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Synthesis of Anthopleurine, the Alarm Pheromone
from Anthopleura elegantissima
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Abstract; Three of the four possible stereoisomers, 6, 7, and 8, of (3-carboxy-2,3-dihydroxy-N,N, N-trimethyl)-1-propanami-
nium chloride, the proposed structure of anthopleurine, the alarm pheromone from the sea anemone Anthopleura elegantissi-
ma, were prepared from the corresponding 4-amino-2,3-dihydroxybutyric acids, 3, 4, and 5, by betaine formation with O-
methyl-N,N’-diisopropylisourea (2). Amino acids 3, 4, and 5 were prepared from D-glucose, L-tartaric acid, and D-tartaric
acid, respectively. Biological assay of betaine hydrochlorides 6, 7, and 8 on the sea anemone, and comparison of physical and
spectral data, establishes the structure of anthopleurine as 4-amino-4-deoxy-L-threonic acid betaine hydrochloride (7).

Anthopleurine, the alarm pheromone of the sea anemone
Anthopleura elegantissima, has been identified by chemical
and spectroscopic methods as the quaternary ammonium
ion, (3-carboxy-2,3-dihydroxy-N,N,N-trimethyl)-1-propan-
aminium, isolated and characterized as the crystalline chloride
1. Released from wounded anemones, the pheromone evokes
a characteristic contraction in nearby conspecifics at a median
effective concentration, for the crystalline pheromone, of 3.5
X 10710 M.! The response of the anemone to anthopleurine
is mediated by the through-conducting system? and is com-
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petitively inhibited by L-proline and certain analogues thereof
Anthopleurine has been subsequently shown to evoke an alarm
response, visually indistinguishable from that of A4. elegan-
tissima, in the sea anemone 4. xanthogrammica.?

CI=(CH3)sN*CH,CHOHCHOHCO;H
1

To further investigate the utility of O-methyl-N,N’-diiso-
propylisourea (2) in the conversion of amino acids to their
corresponding betaines* and to confirm the structure and as-
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Scheme I. Preparation of 4-Amino-4-deoxy-L-threonic Acid (4) via 2,3-O-Isopropylidene-L-tartrate
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sign the absolute stereochemistry of anthopleurine, three of
the four possible stereoisomers, 6, 7, and 8, of the proposed
structure were prepared from the corresponding 4-amino-
2,3-dihydroxybutyric acids, 3, 4, and 5, of known stereo-
chemistry and tested for pheromone activity.

Results and Discussion

Preparation of Amino Acids. With the expectation that the
direction of rotation of the amino acid and corresponding be-
taine hydrochloride would be the same, as is true for 2,4-di-
deoxy-4-amino-L-threonic acid and its betaine, L-carnitine,
the closest analogy available,> the two known dextrorotatory
4-amino-2,3-dihydroxybutyric acids, 4-amino-4-deoxy-D-
erythronic acid (3)7 and 4-amino-4-deoxy-L-threonic acid
(4)89 were the first synthetic objectives.

Except for certain modifications, noted in the Experimental
Section, 3 was prepared in 8% overall yield from D-glucose
according to known procedures.”'0-12 The amino acid had
properties consistent with those reported for 3 obtained from
natural sources’ and was homogeneous and clearly distin-
guishable from threo isomers 4 and 5 by standard automatic
amino acid analysis.

The synthesis of 4-amino-4-deoxy-L-threonic acid (4) was
accomplished in 8% overall yield from L-tartaric acid (L-9)
according to Scheme I. Esterification of L-9 using 3A molec-
ular sieves to remove water from the reaction mixture gave
dimethyl L-tartrate (L-10). Conversion of L-10 to L-11 by
acid-catalyzed reaction with acetone in petroleum ether under
reflux with simultaneous azeotropic removal of the water
formed, according to the procedure of Feit,!3 resulted in sig-
nificant racemization.'# This racemization was eliminated by
changing the solvent to pentane and using molecular sieves to
remove the water; however, yields were only moderate. More
effectively, acetonide formation with 2,2-dimethoxypropane
in benzene under reflux using 4A molecular sieves to remove
methanol afforded optically pure dimethyl 2,3-0-isopropyli-
dene-L-tartrate (L-11) in 97% yield.

Partial hydrolysis of the diester with methanolic potassium
hydroxide at room temperature produced methyl hydrogen
2,3-0O-isopropylidene-L-tartrate (L-12). Selective reduction
of the carboxylic acid function with excess borane in tetrahy-
drofuran at room temperature gave methyl 2,3-0-isopropyli-
dene-L-threonate (L-13) which was converted to methyl O-
methanesulfonyl-2,3-O-isopropylidene-L-threonate (L-14)
with methanesulfonyl chloride in methylene chloride con-
taining triethylamine. Displacement of methanesulfonate by

L-14,R = CH3,X 0S0,CHs

CHZNHZ
//H
’Wco H COpH
Hﬁk—oH
HO—CH
COZH CH,NH,
4
HO—- H
CH2N3
18

azide proceeded smoothly in dimethylformamide at 100 °C
to yield methyl 4-azido-4-deoxy-2,3-O-isopropylidene-L-
threonate (L-15).

Catalytic hydrogenation of the azido ester was not fruitful
because of polymerization of the resulting amino ester at room
temperature, and it was necessary to first hydrolyze the ester
of L-15 with methanolic potassium hydroxide to give 4-
azido-4-deoxy-2,3-O-isopropylidene-L-threonic acid (L-16).
Catalytic hydrogenation of this azido acid in methanol af-
forded 4-amino-4-deoxy-2,3-0O-isopropylidene-L-threonic acid
(L-17). Hydrolysis of the acetonide in aqueous hydrochloric
acid followed by ion-exchange desalting yielded the desired
4-amino-4-deoxy-L-threonic acid (4).

The amino acid was also obtained by reversing the order of
the final two steps in the sequence. Hydrolysis of azido acid
L-16 in aqueous hydrochloric acid gave 4-azido-4-deoxy-L-
threonic acid (18) which was catalytically hydrogenated in
methanolic hydrochloric acid to yield 4. By amino acid anal-
ysis, 4, was homogeneous and clearly distinguishable from the
D-erythro isomer (3). The yields and specific rotations of the
compounds in Scheme I are listed in Table 1.

In contrast to the specific rotations in water of +42° 8 and
+43° 9 reported previously, the amino acid prepared in this
manner has a specific rotation of +4.6° (+4.2t0 +4.9°). To
determine whether this discrepancy between our observed
values and the reported values is the result of racemization of
4 prepared according to Scheme I, an error in the reported
specific rotation, or an inversion of configuration at C-3 in the
literature synthesis leading to 3, with a reported specific
rotation of +36.9°,7 rather than 4, we also prepared the amino
acid according to the literature procedure (Scheme I1).3

The amino acid precursor, methyl L-threo-3-cyano-2,3-
diacetoxypropionate (methyl 3-cyano-2(R),3(S)-diacetoxy-
propionate (19)) was prepared, with minor modifications,
according to known procedures®?:13 from dimethyl L-tartrate
(L-10) in 179% yield. Amino acid 4 has been previously prepared
by hydrogenation of 19 and the ethyl ester analogue 20 at el-
evated temperature and pressure with Raney cobalt® and
platinum oxide? catalysts, respectively (Scheme II).

In our hands, hydrogenation of the nitrile at elevated tem-
perature and pressure in the presence of Raney cobalt®!6 in
methanol gave, following acid hydrolysis and ion-exchange
desalting, 4 contaminated (Table II) with a small amount of
4-amino-2-hydroxybutyric acid (21) of unknown configura-
tion. Chromatography and recrystallization gave 4 with a
specific rotation of +4.9° (Table I). A less efficient procedure
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Table 1. Yields and Specific Rotations of Amino Acids with Threo Configuration

L series D series
reactant product yield, % [«]?Op, deg (g/100 mL, solvent) reactant product yield,% [a]p, deg (g/100 mL, solvent)
9 10 69 +4.8 (24.9, acetone) 9 10 83 —4.8 (26.0, acetone)
10 11 97 —53.7 (neat) 10 11 96 +53.0 (neat)
11 12 58 —53.7 (0.52, CH30H) 11 12 63 +51.1 (0.54, CH3;0H)
12 13 44 -19.2 (0.55, CH30H) 12 13 53 +18.7 (0.70, CH3;0H)
13 14 94 —25.7 (0.82, acetone) 13 14 99 +26.3 (1.20, acetone)
14 15 87 —96.3 (0.49, CH30H) 14 15 88 +94.7 (0.59, CH;0H)
15 16 94 —98.5 (0.40, CH3;0H) 15 16 94 +95.4 (0.45, CH;0H)
16 17 91  +20.5(1.12, 60% aq acetone) 16 17 81  —21.7 (1.04, 60% aq acetone)
16 18 82 +4.6 (0.64, H,0, —14.6 (0.69,1 M 17 5 92 —4.8 (1.44, H,0), +14.5(0.72, 1 M
17 4 78 HCl) HCl)
18 4 79 +4.2 (0.59, H,0)
19 4 47 +4.9 (0.71, H,0)

for desalting the hydrolysis product involved precipitation of
4 from methanol with pyridine.® By amino acid analysis, TLC,
NMR, melting point, and specific rotation, 4 prepared ac-
cording to Scheme I and according to the literature procedure
(Scheme II) are identical, suggesting that the reported specific
rotations are in error.

Hydrogenation of cyano ethyl ester 20 at elevated temper-
ature and pressure in the presence of platinum oxide in acetic
acid containing sulfuric acid, desalting with lead(II) acetate,
acid hydrolysis, and desalting with silver(I) oxide are reported
to give 4 with a specific rotation of +42° (H,0) in 14% yield
and 4-amino-2-hydroxybutyric acid (21) in 21% yield by
fractional recrystallization.® Examination of the reaction
product in our hands reveals a more complex mixture. Hy-
drogenation of cyano methyl ester 19 under the same condi-
tions but using ion-exchange desalting gave 4 and 21, as re-
ported;® however, 4-aminobutyric acid (22) was the major
product. The same results were obtained in a reaction per-
formed at room temperature and low pressure.

If the hydrolysis mixture is desalted according to the pre-
scribed silver(I) oxide procedure,? glycine (23), apparently
formed at the expense of 4 by oxidative cleavage of the diol
function,!” is also present in the product mixture (Scheme 11,
Table II). A satisfactory separation of 4 and 21 by either
fractional recrystallization® or silica gel chromatography was
not realized.

To more conclusively determine the source of the glycine
(23), aqueous solutions of the hydrochlorides of analytically
pure 4-amino-4-deoxy-D-erythronic acid (3) and 4-amino-
4-deoxy-D-threonic acid (§) were treated with excess silver(I)
oxide on the steam bath for periods of 15 min to 1.5 h. In each
case, glycine (23) was formed in amounts of 8 to 11%. No at-
tempt was made to increase the conversion to glycine by
employing vigorous stirring or by using a greater excess of
silver(I) oxide. Clearly, desalting with silver(I) oxide is haz-
ardous; similar oxidative cleavage of diols in carbohydrates
with silver(I) oxide has been previously observed.!”

Preparation of Betaine Hydrochlorides. The reaction of
O-methyl-NV,N’-diisopropylisourea (2)!® with a-amino acids
affords a mild and effective conversion to the corresponding
betaines. Furthermore, etherification of hydroxyl groups does
not occur and the method is nonracemizing.# Therefore, this
preparative method was applied to the 4-amino-2,3-dihy-
droxybutyric acids. Treatment of either 4-amino-4-deoxy-
D-erythronic acid (3) or 4-amino-4-deoxy-L-threonic acid (4)
with excess 2 in methanol under reflux resulted in complete
consumption of the amino acid and intermediate methylated
compounds within a few hours. TLC analysis of the reaction
mixture showed two major products, one corresponding in Ry
to the betaine and the other remaining at the origin. This polar
product is probably a trimethylammonium salt, resulting from
an intramolecular displacement of trimethylamine by the

Table II. Hydrogenation of Methyl 3-Cyanopropionate (19).
Amino Acid Analysis of Product Mixture

hydrogen-
ation desalting amino acid analysis,? % (rel amount)

catalyst  procedure 4° 217 22¢ 235
Raney Co ion exchange 94 (1.00) 3 (0.04)

Raney Co Ag,0 57 (1.00) 3 (0.06) 6 (0.11)
PtO,4  ion exchange 25 (1.00) 24 (0.98) 37 (1.48)
PtO,¢ ion exchange (1.00) (1.02) (1.48)

PtO¢  Ag;0 9 (1.00) 18 (2.00) 25 (2.80) 4 (0.49)

@ Performed with a Beckman Model 120C amino acid analyzer,
using citrate buffer throughout. ® Retention times: 138.5 min (4),
144.5 min (21), 86.5 min (23), using a column 55 cm X 9 mm, Resin
AA-15,0.2 N buffers at pH 3.2 and 4.2. ¢ Retention time: 12 min on
a column 5.5 cm X 9 mm, Resin AA-27, 0.35 N buffer at pH 5.26.
4 At 20 °C and 36-psi H; pressure. ¢ At 70 °C and 1000-psi Hs
pressure.

Scheme II. Preparation of 4-Amino-4-deoxy-L-threonic Acid (4) via
3-Cyano-2(R),3(S)-diacetoxypropionate

COzH
Raney Co 4 + CHOH
CHpCH,NH,
21
O,R
COH
MTOCHs H, PiOe 4 + 2| + éHZCH CHaNH
CH3C02—(|:H ion exchonge gxrereTre
CN 22
19, R=CHy COH
20, R = CyHg PtOp

4 + 21 + 22 + CHoNH
Agp0 isoln. CHaNH,

23

carboxylate ion of the betaine. An analogous thermal de-
composition of 4-aminobutyric acid betaine has been de-
scribed.!?

Ion exchange chromatography and subsequent recrystalli-
zation afforded 4-amino-4-deoxy-D-erythronic acid betaine
hydrochloride (6) and 4-amino-4-deoxy-L-threonic acid be-
taine hydrochloride (7) in 43 and 28% yields, respectively. The
melting points and specific rotations of 6 and 7, as well as those
reported for anthopleurine, are shown in Scheme I11.

Although the specific rotation of 7 corresponds in neither
direction nor magnitude to that reported for anthopleurine,
the melting point of 7 does correspond to the reported value.
Since the pheromone is reported to be dextrorotatory and since
both dextrorotatory isomers were desired for biological testing,
the preparation of 4-amino-4-deoxy-D-threonic acid betaine
hydrochloride (8), the enantiomer of 7, became necessary.
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Scheme III. Preparation and Properties of Betaine Hydrochlorides
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Beginning with D-tartaric acid (D-9), 4-amino-4-deoxy-
D-threonic acid (5) was prepared in 16% overall yield according
to Scheme I. Yields and specific rotations of the synthetic in-
termediates in the scheme are listed in Table I. The D-threo-
amino acid was homogeneous, identical with its enantiomer
4, and distinguishable from the D-erythro-amino acid (3) by
amino acid analysis, and had a specific rotation of —4.8°
(Table I). Treatment of § with excess isourea 2 in aqueous
methanol afforded the desired 4-amino-4-deoxy-D-threonic
acid betaine hydrochloride (8) in 42% yield. In a somewhat
more tedious procedure, similar to that employed in the syn-
thesis of carnitine,>20 involving two ion-exchange desalting
steps, 8 could also be prepared by treating § with methyl iodide
and potassium hydroxide in aqueous methanol. Because of the
susceptibility of the diol function of the amino acids to oxida-
tive cleavage with silver(I) oxide, the methyl iodide-silver(I)
oxide method of preparing betaines was not investigated. As
expected, 8 is dextrorotatory with a rotation having the same
magnitude as that of 7; both have the same melting point as
that reported for anthopleurine.

Biological Testing. The aggregating form of Anthopleura
elegantissima was collected at low tide from the exposed in-
tertidal rocks of a jetty at Doran Park near the Bodega Marine
Laboratory, Bodega Bay, Calif. Anemones from a single
clone?! were transferred to glass bowls and maintained in
running sea water prior to testing. Each bowl of anemones was
removed from the holding tank of running sea water ~15 min
before testing. The compounds tested for pheromone activity
were amino acids 3, 4, and 5, betaine hydrochlorides 6, 7, 8,
and 4-aminobutyric acid betaine hydrochloride (24).19.22

To a bowl of anemones was introduced via syringe an aliquot
of the distilled water solution of the compound being tested.2?
The number of anemones responding with at least one rapid
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flexure within ~30 s of the time of addition were recorded. The
intensity of each response was also characterized and recorded
as weak, if the response involved only the convulsive, radially
symmetrical flexures of the tentacles toward the base of the
column, or strong, if the response eventually involved con-
traction of the mesenterial retractor muscles and of the mar-
ginal sphincter.}2

The median effective concentration (ECsp) is defined as that
concentration of pheromone which evokes an alarm response
in 50% of the anemones tested, and the ECsq of crystalline
anthopleurine is reported to be 7.4 X 1078 g/L (£14%) or 3.5
X 10719 M.! Qur data clearly show that only 4-amino-4-
deoxy-L-threonic acid betaine hydrochloride (7) exhibits
pheromone activity consistent with that ascribed to antho-
pleurine. Its ECsg is in the concentration range from 3.8 X 1079
to 3.8 X 10! M. Furthermore, of the compounds tested, only
7 evoked strong alarm responses from the anemones.

Of interest, also, is 4-amino-4-deoxy-D-erythronic acid
betaine hydrochloride (6) which is active down to 3.8 X 10~7
M. At no concentration, however, did 6 evoke a strong re-
sponse. Whether this activity is due to inherent pheromone
activity of 6 or to contamination with 7 is not known. Since 6
and 7 differ in configuration only at C-3, and since even an
amount too small to be chemically detected of 7 in 6, resulting
from C-3 epimerization, would cause a sample of 6 to show
activity, the latter possibility cannot be dismissed. Only very
weak and infrequent responses were elicited by even the most
concentrated solutions of 8. No activity whatsoever was shown
by the other compounds tested.

Specific Rotation Discrepancy. Although the pheromone
activity and melting point of 4-amino-4-deoxy-L-threonic acid
betaine hydrochloride (7) correspond to those reported for
anthopleurine and the NMR spectra are identical by direct
comparison, there is clearly a discrepancy between the reported
specific rotation of +48° (¢ 0.14)! and our observed rotation
in water of —19.4° (¢ 0.41) which was independent of con-
centration over a factor of 4. Erroneous reporting of the specific
rotation or contamination of the isolated natural product with
a highly dextrorotatory material could possible account for the
discrepancy. However, there is no evidence supporting either
of these “error” hypotheses, and we attempted to find an ex-
planation for this discrepancy in optical rotation.

Though assumed to be water, the solvent in which the spe-
cific rotation of anthopleurine was measured is not specified.
The magnitude of the rotation of the synthetic material in-
creases moderately as the solvent is changed from water to 1
M HCI to methanol, but the direction of rotation remains
positive (Scheme III). Furthermore, the specific rotation of
the free betaine 25, obtained from 8, is +11.7° in water, indi-
cating that the free betaine and betaine hydrochloride have the
same direction of rotation. Therefore, dependence of the di-
rection of rotation upon solvent does not account for the dis-
crepancy.

Treatment of betaine hydrochloride 8 in methanol under
reflux for 144 h resulted in partial conversion to a compound
with higher Rron TLC. A singletat § 3.77 in the NMR spec-
trum of the product mixture was suggestive of methyl ester
formation. However, the specific rotation of the mixture,
+18.1°, was very similar to that of the starting betaine hy-
drochloride, +18.5°, suggesting that prolonged treatment of
the pheromone with boiling methanol, as might occur in a di-
gestion or recrystallization step, is not likely to account for the
specific rotation discrepancy. The free betaine 25, derived from
8, is inert to such treatment.

Conditions required to thermally decompose 4-aminobutyric
acid betaine to butyrolactone are known to be dependent upon
whether the betaine is hydrated or anhydrous; lower temper-
atures are required if the betaine is hydrated.!® Such decom-
position of 7 would yield L-threono-1,4-lactone, a known
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compound with a specific rotation reported to be +30.7° in
water?4 and +46.7.25 +47.0,24 and +51.2° 26 in methanol.
Contamination, then, of 7 with significant amounts of the
lactone could effect both the magnitude and direction of the
specific rotation of 7. To determine the viability of this hy-
pothesis, 8, the enantiomer of biologically active betaine hy-
drochloride 7, and 25, the free betaine obtained from 8, were
heated near their melting points, the temperatures necessary
to cause decomposition. The predominant product in each case
was identical by TLC with authentic L-threono-1,4-lactone?’
and was concluded to be D-threono-1,4-lactone (26), its en-
antiomer. Whereas both 8 and 25 are dextrorotatory, the de-
composition product mixtures were levorotatory, consistent
with the hypothesis that thermal decomposition of 7 to L-
threono-1,4-lactone, as might occur in a rigorous drying pro-
cedure, could affect both the magnitude and direction of the
specific rotation of 7 and might conceivably account for the
discrepancy between the observed and reported specific rota-
tions.

Subsequent to the completion of our experiments, the spe-
cific rotation found for the natural anthopleurine sample was
revealed to be —48° rather than +48°, as published.?” With
the direction of optical rotation no longer in conflict, the only
remaining discrepancy between the properties ascribed to the
natural product and those observed for the synthetic material
is the magnitude of rotation. In regard to this, it should be
noted that the magnitudes of the specific rotations of 7, pre-
pared by the isourea method, and its enantiomer 8, prepared
by three different procedures, agree within experimental error
and no change in rotation results upon repeated exposure to
the conditions of the isourea reaction. Thus we conclude that
the correct rotation of anthopleurine is that which we find for
7.

Conclusion

The correspondence between the melting points, NMR
spectra, and alarm pheromone activities of the natural product
and synthetic 7 establishes the complete structure of antho-
pleurine as 4-amino-4-deoxy-L-threonic acid betaine hydro-
chloride (7).

Experimental Section

General. O-Methyl-N,N’-diisopropylisourea (2) was prepared as
described.!® All melting points are uncorrected. Microanalyses and
amino acid analyses (using a Beckman 120C instrument) were per-
formed by the Analytical Laboratory, University of California,
Berkeley. NMR spectra were recorded in CDCl; (unless otherwise
noted) on a Varian T-60 spectrometer with internal Me,Si (organic
solvents) or sodium +-trimethylsilylpropanesulfonate (D;0), mass
spectra were obtained on an MS12 spectrometer, and IR spectra were
recorded in CHCl; (unless otherwise noted) on a Perkin-Elmer 137
spectrophotometer. Optical rotations of solutions were measured on
a Bendix Ericsson ETL-NPL automatic polarimeter, Type 143A;
rotations of neat liquids were measured on a Zeiss photoelectric pre-
cision polarimeter (£0.005°). Thin layer chromatography was per-
formed on MN Polygram Sil G/UV,s4 pre-coated plastic sheets and
Analtech Uniplate silica gel GF pre-coated glass slides and column
chromatography was with Merck silica gel (0.063-0.2 mm). Gas
chromatography was done with an Aerograph Autoprep Model A-700
using a 10 ft by 0.25 in. column packed with 5% SE-30 on Chrom W,
80/100 mesh, at a flow rate of 100 mL/min. Solutions were dried over
MgSO4, and evaporations were under reduced pressure using a
Berkeley rotary evaporator. Unless otherwise indicated, all reactions
were performed in a nitrogen atmosphere.

Ion-Exchange Desalting of Amino Acid Hydrochlorides. Bio-Rad
AG50W-X8 cation-exchange resin, 100/200 mesh, was converted
from the NH4* to the H* form by washing first with H,O and then
with 2 M HCI until the effluent was pH 2, followed by H,O until the
effluent was pH 3-4. The hydrochloride salt in H,O was absorbed onto
the column, and the H,O wash was continued until the effluent was
neutral. The amino acid was then obtained by eluting with 2 M
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NH4OH until the effluent was pH 9. Alkaline fractions containing
the amino acid were combined and evaporated at 50 °C, the residue
was dissolved in H,O three times, and the solvent was evaporated as
before to yield the amino acid.

Isolation of Betaine Hydrochlorides by Ion Exchange. The crude
product, dissolved in 0.5 M HCl, was adsorbed onto a column (1.8 X
28 cm) of Bio-Rad AG50W-X8 cation-exchange resin, 100/200 mesh,
in the H* form that had been thoroughly washed free of all traces of
NH4Cl or NaCl with 0.5 M HCL The betaine hydrochloride was
eluted in fractions of 8 mL each at a flow rate of ~4 mL/min with
gradually increasing concentrations (0.5 to 1.5 M) of aqueous HCI,!
analyzing the column effluent by TLC onsilica gel (consecutive de-
velopments with CH3;OH/CHCI;/concentrated NHj, 6:2:1, and
C,HsOH/H,0, 7:3). The betaine was visualized with Tollens reagent
by heating the slides for several minutes on a hot plate. Fractions
containing the desired product were combined and evaporated to
dryness.

2,3-O-Isopropylidene-D-erythrono-1,4-lactone. Using a procedure
similar to that described,!! the reaction of D-erythrono-1,4-lactone!®
(2.10 g, 17.8 mmol) in acetone (200 mL, dried over 3A molecular
sieves) containing concentrated HCI (20 drops) proceeded at room
temperature for 6 h, after which the solution was neutralized (pH 8,
Na»CO3). Filtration, evaporation of the filtrate to dryness, distribution
of the residue between H2O (25 mL) and CHCl; (3 X 50 mL), drying
of the combined CHCl;3 extracts, evaporation of the CHCls, and
sublimation at 55 °C (0.03 mm) gave 2.24 g (80%) of a white powder:
mp 67-68.5 °C (lit. mp 68-68.5,11 65-67.5 °C28); [«]2°p —120° (c
0.50, H,0) (lit. [a]®%p —=112° (¢ 1.5, H;0),1! [a®p —116° (c 1,
H,0)%),

4-Azido-4-deoxy-2,3- O-isopropylidene-D-erythronic Acid. In a
modification of the described procedure,!?2 a mixture of 2,3-0-iso-
propylidene-D-erythrono-1,4-lactone (3.95 g, 25 mmol) and sodium
azide (5.72 g, 88 mmol, freshly activated) in DMF (24 mL; dried over
4A molecular sieves) was stirred ina 110 °C bath for 30 h. After the
cooled suspension was filtered, the DMF was removed at 35 °C (1.0
mm), the residue was distributed between H>O (125 mL) and CHCl;
(200 mL), the aqueous layer was further extracted with ether (200
mL), the combined organic extracts were dried and evaporated, and
the residue was sublimed at 55 °C (0.05 mm) to give 921 mg (23%)
of recovered lactone.

The aqueous layer was acidified to pH 2 with 1 M H;SQy, saturated
with NaCl, and extracted with ether (4 X 300 mL). The combined
ether extracts were dried and evaporated to give 3.62 g of residue
which was triturated and washed with 2,2,4-trimethylpentane. Sub-
limation at 55 °C (0.05 mm) yielded first a small quantity of liquid
condensate, followed by 2.43 g (48%) of the azide: mp 56-61 °C (lit.12
mp 55-56 °C); [«]2%p +74.7° (¢ 0.48, acetone) (lit.}2 [a]p +72° (¢
0.47, acetone)).

4-Amino-4-deoxy-2,3-O-isopropylidene-D-erythronic Acid. In a
modification of the described procedure,!? 4-azido-4-deoxy-2,3-
O-isopropylidene-D-erythronic acid (2.00 g, 10 mmol) was hydroge-
nated in CH3;0H (200 mL) in the presence of 10% Pd/C (200 mg)
at room temperature and 36-psi hydrogen pressure. After 4 h, the
catalyst was removed by filtration and washed with HO (40 mL),
the combined filtrate was concentrated at 50 °C to 15 mL, and the
cloudy solution was diluted successively with 2-propanol (50 mL) and
acetone (25 mL) to give 1.42 g (81%) of the extremely hygroscopic
amino acid: mp 164-167 °C (lit.122 [a]p +92° (¢ 1.02, 60% aqueous
acetone).

Amino acid analysis: two peaks with retention times of 62 min,
corresponding to the protected amino acid, and 117 min, corre-
sponding to 3, from partial hydrolysis of the acetonide during the
amino acid analysis.

4-Amino-4-deoxy-D-erythronic Acid (3). A solution of 4-amino-
4-deoxy-2,3-O-isopropylidene-D-erythronic acid (2.16 g, 12.3 mmol)
in 1 M HCI (48 mL) was heated under reflux for 1.5 h and evaporated
at 45 °C to give 2.32 g of a pale yellow oil. Ion-exchange desalting and
dissolution in a minimum volume of hot H,O (7.5 mL) and slow
dilution with 2-propanol (15 mL) gave crystals which, after being
washed with acetone and drying, resulted in 1.49 g (89%) of the amino
acid: mp 217-219 °C dec (lit.” mp 215-217 °C dec; [«]20p +32.4°
(c 0.28, H;0) (lit.7 []2% +36.9° (¢ 0.25, H,0), calculated from
ORD curve); homogeneous by amino acid analysis, retention time
117.5 min, retention time relative to threo isomers 4 and 5, 0.85; NMR
(D20) 6 2.98-3.17 (m appearing as br d with J = 5 Hz, 2 H),
3.97-4.23 (m, 2 H).
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Dimethyl L- (and D-) Tartrate (L-10 and D-10). A mixture of L-
(+)-tartaric acid (L-9, 75.0 g, 0.50 mol), methanol (162 mL), and
concentrated H,SO4 (25 mL) was placed under a Soxhlet extractor
containing conditioned 3A molecular sieves (100 g). The extractor
was filled to capacity with an additional volume of CH3O0H (160 mL)
and the reaction mixture was heated under reflux (internal temper-
ature 67-68 °C) for 18 h. The cooled reaction mixture was neutralized
with anhydrous NaCOj (4.77 g) and filtered, the methanol was
evaporated, and the residue was Kugelrohr distilled (115 °C, 0.75
mm)) to give 61.5 g (69%) of 10: [«]2p +4.8° (¢ 24.9, acetone),
[als7s +19.1° (¢ 25.1, H20), [a]sse +20.9° (c 25.1, H,0) (lit.2°
[«]?°D +4.6° (c 25, acetone), [a]s7s +19.3° (¢ 25, Hy0), [a]s46
+21.2° (¢ 25, Hy0)).

In similar fashion, dimethyl D-tartrate (D-10) was prepared from
D-(—)-tartaric acid (D-9) in an 83% yield: [«]2p —4.8° (¢ 26.1, ac-
etone); NMR and IR spectra of D-10 are identical with those of L-10;
[a] of D-10 equal and opposite to that of L-10.

Dimethyl 2,3-O-Isopropylidene-L- (and D-) tartrate (L-11 and D-11).
A mixture of dimethyl L-tartrate (L-10, 35.6 g, 0.20 mol), 2,2-di-
methoxypropane (31.4 g, 0.302 mol), and p-toluenesulfonic acid
monohydrate (121 mg, 0.64 mmol) in benzene (80 mL) was heated
under reflux under a Soxhlet extractor containing freshly conditioned
4A molecular sieves (20 g) for 2.25 h. The sieves were replaced at 1.5
h with a freshly conditioned batch. Anhydrous K-COj3; (210 mg) was
added to the cooled reaction mixture which was stirred at room tem-
perature for 4 h, filtered, and evaporated. The residue was taken up
in ether (400 mL), the ether solution was washed with saturated
aqueous borax (Na;B407-10H,0, 50 mL), H,O (25 mL), and satu-
rated NaCl (25 mL), dried, and evaporated, and the residue was
Kugelrohr distilled at 80 °C (0.1 mm), yielding 38.5 g (88%) of L-11:
[«]?9p —53.7° (neat) (1it.30 [a]?0p —53.1° (neat)).

In a similar fashion, dimethyl D-tartrate (D-10) was converted to
dimethyl 2,3-O-isopropylidene-D-tartrate (D-11) in 96% yield: [«]2°p
+53.0° (neat); NMR and IR of D-11 are identical with those of L-11;
[a«] of L-11 and D-11 equal and opposite.

Diethyl 2,3-O-isopropylidene-L-tartrate was first prepared as de-
scribed.!3 However, the product, obtained in 69% yield, showed [«]2%p
—34.4° (neat) compared with a reported®! value of [«]'%p —51.2°
(neat). Therefore the literature procedure!3 was modified as fol-
lows.

A solution of diethyl L-tartrate (20.0 g, 97 mmol) in acetone (60
mL) and petroleum ether (100 mL, 30-60 °C) containing concen-
trated H,SO4 (0.035 mL) was heated under reflux (bath temperature
60 °C) and the solvent cycled through a Soxhlet extractor containing
conditioned 4A sieves (20 g) for 72 hr, with the sieves being replaced
by freshly conditioned sieves every 24 h. By GC analysis (170 °C),
the reaction had reached ~50% completion, it was evaporated, and
the residue was taken up in Et0 (160 mL), washed with H>O (20
mL) and saturated NaCl (20 mL), dried, and evaporated to give 19
g of residue which was chromatographed on silica gel (600 g) with
CHCl;/ethyl acetate (9:1) as eluent. The diethyl 2,3-O-isopropyli-
dene-L-tartrate fraction was Kugelrohr distilled at 80 °C (0.05 mm)
and gave 8.5 g (35%) of acetonide; [«]2°p —48.8° (neat) (lit.3! [a]'°p
—51.2° (neat)).

From the chromatography was also recovered by Kugelrohr dis-
tillation (80-85 °C (0.05 mm)) 9.5 g (47%) of diethyl L-tartrate:
[«]2%p +8.6° (neat) (1it.32 [a]p +7.8° (neat)).

Methyl Hydrogen 2,3-O-Isopropylidene-L- (and D-) tartrate (L-12
and D-12). To a solution of dimethyl 2,3-O-isopropylidene-L-tartrate
(L-11, 2.18 g, 10 mmol) in CH30H (3 mL) was added a solution of
KOH (657 mg, 10 mmol) in CH30H (5 mL) over 1 h. The reaction
mixture was stirred an additional hour and evaporated to give a residue
which was distributed between H,O (10 mL) and Et;0 (3 X 20 mL).
The combined Et,0 extracts were dried and evaporated to give 207
mg (9.5%) of recovered L-11. The aqueous portion was acidified to
pH 3.5 with 2 M HC], saturated with NaCl, and extracted with Et,O
(6 X 20 mL), readjusting the pH to 3.5 following each extraction. The
combined Et,0 extracts were dried and evaporated and the residue
was Kugelrohr distilled at 75-80 °C (0.02 mm) to give 1.18 g (58%)
of L-12: [a]20p —53.3° (¢ 0.52, CH30H); NMR 6 1.52 (s, 6 H), 3.85
(s,3H),4.85(s, 2 H), 8.53 (brs, 1 H). Anal. (CgH,,0¢) C, H.

In analogous fashion, dimethyl 2,3-O-isopropylidene-D-tartrate
(p-11,46 g, 211 mmol) gave 27 g (63%) of methyl hydrogen 2,3-O-
isopropylidene-D-tartrate (D-12): [a]p +51.1° (¢ 0.54, CH3;0H);
NMR and IR of D-12 are identical with those of L-12. Anal.
(CsH1206) C, H.
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Methyl 2,3-O-Isopropylidene-L- (and D-) threonate (L-13 and D-13).
To a solution of methyl hydrogen 2,3-O-isopropylidene-L-tartrate
(L-12, 4.5 g, 22 mmol) in THF (65 mL) at 0 °C was added over 10
mina 1 M solution of BH3in THF (33 mL, 33 mmol). The bath was
removed, the reaction mixture was stirred at room temperature for
24 h and evaporated, and the residue was distributed between H,O
(40 mL) and Et,0 (4 X 150 mL), with the H,O portion being satu-
rated with NaCl. The combined Et,0 extracts were washed with 0.5
M NaHCOj; (30 mL) and saturated NaCl (30 mL), dried, and
evaporated to a residue which was Kugelrohr distilled at 80-85 °C
(0.1 mm) giving 1.85 g (44%) of distillate: [«]?%p —19.2° (c 0.55,
CH;0H); NMR 6 1.47 (s, 3 H), 1.50 (s, 3 H), 2.03 (brs, 1 H), 3.82
(s,3H),3.77-4.33 (m, 2 H), 4.40 (t,2H, J = 7 Hz). Anal. (CsH,405)
C,H.

In an analogous fashion, methyl hydrogen 2,3-O-isopropylidene-
D-tartrate (D-12, 25.5 g, 125 mmol) gave, after 9 h of stirring at room
temperature, 12.5 g (53%) of methyl 2,3-O-isopropylidene-D-threo-
nate (D-13): [a]2%p +18.7° (¢ 0.70, CH;0H); NMR and IR of b-13
are identical with those of L-13. Anal. (CgH405) C, H.

Methyl 4-0-Methanesulfonyl-2,3-0O-isopropylidene-L- (and D-)
threonate (L-14 and D-14). To a solution of methyl 2,3-O-isopropyli-
dene-L-threonate (L-13, 352 mg, 1.85 mmol) and Et;N (281 mg, 2.8
mmol) in CH,Cl; (10 mL) at —10° was added over 5 min, meth-
anesulfonyl chloride (172 uL, 255 mg, 2.22 mmol). The reaction
mixture was stirred at this temperature an additional 10 min, at which
time GC analysis (170 °C; relative retention times 1.0 (L-13), 3.23
(L-14)) indicated complete reaction. The reaction mixture was diluted
with ice-cold CH,Cl, (80 mL) and washed successively with ice-cold
H,O (8 mL), 2 M HCI (8 mL), 0.5 M NaHCOs (8 mL), and satu-
rated aqueous NaCl (8 mL). The CH,Cl; was dried and evaporated
and the residue was kugelrohr distilled at 100 °C (0.03 mm) to give
464 mg (94%) of L-14: []2%p —25.7° (¢ 0.82, acetone); NMR 6 1.47
(s,3H),1.50(s,3 H),3.10 (s,3H), 3.83 (s, 3 H),4.45 (s,4 H); IR
(neat) vmax 1175 and 1350 (s, sulfonate ester), 1740 and 1760 cm ™!
(s, CO,CHj;); mass spectrum (rel intensity) m/e 254 (M* — CH,, 10),
253 (M* = CHs;, 100), 209 (M* = CO,CHs, 20), 151 (M* -
CO>CH3 - (CH3)2CO0, 56), 115 (M* = (CH3),CO, — CH3S0,, 49),
79 (CH3S03, 85), 73 ((CH;),CO4, 78), 59 ((CH3)>COH, 93), 43
(C3H7, 100). Anal. (CoH,604S) C, H.

In analogous fashion, methyl 2,3-O-isopropylidene-D-threonate
(p-13, 11.9 g, 63 mmol) gave 16.5 g (99%) of methyl 4-O-meth-
anesulfonyl-2,3-O-isopropylidene-D-threonate (D-14): [a]?°p +26.3°
(c 1.2, acetone); NMR and IR of D-14 are identical with those of L-14.
Anal. (C9H1607S) C, H.

Methy! 4-Azido-4-deoxy-2,3-O-isopropylidene-L- (and D-) threonate
(L-15 and D-15). A mixture of L-14 (2.13 g, 7.9 mmol) and activated
sodium azide (778 mg, 12 mmol) in DMF (20 mL) was heated at 100
°C for 50 min, at which time GC analysis (170 °C; relative retention
times 1.0 (L-14), 0.41 (L-15)) indicated complete reaction. The cooled
reaction mixture was distributed between H>O (100 mL) and Et,0
(3 X 200 mL) and the combined Et,O extracts were washed with
saturated aqueous NaCl (50 mL), dried, and evaporated. The residue
was chromatographed on silica gel (90 g) with CH,Cl; as the eluent
and the azide was kugelrohr distilled at 70 °C (0.25 mm) to give 1.48
g (87%) of L-15: [«]?°p —96.3° (c 0.49, CH30H); NMR 6 1.45 (s,
3H),1.52(s,3H), 3.18-3.85(m, 2 H), 3.82 (s, 3 H), 4.27-4.53 (m,
2 H); IR (neat) vmax 1735 and 1765 (s, CO,CH3), 2105 em=! (s, N3).
Anal. (C3H13N304) C, H, N.

In analogous fashion, D-14 (15.4 g, 57 mmol) afforded 10.9 g (88%)
of distilled methyl 4-azido-4-deoxy-2,3-O-isopropylidene-D-threonate
(D-15): [«]?°p +94.7° (¢ 0.59, CH30H); NMR and IR of b-15 are
identical with those of the L-15. Anal. (CgH3N304) C, H, N.

4-Azido-4-deoxy-2,3-O-isopropylidene-L- (and D-) threonic Acid
(L-16 and D-16). To a solution of L-15 (1.07 g, S mmol) in CH;0H
(10 mL) was added a 2 M solution of KOH in CH30H (2.5 mL, 5
mmol) over 1 h at room temperature. The reaction mixture was
evaporated and the residue was distributed between H,O (25 mL) and
Et;0 (2 X 50 mL); evaporation of the ether extracts gave 91 mg
(8.5%) of recovered L-15. The aqueous portion was acidified to pH
3 with 2 M HC], saturated with NaCl, and extracted with Et;O (5 X
50 mL). The combined Et,0 extracts were dried and evaporated to
give 943 mg (949%) of an oil which slowly solidified: mp 49-52 °C;
[«]?%p —98.5° (¢ 0.40, CH30H); NMR 6 1.47 (s, 3 H), 1.55 (s, 3 H).
3.20-3.90 (AB part of 64 3.72 and ég 3.38, Jag = 14 Hz, Avag = 20.7
Hz, Jax = 2 Hz, Jgx = 3 Hz, 2 H), 4.20-4.60 (m, 2 H), 9.35 (brs,
1 H); IR wmax 1725 (s, CO;H), 2105 em~! (s, Nj3). Anal.
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(C7H11N;04) C, H, N,

In analogous fashion, D-15 (3.66 g, 17 mmol) was hydrolyzed to
give 3.21 g (94%) of pure 4-azido-4-deoxy-2,3-O-isopropylidene-D-
threonic acid (D-16): mp 47-52 °C; [a]?%p +95.4° (¢ 0.45, CH30H);
NMR and IR of D-16 are identical with those of the L-16. Anal.
(C7H[1N304) C, H, N.

4-Amino-4-deoxy-2,3- O-isopropylidene-L- (and D-) threonic Acid
(L-17 and D-17). L-16 (1.41 g, 7 mmol) was hydrogenated in the
presence of 10% Pd/C (147 mg) in CH30H (150 mL) at room tem-
perature and a hydrogen pressure of 28 psi. After 6 h, the catalyst was
removed by filtration and washed with H,O (25 mL) and the com-
bined filtrates were evaporated. The residue was crystallized by dis-
solving the solid in hot H,O (4 mL), concentrating the solution in
vacuo at 50 °C until crystals began to appear, and diluting the warm
suspension with 2-propanol (15 mL) to give 1.12 g (91%) of the amino
acid L-17: mp 225-226 °C dec; [«]?°p +20.5° (¢ 1.2, acetone/H20,
60:40); NMR (D,0) 6 1.47 (s, 6 H), 3.20-3.37 (m, 2 H), 4.13-4.30
(m, 2 H). Anal. (C;H3NOy4) C, H, N.

In analogous fashion, hydrogenation of D-16 (3.1 g, 15.5 mmol)
yielded, after 4.5 h, 2.20 g (81%) of D-17: mp 231-233 °C dec; [«]?%p
—=21.7° (¢ 1.04, acetone/H,0, 60:40); NMR spectrum of D-17 is
identical with that of the L-17. Amino acid analysis: two peaks with
retention times 82.5 min, corresponding to D-17, and 138.5 min,
corresponding to 5 from hydrolysis of D-17 during the amino acid
analysis. Anal. (C71H3NOy4) C, H, N.

4-Azido-4-deoxy-L-threonic Acid (18). A solution of 1-16 (100 mg,
0.5 mmol) in 0.1 M HCI (5 mL) was stirred at room temperature for
26 h. The reaction mixture was evaporated and the residue was
chromatographed on silica gel (2 g) with benzene/CH3OH/HOAc
(45:8:4) as the eluent to give 66 mg (82%) of 18: NMR (acetone-ds)
6 3.40-3.52(d, 2 H, J = 7 Hz), 3.97-4.47 (m, 2 H), 6.07 (br s, ex-
changeable with D;0). Anal. (C4H7N304) C, H, N,

4-Amino-4-deoxy-D-threonic Acid (5). A solution of D-17 (1.74 g,
10 mmol) in 1 M HCI (40 mL, 40 mmol) was heated under reflux for
1.5 h and evaporated and the residue desalted by ion exchange.
Crystallization of the residue was effected by dissolving it in hot H>O
(7 mL) and slow dilution with 2-propanol (15 mL) while continuing
to heat the mixture on the steam bath. After addition of the 2-pro-
panol, the suspension was allowed to cool to room temperature,
yielding 1.24 g (92%) of the amino acid: mp 227-230 °C dec; [«]%p
+14.5° (¢ 0.72, 1 M HQ), [a]p —4.8° (¢ 1.44, H,0); NMR (D,0)
6 3.07-3.22 (m, appearing as two doublets with downfield signal of
each doublet coinciding with J = 5, 8 Hz, 2 H), 3.93-4.32 (m, 2 H).
By amino acid analysis, the product was homogeneous, had a retention
time of 138.5 min, and had a retention time relative to the D-erythro
isomer 3 of 1.18. Anal. (C4HgNOy4) C, H, N.

Methyl L-Tartramate. Using the reaction® and isolation!3 proce-
dures described, dimethyl L-tartrate (L-10, 82.4 g, 463 mmol) was
converted to 25.9 g (34%) of methyl L-tartramate: mp 135-138 °C
(lit. mp 136.5-140,13 132135 °C33); [«]20p +63.5° (¢ 1.15, H,0)
(lit. [a] 225p +62.9° (¢ 1.21, H;0),15 [a]p +57.8° (H,0)33).

Methyl 2,3- O-Diacetyl-L-tartramate. Using a procedure similar
to that described,® methyl L-tartramate (8.16 g, 50 mmol) was con-
verted to methyl 2,3-O-diacetyl-L-tartramate. Following the second
filtration, the filtrate was evaporated and the residue was dissolved
in boiling CH30H (50 mL). The solution was diluted with Et,O (100
mL) at the boiling point, and the crystals deposited upon cooling were
collected to give 8.6 g. The mother liquor yielded a second crop of 951
mg and total yield was 9.5 g (779): mp 150-152 °C (lit.? mp 147-148
°C); [«]?°p —33.9° (¢ 1.0, CH30H); NMR 6 2.12 (s, 3 H), 2.15 (s,
3 H),3.73 (s, 3 H), 5.30-6.30 (brs, 2 H), 5.50-5.70 (AB q, 6 5.68,
08 5.52, Jaog = 2 Hz, Avag = 9.8 Hz, 2 H).

Methyl L-threo-3-Cyano-2,3-diacetoxypropionate (Methyl 3-
Cyano-2(R),3(S)-diacetoxypropionate) (19). Using the described®
procedure, methyl 2,3-O-diacetyl-L-tartramate (17.3 g, 70 mmol) was
converted to 19. Recrystallization from petroleum ether/benzene (2:1)
and sublimation at 72 °C (0.2 mm) gave 10.2 g (64%) of 19: mp 73-75
°C (lit.> mp 74-75.5 °C); [«]2%p +46.3° (¢ 0.99, CH;0H); NMR
62.17 (s, 3 H), 2.25 (s, 3 H), 3.80 (s, 3 H), 5.45-5.87 (AB q, 6 5.84,
55 5.48, JAB =35 HZ, AVAB =21.7 HZ). Anal. (C9H11N06) C, H,
N.

4-Amino-4-deoxy-L-threonic Acid (4). A. By Hydrolysis of 17. A
solution of L-17 (727 mg, 4.2 mmol) in 1 M HCI (15 mL) was heated
under reflux for 2 h and then evaporated and the residue was subjected
to ion-exchange desalting. The resulting solid was dissolved in H,O
(6 mL) and filtered with charcoal, the filtrate was evaporated, and
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the residue was crystallized from H,O/2-propanol (2:1) to give 440
mg (78%) of 4: mp 221-225 °C dec (lit. mp 221-222 °C dec,}?
222-224 °C dec®; [a]?p +4.6° (¢ 0.64, H,0) (lit. [«]?"p +42°
(H20),8 [«]®5p +43° (¢ 0.7, H20)?), [«]®p —14.6° (¢ 0.68, 1 M
HCl); NMR 4 3.05-3.20 (m, appearing as 2d, J = 5, 8 Hz, with
downfield signal of each doublet coinciding, 2 H), 3.83-4.30 (m, 2 H);
mass spectrum (rel intensity) m/e 117 (M* — 2H,0 — CO, 9), 60
(M* — CO; — CH;,;NH3, 29), 44 (COy, 46), 30 (CH20, CH;NH,,
100). Anal. (C4H9NOQ4) C, H, N. Amino acid analysis: one peak,
retention time 138.5 min.

When the hydrolysis of L-17 was conducted in 0.1 M HClat 20°C
for 26 h, an 85% yield of 4 was obtained, identical in all respects with
the product from hydrolysis in refluxing 1 M HCL

B. By Reduction of 18. 4-Azido-4-deoxy-L-threonic acid (18, 53
mg, 0.33 mmol) in CH3;OH (10 mL) containing 1 M HCI (0.37 mL)
was hydrogenated in the presence of 10% Pd/C (7 mg) at room tem-
perature and 27-psi hydrogen pressure. After 4 h, the catalyst was
removed by filtration, the filtrate was evaporated, and the residue was
subjected to ion-exchange desalting to give 35.0 mg (79%) of 4,
identical with the material prepared by hydrolysis of L-17, above.

C. From 19. Hydrogenation with Raney Cobalt Catalyst. Using a
procedure similar to that described,® 19 (2.17 g, 9.5 mmol) was hy-
drogenated in CH30H (33 mL) at 70 °C for 6 h in the presence of
Raney Co!6 (1.04 g) at a hydrogen pressure of 88 atm. The reaction
mixture was filtered, the filtrate was evaporated, and the residue was
boiled in 6 M HCI (13 mL) under reflux for 2.5 h. Removal of the
solvent gave 1.56 g of crude hydrochloride. A 162-mg portion was
subjected to ion-exchange desalting and gave 87 mg of a mixture.
Amino acid analysis established the presence of two amino acids, 4,
with a retention time of 138 min, and 4-amino-2-hydroxybutyric acid
(21), with a retention time of 144.5 min (in the ratio of 25:1, respec-
tively, Table II).

To 1.40 g of the crude hydrochloride dissolved in CH30H (12 mL)
was added pyridine (0.7 mL). The precipitate was dissolved in H,O
(7 mL), treated with charcoal, and filtered through Celite and the
filtrate evaporated. Chromatography on silica gel (30 g) with
CH3;0H/CHCIl;/concentrated NH3 (6:2:1) as the eluent and crys-
tallization from H,O/2-propanol gave 404 mg (32%) of 4 identical
in all respects with material prepared above. The most efficient pu-
rification procedure was to desalt the crude hydrochloride, treat with
charcoal, and crystallize from H,O/2-propanol. This gave pure 4in
47% yield.

D. From 19. Hydrogenation with Platinum Catalyst. The nitrile 19
(470 mg, 2.1 mmol) was hydrogenated in glacial acetic acid (6 mL)
containing concentrated H>SOy4 (109 mg) in the presence of PtO; (51
mg) at 20 °C at a hydrogen pressure of 36 psi for 20 h. At this time,
the catalyst had agglutinated, additional PtO; (50 mg) was added,
and the hydrogenation was continued for another 48 h. The mixture
was filtered, the filtrate was evaporated, the residue was dissolved in
6 M HC], and the solution was heated under reflux for 2.5 h. Evapo-
ration and ion-exchange desalting gave 223 mg of a mixture of three
amino acids (4, 21, and 22) having Ry values of 0.55,0.42, and 0.32
on silica gel TLC (CH3;0H/CHCl;/concentrated NH3, 6:2:1, de-
veloped twice) (Table II).

Alternatively, we followed the described procedure? for hydroge-
nation of 19 in glacial acetic acid containing concentrated HySOy4 in
the presence of PtO, at 70 °C and 1000-psi hydrogen pressure. Iso-
lation through the lead acetate step, hydrolysis in 6 M HCl, and ion-
exchange desalting gave a mixture of three amino acids: 4, 21, and 22.
When the prescribed8 silver oxide desalting step was used, a fourth
amino acid, glycine (23), was also formed; 4 was present in 9% yield
in this mixture of four amino acids (Table II).

4-Amino-4-deoxy-D-erythronic Acid Betaine Hydrochloride (6). A
mixture of 3 (541 mg, 4 mmol) and 218 (3.8 g, 24 mmol) in CH3;0H
(16 mL) was heated under reflux for 3.5 h, the mixture was evapo-
rated, and the residue was distributed between H,O (10 mL) and
CHCl3/2-propanol (9:1, 3 X 35 mL). The aqueous portion was
evaporated and ion-exchange chromatography gave 382 mg (45%)
of a solid hydrochloride. Recrystallization was effected by dissolving
this hydrochloride in hot H,O (1 mL) and diluting the solution suc-
cessively with 2-propanol (5 mL) and acetone (10 mL) while con-
tinuing to heat the mixture on the steam bath. After the addition of
the acetone, the cloudy mixture was allowed to cool to room temper-
ature and further diluted with Et0 (10 mL). After the mixture was
allowed to stand at 0 °C for 36 h, the crystals were collected and dried
to give 369 mg (43%) of the betaine hydrochloride: mp 175-180 °C
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dec; [a]lp +17.6° (c 0.28, H20); NMR (D;0) § 3.25 (s, 9 H),
3.52-3.60 (m, appearing as 2d with upfield peak of each doublet
coinciding, J = 4,6 Hz, 2 H), 4.33-4.60 (m, 2 H); IR (KBr) ypax 1715
cm~!, Anal. (C7H16N04C1) C, H, N.

4-Amino-4-deoxy-L-threonic Acid Betaine Hydrochloride (7).
Treatment of 4-amino-4-deoxy-L-threonic acid (4, 406 mg, 3 mmol)
with isourea 2!8 (1.85 g, 11,7 mmol) in CH3OH (12 mL) under reflux
for 4.5 h and isolation as described above gave, following ion-exchange
chromatography, 182 mg (28.3%) of a crystalline solid. Recrystalli-
zation of 157 mg was accomplished by dissolving the solid in hot H;0O
(0.5 mL) and diluting the solution successively with 2-propanol (2.5
mL) and acetone (5 mL) while continuing to heat the mixture on the
steam bath. After the acetone addition, the cloudy suspension was
allowed to cool to room temperature and further diluted with Et,0
(5 mL). The precipitated white crystals were dried to give 144 mg of
the betaine hydrochloride 7: mp 213-216 °C dec (lit.! mp 210-214
°C dec for anthopleurine); [«]?p —19.4° (¢ 0.41, H;0), [«]®p
—28.5° (¢ 0.16, CH30H) (lit.! [«] 6 +48° (¢ 0.14) for anthopleu-
rine); IR (KBr) vmax 1730 cm™1; NMR (6% DCl in D;0) 6 3.27 (s,
9 H), 3.53-3.65 (m appearing as 2d with downfield signal of each
doublet coinciding, J = 5, 7 Hz, 2 H), 4.42 (d, J = 2 Hz, 1 H),
4.53-4.80 (m, 1 H), identical with the 60-MHz spectrum of antho-
pleurine by direct comparison.2” Anal. (C7H,sNO4Cl) C, H, N.

When betaine hydrochloride 7 was desalted and resubjected to the
isourea and isolation procedures, it was recovered with identical
properties.

4-Amino-4-deoxy-D-threonic Acid Betaine Hydrochloride (8). A
solution of 4-amino-4-deoxy-D-threonic acid (5, 101 mg, 0.75 mmol)
and isourea 218 (481 mg, 3 mmol) in H,O (1 mL) and CH;0H (2 mL)
was stirred at room temperature in a stoppered flask for 11 days.
Isolation as described above gave, following ion-exchange chroma-
tography, 81.0 mg (50%) of hydrochloride which was recrystallized,
as described for 7 using H,O (0.2 mL), 2-propanol (1.1 mL), acetone
(2.2mL), and Et,0 (2.2 mL), giving 67 mg (42%) of the betaine hy-
drochloride: mp 212-215 °C dec; [«]2% +18.5° (¢ 0.30, H,;0),
+21.4° (¢ 0.28, 1 M HCI), +28.0° (¢ 0.14, CH30H); IR and NMR
identical with those of 7. Anal. (C7H,,NO4Cl) C, H, N.

Silver Oxide Treatment of 4-Amino-4-deoxy-D-threonic Acid Hy-
drochloride (5§ HCI). A solution of 5 (102 mg, 0.76 mmol) in 1 M HCl
(3.8 ml) was allowed to stand at room temperature for 15 min and then
evaporated to give 30 mg of the hydrochloride which was dissolved
in H,O (5 mL) and divided into two equal portions. To one portion
was added Ag,0 (130 mg, 0.56 mmol) and the mixture was heated
on a steam bath for 15 min and filtered. The filtrate was saturated with
H,S and filtered and the filtrate evaporated to give 35.0 mg of a tan
solid. The second portion of the hydrochloride salt was treated in the
same way, except that heating was continued for 1.5 h. Isolation as
described above gave 25 mg of a tan solid. Both solids contained 7-8%
of glycine (23).

Similar silver oxide treatment of 4-amino-4-deoxy-D-erythronic
acid hydrochloride (3 HCI) led to the formation of ~10% glycine (see
Table II).

D-Threono-1,4-lactone (26). 4-Amino-4-deoxy-D-threonic acid
betaine (25) was obtained by ion-exchange desalting of betaine hy-
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drochloride 8: mp 200.5-212 °C dec; [«]?p +11.7° (¢ 0.15, H,0).
When 25 was heated at 188 °C for 1 hand 210 °C for 3 h, an oil dis-
tilled to the cold-finger condenser in 66% yield. Redistillation gave
material identical (except rotation) with authentic L-threono-1,4-
lactone,?’ and it was concluded to be the enantiomorph, D-threono-
1,4-lactone (26). Similar pyrolysis of the betaine hydrochloride 8 led
to 26 but in poorer yield.
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