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By Epcar PAGE PAINTER

Since the discovery of selenium in plants,'
numerous reports have appeared on studies re-
lated to selenium in agriculture. These have
been devoted primarily to the occurrence of
selenium in soils,? in plants,® and the toxic effects
on animals.* The subject has been reviewed in
two articles.®®

Relatively little of the work has been directed
toward identifying the compounds of selenium
in plants. It was shown soon after the discovery
of selenium in plants that it was present in or-
ganic form and, in the cereal grains, concentrated
in the protein.” Upon hydrolysis of seleniferous
proteins a soluble selenium compound was one
of the products. These results have been ac-
cepted as presumptive evidence for the occurrence
of selenium in a new amino acid. Aside from the
similarity of selenium to sulfur in many chemical
properties, evidence has indicated that selenium
may be present in plants in the same forms as
sulfur. When the hydrolyzates of seleniferous
proteins are fractionated, those high in sulfur are
usually high in selenium. Like sulfur in proteins,
selenium is cleaved when seleniferous proteins
are hydrolyzed in alkaline plumbite.f! By an-
alogy from the cleavage of selenium from some
known selenides and diselenides® in alkaline
solution, it was concluded that part of the se-
lenium in the cereal grains was present as a di-
selenide or easily cleaved selenide. The results
pertinent to the likely forms of selenium in plants
have been discussed in detail.’

The problem of separating selenium compounds
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of cereals, in case selenium replaces sulfur in
amino acids, appears difficult since the selenium
and sulfur compounds would be expected to have
similar properties and the selenium content of
cereal grains is usually so low that the molar
sulfur/selenium ratio is nearly always above
100.1% It appeared, therefore, that the synthetic
route might be the simplest way of showing
whether or not the selenium amino acids occur
in plants. From the chemical properties and
toxicity to animals, it seemed probable that we
should be able to answer the speculations rela-
tive to the status of these compounds.

One seleniunt compound has been reported
isolated from plant material by Horn and Jones.!!
The product isolated also contained sulfur and
the structure which would account for the ele-
mentary composition was possibly a mixture of
the amino acid cystathionine [S-(8-amino-3-
carboxyethyl)-homocysteine]'? and its selenium
analog in the ratio of one molecule of the sulfur
compound to two of selenium. The source of
this product was Asiragalus pectinatus, a plant
which absorbs several-fold more selenium than
the cereal grains. The advantage of using as
source materials plant species which absorb
large amounts of selenium is obvious, but little is
known of the sulfur compounds of these plants
and the structure suggested for the amino acid
differs from that of any of known natural oc-
currence. The properties of selenium in those
plant species® which absorb large amounts of
selenium (as high as 15,000 p. p. m.) seem to be
quite different from that in cereals and forage
plants.

Fredga'® synthesized the selenium analog of
dl-cystine by treating «-am:no-g-chloropropionic
methyl ester hydrochloride (I) with potassium
diselenide in aqueous alkaline solution. He
reported a yield of nearly 309, but the writer has
been unable to carry out the synthesis by his
method with a satisfactory yield. Diselenides
are generally unstable in alkaline solution so a
method avoiding prolonged solution in aqueous
alkali was sought.

The syntheses are shown in Fig. 1. When the
a-amino-B-chloro acid ester, I, reacted with
potassium hydrogen selenide (or sodium hydrogen
selenide) in alcohol, the selenium analog of di-
cystine (B,8’-diselenodialanine, V) was isolated,
after the ester was hydrolyzed with acid, in poor
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yields. The compound dI-3-(phenylseleno)-al-
anine (III) was then prepared by treating sodium
phenyl selenide with I in alcohol. III was sur-
prisingly stable to hydrolysis with concentrated
hydrobromic acid but concentrated hydriodic
acid slowly cleaved the phenyl group. Yieldsof V
by hydriodic acid hydrolysis of III were so low
as to discourage use of this method. In order to
avoid using additional alkaline reagent to neu-
tralize the hydrochloride of I, the benzamido
derivative, I1I, was prepared. This compound
did not give yields of V any more promising than
did similar reactions using I.

Since the reduction of S-derivatives of cysteine
and homocysteine with sodium in liquid am-
monial4 has been carried out successfully, III
was reduced in this way. Cleavage took place
between the selenium and methylene carbon to
give, after oxidation with air, dipheny! diselenide
in nearly theoretical yields.

Benzyl selenomercaptan was then prepared
and sodium benzyl selenide reacted wtih I to
‘give dl-8-(benzylseleno)-alanine (IV). This com-
pound was cleaved with sodium in liquid ammonia
to give a good yield of the selenium analog of
cystine (V).

Experimental

Serine.—Part of the serine used to prepare I was kindly
supplied by Merck and Company. Additional lots were
prepared by the method of Dunn, Redemann and Smith.®

Anal. Caled. for C;H;OsN: N, 13.33. Found: N,
13.26.

Serine Methyl Ester Hydrochloride.—Fifty grams of
serine was suspended in 850 ml. of absolute methyl alcohol
(distilled from magnesium methoxide) and dry hydrogen
chloride added until saturated at room temperature.
After removal of the alcohol with suction (water pump)
while warmed in a water-bath, 400 ml. of methyl alcohol
was added and the solution again saturated with hydrogen
chloride. This was repeated four times. The serine ester
hydrochloride was finally dissolved in 350 to 400 ml. of
warm methyl alcohol and crystallized by slow addition of
approximately one liter of dry ethyl ether. After stand-
ing overnight in a refrigerator, the compound was filtered
in a sintered glass crucible, washed well with dry ether,

(14) Wood and du Vigneaud, J. Biol. Chem., 131, 267 (1939);
Patterson and du Vigneaud, i¥id., 111, 393 (1935).
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NH,

and stored in a vacuum desiccator over sulfuric acid, m. p.

134°. Vields ranged from 70 to 72 g., 96%,.
g fénal. Caled. for C,H;O;NCl: N, 9.00. Found: N,
.98.

a-Amino-B-chloropropionic Acid Methyl Ester Hydro-
chloride, I.—Prepared by the method of Fischer and
Raske.l® Vields ranged from 65 to 75%, m. p. 131-133°.
; Anal. Caled. for C;HyO,NCl;: N, 8.05. Found: N,
.90.

Methyl «-Benzamido-gB-chloropropionate, II.—Twenty
grams of I was suspended in 150 ml. of dioxane, 40 g. of
potassium carbonate and 6 ml. of water added, the flask
cooled in ice water and 32 ml. of benzoyl chloride added
over half an hour. The flask was then allowed to come to
room temperature and stirring was continued four hours.
The contents were then poured into 800 ml. of ice water
and set in a refrigerator overnight. The product was fil-
tered, washed with ice water and allowed to dry in air.
After dissolving in boiling ligroin (70-90°) it crystallized
as fine needles upon cooling, m. p. 114°. The yield was

23 g., 83%.
Anal. Caled. for CuHanNCl: N, 580, Cl, 14.67.

Found: N, 5.76; Cl, 14.5.

B-(Phenylseleno) -alanine, III.—After the oxygen in a
flask containing 150 ml. of absolute alcohol was displaced
by a stream of nitrogen, 34.3 g. of phenyl selenomercap-
tan, (0.2 mole + 109,) prepared by addition of selenium
to phenylmagnesium bromide,!” was added. Sodium
(5 g.) was then added in small pieces. A small amount of
selenium cleaved as the solution became red when the last
of the sodium dissolved; 17.4 g.of I (0.1 mole) was dis-
solved in 75 ml. of absolute alcohol and added to the
sodium phenyl selenide. The solution was refluxed
fiftteen minutes and after cooling to room temperature, 5
ml. of concentrated hydrochloric acid added and a stream
of air pulled through to oxidize unreacted phenyl seleno-
mercaptan todiphenyldiselenide. Sixhundred ml. of water
and 90 ml. of concentrated hydrochloric acid were added
and the solution heated to boiling. The volume was re-
duced almost to dryness under the water pump vacuum
and then approximately 400 ml. of water plus 1 ml. of
concentrated hydrochloric acid were added. The solution
was warmed to melt the diphenyl diselenide and poured
into a separatory funnel containing about 200 ml. of ben-
zene. After shaking, the aqueous layer was drained off,
heated to boiling and evaporated to dryness on a steam
bath by use of the vacuum of the water pump. The
solid was again dissolved by addition of dilute hydro-
chloric acid, warmed on the steam-bath and again taken
to dryness at reduced pressure. The solid was dissolved
in 200 ml. of water (plus a few drops of hydrochloric acid),
extracted with about 100 ml. of benzene and the agueous
solution heated with a small amount of decolorizing car-

(16) Fischer and Raske, Ber., 40, 3717 (1907).
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bon and filtered. The compound was crystallized by addi-
tion of sodium hydroxide to a pH of 5.5. After standing
overnight in the refrigerator, the white crystals were fil-
tered out in a sintered glass crucible, washed with water,
alcohol and ether. The compound was then suspended in
200 ml. of water and sodium hydroxide added until dis-
solved. The solution was heated almost to boiling, a
small amount of carbon added and filtered. The com-
pound crystallized as small, transparent, irregular sided
plates by addition of dilute hydrochloric acid to a pH of
5.5. The yield was 13.7 g., 56%, m. p. 176-177°,

Anal. Caled. for CoHyjO:NSe: Se, 32.34; N, 5.74.
Found: Se, 32.0; N, 5.72.

Benzyl Selenomercaptan.—To 2 moles of benzylmag-
nesium chloride,’® prepared in a 5-liter 3-necked flask,
2 moles of metallic selenium was added in small portions
to the well-stirred solution. After each addition of selen-
ium the stopper was immediately inserted and was not
removed for the next addition until the vigorous reaction
subsided. After all of the selenium was added, the solu-
tion was refluxed for one hour. To decompose the benzyl-
selenomagnesium chloride, hydrogen chloride (not dried
with concentrated sulfuric acid) was passed through
the solution until the ether ceased to reflux. Dilute hy-
drochloric acid was then added slowly until the mag-
nesium cliloride dissolved. The contents of the flask
were transferred to a large separatory funnel and the water
layer drawn off. The ether solution was washed with
water, then the ether layer drained off and dried with an-
hydrous sodium sulfate. After the ether was distilled
off, the benzyl selenomercaptan was distilled ¢n wvacuo.
The product collected at 100 to 105° at approximately 20
mm. was redistilled. The fraction distilling at 101-102°
at 21 mm. was used in subsequent reactions. The best
yields were about 459%,. When dissolved in 95%, alcohol
and exposed to air oxidation, dibenzyl diselenide, m. p.
03°, crystallized in almost quantitative yields.

B-(Benzylseleno) -alanine, IV.—After the air in a flask
containing 350 ml. of absolute alcohol was displaced by a
stream of nitrogen, 68.4 g. (0.4 mole) of benzyl seleno-
mercaptan was added and 9.2 g. of sodium added in small
pieces until dissolved. Seventeen and four-tenths grams
of I (0.1 mole) was dissolved in 75 ml. of alcohol and
added to the sodium benzyl selenide. The solution was re-
fluxed fifteen minutes. After the solution cooled down,
25 ml. of concentrated hydrochloric acid was added and
the solution aerated for about two hours to oxidize unre-
acted benzyl selenomercaptan to dibenzyl diselenide.
The solvent was then removed at the water pump vacuum.
The product was dissolved in about 200 ml. of water plus
a few ml. of concentrated hydrochloric acid, heated on the
steam-bath, and the dibenzyl diselenide extracted in the
same way as in the preparation &f B-(phenylseleno)-
alanine. The solution was reduced to dryness on a steam-
bath under reduced pressure (water pump), dissolved in
water, heated to boiling, and the solvent again removed.
After dissolving in about 500 ml., the solution was extracted
with ether, filtered, and B-(benzylseleno) -alanine precipi-
tated by adding sodium hydroxide to a pH near 5. After
standing overnight in the refrigerator the compound was
filtered out, washed with ice water, then with alcohol and
ether. The compound was dissolved in dilute sodium
hydroxide (400 ml.), heated almost to boiling with de-
colorizing carbon and filtered. To crystallize, the solution
was heated to about 80° and concentrated hydrochloric
acid added dropwise until a copious white precipitate
formed. After the solution cooled to room temperature,
the pH was adjusted to 5.5, and the product filtered out
and washed with water, alcohol and ether. The yield was
15.4 g., 60%, of a compound melting at 185°. The com-
pound crystallized in transparent, predommantly rec-
tangular plates or sheets.

Amnal. Caled. for CyH30:NSe:
Found: N, 5.43; Se, 30.2.

B-(Benzylseleno) -alanine was also prepared by treating

N, 5.41; Se, 30.52.
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sodium benzyl selenide with II (2 to 1 mole ratio). The
procedure was similar to that using I except the reaction
product was heated with dilute hydrochloric acid on the
ste(z;m—bath to cleave the benzoyl group. The yield was
48%.

Reduction of g-(Phenylseleno)-alanine.—Five grams of
B-(phenylseleno) -alanine was dissolved in about 100 ml.
of liquid ammonia in a 3-neck flask equipped with a stirrer
held at a temperature near —65°. Small pieces of sodium
were added while stirring until the blue color persisted for
ten minutes. The flask was remnoved from the dry-ice-
bath and before the last of the ammonia evaporated 3 g. of
ammonium chloride was added. The contents of the flask
were dissolved in about 150 ml. of water, the pH adjusted
to 6 and a current of air pulled through the solution. A
precipitate formed slowly. This was filtered out and found
to be soluble in ether. Upon recrystallization from 959,
alcohol, 3 g. of diphenyl diselenide, m. p. 82°, was ob-
tained.

8,8’ -Diselenodialanine, V. A. By Reduction of 8-
(Benzylseleno)-alanine.—To about 150 ml. of liquid am-
monia in a 3-necked flask equipped with a stirrer, 5 g. of
B-(benzylseleno) -alanine was added at the boiling point
of liquid ammonia. Small pieces of sodium were added
until the blue color persisted for fifteen minutes. The
ammonia was allowed to evaporate at room temperature
and when the volume was about 50 ml. the sodium added
was neutralized with ammonium iodide. Just before all
of the ammonia evaporated, 75 ml. of ethyl ether was
added so that when the flask was warmed to drive off the
last of the ammonia, the product would not be heated
above the boiling point of ether. The ether was gently
boiled for about half an hour and the residue (still covered
with ether) dissolved in about 100 ml. of water. Concen-
trated hydrobromic acid was added dropwise and the
change in pH followed closely. No g-(benzylseleno)-
alanine separated at a pH of 5 so cleavage of the benzyl
group must be neatly quantitative. The pH was reduced
to 4, the ether layer separated and the aqueous solution
filtered free of a small amount of metallic selenium. The
volume was approximately 200 ml. About 0.1 g. of hy-
droxylamine hydrochloride was added and a current of air
drawn through the flask to oxidize to the diselenide. A
small amount of selenium deposited on the side of the flask
during air oxidation. Apparently a small amount of inor-
ganic selenide is produced during the sodium reduction.
8,8'-Diselenodialanine (V) precipitates as air is drawn
through the solution. Completeness of oxidation can be
determined by drawing off a small portion of the clear
solution and a current of air drawn through to see whether
any more insoluble 3,8’-diselenodialanine forms. During
oxidation, the pH of the solution increases. It was ad-
justed to 6, the volume reduced under reduced pressure to

+ 75 ml. and the flask allowed to set overnight in the re-

frigerator.

The compound was filtered, washed with ice water, then
with alcohol and ether. It was suspended in 75 ml. of
water and dissolved by dropwise addition of concentrated
hydrobromic acid and filtered. About 0.1 g. of hydroxyl-
amine hydrochloride was added and the pH adjusted to
6 with dilute ammonium hydroxide. After standing over-
night in the refrigerator, the product was filtered, washed
with cold water, alcohol, and ether. The yield of slightly
yellowish B,8’-diselenodialanine was 3 g., just over 90%,.
The compound crystallized as very small plates (some
hexagonal, some rectangular) which melted with decompo-
sition at 222°,

Anal. Caled. for CeH20NzSez:
Found: Se, 46.9; N, 8.35.

A few crystals of a compound believed to be dibenzyl
selenide, m. p. 44°, were obtained from the ether extract
of the sodium in liquid ammonia reduction.

B. By Reactions of I and II with Sodium Hydrogen
Selenide.—To 0.1 mole of sodium in 50 ml. of absolute
alcohol in a 500-ml. flask a stream of hydrogen was passed
through to drive out the air, hydrogen selenide!® was ab-

Se, 47.27; N, 8.39.

(19) Green and Bradt, Proc. Ind. Acad. Sci., 48, 116 (1934).
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sorbed until the insoluble sodium selenide was converted
to sodium hydrogen selenide. Then !/2 mole of I in 25
ml. of absolute alcohol was added and the flask heated to a
boil. The product was hydrolyzed with hydrochloric
acid in a manner similar to the preparation of III and IV.
Yields of 8,8’-djselenodialanine were low, never above
209%, and the products upon reprecipitation always de-
posited a small amount of metallic selenium.,

With II the results were also discouraging. The prod-
ucts were never pure 8,8’-diselenodialanine as the sele-
nium content was 2 to 49, lower than the theoretical.

C. Hydrolysis of III with Concentrated Hydriodic
Acid.—Four grams of III was refluxed seven hours with
concentrated hydriodic acid. After the hydriodic acid
was removed at the pump, water was added to dissolve the
residue and the aqueous solution extracted with ether.
Upon neutralization unchanged 111, 1.7 g. was obtained.
The solution was then aerated, one volume of alcohol
added, and 0.6 g. of impure B,8’-diselenodialanine pre-
cipitated.

Selenium was determined by oxidation in the Parr
bomb® using potassium chlorate, nitrogen by a micro-

(20) Shaw and Reid, THIS JOURNAL, 49, 2330 (1927).
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Kjeldahl method,® and halogen gravimetrically after
reduction with sodium in alcohol.
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Summary
By treating the hydrochloride of methyl «-
amino-B-chloropropionate with sodium benzyl
selenide the amino acid §-(benzylseleno)-alanine
was prepared. When reduced with sodium in
liquid ammonia the benzyl group cleaved to give,
after air oxidation, the selenium analog of cystine.
(21) Ma and Zuazaga, Ind. Eng. Chem., Anal. Ed., 14, 280 (1942),
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A Synthesis of Selenium Analogs of dl-Methionine and d/-Homocystine''*

By EpcAr PAGE PAINTER

The objective of synthesizing amino acids
with selenium in place of sulfur has been stated
in the accompanying paper.? Cystine (or cys-
teine) and methionine carry nearly all of the
sulfur in cereal proteins but the amino acid homo-
cystine, although it has never been identified in

amino acid. The selenium analog of di-homo-
cystine was therefore prepared as well as the
selenium analog of dI-methionine.

The most direct synthesis appeared to be by
alkylation of 8-chloro-ethyl methyl selenide with a
compound like acetamido malonic ester. This

was abandoned in favor of

2sH;CH,SeNa NaOH i 1 - -
CICH,CH,CHCOOC A, CHCHSeNy N0k CH{CHSCHCHiCHCOOR et T S gy
NHCOCH, l NHCOC.H, lar to the syntheses of
HCl—HOAc S-benzylhomocysteine by
NaSeH Patterson and du Vig-
HOL I CeHCHSeCH,CH:CHCOOH neaud,® because benzyl
0, - selenomercaptan is far
2 easier to prepare and
lN a(NHy) I handlethan nlietgyl seleno-
O, mercaptan. Compounds
HOOCCHCH,CH,SeSe CH,CH,CHCOOH <I-\I-a—(N—H—)— NaSeCH,;CH;CHCOONa of the type %Se(ilec)P(hX
] . were prepared, where X =
NH, NH; 5 NH, m OH, bu‘? all attempts to
CH,I prepare the saine comi-
pound where X = halogen
failed.
v CHaseCHZCH2$HCOOH Selenium was success-
NH, v fully introduced into an

plants, is of interest because it can take care of
animals’ requirement for a sulfur containing

(1) Presented at the Atlantic City meeting of the American Chem-
ical Society, April, 1946.

(1a) Published by permission of the Director, North Dakota
Agricultural Experiment Station.

(2) Painter, TrIS JOURNAL, 69, 220 (1947).

amino acid in the y posi-
tion by use of the compound ethyl a-benzamido-y-
-chlorobutyrate (I) first prepared by Hill and
Robson.* When I reacted with sodium hydrogen
selenide and the product was hydrolyzed a poor
yield of the selenium analog of homocystine (IV)

(3) Patterson and du Vigneaud, J. Biol. Chem., 111, 303 (1935).
(4) Hill and Robson, Biochem. J., 80, 248 (1936).



