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1500 ml of H20. The mixture was refluxed for an additional 3 hr
and after cooling extracted with Et2O. The Et2O phases were
treated with 5 M NaOH and the red phenolate precipitated. It
was collected and then dissolved in EtoO saturated with HCI.
The Et20 solution was dried (MgSO4) and the solvent evaporated
to afford 5.7 g of a solid product. Recrystallization from aqueous
EtOH gave 5.25 g (66%) of yellowish phenol: mp 175.5-177° (lit.®
177-178.5°); nmr (Me,CO-dg) 6 6.9-7.6 (m, 4, arom protons), 7.9
(m, 2, H-1and H-9),8.9 (s, 1, OH).

2-(4-Methoxy-3-dibenzofuranyloxy)-2-methylpropionic Acid
(21). A solution of 4-methoxy-3-hydroxydibenzofuran (6.5 g, 30
mmol) in 100 ml of drv Me;CO was stirred at room temperature
with 10.1 g (180 mmol) of solid KOH. After 15 min the reaction
mixture was cooled in am ice bath, and a solution of 1,1,1-tri-
chloro-2-methyl-2-propanol (8.4 g, 45 mmol), prepared according
to Fishburn and Watson,* in 50 ml of dry Me,CO was added
dropwise during 45 min. The suspension was kept in the ice bath
for 45 min. The reaction mixture was stirred at room temperature
for 1 hr, refluxed for 4 hr, and finally stirred overnight at room
temperature. The mixture was dissolved in H2O and the Me>CO
was evaporated. The aqueous solution was acidified with HCI and
extracted with Et;0. The Et;0 solution was treated with saturat-
ed NaHCOj solution and the aqueous solution was acidified and
extracted with Et,0. After drying (MgSO4) and evaporation of
the solvent 8.3 g (91%) of a yellow oil was obtained. The oil crys-
tallized upon standing. Recrystallization from petroleum ether
(bp 95-110°)-EtOAc gave crystals with mp 107-111°.

The acids 1, 3, 5, 7, 13, 15, 17, 19, and 23 were similarly pre-
pared (Table I). However, in the preparations of 1, 3, 5, and 7
equimolar amounts of 1,1,1-trichloro-2-methyl-2-propanol were
used. 1-Hydroxydibenzofuran and 3-hvdroxydibenzofuran used as
starting materials in the syntheses of the acids 1 and 5 were pre-
pared according to Stjernstrém!® and Erdtman, et al..l® respec-
tively.

Ethyl 2-(1-Dibenzofuranyloxy)-2-methylpropionate (2). 2-
(1-Dibenzofuranyloxy)-2-methylpropionic acid (1, 6.7 g, 25 mmol)
was dissolved in 250 ml of EtOH saturated with HCI gas and the
mixture was refluxed for 4 hr. The solvent was evaporated and
the dark oil was dissolved in Et;O. The Et.O solution was
washed with saturated NaHCOj; solution, dried (MgSO,), and
evaporated to yield 6.6 g (88%) of a dark oil. The oil was distilled
in vacuo to give 5.4 g (72%) of a slightly yellow oil, bp 156-158°
(0.06 mm). After chromatography on a column of 300 g of SiO;
(Merck, activity grade 2-3, 0.2-0.5 mm) with benzene as eluent,
4.3 g (58%) of a crystalline product was obtained: mp 74-77°; nmr
(CDCl3) 5 1.2 (t, 3, J = 7, OCH:CHj), 1.8 [s, 6, C(CHj)2], 4.25
(q, 2,J =7, OCH;CHj), 6.6 (m. 1, H-2), 7.1-7.6 (m, 5, arom pro-
tons), 8.2 (m, 1, H-9).

The esters 4, 6, 8, 14, 16, 18, 20, 22, and 24 were similarly pre-
pared; however, chromatography was unnecessary in these prepa-
rations (Table I).

Ethyl 4-Dibenzofuranyloxyacetate (12). Sodium (0.58 g, 25
mmol) was added to 200 ml of super-drv EtOH. When the reac-
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tion had ceased 4.6 g (25 mmol) of 4-hydroxydibenzofuran and 5.0
g (30 mmol) of ethyl bromoacetate were added. The reaction mix-
ture was refluxed for 16 hr. The solvent was then evaporated and
the remaining solid was dissolved in 150 ml of H20 and 150 ml of
Et;0. The ethereal layer was washed with NaOH solution, dried
(MgSO0,), and evaporated to give 3.3 g of crude product. Distilla-
tion gave 2.65 g (39%) of a colorless oil, bp 238-241° (1.0 mm).
The oil crystallized upon cooling, mp 50-51.5°.

Ethyl 2-(4-dibenzofuranyloxy)propionate (10) was prepared
from 4-hydroxydibenzofuran and ethyl 2-bromopropionate in
analogy with 12. The product was distilled to give a colorless oil
in 43% vield, bp 170-173° (0.2 mm), which crystallized upon cool-
ing, mp 38.5-40°.

2-(4-Dibenzofuranyloxy)propionic acid (9) and 4-dibenzo-
furanyloxyacetic acid (11) were obtained by alkaline hydrolysis
of 10 and 12, respectively.
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Synthesis of Phosphonic Acid Isosteres of 2-Phospho-, 3-Phospho-, and

2,3-Diphosphoglyceric Acid
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Phosphonic acid isosteres of 2-phosphoglyceric acid, 3-phosphoglyceric acid, and 2,3-diphosphoglyceric acid were
prepared using the Arbuzov reaction and the Michaelis-Becker modification, followed by vigorous acid or base hy-
drolysis of the precursor esters. The small, highly charged molecules were tested in vitro on human red cell suspen-
sions in physiological buffer for their effects on the oxygen-dissociation curve. None of the compounds exhibited a
right or left curve shift in this assay when compared to controls.

Recent reports have shown that the affinity of oxygen
for hemoglobin can be altered by 2,3-diphosphoglyceric
acid,}-2 the predominant organic phosphate in the red
blood cell. Our interest in improving performance of oxy-
gen transport mechanisms vie the 2,3-diphosphoglyceric

+The authors dedicate this manuscript to Dr. Alfred Burger who has
been a friend, colleague, and advisor for many years.

acid-hemoglobin interaction has encouraged investiga-
tions directed at the utilization of drug-induced shifts® in
the hemoglobin-oxygen dissociation curve. The ultimate
objective was a compound which would alter the dissocia-
tion pressure and shift the curve to the right by ca. 3-5
mm at 50% saturation.? If a compound can induce a right
shift of this magnitude, it will impart a greater ‘‘unload-
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ing” or alternatively a fixed delivery at a higher partial
pressure of oxygen at the capillary level. Such a com-
pound could be useful for treatment of ischemic condi-
tions such as angina, myocardial infarction, stroke, and
peripheral vascular disease.5 -8

It appeared desirable to synthesize small, highly
charged molecules akin to 2,3-diphosphoglyceric acid
which incorporated phosphonate (P-C) bonds instead of
phosphate (P-O-C) linkages. These compounds might
mimic the role of 2,3-diphosphoglyceric acid as a hemo-
globin cofactor or alternatively influence the enzymatic
reactions in red cell metabolism which exert control over
cellular concentrations of organic phosphates. Phosphonic
acid derivatives of glyceric acids could also be useful for
study of specific enzymatic steps in the major pathways of
carbohydrate metabolism in mature red blood cells.7-8 At
the outset, we wished to determine the effect of phos-
phonic isosteres of 3-phosphoglyceric acid (1, 3-PG), 2-
phosphoglyceric acid (2, 2-PG), and 2,3-diphosphoglyceric
acid (3, 2,3-DPG) on the oxygen-hemoglobin dissociation
curve.

Our immediate goals were phosphonic derivatives of 1-3
in which the oxygen atom of phosphate esters was re-
placed by a carbon to phosphorus bond (compounds 4, 6,
and 8) or a methylene group was substituted for the oxy-
gen atom (compounds 5, 7, and 9).1

CH,OP(O)OH), CH,OH CH,OP(O)(OH),
HOCH (HO),OPOCH (HO),(0)POCH
COOH COOH COOH
1 2 3
CH,(CH,), P(OXOH), CH,0H
HO(IJH (HO)«(0)P(CH,),CH
COOH COOH
4.n=0 6,n=0
S.n=1 In=
CH CHZ),IP(O)(OH)
(HO),(O)P(CH,),,CH
COOH
8,n=0
9.n=

Syntheses of the two phosphonate derivatives 4 and 5 of
3-PG are shown in Scheme I. Compound 4 was prepared
from diethyl 2,2-diethoxyethane-1-phosphonate (10) which
is readily available® from the Arbuzov coupling of triethyl
phosphite and 1-bromo-2,2-diethoxyethane. Hydrolysis of
10 to the aldehyde, conversion to the cyanohydrin 11, and
acid hydrolysis led to 3-phosphonolactic acid (4) isolated
as the trilithium salt. We found the lithium salts to be
most satisfactory for the characterization of most of the

Scheme I

(C,H:0),P(O)CH,CH(OC,H,), —»(C,H ;0),P(0)CH,CH(OH)CN By
10 11

l i
iit

CICH,CH,CH(OC,H; ). ———>(CHO ).P(O)CH,CH,CH(OTHP)CN — 5
12 o 13
reagents: i = aqueous H,80,, ii = NaHSO,-NaCN,
iii = concentrated HCl at reflux,
iv = dihydropyran-TsOH, v = P(OC,H;), at 150°

ICompounds 4-9 are racemic.
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phosphonic acids reported in this paper. For the synthesis
of 5, the phosphonyl intermediate 13 was prepared from
the halogenated THP-protected cyanohydrin which was
obtained from 12. Attempted stepwise hydrolysis of 13
with dilute HC! followed by vigorous reaction with lithi-
um hydroxide did not give a clean product. Direct hydrol-
ysis of 13 with hot concentrated HCI afforded a 25% yield
of 3-carboxy-3-hydroxypropane-1-phosphonic acid (5).
Conversion of ethyl 2-diethylphosphonopropionate (14)
to the a-hydroxymethylene derivative 16 is illustrated in
Scheme II. Hydrolysis of 16 with hot lithium hydroxide
gave 2-carboxy-3-hydroxypropane-1-phosphonic acid (7), a
phosphonic isostere of 2-PG. In an attempt to prepare 6
from 15 using the route successful for 7 only phosphonoa-
cetic acid was isolated from the complex reaction
mixtures after either acid or basic hydrolysis of crude 17.
An alternate route to 6 was tried starting with the brom-
ohydrin 18 but hydrolysis of the crude 19 did not afford 6.

Scheme I1
L
(C,H,0),P(OXCH,),COOC,H, 2—»
S Y

14,n=2 (C,H,0),P(OXCH,),CHCOOC,H, — 7
15,n=1 i
CHOH oy )
16,n=1 6
17,n=0 /K
HOCH,CHCOOCH, ;———» THPOCH,CHCOOCH, v
vi l
Br- _ P(0)(OC,H,),

reagents: i = Na, HCOOC,H;, ii = NaBH,, iii = hot LiOH,
iv = 6 N HCl at 100°,

v = dihydropyran-POCl;, vi = P(OC,H;); at 150°

During the course of this work, the synthesis of 2,3-di-

phosphonopropionic acid (8) was reported;l1® we
prepared a sample by the published procedures
but purified the pentalithium salt. Compound 9,

the bishomo derivative of 8, was synthesized by the two
routes shown in Scheme III. Ethyl 3-diethylphosphono-
butyrate (20) was formylated!! and reduced to the alcohol
21 in 35% overall yield. The tosylate 22 was displaced by the
diethyl phosphite anion to give 23 which was hydrolyzed
with 6 N.HC! to give 2-carboxybutane-1,4-diphosphonic
acid (9). Compound 9 was isolated both as
the free acid and the dibarium salt. The second route to 9
utilized the alkylation of diethy!l diethylphosphonomethyl-

Scheme II1
1 i
(C,H;0),P(OXCH,),COOC,H; —>2
Y
20 3. iii
4. iv

(C,H,0),P(OXCH,),CHCOOC,H; — 9

CH,R
21, R=0H
22, R=0Ts
23, R=P(0OXOC,H;),
(C,H;0),P(O)CH,CH(COOC,H;), —>
24
(C.H,0),P(0)CH,C(COOCH,),  —»9
(CH,),P(OXOC.H;),
25
i = Na, HCOOC,H;, ii = NaBH,,
iii = TosCl, pyridine,
iv = NaH, HP(0)(OC,H;),, v = 6 N HCI at 110°,
vi = Na, Br(CH,),P(0)(OC,H,),, EtOH at 80°

reagents:
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malonate!! with diethy! 2-bremoethylphosphonate to af-
ford 25. Vigorous acid hydrolysis of 25 gave 9.

The phosphonic acids were evaluated in vitro for their
effects on the oxygen dissociation curve of human red cell
suspensions in physiological buffer.> The compounds were
inactive at 10~3 M in this assay;3 i.e., they did not alter
the dissociation curve (right or left) within experimental
error. A sample of 9 did not produce a shift§ in a cell-free,
human hemoglobin solution.3:12 These compounds were
also tested for antibiotic activity against several strains of
gram-positive and gram-negative bacterial?® but showed no
activity at 200 ug/ml.

Experimental Section

Elemental analyses were performed by the Analytical and
Chemistry Department of Smith Kline & French Laboratories.
Where analyses are indicated by symbols of elements, analytical
results for those elements were within £0.4% of the theoretical
values. Solutions were dried over MgSO4. The ir and nmr of the
intermediate compounds agreed with the structures. Nmr of com-
pounds 4, 5, and 7-9 were determined on a 90-MHz Perkin-Elmer
R-32 spectrometer and chemical shifts are reported in parts per
million upfield from HOD in 20% DC1~D20.

Diethyl 2-Cyano-2-hydroxyethane-1-phosphonate (11). A so-
lution of 15.3 g (0.06 mol) of diethyl 2,2-diethoxyethane-1-phos-
phonate (10)? in 30 ml of dioxane, 50 ml of H20, and 2.5 ml of
concentrated H2SO4 was heated at 60° for 75 min. The solution
was cooled to 0° and a mixture of 6.9 g (0.15 mol) of NaHSO3 in 5
ml of HoO was added. After 10 min a solution of 8.9 g (0.18 mol)
of NaCN in 25 ml of H20 was added over 20 min to the suspen-
sion with intermittent, careful addition of 6 N H2SO4 to maintain
pH at 7.5. Stirring was continued at 0° for 1 hr, ice was added,
and the white suspension was extracted with 5% MeOH in di-
ethyl ether (four times)., The ethereal extracts were washed with
saturated NaHCO3 solution and brine. The dried concentrate (4.8
g, 37%) was passed through a short column of Florisil with CHCl3
to give 11 as a mobile liquid. Tlc on silica gel G with 5% MeOH
in EtOAc gave an Rr of 0.53. Anal. (C;H14NO.P) C, H, N.

3-Phosphonolactic Acid (4). A mixture of 2.4 g (0.016 mol) of
11 and 40 ml of concentrated HCl was refluxed for 18 hr. The
mixture was concentrated on a rotary evaporator to a semisolid
and diluted with acetone and a small amount of cream-colored
solid was separated. The filtrate was concentrated to 2.3 g of a
dark yellow oil, 5 ml of H,O was added, and a saturated solution
of LiOH (under toluene) was added under a Nz atmosphere to
give a pH 8.5. Excess acetone was added and the white solid was
collected and crystallized (twice) from H20-EtOH-acetone. From
each recrystallization, a small amount of insoluble material was
filtered off. The white, powdery trilithium salt of 4 (0.87 g, 44%)
had mp >400°. Tlc on Avicel platesz with n-BuOH-HOAc-H20
(5:3:1) gave an R¢ of 0.48; ir (KBr) 6.26 (broad), 7.05, 9.1-9.4
(broad doublet), and 10.0 x; nmr (20% DCI in D20O) 3.34 (m, 1)
and 5.04 ppm (m, 2). The analytical sample was dried at 156° for
72hr and 1 mm. Anal. (C3H4Liz0¢P-0.56H20) C, H, P.

Diethyl 3-Cyano-3-(2-tetrahydropyranyloxy)propane-1-
phosphonate (13). A mixture of 47.4 g (0.285 mol) of 12,15 300 ml
of H20, and 3 ml of concentrated HoSO4 was stirred at 25° for 2 hr.
After about 1.5 hr the two-phase mixture became homogeneous.
The solution was cooled to 0° and a suspension of 21.1 g (0.31 mol) of
NaHSOj; in 35 ml of H20 was added and stirring was continued
until solution was complete. Then a solution of 21.1 g (0.43 mol)
of NaCN in 100 ml of H20 was added over 25 min at 5-10°, and
stirring was continued for an additional 1.5 hr. After thorough ex-
traction with ether, the combined extract was washed with
NaHCOj; solution and brine, dried, and concentrated to yield 31.8
g (94%) of crude cyanohydrin. Tlc on silica gel G with cyclohex-
ane-EtOAc (3:1) showed one major spot at an Rt of 0.61.

The crude cyanohydrin (8.4 g, 0.07 mol) and 17.6 g (0.21 mol) of
dihydropyran in 100 ml of dry C¢Hg was stirred with 150 mg of
p-TosOH-H;0 for 3 hr at room temperature. Excess, saturated
NaHCOj; solution was added and the C¢Hg layer was separated,
dried, and concentrated to give the crude tetrahydropyran deriv-
ative. This was mixed with 17 ml of triethyl phosphite and re-

§Baer and Robinson (ref 10) have cited that there is no difference in
binding of either D-2,3-diphosphoglyceric acid or its optical antipode to
hemoglobin.

=Phosphorus was detected on Avicel plates by the Bandurski and Axel-
rod method (ref 14a) and on silica by spraying with the Dittmer reagent
(ref 14b) and heating to 110°.
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fluxed in an oil bath for 18 hr. Excess triethyl phosphite was re-
moved at 20 mm and 50°, and the residue was chromatographed
on 500 g of Florisil using CHCls as eluent and collecting 400-ml
aliquots. Fractions 7-16 gave 3.1 g (15%) of homogeneous 13 as a
colorless liquid, Tlec on silica gel G with EtOAc gave an Rr of 0.44.
Anal. (C13H24N05P) C, H, P.

3-Carboxy-3-hydroxypropane-1-phosphonic Acid (5). A mix-
ture of 1.5 g (0.005 mol) of 13 and 25 ml of concentrated HCl was
refluxed (oil bath temperature at 135°) for 18 hr. The reaction
darkened almost immediately. Charcoal was added to the slightly
cooled mixture, the black solid was separated, and the yellow fil-
trate was concentrated to a small volume and treated with a sat-
urated LiOH solution in an inert atmosphere as described above.
Acetone was added and a solid separated. The solid was dissolved
in a minimum amount of H20, the cloudy solution was filtered,
and the filtrate was diluted with EtOH to give a gelatinous solid.
This solid was removed and more EtOH was added to the filtrate
to afford 0.75 g of the crude lithium salt. This precipitation pro-
cedure was repeated twice to give 250 mg (25%) of the white,
powdery trilithium salt of 5, mp >400°, Tlc on Avicel with ace-
tone-NH,OH-H;0 (60:10:30) gave an Rr of 0.52; ir (KBr) 6.27
(broad), 6.8-7.1 (weak-broad), 9.17,'9.50, and 10.0 x; nmr (20%
DCl in D;0) 2.52 (m, 1) and 4.85 ppm (m, 4). The analytical
sample was dried at 156° for 16 hr at 1 mm. Anal. (C4HgLizOgP)
C,H,P.

Ethyl 2-(Diethylphosphono)-1-hydroxymethylpropionate
(16). Using the method of Kreutzkamp,! ethyl 2-diethylphospho-
nopropionate (14, 36 g, 0.15 mol) was converted to the «-formyl
derivative with ethyl formate (13.3 g, 0.18 mol) and sodium (3.5
g, 0.15 g-atom) to give 24.7 g (40%) of ethyl 2-(diethylphosphono)-
1-formylpropionate after CHCl; extraction of the acidified aque-
ous extract.

A mixture of 3.53 g (0.093 mol) of NaBH4 in 70 ml of EtOH-
THF-H20 (1:1:1) was cooled to 0° and a solution of 24.7 g (0.093
mol) of the above crude formyl derivative in 40 ml of the same
solvent mixture was added dropwise over 15 min. The mixture
was then stirred an additional 20 min, neutralized with glacial
HOACc, and concentrated in vacuo at 30°, and the residue was ex-
tracted well with CHCl;. The combined extracts were washed
with 5% NaHCOj; solution and brine, dried, and concentrated to
about 20 g of syrup. This was chromatographed on 800 g of Flor-
isil eluting with 2 1. of CHCl; followed by 2 1. of 5% EtOH in
CHCIl3. The homogeneous fractions (from 5% EtOH in CHClj) af-
forded 15.4 g (62%) of the colorless, syrupy 16. Tlc on silica gel G
with 4% MeOH in EtOAc gave an Ry of 0.46. Anal. (C19H2106P)
C,H,P.

2-Carboxy-3-hydroxypropane-1-phosphonic Acid (7). Into a
pressure tube were placed 0.53 g (2 mmol) of compound 16, 0.192
g (8 mmol) of LiOH, and 1.5 ml of H20. The mixture was heated
for 18 hr at 135°. Hot H;O {10 ml) was added and heating was
continued for 48 hr at 135°. A tan precipitate was filtered (under
N3) and washed with a small amount of H,O. The combined fil-
trate was acidified with water-washed IR 120 (H*) resin. The
resin was separated and a freshly prepared, filtered solution of
saturated LiOH (under toluene) was added to pH 8. The mixture
was concentrated to one-half volume, enough absolute EtOH was
added to give a small amount of precipitate, and the solid was fil-
tered under Ng. Further cooling of the filtrate gave 0.17 g of the
crude lithium salt. Recrystallization from HoO-EtOH gave 0.1 g
(24%), mp >400°, of the trilithium salt of 7. Tlc on cellulose with
acetone-NH4OH-H20 (60:10:30) gave an R: of 0.3;1¢ ir (KBr) 6.35
(broad), 7.02, 7.55 (weak), 9.03, 9.43, and 10.0 g;
nmr (20% DCl in D;0) 3.50 (d. 2), 441 (m. 1). and
5.20 ppm (m, 2). The analytical sample was dried at 156° for 18
hr at 1 mm. Anal. (C4HeLiz06P-H20) C, H, P. The p-anisidine
salt was prepared by dissolving a portion of the IR 120 (H+) fil-
trate above in t-BuOH and adding an ethereal solution of p-anisi-
dine to pH 8. The white solid was crystallized from aqueous
EtOH-ether to give the p-anisidine salt of 7, mp 168-170°. Anal.
(C4Hy06P-C7HoN-0.5H20) C, H, N.

Ethyl 3-Diethylphosphono-1-hydroxymethylbutyrate (21).
Sodium (3.2 g, 0.14 g-atom) was suspended in 200 ml of dry ether
and 0.5 ml of absolute EtOH was added. A mixture of ethyl 3-
diethylphosphonobutyrate (20,2¢ 35.2 g, 0.14 mol) and distilled
ethyl formate (12.4 g, 0.168 mol) was added to the cooled (0°) sus-
pension over 25 min. The cooling bath was removed before the
addition was completed and stirring was continued at room tem-
perature for 22 hr. The dark orange mixture was diluted with 300
ml of iced H20 and the orange aqueous phase was separated. The
ether layer was extracted with H,O (2 X 75 ml) and the extracts
were added to the original aqueous phase. The combined aqueous



Phosphonic Acid Isosteres

phase was backwashed with ether, the aqueous extracts were acidi-
fied with dilute HCl to pH 2.5 and extracted with CHCl3 (4 X 150
ml), and the combined CHCl; extracts were washed with brine,
dried, and concentrated to 39.2 g (71%) of crude formyl derivative.
The ethereal washes afforded a 16% recovery of the starting ma-
terial 20, :

The crude formyl derivative (27.8 g, 0.1 mol) was dissolved in
40 ml of EtOH-H20-THF (1:1:1) and the solution was added
dropwise at 5° to a solution of NaBHy (3.74 g, 0.1 mol) in 120 ml
of the same solvent mixture. The mixture was stirred for 30 min,
neutralized with HOAc, and evaporated at 30° in vacus. The re-
sidual aqueous solution was diluted with brine and extracted with
CHCl; (5 X 200 ml), and the organic layer was washed with
NaHCOj; solution and brine. The dried residual yellow liquid
(18.0 g) was chromatographed on 400 g of Florisil (400-ml fractions)
eluting with CHCl; (1.6 1.), 1% EtOH in CHCl;3 (2.0 1), and 2%
EtOH in CHCl3. Most of the homogeneous, oily 21 came off in the
2% EtOH fractions. Tlc on silica gel G gave an Ry of 0.43 with 5%
MeOH in EtOAc. Anal. (Cy43H2306P) C, H, P.

2-Carbethoxy-1,4-bis(diethylphosphono)butane (23). The al-
cohol 21 (4.0 g, 0.014 mol) was dissolved in anhydrous pyridine (25
ml}, the solution was cooled in ice~-HzO and 5.42 g (0.028 mol) of
tosyl chloride was added. The mixture was stirred at 0° for 2 hr
and at 25° for 3 hr. Ether (300 ml) and 100 ml of iced 3 N HCl
were added. The layers were separated, the aqueous layer was ex-
tracted well with ether, and the combined ethereal solution was
washed quickly with iced dilute HCI, cold Hz0, iced NaHCO3 so-
lution, and HzO again. The dried solution gave 6.0 g of a yellow
oil. Tle showed all of the alcohol was converted to the tosylate 22,
Rr 0.66 in the system used for 21. This crude tosylate was azeo-
troped several times with dry C¢Hg and used in the displacement
reaction with sodium diethyl phosphite.

To a suspension of 2.6 g (0.07 mol) of 55% NaH in mineral oil
in 100 ml of dry dioxane (from 5A molecular sieves) there was
added at reflux (strong evolution of Hz) 13.8 (0.1 mol) of distilled
diethyl phosphite. After about 15 min the almost clear solution
was treated with a solution of the crude tosylate 22 (0.014 mol) in
50 ml of dioxane. The mixture was refluxed (oil bath at 110°) for
18 hr. Sodium tosylate precipitated in a short time. The solvent
was evaporated at H20O aspirator pressure and then at 10 mm at
50°. The residue was partitioned between H20 and ether, the
aqueous layer was extracted with ether, and the combined ether-
eal solution was washed with brine, dried, and evaporated. The
crude product (7.5 g) was chromatographed on 200 g of Florisil
(200-ml fractions) with an EtOH in CHCl; gradient. Elution with
600 ml each of CHCl3, 1% EtOH in CHCl3, then from 2 to 6% EtOH
in CHCl3, gave 1.4 g (25%) of pale yellow, oily 23 which came over
in the 4-5% EtOH in CHC]l3 fractions. Tlc on silica gel G gave an
Rs of 0.31 with 5% MeOH in CHCl3. Anal. {C15H3,05P2) C, H, P.

2-Carboxybutane-1,4-diphosphonic Acid (9). Method A. A
solution of 3.5 g (8.7 mmol) of 23 in 50 ml of 6 N HCI was heated
at reflux (oil bath at 110°) for 18 hr. The solution was concentrat-
ed in vacuo and repeatedly azeotroped with t-BuOH to afford a
brownish residue (3.2 g). An aliquot (1.6 g) was dissolved in H,0,
filtered, and covered with toluene and N2 was bubbled into the
mixture. The acidic solution was adjusted to pH 10.5 with a filtered
solution of saturated Ba(OH); which was kept under toluene. The
buff solid was collected (under Ng2), redissolved in 3 N HCI, and
reconverted to the barium salt as described above. The white di-
barium salt of 9 (312 mg) was dried at 100° and 1 mm: mp >300°;
ir (KBr) 6.47 (broad), 7.04, 7.59 (weak), 9.2-9.7 (broad), and 10.6
u; nmr (20% DCI in D20) 4.24 (m, 1) 4.77 (m, 2), and 5.10 ppm
(m, 4). Anal. (CsHsBa,0sP-6H;0) C, H, P. The remaining crude
product (1.6 g) was purified on Avicel plates (20 X 20 cm X 1
mm). About 200 mg was applied (in H20) to each of eight plates
and developed with acetone~-NH4OH-H20 (60:10:30). The major
material ascended about 3 c¢cm and the heart of the zone was
scraped off, slurried with H2O, and heated with excess water-
washed IR 120 (H*) resin at 50° for 5 hr. The free phosphonic

acid 9 was obtained by filtering, washing the filter cake well with - -

H20, and lyophilizing the filtrate. After drying at 100° and 1 mm
the colorless glassy 9 (287 mg) was stored in a dessicator over
KOH. Anal. (C5sH120sP2-0.5H20) C, H, P.

Method B. Hydrolysis of 25 with 6 N HCI at 110° for 18 hr gave
gsmajor product which was identical (tlc) with 9, obtained from

Diethyl Diethylphesphonomethyl-2-diethylphosphonoethyl-
malonate (25). Sodium (0.5 g, 0.02 g-atom) was dissolved in 25
ml of absolute EtOH and 5.72 g (0.02 mol) of diethyl diethylphos-
phonomethylmalonate (24)1! in 5 ml of EtOH was added. After
refluxing for 15 min, a solution of 4.9 g (0.02 mol) of diethyl 2-bro-
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moethylphosphonatel?** in 8 ml of absolute EtOH was added,
and reflux was continued for 8 hr. Sodium bromide began to sep-
arate after about 45 min. The cooled reaction was diluted with
H20 and CHCls. The water-washed CHClz was concentrated to
8.0 g of a yellowish syrup which was a mixture of 25 and the two
starting materials. Chromatography over 250 g of Florisil (350-ml
fractions) with an EtOH-CHCI; gradient gave 1.2 g (17%) of pale
yellow syrupy 25 from the 4-5% EtOH in CHCl;3 fractions. Tlc on
silica gel G with 5% MeOH in EtOAc gave an R of 0.38. Anal.
(C18H36010P2) C, H, P,

2,3-Diphosphonopropionic Acid (8). Compound 8 was pre-
pared following the procedure of Baer and Robinson.1® Methyl 2-
chlorolactate was prepared from glycerol o-monochlorohydrin in
40% overall yield. Conversion of 17.8 g (0.12 mol) of methyl 2-
chlorolactate to methyl 2,3-diethylphosphonopropionate (10.3 g,
24%) was achieved after distillation [bp 160-170° at 0.05 mm (re-
ported bp 134~136° at 0.005 mm)], followed by chromatography
over Florisil with CHCl;3 elution. Anal. Caled for C12H260gP2: P,
17.19. Found: P, 17.39. Using hot concentrated HCl instead of
HBr, hydrolysis of methyl 2,3-diethylphosphonopropionate fol-
lowed by the usual isolation of the lithium salt (procedure de-
scribed above) gave a 27% yield of the pentalithium salt of 8: mp
>400° (from HzO-acetone); ir (KBr) 6.3 (broad), 7.05, 7.62
(weak), 8.7-9.3 (broad), 9.92 (weak), and 10.5 u; nmr (20% DCI in
D20) 4.28 (m, 1) and 4.74 ppm (m, 2). Tlc on Avicel with n-
BuOH-HOAc-H,0 (5:3:1) gave an R; of 0.18. Anal. (CzH;Lis-
OsP2-H;0) C, H, P, Li. (Li by atomic absorption: caled, 13.2;
found, 12.2.)
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