in glyme

is autocatalytic. An analogous reaction with dimethyl succinate

in protic solvents is known to give both mono- and di-formyl

derivatives depending on the reaction conditions em.ployed.54

Detailed structural characterizations, however, were not described.
An NMR spectrum of the crude product, methyl (dimethoxy-

phosphinylmethylhydroxymethylene)acetate (33E) revealed the

presence of only one geometric isomer with a chelated enolic

hydroxyl resonance at 6= 9-10 ppm and no aldehyde proton resonance.

The 2J 1H-31P coupling constant of 20.4 Hz observed for the allylic

protons is in excellent agreement with the observation of 2J 1H-31P =

22,0 ¥ 1.0 Hz for a wide variety of model benzyl and allyl phospho-

nates.53 On standing overnight at room temperature in CDCl3 or

after recrystallization from CH,Cl,, the NMR spectrum (CDCl

27722 3)
revealed the presence of an additional geometric isomer 33Z.

Again no aldehyde proton resonance was visible. A ZJ 1H—31P
coupling constant of 19.2 Hz was observed for the allylic protons
in 33Z, The chemical shift of the allylic protons of 33Z was

upfield by Ad= 0.21 ppm from that of 33E in CDCl, and A§= 0.66 ppm

3

upfield in D,0. The chemical shift of the vinyl proton in 33Z

2

was upfield by A8 = 0.66 ppm from that of of 33E in CDCl, and

3

A§ =2.79 ppm in D,0. Microdistillation of a sample of 33E and 33Z

2

produced a 80E:20Z mixture in CDC13, while in D20, a ratio of 65E:35Z
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was observed. The geometries of 33E and 33Z can be tentatively
assigned as follows:
wh o
0 Q cho Ny
Co 11 H >
5 N o CHO™ K v
Cl'é H oCﬁ/; CHy

33E 33z

This assignment is based on the demonstration that the aniso-
tropic deshielding effect of a carboxyl group on a vinyl proton is
greater than that of a phosphinylmethyl group similarly substituted
to a double bond. (see page 22) The assignment is supported by
the observed shift to higher field of the allylic protons in 33Z
which is predicted to result from increased distance to the enolic
hydroxyl group, hence resulting in less deshielding. The effect
of phosphoryl hydrogen-bonding on the chemical shifts of the vinyl
and allylic protons in 33E and 33Z is difficult to predict and
might invalidate the geometric assignment. The lack of resolvable
4.] 1H-31P coupling at 60 MHz to the vinyl proton in 33Z in both
CDCl3 and D20 suggests a conformation of the dimethoxyphosphinyl
group with respect to the plane of the vinyl group which is
unfavorable for coupling.

If this tentative assignment of 33E and 33Z is valid, we observe

a thermodynamic preference for 33E over 33Z in both CDCl, and D,0

3 2
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based on on the NMR integration of each isomer. The observation
that initially only one isomer is present 33E which isomerizes on

the order of days at room temperature in CDCl, to an equilibrium

3

mixture suggests that the thermodynamically favored enolate anion

is that of 34E.

o Mfe) Chs
OI H CH’O O O ch O H O Ok
Il fa/ 4 (aldo \ 7/
O#P o~ R RA? Ui, ) g
H CH,0 W
y HH o W o2 3, of # %

17 34E 33E 33z

Phosphorylation of the sodium enolate anion, 34E presumably,
in benzene with dimethyl phosphorochloridate led to a single enol
phosphate 35E. When an equilibrium mixture of 33E and 33Z in the
ratio 80E:20Z is treated with sodium hydride, a mixture of enolate
anions 34E and 34Z must be formed which equilibrate during the 5 hour
before the acid chloride is added. Alternatively, 34E could react
faster with the acid chloride than does 34Z.

The tentative assignment of the geometry of 35E can be made by
analogy with the geometric assignment of 33E since the chemical shifts
of the allylic and vinyl protons are predicted not to change greatly
on phosphorylation. Removal of the effect of the hydrogen-bond on the

chemical shifts in 35E results in small upfield shifts of A§ = 0.14
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ppm and AS = 0,02 ppm for the vinyl and allylic protomns, respec-

tively,relative to 33E.

o
I
"1)07‘)\0 H 0
C“,O 0 o
|
CHQ"//l ff*‘ C}{é
CH©
35E

Further support for the tentative geometric assigmment of 35E is
given by the fact that the 4J 1ﬁ—31P coupling constant of 5.2 Hz

in 33E is maintained on phosphorylation in 35E where 4J 1H—31P =

3J 1H—31P = 6.2 Hz.

Catalytic hydrogenation of 35E was attempted with the hope of

preparing 36.

ocH,

o é/o CH;
Géo\‘g i

/
CHO 4 H C’c;,/3
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Instead, the products of hydrogenolysis followed by hydrogenation

were observed 37 and 38.

0
o ¢
C%k? I/ 3 ”/C)C:l{3
1o, -0—
> H-0-Roc W

The identity of methyl (RS)-a-(dimethoxyphosphinylmethyl)propionate
(37) was confirmed by an unambiguous synthesis of §Zf6 and NMR
spectral comparison. Compound 37 was observed in each instance when
Rd, Pt, and Pd were used as catalysts in ethyl acetate at 3
atmospheres pressure of H2' This result is at variance with the
report of Jacobson gg_gl;§6 wherein diethyl isopropenyl phosphate

39 gave diethyl isopropyl phosphate 40 on hydrogenation with Pd and

gave diethyl hydrogen phosphate and propane (ie. hydrogenolysis)

on similar treatment with Pt. ‘)
Chy Il_ogt
>) ; oﬁ 4 3 Nokee
—
"' Pd on C Cﬂ{’
Ho 40
‘\\\\\\-\\\\________J> 9“& 11 - OE¢€
-32 PtO C’lz + ”o- \ N O &
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Further attempts to reduce 35E were abandoned.
Treatment of 35E with one equivalent of trimethylsilyl bromide
at room temperature for 15 min (neat) gave 41E on inspection of the

NMR spectrum of the crude reaction mixture.

(o
Cho_ I

CH’O/\Ps H 0

0
ho b "ocy,
. N H
Cll,3ScO

41E

Evidence for this structure is twofold: 1) the vinyl proton is now
a broadened 1:2:1 apparent triplet with approximately the same
chemical shift as in 35E, and 2) the allylic protons now show
geminal coupling becoming resolvable without a significant change
in their chemical shifts relative to 35E. Treatment of 35E with
a greater than five-fold excess of trimethylsilyl bromide at
reflux in benzene for 0.5 hour gave a single product 42E on

microdistillation of the reaction mixture.



39

(8]
Ry
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428

The NMR spectrum of 42E shows a doublet of doublets for thé
vinyl proton centered at approximately the same chemical shift as
in 35E with 3J lﬂ-3lP and 4J 1H-31P coupling constants very similar
to the 3J 1H-31P = 4J 13—31P = 6.2 Hz éoupling constant of 35E. The
allylic protons of 42E are qualitatively similar to those of 35E
in both chemical shift and 2J lH-?}P coupling constant. There is
therefore little doubt that the geometry of 42E is idemntical to that
of 35E. (See page 39 for a comparison of the vinyl and allylic
regions at 100 Hz sweep width.)

When a mixture of 33E and 33Z was allowed to stand at room
temperature in D20, it was noticed that hydrolysis of the dimethoxy-
phosphinyl ester groups was occurring at a significant rate
(t% %~ 25 days).* After approximately 50 days at room temperature,
hydrolysis of the methoxycarbonyl ester group was less than 10%

complete. On heating 33E and 33Z in D,0 at 50°, the dimethoxyphos-

2

*Ester hydrolyses were followed conveniently by comparison of the NMR
integration of the methoxyphosphinyl ester doublet (J = 11 Hz) with
that of the methanol peak. Satisfactory mirroring curves (ref. 40)
were obtained in all cases.
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phinyl ester hydrolysis occurred at a much faster rate (t’ 2

ne

days). At room temperature and at 50°, hydrolysis of both dimethoxy-
phosphinyl ester groups was observed. These observations can be
explained by assuming that the reaction at room temperature proceeds
via intramolecular nucleophilic catalysis involving both endocyclic

and exocyclic cleavage,51s52,63,64

When a mixture of 33E and 33Z
was treated at room temperature with 6N DCl, methoxyphosphinyl ester
hydrolysis was complete in approximately 2 days. Shortly thereafter,

the evolution of CO2 was observed suggesting that decarboxylation of

44 to give 45 occurred as the methoxycarbonyl ester group was

hydrolyzed.
o i -CO,
WA Y Ly o 4
C”P/ d ”0 " Po) HO\P 4 I”Ql/ 7/ > W\”
WH ooy P T Mo AR s
HO i 9,,5 h’o‘/”q‘, G0 Jyo' sy H
338 3w 45
33z

In the hydrolysis of 33E and 33Z at room temperature pseudorotation

is probably precluded by the energy required to place both oxygen and
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carbon atoms of the five-membered ring into equatorial positions of
a trigonal bipyramidal pentacoordinate intermediate. Several
instances have been documented, however, where accelerated rates

of hydrolysis have been obtained even while pseudorotation was
precluded by one or more of the preference rules41 for pentacOordina-

tion about phosphorus.30’40’52’63’64

In the hydrolysis of 33E and 33Z at 50°, the energy required
to place the five-membered ring di-equatorial via pseudorotation
might be present. All cleavages could then be exocyclic and the
rate-limiting step might well be the initial general acid catalyzed
cyclization. Unfavorable electrostatic interactions would be
minimized by requiring only a single cyclication step in the overall
hydrolysis. At 50° and at room temperature both methoxyphosphinyl
ester groups are hydrolyzed.

Preliminary kinetic data suggests that at room temperature
the second methoxyphosphinyl ester group is hydrolyzed approximately
2-fold more slowly than the first ester group. (See page 42 for the
mirroring curves40 obtained for 33E and 33Z.) A more detailed
study of the kinetics might be unwarranted since the matter is
complicated by slow but significant methoxycarbonyl ester hydrolysis.
Another complicating factor in the kinetic analysis is the observation
that the ratio of E to Z isomers in 33 is quite different from the
ratio of E to Z isomers in 43. At room temperature, the ratio of

E to Z isomers was followed as a function of time. If the tentative
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assignment of structures to 33E and 33Z is correct, the thermo-
dynamically-favored hydrogen-bond in 43 is that of 43Z. Large
changes in the chemical shifts of the vinyl and allylic protonmns
are not observed on hydrolysis. The 4J 1H—31P coupling constant
in 43E is similar to that observed in 33E. No 4J 1H-31P coupling

is resolvable at 60 MHz for 43Z just as was observed for 33Z.

432

Support for the mechanism of intramolecular nucleophilic
catalysis in the auto-catalyzed hydrolysis of 33E and 33Z is provided
by the synthesis of a postulated intermediate in the hydrolysis.
Compound 44 was prepared by heating a mixture of 33E and 33Z to
reflux under vacuum for 2 hour to remove methanol as it was formed
followed by short path distillation of the product. Confirmation

of the structure 44 is provided by examination of the NMR spectrum.
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The large 3J lH--31P coupling constant of 29.5 Hz is a manifesta-

tion of the trans-orientation between the coupling nuclei which is

61,62 In addition, the o-mode of

a maximum on the Karplus curve.
4J 1H-31P coupling could now be a maximum. The large 4J IHle
coupling constant of 2.1 Hz is characteristic of many small-ring
compounds with restricted conformational mobility and optimum coupling

ang1e3.60 At 60 MHz, both Ha and Ha'are chemical shift equivalent.

Hy 82750 Ha Ho §=278
35 'H-P 23 'y 2P
2:19.5 Hz 313,7- Hz
+3'H-H A ot
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Difficulty in rigorously purifying 44 has resulted in an elemental
analysis which deviates slightly from theoretical. Additional support
for its structure is provided by an alternate synthesis. When a mixture
of 33E and 33Z was heated with oxalyl chloride, the distillate from the
reaction mixture gave an NMR spectrum which is virtually identical to
that of 44. A CIMS of the distillate gave a parent M+l peak corre-
sponding to the mass of 44. Several mechanisms can be invoked to
explain the formation of 44. Two likely mechanisms are the following:
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When a mixture of 33E and 33Z was treated with palladium on char-
coal in methanol in a Parr hydrogenation apparatus with 3 atomspheres
HZ’ a slow reduction requiring longer than 24 hours to 45 was observed.
The complexity of the NMR spectrum of 45 is the result of pronounced 2nd

order splitting.
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It was felt that additional evidence for the structure of 45 would be
worth obtaining.

Treating a mixture of 33E and 33Z with sodium cyanoborohydride in
aqueous methanol at pH 3 to 4 for 6 hr at room temperature and workup,
gave an NMR spectrum of the reduction product which was identical to
that obtained via the catalytic hydrogenation route. The catalytic
hydrogenation route is considered less efficient since about 5% of the
mixture was the hydrogenolysis product 37. Microdistillation at low
vacuum (3 mm) of a sample of 45 obtained by sodium cyanoborohydride
reduction gave NMR, IR, and elemental amalysis results which are

consistent with the phostonate 46.
0
H o &

Hat
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The cyclization which occurred on distillation was probably
catalyzed by traces of acid or water. Compound 46 lacks the hydroxyl
proton resonance in its NMR spectrum which was present in 45. Compound
46 also lacks the hydroxyl group stretch in the IR which was present
in 45. The NMR spectrum of 46 is quite complex due to substantial 2nd
order splitting. A new complex multiple in the NMR spectrum of 46 at
§ = 3.9 - 4.55 ppm which was absent in 45 is undoubtedly due to the Ha
and Ha' protons labelled above. These protons are now experiencing
more fully the deshielding effect of the methoxyphosphinyl group and
possess chemical shifts which are roughly the same as the methylene

protons in diethoxyphosphinyl groups where 6 = 4.2 ppm.

E. Base-catalyzed hydrolysis of methyl a-(dimethoxyphosphinylmethyl-
hydroxymethylene)acetate

Treatment of 33E and 33Z with one equivalent of sodium deuteroxide

in D,0 at 0° is thought to give 47. Compound 48 is thought to be an

2
obligatory intermediate.
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Alternate structures, however, are also compatible with the NMR spectrum

obtained.
~0\ oD
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Treatment of 33E and 33Z with both two and three equivalents of NaOD
under the same conditions gave an NMR spectrum which was virtually
identical to that of 47 if one allows for small differences in chemical
shift due to differences in the pD of the sample.

Hudson and Keay44 studied the kinetics of phosphonate hydrolysis
and state that only the first group is removed under alkaline conditions.
Organic phosphates behave similarly; basic hydrolysis of trimethyl
phosphate is said to remove only one methyl group.74 Similarly,
Rabinowitz75 found that heating dimethyl benzylphosphonate (51) at
reflux for 16 hr with excess aqueous NaOH gave a high yield of monoester

Sy

CH; “ gcess CH,
Ly AL
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Rabinowitz pointed out that these observations are readily under-
standable since for further reaction to occur, the already negatively
charged portion of the molecule must accept an additional negative
charge.

It is not surprising that when 33E and 33Z were heated to 95° for
12 hr with excess NaOD in DZO’ the second methoxyphosphinyl group
remained intact. When 33E and 33Z were treated with just one equivalent

of NaOD in D,0 at 0°, allowed to stir at room temperature for 3 days,

2
and then heated to 50° for several days, the second methoxyphosphinyl
group remained intact. However, when heated to 80° for.3 days, the

second methoxyphosphinyl group was completely hydrolyzed to a single

product, 53 presumably. (See page 50 for the NMR spectrum of 53.)

F. Base-catalyzed hydrolysis of a silylated enol phosphate

To compound 42E was added a cold solution of 10% NaOD in D,0. A

2
vigorous exothermic reaction ensued. After a few minutes, the initial
turbidity of the solution disappeared and the solution became homogeneous.

An excess of NaOD was employed. Examination of the NMR spectrum of the

mixture revealed a major product presumed to be 54E and a minor product
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presumed to be 53 in a 95:5 ratio, respectively. (see page 52 for the

NMR spectrum of 54E.)

,‘,3 o
I.E"‘JS“’J o eo\ﬁ 4,
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428 S4E 53

The NMR spectrum of the mixture was essentially unchanged after 4
days at 0°. After 4 days at room temperature, the proportiom of 53
seemed to have increased slightly. The NMR spectrum of 53 obtained by
this method is identical to that obtained via alkaline hydrolysis of
33E and 33Z.

The NMR spectrum of 54E is consistent with its having a unique
geometry. The geometry is thought to be the same as that of its
precursors 42E and 35E. (See page 35 for the original assignment of

35E.)

o Il
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The similarity of the chemical shifts of the vinyl and allylic
protons as well as the similarity of the 4J 1H 31 and 3J 1H 31
coupling constants is highly suggestive that all three compounds, 33E,
42E, and 54E, have the same unique geometry. (See page 39 for a
comparison of the vinyl and allylic regions at 100 Hz sweep width.)

Compound 54E has the same net charge at physiologic pH as do all
of the naturally-occuring nucleotide triphosphates. The pKA value of
the least acidic titratable proton of adenosine 5'-triphosphate (ATP)
is 7.1, while the pKA value of the least acidic titratable proton of

5'-adenylyl methylenediphosphonate (the o,B,By-methylene analog of ATP)

is 8.4 - 8.5.76:88

Only three vinyl dihydrogen phosphates were known as of 1961:77
the vinyl (55), l-carboxyvinyl (PEP), and 2-carboxy-l-methyl vinyl
phosphates (56). (See Refs. 1 and 22 for other vinyl dihydrogen

phosphates,) =) O
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Compound 55 is extremely labile towards acid and the free acid could not
be prepared from the salt without cleaving the emol ester linkage.78 PEP
and 56 are somewhat more stable. Compound 56 yielded acetone and carbon

dioxide on heating with dilute acid.79 The unimolecular reaction con-
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stant of PEP during hydrolysis in IN HCL at 100° is 3.5 X 107

8.6 min) sec-l.80

(th =

The alkaline hydrolysis of various dialkyl vinyl phosphates with
0.5N potassium hydroxide at 100° was found to cleave only the enol
ester linkage. Diethyl 2-carboethoxy l-methylvinyl phosphate (57),

consumed two moles of base owing to simultaneous hydrolysis of the

carboethoxy zroup.81 82 O
i 0 o OSN Et P ekg-l- C%Jlaé-u-oel("
]}
> OE¢ \s(gﬂc o + E€OH
O H
C
HB’ ~ 100°C E*‘Q\l‘ C’Ea£§Z. + (:ﬂgf'LL"‘:‘ﬂ’
57 Ba (oH), E‘O

With barium hydroxide at 100° the corresponding barium salt of dialkyl
hydrogen phosphate is formed in good yield. Compound 57, however,
undergoes simultaneous decarboxylation under these conditions, yielding,
in addition to barium diethyl phosphate, acetone, barium carbonate, and
ethanol.el’82

In a thorough review article, Lichtenthaler77 has pointed out that
certain dialkyl vinyl phosphates react with cleavage of the enol ester

linkage yielding mixed anhydrides: namely, acyl phosphates 58: R' = RC(0)

and pyrophosphates 59: R' = (RO)ZP(O).



55

4L / " |
(RP“6-c= < — (RO}P-0R" + o=c—c—¥

AR A

58 R' = RC(C)
59 R' = (RO),P(0)

In this acidolysis reaction, the different enol phosphates showed

similar differences in reactivity as were found for the hydrolysis in

83

0.1N HCI. When nucleotides, such as thymidine 3'-phosphate or

adenosine 3'-phosphate, were used in the acidolysis, the thymidyl and

adenyl pyrophosphates, initially formed, can undergo further reaction

to form oligonucleotides.33’84

A pertinent quotation from Lichtenthaler's review artic1e77 is the

following:

The reaction of phosphoenol (PEP) with phosphoric
aclids, although having a very important role in
carbohydrate metabolism - namely, the enzymatic
acidolysis by adenosine mono (di)phosphate to form
adenosine di(tri)phosphate and pyruvic acid - has
not yet been achieved in vitro. The rather slow
acidic hydrolysis (ref. 86) of phosphoenol pyruvate
and its subsequent classification (ref. 87) as
intermediate between stable and labile organic
phosphates indicate that acidolysis in vitro would
not proceed under conditions comparable to those
in vivo.
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IV. EXPERIMENTAL

All melting and boiling points are uncorrected. Nuclear Magnetic
Resonance (NMR) spectra were determined on a Varian A-60A and a Perkin-
Elmer R12B spectrometer (in & units with TMS or DSS as reference). The
infrared (IR) spectra were recorded on a Beckman 4 infrared spectrometer.
Microanalyses were performed by the University of California Microanaly-

tical Laboratory, Berkeley, California.

Bis-(dimethoxyphosphinyl)-methane (la) was prepared by the methods of

R°Y36 and Nicholson et al.37 7

bp 80-85° (0.02 mm) [Lit>’ bp 87-90° (0.05
mn) ].

Bis-(diethoxyphosphinyl)-methane (1b) was prepared by a modification of

the method of Roy.36 bp 85-90° (0.02 mm) [Lit bp 90-94° (0.1 mm)].

Bis-(diisopropoxyphosphinyl)-methane (lc) was prepared by the method of

Roy.3® bp 125-130° (0.01 mm) [Lit bp 87-90° (0.003 mm)].

E-ethyl (a-methyl B-dimethoxyphosphinyl)acrylate (2Ea) and Z-ethyl

(a-methyl B-dimethoxyphosphinyl)acrylate (3Za): Sodium hydride (3.2 g

of 567%) was washed with hexane under N, and 100 ml of dimethoxyethane

2
(Aldrich, distilled from sodium hydride) was added. Compound la (18.5 g)
dissolved in 25 ml dimethoxyethane was added dropwise at 0° and allowed

to stir for 2 hr at room temperature under N Freshly distilled ethyl

2.
pyruvate (9.3 g, Aldrich) in 25 ml dimethoxyethane was added dropwise at
0° and the mixture was mechanically stirred for 0.5 hr at 0° after the

addition was complete. Cold, saturated, aqueous KHZPO4 (50 ml) was added
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and the reaction was then extracted thoroughly with five 100 ml portionmns

of CHZCIZ' The extract was dried on NaZSO4 overnight, filtered, and the

solvent removed in vacuo. Short path distillation at 85-90° (0.03 mm)
gave 14.9 g (84% yield) of a mixture of 2Ea and 3Za in a 50E:50Z ratio.

NMR (CDCLl, & rel to int TMS) 2Ea 1.33 (t, J=7 Hz, 3H), 2.25 (d of d,

3
45 Yy-lp=1.3 nz, %5 5-31p=3.6 uz, 3u), 3.73 (d, J=11 Hz, 6H), 4.25 (q,

J=7 Hz, 2H), 6.6 (d of q, 2 YH-31p=16.4 Hz, *J lu-lu=1,3 Hz, 1H) and

3Za 1.33 (t, J=7THz, 3H), 2.11 (ap t, *J Yu-1u= %5 u-3lp=1.8 uz, 3m,

3.75 (d, 35 u-3Yp=11 Hz, 6H), 4.25 (q, J=7 Hz, 2H), 5.8 (d of q, 2J

ly31p215.0 Bz, %5 lu-lu=1.8 Hz, 1m).

Anal. Calcd for C8H1505P: C, 43.25; H, 6.80. Found: C, 43.21; H, 6.77.

E-ethyl (a-methyl B-diethoxyphosphinyl)acrylate (2Eb) and Z-ethyl (a-

methyl B-diethoxyphosphinyl)acrylate (3Zb): These compounds were pre-

pared by following the procedure outlined above for 2Ea and 3Za
substituting 22.7 g of 1b for la. Short-path distillation at 100-110°
(0.03 mm) gave 16.2 g (81% yield) of an analytically pure sample of 2Eb
and 3Zb in a 50E:50Z ratio.

NMR (CDCl, & rel to int TMS) 2Eb 1.33 (t, J=7 Hz, 3H), 1.35 (t, J=7 Hz,

4y 1, 31

3
4y 1,1 N ~
6H), 2.25 (d of d, 'J "H- H=1.0 Hz, P=3.6 Hz, 3H), 4.15 (m, J=7

Hz, 6H), 6.58 (d of q, 2J ‘H-21p=15.8 Hz, %7 lu-lH=1.0 Hz, 1H) and 32b

1.33 (t, J=7 Hz, 3H), 1.35 (t, J=7 Hz, 6H), 2.11 (ap t, %3 lp-lu=%s

1,31 31

P=1.4 Hz, 3H), 4.15 (m; J=7 Hz, 6H), 5.78 (d of q, >J lu-3lp=14.6

bz, *7 tu-lE=1.4 Bz, 1H)
Anal. Calcd for C10H1905P: C, 47.99; H, 7.65. Found: C, 47.68; H,
7.73.
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Structure proof: rearrangement of 2Ea and 3Za to ethyl a-(dimethoxy-

phosphinylmethyl)acrylate (4a): Rearrangement could be achieved either

1) by conducting the reaction described above to prepare 2Ea and 3Za
with a 20% molar excess of hexane-washed sodium hydride in 300 ml
dimethoxyethane and allowing 6 hr mechanical stirring at room tempera-
ture or 2) by adding a 5.0 g mixture of 2Ea and 3Za dropwise to a 5%
molar equivalent of hexane-washed sodium hydride in 100 ml dimethoxy-
ethane at 0° and stirring for 6 hr at room temperature before the work-
up described above. On carrying out the rearrangement with the second
method , 5.0 g of a 50E:50Z mixture of 2Ea and 3Za were rearranged to
2.05 g (41% yield) of the known compound, ethyl a-(dimethoxyphosphinyl-
methyl)acrylate Sﬁg).l The amount of rearrangement to 4a seemed to
vary and only occasionally was complete rearrangement to 4a observed,
along with the concurrent formation of much polymeric material. The
ratio of unrearranged 2Ez to 3Za varied over a wide range. The NMR
(CDCls) spectrum of the short path distilled bp 90-95° (0.03 mm) Lit1
bp 103-105° (1 mm) rearrangement product 4a was identical to that
previously reported for ﬂg,l The yield for the rearrangement to 4a is
generally less than 40% with the other 30% of the material recovered
being unrearranged 2Ea, 3Za, and polymer in varying proportioms.

Rearrangement of 2Eb and 3Zb to ethyl oa-(diethoxyphosphinylmethyl)

acrylate (4b): The reaction conditions discussed above were empolyed

to rearrange a 5.0 g mixture of 2Eb and 3Zb in a 40E:60Z ratio to 4b.
The identity of 4b in the distilled mixture bp 100-110° (0.03 mm), 2.8 g

(56% yield) is suggested by a comparison of its NMR (CDCla) spectrum
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with that of 4a. As judged by the integration of the allylic region of
the NMR spectrum, 4b comprised 65% of the mixture, the other 35% being
unrearranged 2Eb and 3Zb.

NMR (CDCl. & rel to int TMS) 1.33 (t, J=7 Hz, 3H), 1.35 (t, J=7 Hz,

3
6H), 2.94 (d, 23 m-3Yp=22 uz, 2u), 4.15 (m, J=7 Hz, 6H), 5.8l (d, J=5
Hz, 1H), 6.21 (d, J=5 Hz, 1H).

Hydrolysis of 4a to a-(dihydroxyphosphinylmethyl)acrylic acid (4e):

A mixture (5.0 g) of 4a, 2Ea, and 3Za in a 60:20:20 ratio, respectively,
was heated at reflux for 1.5 hr in 48% HBr according to the procedure of
Stubbe.l Compound 4e (1.21 g, 54% yleld based on 4a) was isolated via
fractional crystallization from water as white flakes, mp 168-170°

(L:I.t1 mp 118-120°).* The NMR spectrum of 4e in D,0 is identical to that

2

previously reported for ﬁg,l

Stereoselective rearrangement of 3Zb to ethyl a-(diethoxyphosphinylmethyl)

acrylate (4b): A mixture of 3Zb and 2Eb in the ratio 60Z:40E (1.0 g)

was added dropwise to 40 ml of 0.1M sodium ethoxide in ethanol and
refluxed for 0.5 hr under N2' The reaction mixture was then cooled to

0°, 25 ml of saturated, aqueous KHZPO4 added, extracted thoroughly with

four 100 ml portions of CH2C12, dried with MgSO,, filtered, and the

4?
solvent removed in vacuo. The NMR (CDCl3) spectrum of the yellow oil
(0.76 g, 76% recovery) showed no 3Zb present and a 40:60 mixture of 2Eb

and 4b, respectively, based on the integration of the vinyl region of the

*The mp 168-170° is considerably higher than the mp 118-120° reported for
4e. (ref 1) Samples would occasionally melt at 118-120° on recrystalliz-
ation suggesting that either a crystalline polymorphism exists or thermal
dehydration to a cyclic anhydride is observed. (ref 39)
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spectrum. Less than 5% conjugate addition of ethanol is suspected
although these addition-products were not characterized.

Attempted rearrangement of 3Zb and 2Eb to 4b with potassium hydride in

tetrahydrofuran: A mixture (1.0 g) of 3Zb and 2Eb in the ratio 40E:60Z

was added dropwise to 0.25 g of 25% potassium hydride in 40 ml tetra-

hydrofuran at 0° under N, and stirred for 1 hr at 0°. On workup as

2
above an NMR (CDCl3) spectrum of the yellow oil (decanted from mineral
0il) showed no vinyl protons. This result was also obtained when the

reaction was repeated at -78°.

Partial saponification and hydrolysis of 3Zb: A mixture (5.0 g) of 2Eb

and 3Zb in the ratio 40E:60Z were dissolved in 5 ml H20 and stirred at
0° while 2.0 g of 40% aqueous sodium hydroxide was added. The reaction
mixture was stirred at room temperature for 48 hr and then acidified
with 12N HCl to pH 2 and allowed to stir 3 hr before thoroughly
extracting with five 25 ml portions of Ch2C12. The water layer was
observed to form a white crystalline precipitate which on filtration and
recrystallization from water gave 1.89 g of 3Ze or 94.87% of the
theoretical yield based on 3Zb. Hygroscopic white needles were isolated
mp 179-181°.

IR (nujol) 6.06, 7.6, 8.05, 8.53, 9.00, 9.86, 11.11u

MR (D,0 § rel to ext TS) 2.13 (dofd, 4 15-31pe3.6 nz, 47 ln-Yn=1.4
2J 1,31

Nz, M), 6.57 (d of q, 47 n-‘r=1.4 1z, P=16.4 11z, 1M).

Anal., Calcd for C4H7POS'%H20: C, 27.44; H, 4.60. Found: C, 27.3; H,

4.93.
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Partial saponication and hydrolysis of 2Eb: The CH2C12 layer on

extraction of the above reaction mixture was evaporated in vacuo
leaving 1.65 g of 2Ec which is 92.9% of the theoretical yield based
on 2Eb. Compound 2Ec was converted to 2Ee by heating at reflux for
36 hr in 25 ml of 6N HCl. Compound 2Ee (1.06 g, 86% yield) was
isolated on recrystallization from water as hydroscopic white plates
mp 153-158°.

IR (nujol) 5.91, 7.88, 8.47, 9.71, 10.82y

NMR (D20 rel to ext TMS) 2.13 .(d of d, 4J 1H-31P = 3.6 Hz,

45 Wy ly = 1.4 Hz, 3W), 6.57 (d of q, 23 u-1u = 1.4 Hz,

2y 1331 - 16.4 6z, 1H).

Partial saponication and hydrolysis of 3Zb and 2Eb in Dag;with 40%

NaOD, and 6N DCl: The entire partial saponification and hydrolysis

sequence of 3Zb and 2Eb (described above) was repeated in D20 with 2.05
g 40% NaOD and 6N DCl. Neither of the products obtained, 3Ze and

2Ee, showed evidence for acid- or base-catalyzed exchange of deuterium
when their NMR spectra were examined.

Hexamethyl 2,3-diphosphonosuccinate (10) was prepared according to the

method of Kirillova and Kukhtin.32 bp 150-160° (0.03 mm) [Lit32 bp

208-210° (4 mm)].

Modified Wittig reaction of hexamethyl 2,3-diphosphonosuccinate (10):

Compound 10 (3.0 g) dried in vacuo overnight over PZO5 was dissolved

in 50 ml tetrahydrofuran. Lithium hydride (0.1 g, 50% molar excess)
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was added with stirring under NZ‘ The reaction mixture was then
heated to reflux for 15 min. After cooling to room temperature,
0.25 g of paraformaldehyde (Eastman, dried in vacuo overnight)
dissolved in 20 ml tetrahydrofuran was added rapidly at room
temperature. After 2 hr stirring at room temperature, the reaction
mixture was filtered, and the solvent removed from the filtrate in
vacuo at room temperature. An NMR (CDClB) spectrum of the micro-
distilled oil, bp 65-85° (0.05 mm), 1.1 g, showed the presence of
vinyl protons. These products were presumed to be 11 and 12 in the
ratio 1:4, respectively, based on the integration of the vinyl
region of the spectrum.

Structure proof: Hydrolysis of 11: When the modified Witting reaction

was repeated on a scale ten times as large as that described above,

8.45 g of 11 and 12 in a 1:4 ratio was obtained. Short-path distillation
gave two fractions, bp 45-55° and bp 100-110° (0.1 mm). The higher
boiling fraction, 1l presumably (2.05 g, 9.3% yield), was then heated

at reflux for 1.5 hr in 20 ml of 487 HBr (freshly distilled from SnClZ).
After several recrystallizations from water, 0.46 g (367 yield based on
11) of the known compound,l a-(dihydroxyphosphinylmethyl)acrylic acid

1

(4e), was isolated as white flakes, mp 168-170°* (Lit™ mp 118-120°).

The NMR (D20 spectrum of 4e was identical to that previously reported.

*See footnote page 59
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13

Preparation of ethyl (diethoxyphosphinyl)acetate 90% ~~C-enriched in

the carbonyl position: Ethyl bromoacetate 90% 13C-enriched in the

carbonyl position (5 g, Koch Isotopes) was heated at reflux for 3 hr
with 15 g of freshly distilled triethyl phosphite (Aldrich). Ethyl

(diethoxyphosphinyl)acetate (6.45 g, 96% yield) was short-path

0

distilled at bp 105-110° (1 mm) [Lit’® bp 142-145° (9 mm)].

NMR (CDC1l., & rel to int T™S) 1.3 (t, J=7 Hz, 3H), 1.36 (t, J=7 Hz, 6H),

21,13

3

2.98 (d of d, 23 Yu-31p=21.7 uz, C=7.5 Hz, 2H), 4.2 (m, J=7 Hz,
6H) .

Preparation of dimethyl B-carbomethoxyethylphosphonate (17) 90% 13C—

enriched in the carbonyl position: A modified version of the procedure

of Pudovik and Kitaev (1952) was enployed.49 To 1.44 g of 56%Z sodium
hydride (washed twice with hexane) in a 500 ml 4-neck flask equipped
with a mechanical stirrer, thermometer, 125 ml pressure-equalized

addition funnel, and N, bubbler, was added 100 ml dimethoxyethane

2
(freshly distilled from sodium hydride). After cooling to 0° 6.45 g of
ethyl (diethoxyphosphinyl)acetate in 50 ml dimethoxyethane was added
dropwise and allowed to stir 1 hr at 0°. The reaction mixture was then
cooled to -20° and 15 g paraformaldehyde (dried in vacuo overnight)

was added rapidly and allowed to stir for 2 hr at 0°., The reaction
mixture, while still cold, was then filtered with a nitrogen purge
through a fine-fritted sintered glass filter into a 300 ml 3-neck

flask and washed with 25 ml dimethoxyethane. Dimethyl phosphite (10 ml,

Aldrich; freshly distilled from calcium hydride) was added to the flask
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followed by the dropwise addition of 15 ml of 1M sodium methoxide over
1 hr at room temperature and then allowed to stir 1 hr at room tempera-
ture. The reaction mixture was then cooled to 0° and 25 ml saturated,
aqueous KHZPO4 was added followed by extraction with five 100 ml
portions of CH2C12. The CH2C12 extract was dried overnight over
Na2504, filtered, and the solvent removed in vacuo. The crude product
was then short-path distilled from a 15 ml pear-shaped flask at bp 95-
103° (1 mm) [Lit bp 137-138° (10 mm)] yielding 3.47 g (62% yield) of

17 or 59% overall yield based on ethyl bromoacetate.

Preparation of methyl o-(dimethoxyphosphinylmethyl)acrylate (4d) 90%

13C-enriched in carbonyl position: Compound 17 (3.44 g) was dissolved

in 60 ml tetrahydrofuran (freshly distilled from lithium aluminum
hydride) and stirred under N2 while 4.18 g of 25% potassium hydride in
mineral oil was added at room temperature and allowed to stir at room
temperature for 3 hr. Paraformaldehyde (5.0 g, dried in vacuo over-
night) was added to the mixture rapidly at room temperature and

stirred vigorously for 6 hr at room temperature. Excess paraformaldehyde
was filtered from the reaction mixture and washed with 25 ml tetrahydro-
furan. The tetrahydrofuranvwas then removed in vacuo at room temperature
leaving a yellow oil which soon separated into two layers. The upper
clear layer of mineral oil was decanted leaving 1.43 g (38.8% yield

based on 17) of 4d as a yellow oil. An NMR (CDCl3) spectrum of crude

4d was obtained which suggested the presence of at least two products,

4d comprising better than 75% of the mixture.

NMR (CDCL, § rel to int ™S) 2.98 (d of d, 2J ‘u-3lp=22 Hz, 33 lu-13c=

3
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4.6 Hz, 2H), 5.95 (d of d, 3 -31p=5.5 Hz, 37 E-13c-13.5 Bz, 1),
6.35 (ap t, 13 u-3lp=5.5 Hz, 35 W-13c=7.0 Hz, 1H).

Preparation of a-(dihydroxyphosphinylmethyl)acrylate (4e) 90% 13C-

enriched in carbonyl position: 13C-labeled 4d (1.43 g) was heated at

reflux for 1.5 hr in 48% HBr (freshly distilled from SnClZ). After
removal of the solvent, an oil remained which was dissolved 5 ml water.
Barium acetate was then added until the pH was 4.3 followed by approxi-
mately 25 ml absolute ethanol and filtration of 1.85 g precipitated
crude barium salt of 4e. Crude 4e (1.85 g) as barium salt was then
washed with water down a Dowex 50-W-X cation exchange resin in the
lithium form and the water removed in vacuo to leave 0.95 g crude
dilithium salt of 4e. Recrystallization from water and ethanol gave
0.65 g dilithium salt of 4e or 12% overall yield based on ethyl

bromoacetate.

NMR (D,0 6 rel to ext TMS) 3.19 (d of d, 3; g 13¢ = 4 bz,
25 L3-13p = 20.5 Bz, 2H), 6.40 (d of d, >3 -3¢ = 11.5 Hz,
b3 431 - 4.7 Hz, 1H), 6.65 (ap t, 37 W-13¢ = 6.7 nz, 47 Wtp

= 4,3 Hz, 1H).

General procedure for additions of stabilized phosphonate carbanions

to dimethyl acetylenedicarboxylate: The stabilized phosphonate carba-

nion (0.054 mole) in 10 ml benzene is added dropwise to 2.58 g of 56%

sodium hydride (washed twice with hexane) under N, in 200 ml benzene

2
at 0° and stirred at room temperature for 1 hr. After cooling to 0°,

7 ml of dimethyl acetylenedicarboxylate (Aldrich) in 10 ml benzene
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is added dropwise and the reaction mixture is stirred for 2 hr at
room temperature. The mixture is then cooled to 0° and 50 ml
saturated, aqueous KHZPO4 is added and extracted with five 100 ml
portions of ether. The ether extract is dried overnight on Na2804,
filtered, and the solvent removed in vacuo leaving a black, viscous,
oil. This oil can best be purified by short-path distillation using
a salt-bath and a high vacuum. Smaller quantities can be adequately
purified via micro-distillation. The following reactions have been

carried out using this procedure:

Addition of methyl (dimethoxyphosphinyl)acetate to dimethyl

acetylenedicarboxylate: A mixture of two isomeric B,Y-unsaturated

phosphonates, 21E and 22Z, were obtained (6.5 g, 37% yield) in a
75E:25Z ratio on short-path distillation, bp 140-145° (0.02 mm)

NMR (CDCl, § rel to int TMS) 22Z 3.80 (m, 15H), 4.32

3
@, 23 W-31p = 25.2 nz, 1), 6.76 (dm %3 Lu-31p = 4.6 Hz, 1H).
and 21E 3.80 (m, 15H), 5.86 (d, 2J u-3!p = 28.2 Hz, 1W), 6.91
@, %5 -3 - 3.6 Hz, 1n).

roal. Caled for C1jH1709P: G, 40.75; H, 5.28. Found: C,

41.09; H, 5.36.

Addition of bis-(dimethoxyphosphinyl)-methane (la) to dimethyl

acetylenedicarboxylate: A mixture of two isomeric B,Y-unsaturated

phosphonates, 25Za and 26Ea, were obtained (8.5 g, 45% yield) in a

65Z:35E ratio by short-path distillation, bp 155-160° (0.02 mm)

NMR (CDCL, § rel to int TMS) 26Ea 3.95 (t, 2J ‘H-31p = 25.3 Hz, 1H),

3
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3.83 (m, 18H), 6.85 (t, *J lu-3lp

5.9 (¢, 25 tu3lp

=4.4 Hz, 1H), and 25Za 3.83 (m, 18H),

= 27.0 Hz, 1H), 6.89 (t, *J W-31p = 3 uz, 1m).

Anal. Calcd for C11H20010P2: C, 35.30; H, 5.38. Found C, 35.00; H, 5.38.
Addition of bis-(diethoxyphosphinyl)-methane (1b) to dimethylacetylene-

dicarboxylate: A mixture of two isomer B,y-unsaturated phosphonates,

25Zb and 26Eb, were obtained (9.5 g, 44% yield) in a 40Z:60E ratio by

short-path distillation, bp 165-170° (0.01 mm). NMR (CDCl3 § rel to

int TMS) 26Eb 1.33 (t, J = 7 Hz, 12H), 3.8 (m, 6H), 4.2 (m, J=7 Hz,

4y 1, 31

8H), (allylic t is buried, hence unassignable), 6.87 (t, J P=4.4

Hz, 1H), and 25Zb 1.33 (t, J=7 Hz, 12H), 3.8 (m, 6H), 4.2 (m, J=7 Hz,

8H), 5.77 (t, 23 u31p = 26.6 Hz, 1H), 6.82 (t, %7 1u-31p=3.0 nz, 1m),

Anal. Calcd for 015H28010P2= C, 41.86; H, 6.55. Found C, 41.55; H, 6.47.

Hydrolysis of 21E and 22Z: A 75E:25Z mixture of 21E and 22Z (5.0g)

was heated at reflux for 2 hr with 25 ml of 12 N HCl. On removal of
the solvent, 1.75 g (55% yieldof a 75E:25Z mixture of B,y-unsaturated
phosphonic acids, 23E and 24Z, was obtained on recrystallization from
water.

MR (D)0 § rel to ext TMS) 23E 3.5 (4, °J 'H->lP=23.6 Hz, 2H), 6.9 (d,
43 14-31p=6.2 Hz, 1H), and 24z 3.01 (4, 23 8-31p=22.6 Hz, 2m), 6.28 (d,
43 1y-31p=5.0 Hz, 1mH).

Anal. Calcd for CSH7O7P: C, 28.59; H, 3.36. Found: C, 28.37; H, 3.39.
Compound 23E (1.05 g, 81% yield) was successfully separated from 24Z by
fractional crystallization from water of 1.75 g of a 75E:25Z mixture of
23E and 24Z. Compound 23E is less soluble in water and hence is the

first to fall out of solution leaving 24Z and any impurities in the



68

mother liquor. mp 203-205° for 23E.
IR (nujol) 5.96, 7.94, 9.43, 9.82, 10.44yu

Hydrolysis of 25Zb and 26Eb: A 40Z:60E mixture of 25Zb and 26Eb (5.0 g)

was heated at reflux for 3 hr with 25 ml of 12N HCl. On removal of the
solvent, 1.65 g (61% yield) of a 40Z:60E mixture of B,y-unsaturated
phosphonic acids, 31Z and 32E, was obtained after several recrystalli-

zations from water.

NMR (6N DCL § rel to ext TMS) 25Zb 5.63 (tr, 2J ‘H->t

6.98 (t, %7 1u-31p=4.2 Hz, 1mH).

P=26.8 Hz, 1H),

P=3 Hz, 1H), and 26Eb 4.15 (t, 2J 1H-31p=25 Hz, 1H),

Anal. Calcd for CSH8010P'3/4H20: Cc, 19.78; H, 3.15. Found: C, 19.83;
H, 3.34.

Several fractional recrystallizations from water gave a sample enriched
in 25Zb in about a 95Z:5E ratio. 25Zb is less soluble in water than is

26Eb and hence is easier to free from water-soluble impurities.

Treatment of 25Za and 26Ea with trimethylsilyl bromide: To 0.1 g of a

40Z:60E mixture of 25Za and 26Ea was added an excess (2.5 ml) of trimethyl-

silyl bromide at room temperature, neat. The mixture was allowed to stir
for 15 min at room temperature before removing excess trimethylsilyl
bromide in vacuo. Microdistillation of the sample gave 0.16 g (88% yield)

of 25Zc and 26Ec bp 150-160° (0.03 mm) in a 40Z:60E ratio.

NMR (CDCL, 6 rel to int TMS) 26Ec 0.25 (m, 36H), 3.62 (t, >J ‘H-1p=25.7

3
4 1H 31__
Hz, 1H), 6.87 (t, 'J "H-""P=4.8 Hz, 1H), and 25Zc¢ 0.25 (m, 36H), 5.75 (t,

45 1, 31

25 14-31p227.9 Hz, 1H), 6.90 (t, %7 P=3.2 Hz, 1H).
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Anal. Calcd for 019H44010P2814: C, 37.60; H, 7.31. Found: C, 35.44; H,

6.88.

Preparation of methyl B-carbomethoxyethylphosphonate (17) was prepared

according to the method of Pudovik and Kitaev.49 bp 95-103° (1 mm)

49

[Lit"” bp 137-138° (10 mm)].

Crossed-Claisen condensation of dimethyl B-carbomethoxyethylphosphonate

(17) with methyl formate: Compound 17 (15.7g) was dissolved in 150 ml

of dimethoxyethane (freshly distilled from sodium hydride) and added
rapidly to 4.5 g of 56% sodium hydride (washed twice with hexane) with

stirring under N Methyl formate (109 ml, Aldrich) was rapidly added

20
and the mixture was allowed to stir at room temperature for 3 hr under

N The mixture was then cooled to 0° and 50 ml saturated, aqueous

2°
KH2P04 added, followed by extraction with five 100 ml portions of

CH2C12. The CH2C12 extract was dried overnight on NaZSO4, filtered,

and the solvent removed in vacuo at room temperature to leave a viscous
yellow oil which solidified on standing overnight at 0°., Recrystallizat-
ion from CH2012 gave 13.8g (77% yield) of methyl (dimethoxyphosphinyl-
methyl-hydroxymethylene)acetate (33E), mp 78-79° (white plates).

IR (neat 6.15, 7.23, 8.64, 9.85p

§ rel to int TMS) 2.92 (d, 2J Yu-31p=20.4 Hz, 2mH), 3.76

3
(d, J=11 Hz, 6H), 3.70 (s, 3H), 7.83 (4, %7 1u-3L

NMR (CDC1
P=5.2 Hz, 1H), 9.18

(brd s, 1H).

Anal. Calcd for C7H1306P: Cc, 37.51; H, 5.85. Found: C, 37.78; H, 5.89.
Microdistillation of a sample of 33E at bp 105-110° (0.1 mm) gave an

80E:20Z mixture of 33E and 33Z in CDCl3.
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NMR (CDCL, & rel to int TMS) 33E 2.92 (d, 2J 1H-31p=20.4 Hz, 2H),

3
3.76 (d, J = 11 Hz, 6H), 3.70 (s, 38), 7.83 (a,%s 1u-31p = 5.2 Bz,

1,31

1H), 9.83 (brd s, 1H), and 33Z 2.71 (d, 2J P=19.2 Hz, 2H), 3.76

(d, J=11 Hz, 6H), 3.70 (s, 3H), 7.17 (brd s, 1H), 9.83 (brd s, 1H).

MR (D,0 § rel to ext TMS) (65E:352) 33E 2.93 (d, 23 TH->!

P=20 Hz,
2H), 3.70 (s, 3H), 3.72 (d, J=11 Hz, 6H), 7.87 (d, *J lu-31p=5.2 Hz,
1H), and 332 2.27 (d, 23 'u-3'p=18.2 Hz, 2m), 3.73 (s, 3H), 3.72 (d,
J=11 Hz, 6H), 5.08 (s, 1H).

Dimethyl phosphorochloridate was prepared according to the method of
89 9

Fiszer and Michalski. bp 55-58° (2 mm) [Lit8 bp 80° (18 mm)].

Phosphorylation of sodium enolate anion of methyl dimethoxyphosphinyl-

methyl-hydroxymethylene)acetate 33E and 33Z: A 80E:20Z mixture of 33E

and 33Z (2.0 g) was dissolved in 10 ml benzene and added dropwise with

stirring under N, at 0° to 0.43 g of 56% sodium hydride (twice hexane-

2
washed) in 200 ml benzene and allowed to stir for 5 hr at room tempera-
ture., Freshly distilled dimethyl phosphorochloridate (1.2 g) dissolved
in 10 ml benzene was then added dropwise at 0° and allowed to stir for

3 hr at room temperature. The reaction mixture was then filtered thru
a fine-fritted sintered glass filter and the solvent removed in vacuo.
Short-path distillation bp 150-155° (0.01 mm) gave 2.77 g (94% yield) of
the enol phosphate 35E.

IR (neat) 5.64, 6.13, 6.59, 7.76, 8.71, 9.54p

2, 1, 31

NMR (CDCl, § rel to int TMS) 2.94 (4, “J P=21.8 Hz, 2H), 3.82

3
(m, J=11 Hz, 15H), 7.69 (ap t, *J 1u-3lp= 35 15-31pe6.2 e, 1H).
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Anal. Calcd for C9H1809P2: C, 32.54; H, 5,46, Found: C, 32.64; H,

5.44.

Catalytic hydrogenation of enol phosphate 35E: Compound 35E (0.5 g)

dissolved in 25 ml ethyl acetate and subjected to 3 atmospheres of H2
in a Parr apparatus for 3 hr in separate runs with each of the following
catalysts: 1) 100 mg platinum oxide, 2) 0.5 g of 5% palladium on char-

coal, and 3) 0.5 g of 5% rhodium on aluminum. An NMR (CDCl, spectrum

3
was obtained after filtering-off the catalyst and removal of the solvent
in vacuo. In each case, the crude product showed an acidic proton at
6=11.2 ppm., The three spectra obtained were virtually superimposable
suggesting identical products in each runm.

NMR (CDCl, § rel to int TMS) 1.22 (d, J=7 Hz, 3H), 1.5-3 (m, 3H), 3.65

3
(m, J=11 Hz, 15 H), 11.19 (s, 1H).

The identity of one of the products is confirmed by the synthesis of the
presumed product, methyl (RS-a-(dimethoxyphosphinylmethyl)propionate
(37) whose NMR (CDCl3) spectrum is virtually identical to the spectra of

the hydrogenation products.

Preparation of methyl (RS)-a-(dimethoxyphosphinylmethyl)propionate (37):

Compound 37 was prepared according to the method of Pudovik and Arbusov.46
bp 97-105° (0.02 mm) [Lit*® bp 137-138° (10 mm)].

NMR (CDCL, § rel to int TMS) 1.22 (d, J=7 Hz, 3H), 1.5-3 (m, 3M), 3.65

3
(d, J=11 Hz, 6H), 3.62 (s, 3H).

Treatment of enol phosphate 35E with excess trimethylsilyl bromide:

Compound 35E (0.2 g) was dissolved in 20 ml dry benzene and 0.6 ml of

trimethylsilyl bromide were added with stirring under N The reaction

20
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mixture was then heated at reflux for 45 min and after cooling, the
solvent and excess trimethylsilyl bromide removed in vacuo. The
crude product was microdistilled bp 135-140° (0.01 mm) to give 0.21 g
(627 yield) of 42E.

NMMR (CDCL, § rel to int TMS) 0.25 (m, 36H), 2.87 (d, 2J ‘H->lp=22.4

3
Hz, 2H), 3.73 (s, 3H), 7.68 (d of d, J=6.2 Hz, J=7.1 Hz, 1H).

Anal. Calcd for C,.H, . O0,P,Si

1784209F 251, ¢ C, 36.15; H, 7.49. Found: C, 35.66; H,

7.29.

Thermal cyclization of methyl (dimethoxyphosphinylmethylhydroxymethylene)

acetate 33E and 33Z: Compounds 33E and 33Z (2.0 g) were heated reflux

under vacuum (150° bath at 0.8 mm) fqr 1.5 hr in a 15 ml pear-shaped
flask equipped with a magnetic stirrer and reflux condenser. After
cooling, the reaction mixture was short-path distilled bp 80-85° (0.05 mm)
to give 1.3 g (76% yield) of an enol phostonate 44. An NMR (CDC13)
spectrum of the distillate suggested the presence of 5% of an impurity
which would explain why the elemental analysis deviates slightly from
theoretical.

NMR (CDCL, 6§ rel to int TMS) 2.78 (d of d, 2J ‘m-31p=13.7 uz, *s lu-lu=

3
3,1, 31

2.1 Hz, 2H), 3.71 (s, 3H), 3.76 (4, 33 tH-3lp=11 Hz, 3H), 7.50 (4 of ¢,

35 53192295 Bz, %7 u-lu=2.1 uz, 1m).

IR (neat) 5.78, 6.08, 6.96, 8.42, 9.67qu

Anal. Calcd for C.H,O.P: C, 37.51; H, 4.72. Found: C, 37.29; H, 5.19.

695
Treatment of 33E and 33Z with oxalyl chloride: A modification of the

method of Clark and Heathcock was used.”’ To 1.0 g of 33E and 33Z was

added 0.56 g of oxalyl chloride with stirring, neat, under N,, until a

2’
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homogeneous solution was achieved (10 min). The mixture was then pumped
on at room temperature (0.5 mm) for 0.5 hr and then microdistilled 80-85°
(0.05 mm) to give 0.06 g (7% yield) of 44 whose NMR (CDC13) spectrum is
identical to 44 prepared by thermal cyclization. A chemical ionization
mass spectrum of 44 prepared via the oxalyl chloride route gave the
expected parent M+l peak at 193. A 2M+l peak at 385 was also observed.

Catalytic hydrogenation of 33E and 33Z: Compounds 33Eand 33Z (1.0 g)

were dissolved in 25 ml methanol and subjected to 3 atmospheres pressure
of H2 in a Parr apparatus for 24 hr, the time necessary to achieve
complete uptake of hydrogen, with 5.0 g palladium on charcoal catalyst.
Filtration of the catalyst and removal of the solvent in vacuo gave

0.85 g (84% yield) of a viscous oil whose NMR (CDC13) spectrum suggested
a hydrogenation product, methyl (RS)-(dimethoxyphosphinylmethyl-hydroxy-
methyl)acetate (45), and a hydrogenolysis product, methyl (RS)-a-
(dimethoxyphosphinylmethyl) propionate (37), in a 95.5 ratio, respectively.
The identity of 37 in the mixture was suggested by comparison with the
NMR (CDCl3) spectrum of authentic 37. The identity of 45 in the mixture
was likewise confirmed by synthesis of 45 by another route and comparison
of their NMR (CDC13) spectra.

Preparation of methyl (RS)-a-(dimethoxyphosphinylmethylhydroxymethyl)

acetate (45) by sodium cyanoborohydride reduction of 33E and 33Z:

Compounds 33E and 33Z (0.5 g) were dissolved in 25 ml methanol and 2.0 g
of sodium cyanoborohydride was added with stirring. After stirring 3 hr
at room temperature, a drop of methyl orange indicator was added along

with 10 ml water. The pH was then lowered to 3 repeatedly with the
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dropwise addition of 1IN HCl until the orange color failed to disappear
over a 1 hr period. The reaction mixture was then extracted thoroughly
with five 75 ml portions of Ch2C12. After drying overnight on Na2804
and filtering, the methylene chloride was removed in vacuo leaving a
white semi-crystalline solid whose NMR (CDC13) spectrum was identical to
45 obtained via catalytic hydrogenation. (0.36 g, 69% yield).

3.1

NMR (CDCl, § rel to int TMS) 1.9-3.15 (complex m, 5H), 3.73 (d, ~J "H-

31

3
P=11 Hz, 6H), 3.73 (s, 3H), 4.52 (brd s, 1H).

IR (neat) 2.98, 5.76, 7.00, 8.21, 9.82, 12.05u
In an attempt to purify 45 for elemental analysis, thermal cyclization
to a phostonate 46 occurred.

Thermal cyclization of methyl (RS)-a-(dimethoxyphosphinylmethyl-hydroxy-

methyl)acetate (45): Slow microdistillation at low vacuum bp 165-170°

(3 mm) of 0.3 g of 45 gave 0.18 g (72% yield) of 46 as a viscous, color-
less oil.
IR (neat) 5.74, 6.88, 7.48, 8.08, 9.74, 11.76 u

NMR (CDCl, § rel to int TMS) 1.8-2.45 (complex m, 2H), 1.8-3.5

3
(complex m, 1H), 3.9-4.55 (complex m, 2H), 3.5-3.9 (complex m, 6H).

Anal. Calcd for C6H1105P: c, 37.12; H, 5.71. Found: C, 36.79; H, 5.82.
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v. TABLE OF *3 '4-3'p AND 23 'H-3!P COUPLING CONSTANTS

4. 1., 31 2.1, 31
Compound J "H-"P J "H-7"P
(in Hz) (in Hz)

C“;O 0

)=<(0 cDCl, 3.6 16.4

2Ea
cu,o 0

/ OE€

CIIO Cl-lg CDCl,4 1.8 15.0
3Za

4 b

CH:!CK IW
Cléo H Ok cpcl, H_=6 H,=6 22
4a
ERY

= s
Eg “ O cocl, 3.6 15.8
2Eb
Eo O

\
#):_(‘LOEt CDCl, L4 14.6

32b
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B By bl Bl
(in Hz) (in Hz)
CDCl3 Ha=7 Hb=5 22
CDCl3 Ha=5.5 Hb:5.5 22
D20 3.6 16.4
DZO 1.4 10.2
D20 Ha=4.7 Hb:4.3 20.5
CDC13 4.6 25.2



CH, ﬁ &
3
SR
CHP” o
af
2IE
Jo)
/{o\ﬁ A
Ho~ KL
H Oy
23E
o ¥ 0
HO 11 Ok
" O/P ./
4% o
247
22 5
Chos 5 %
C%O/H‘% e
bozp=o0 Y
CHO
26Ea
cha f BGco
050/“ %
Go-p. FO
g o %{{
25Za
Jo,
o

43 lH_BIP

(in HZ)

3.6

6.2

5.0

4l

3.0

4

77

2 e 81
“(inHz)

28.2

23.6

22.6

25.3

27.0



A
o
O=
KO/ Eé(—, %'f;/
25Zb O
%
2 Y 3
o X
R0
26E/co O
/
CES N
Y o

41, 31

J 'H--'P
(in HZ)
CDCl, 3.0
CDCl,4 4.8
CDCl, 3.2
DZO 4,2
DZO 3.0
c0013 5.2
D.0 5.2

78

2. oAl

(in HZ)

26.6

25.7

27.9

25

26.8



CDClI

CDClI

D,0

6.2

6.2 or
7.1

NW»
oN

79

251, 31,

(in H2)

13.7

21.8

22.4

19.6
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85

86
87
88
89
90
91
92
93
94
95
96
97
98
99
100

80

VI. CATALOGUE OF NMR SPECTRA

Top

Bottom

Top

Bottom

Top

Bottom
Compounds
2Ea and 3Za
2Eb and 32b
2IE and 22Z
23E and 242
26Eb and 25Zb

Vinyl proton region of methyl o-(dimethoxy-
phosphinylmethyl)acrylate

13

90% "~C-enriched in carbonyl position

Vinyl proton region of -(dihydroxyphosphinyl-
methyl)acrylic acid dilithium salt

90% 13C-enriched in the carbonyl position

Allylic proton region of o-(dihydroxyphosphinyl-
methyl)acrylic acid dilithium salt

90% 13C-enriched in the carbonyl position

32E and 31Z in 6N DCI

32Eand 31Zin D

31Z in 6N DCI

33E in CDCl,

33E and 33Z in CDCI

20

3

33E and 33Z in CDCl showing additional coupling to 33Z

33Eand 33Zin D

35E
HE
42E

20



101
102

103

104
105
106
107
108
109
110

81

SUE

Autocatalyzed hydrolysis of 33E and 33Z in DZO
(early in the hydrolysis)

Autocatalyzed hydrolysis of 33E and 33Z in D,0
(late in the hydrolysis)

47 via two equivalents of NaOD

47 via three equivalents of NaOD

53 via one equivalent of NaOD

44 via thermal cyclization of 33E and 33Z
45 via catalytic hydrogenation

45 via sodium cyanoborohydride reduction

46 via thermal cycliation of 45
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