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INTRODUCTION

Threanine, one of the fouruisameria «wanino-A-hydroxy
putyric acids, is onec of the more difficult of the known
egsential amino acids to synthesize because of the 41ff-
iculty of obtaining’the desired lsomer or its racenic
mixture free of the other isomers. The initial object
of this research was the study of new possible syntheses
- of DL-threonine and practical separations of DL-threonine
DL-allothreonine mixtures. A necessary prerequigite to
this undertaking was the development of an analytical
method by which the composition of mixtures of the di-
agterolsonmers could be determined., Attempts to analyze
the mixtures by means of chromatography and partition
chromatography were unsuccessful, but a solubllity pro=
cedure was developed which proved satisfactory. The
principles involved in the solubility analysis have also
been shown to be useful for determining the purity or
identity of other amino ecids.

Once a method of analysls was available the catalytio
reduction of compounds yellding derivatives of DIL-threonine
DIL-zllothreonine mixtures was begun. The reduction of
ethyl «=acetamidoacetoacetate and ethyl O«methyl-a-oxi-
minoacetoacetate was carried out over a wide varisty of
catalysts in the hope that DL-threonine might be formed

preferentially with one of them. The otepropionamido~ and



«=guccinamido~ acetoacetic esters were also examined,
but much laaa extanaivaly than the afore mentioned come
pounds., This hydrogenation ﬂm&#, together with the
development of the solubility m@thod of analysis, com=
prises the bulk of the work on the theonine problem,

In addition to the work related to bx.-thraunina;
the synthesls of Dl-hydroxyproline by the method of
Feofilaktov and Onischenko (1) was studied, These
authors give only sparse experimental direotions for
this difficult preparation., This work was undertaken
to supply the Foultry Department?!s needs for synthetic
DL-hydroxyproline,



THE SYNTHESIS OF THREONINE-ALLOTHREONINE MIXTURES
BY CATALTIC HYDROGENATION

INTRODUCTION

At the time of the isolation of threonine from fibrin
by McCoy, Meyer and Rose (2}, two syntheses of e-aminoe-
P-hydroxy-n~butyric acid had been reported in the litera-
ture, but the configuration of these products was unlmm.
Burch (3) synthesized a mixture of DL=-threonine and DIL=-
allothreonine by the ammonolysis of «w=ohloro-A-~hyiroxye-
n-butyric acid, obtained by the addition of hypochlorous
acid to crotonic acid. In addition to the desired owamino
acids, the product also contained the i1somerlc oc-hydroxy-
Aeamino-n-butyric acids. Abderhalden and Heyns (4) pro-
pared the compound by the addition of mercuric acetate
in methanol to ethyl c¢rotonate., The mercury addition
compound on treatment with potassium bromide followed by'
bromine gave ethyl obromo-B-methoxy-n-butyrate. Careful
alkaline hydrolysis of the ester, ammonolysls of the
ow=bromine, and cleavage of the methyl ether with concen-
trated hydrobromic acid led to the desired product. Only
one of the possible racemates could be isolated from the
product .and its melting point indicates that it was
allothreonine, | |

The thorough investigation of the problem by Carter
and his coworkers (5,6,7) finally led to a satisfactory
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laboratory preparation of DL-threonine (8). This synthesis
is similar to that of ibderhalden and Heyns, but differs
in that the starting material is crotonic acid instead

of the ester., The two synthesis also differ after the
vwamino=@-methoxy-n-butyric acids are obtained., The
syntheslis of Carter converts these compounds to the He-
formyl derivatives, from whieh pure Ne~formyleO-methyl-DLe
threonine c¢an be obtained by crystallizetion. Hydroly-
sis with hydrobromic acid then produces DL-threonine,

The diasteroisomerlc DLeallothreonine can be obtained
from the mother liquors from the cerystallization of the
formyl derivatives by sultable treatment,

Adkins and Reeve (9) used acetoacetic ester to pre-
pare a mixture of DL-threonine and DL-allothreonine. Ni=-
trosation, followed by alkylation of the oxime with diethyl
sulfate, yielded ethyl O=sthyl=e-oximinoaocetoacetate,

This was reduced with hydrogen and Raney nickel, Hydroly-
sis of the reduction product gave a 75% yield of mixed
theonines. This aynthesis 1s direct, but suffers the
disadvantage of gilving a mixture which cannot be readily
separated into its pure components,

Several syntheses of DL-threonine have been reported
guite recently. The novel synthesis of Birkofer (10) ine
volved the reduction of «-diazoacetoacetic ester with
Platinum oxide in the presence of sulfuric acid. The
reqCZuired diazo comééund was obtained by the reaction

of acetyl chloride and diazoacetic ester. Hydrolyvsis



of the ester obtained by reduction gave a mixture of Dle
threonine and DL-allothreonine in 4O0% yield.

Pfister, et al., {11) have prepared threonine from
the «=bromo=A-methoxy-n=-butyric acid which is made by the
addition of the elements of methyl hypobromite to crotonic
aeid, s mination of this acid, which has the allothreonine
configuration, yielded nearly purc¢ DLeallothreonine (12).
However, if an amide of the acild, such as the piperiﬁide;
was anminated, rather clean inversion of the o«carbon was
obtained. The overall yield of pure DI-~threonine based
on crotonic acid was 305,

A second synthesis by Pfister, et al,, {13) and the
synthesis of Attenburrow, Elliot and Penny {14, 15) are
closely related, Prfister reduced ethyl o~acetamldoaceto-
acetate with platinum oxide to produce ethyl o«eacetoamido-
ABehydroxy-n~-butyrate, 80e85% of which had a configuration
corresponding to that of allothreonine. Treatment of the
ester with thionyl chloride gave mainly trans=-2,5-dimethyl-
L=carbethoxyoxazoline I (R ==CH3), which on hydrolysis
with dilute hydrochloric acid yielded DL-threonine of
better than 80% purity. Blliot prepared a mixture of
the trans and cils 2-phenyl=Semothylei-caorbethoxyoxazolines
I and IT (R = CgHs) by reduction of othyl «=-benzamidoaceto-
acetate with Raney nickel and subsequent trestment with
thionyl chloride. The mixture of isomers was refluxed
with dilute aqueous base to convert the cis~oxezoline IX
to the more stable trans form I, with simultaneous hydrol-

ysis of the ester ocourring. 3ince the transe-oxazoline



has the threonine configuration, only hydrolyslis with

acid was necessary to produce DL-threonine,

CH H H
E—-%:?"" ?g-«»ceoc Hg cﬁ;-c—— ?i~a-ceeczn5
0\G¢K e\eéﬁ
R R
I II

The investigation of the hydrogenation of compounds
such as ethyimxhaeetamidoacetoacataﬁe and ethyl O-methyl-
o~oxininoacetoncetate over various catalysts was undere
taken as a posaible method of synthesis for DLethreonine.
It was hoped that & oatalyst might be found which would
yvield DL-threonine predominately, for such a procedure
would be direot and applicable to large scale preparae
tion of this amino acid. The reduction of Nemethyl-oC=-
aminopropiophenone hydrochloride with platinum oxide (16)
serves as an example of the type of specificity which
was sought. Although:twv dlasteroisomeric forms of the
product are poasible in this case, only dl-ephedrine was
obtained. The reduction of e&oximincketones, such as o=

oximinopropiophenone, with palladium on carbon catalyst
in alcoholic hydrochloric acid has also been shown to
yield only one of two possible diesteroisomers (17,18).

Throughout the remainder of this paper the capital
letter prefix DL will be omitted, and the terms threonine
and allothreonine will refer to the rasemic amino acids.



DISCUSSICH AMD RESULTS

The re&uc%ion of ethyl oeacetamidoacetoacetatc with
platinum oxide and nickel catalysts has been reported to
yield mainly allothreonine (13, 19). As a first step,
the reported reductions with idams platinum catalyst were
reinvestigated. We were unable to duplicate the results
of Albertson, et al., (19) who reduced the material in
acetic acid, but reduction of the carbonyl was readily
effected in water solution with'hydrogsn at atmospheric
pressure ag reported by Pfister, et zl. (13). After hy-
drolysis,the isolated amino acid mixture analyzed for
86% allothreonine., This is in good agreement with the
figure of 8085 obtained by Pfister. The reduction with
platinum oxide also proceeded slowly in absolute ethanol,
the product againicontaining 865 allothreonine.

When the platinum catalyzed reduction in water soluw
tion was run at 4O atmospheres pressure, 79% allothreonine
was found., The smaller amount of allothreonine in this
samplce was not due to a change in the ratio of threonine
to allothreonine formed, but due to the presence of larger
amounts of impurities. In order to minimize the effect
of varying amounts of impurities in the samples, both
threonine and allothreonine werc determined, The results
are best expressed as the percent threonine relative to
the total amount of threonine and allothreonine preaeat;

and this figure will be glven throughout the remainder

of this discugsion except where noted. In the case of



the hydrogenations in aqueous solution at one and 4O
atmospheres pressure with platinum the relative amounts
of threonine become 124 and 1ll% respectively. The use
of platinum supported on active carbon as a ecotalyst
yielded a muxture containing 205 threonine,

Palladium was next examined as a catalyst for the
reduction of ethyl e~acetemidoacetoacetate, Palladlum
on carbon, palladium oxide, and colleoidsl palladium all
falled to glve any reductiom in aqueous solution at ate-
mospheric pressure, Palladium oxide 1n ecetic acld at
atnospheric pressure alsc eaused no reduction., Reductions
were carried out ln a steel vessel at 40 atmospheres prese
sure, the temperature being raised slowly from 25° to
15009, and both water and alcohol were tried as solvents,
Negligible amounts (1-9%) of asmino scid were obtained
after acid hydrolysis, and these were contaminated with
large amounts of iron and halogen, It was felt that
these samples were too impure to yileld useful anslyses,
When the high pressure reductions were repested using a
glass liner, no amino acids could be isolated,

A ruthenium on carbon eaté;yst,-prepare& by the re-
duction of ruthenium chloride with hydrazine hyﬂrate;
gave no reduction at atmaspheric pressure when the come
pound was dissolved in water or écetie acid. A yleld of
9% of crude brown solid was obtained when the reduction
was carried out at 40 atmospheres pressure in absolute

ethanol, & very active ruthenium catalyst was formed by



reduecing ruthenium chloride in the presence of carbon
with hydrogen at 70 atmospheres pressure and s temperae
ture of 100°, This catalyst rapidly effected the reduce
tion of the acetemido compound in acueous solution. The
amino acids isolated in this case contained 32% threonine,

Rhodium, osmium and iridium on carbon catalysts all

7f@duaeﬁ ethyl acetamidoacetoasetate in agueous solutlon
at one atmospherc hydrogen pressure, The products 180w
lated contained L6% threonine for rhodium and 33% threonine
for both osmium and iridium., These three catalysts falled
%O give any reduction when acetic acid was the solvent,
It is interesting to note that the rhodium catalyst was
active only for a short time and required several reage
tivations by shaking with alr to complete the reduction
of 0,02 moles of the compound,

A seriesg of Raney type cadalysts were also examined
for their effect on the amount of threonine produced by
the reduction of wacetamidoacetoacetic ester. Reductlons
with Raney nickel, copper and cobalt were run in alcohol
solution at hydrogen pressures of 80«85 atmoapheres, As
would be expected, nickel was the most active of the three
metals, reducing the carbonyl at 50°, Reduction with
Itaney cobalt started slowly at 70—80°; but became appre-
clable only after a bemperature of 100° was reached. The
reduction over Raney copper was run at 125°, The anmino
acid mixture isolated from the nickel reduction contained

24 threonine., PLister, et al., (13) also reduced the
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acetamido compound with nickel and their product contained
30%, Raney copper yielded allothreonine predominately,
only 14% threonine being produced., Raney cobalt gave

an amino ecid mixture conteining 627% threonine, which

was the highest yield of the desired racemate in all the
reductions that were run.

Ironealuninum and vanadiumealuminum alloys were pre-
pared, and after they were powdered, Raney type catalysts
woere made from them, Raney iron has besn prepared by
aul and Hilly (20), who cleimed that 1t would not cataw-
lyze the reduction of ethylenic compounds although acety-
lenes could be readily reduced to ethylenic compounds,
FPaul and Hilly treated the ilrone-aluminum alloy twice with
sodium hydroxide soclution at temperatures of 80-900; am
it was felt that o more &étiva catalyst, poszibly capable
of reducing ketones, might be produced by milder treatment
with alkeli, There is no reference in the literature to

a vanadium catalyst of the Ransy type.

KNeither the iron nor the vanedium gave any evidence
ol catalyzing the rasduction of ethyl «eacetamidoacetoace-
tate in ethanol solution up to temperatures of 250° and

at hydrogen pressures of 100 atmospheres or more, The
material removed from the reduction vessel after thase

trials, had a strom: odor of ethyl acetate and coffained

appreclable amounts of ammonia or a volatile cmine, After
acid hydrolysis and removal of the volatile base, the
only product that could be isolated was glycine, which
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was identified in both cases by solubility measurcments.
The 1soletion of glycine and the presence of ammonia or
an amine is evidence that excessive rupture of bonds
occurred at the slevated temperaturcs used in these runs.
It should be noted that hydrolysis with hydrochloric aeid
of the starting material ylelds aminoascetone hydrochloride.
In addition to the metal c¢atalysts, copper chromite
and zinc chromite catalysts were used to reduce the acet-
amido compound. Reduction with copper chromite proceeded
readily at 1252 in ethanol solution, giving & mixture
containing 3% threonine. Zinc chromite would not eff@@t
the reduction at lower temperatures and when the tampefa-
ture was raised to 250° there was extensive cleavage of
the molecule as in the case of the Raney iron and vanse
dium catalysts. Glyoine was the only amlno acld which
could be is olated from the reduction mixture.
A summary of these reductions of ethyl o~acstamido-
acetoacetate and the analyses of the products isolated
is given in Table I. Several additional reductions which
will be discussed later are also included in this table.
In the catalytic hydrogenation of olefinic hydro=
carbons on metallic surfaces there 1is evidence for the
assumption that the chemisorption of the hydrocarbon is
an important factor (21). Adsorption of the olefin is
presumed to occur by opening of the double bond and
attachment of the carbon atoms to two catalyst atoms,

If a similar chemisorption takes place before the reduo-



TABLE I
SUMMARY OF THE CATALYTIC HYDROGENATIONS

Catalyst Anount of Moles, Selvent, ml, FPress, %gg@. ?ﬁgﬁ

eatglyat, Compd « atm.
PtO2 Q63 0e10 100 H,0 i 25 3
PtO, 043 0,10 100 EtCH 1 25 31
Pto, 0.3 010 100 H,0 40 25 3
PL0, 042 0.10 @ ;Y 25 2
Pt (C) 1.0 0,02 50 1 25 b
Ru(C) 2,0 0,05 wooo ) § 25 1
Ru{C) 240 0«05 ® b 1 <5 <
Ru(C) 240 0.10 100 = b 1 25 1
Ru(C) 1,5 0.05 oo 1 65 1
Ir{C) 1.5 0,02 50 = 1 25 3
r{c) 240 0,05 AR L0 25 1
Rn(c) 1.0 0402 B 1 25 9
Os(C) 1.0 0.02 " w 1 25 16
Cu Raney 2.0 0.10 150 B1O0H 85 125 2
Ni Raney 2.0 0.10 " “ g0 50 2
Co Raney 2.0 0,10 s " 85 100 1
CuCrBa0 2.0 0.10 n “ 190 125 1
Znlro 2.0 0el0 ¥ " 200 250 1l
Fe Raney 2.0 0.10 “ « 100 250 2
¥V Raney 2,0 0,10 a * 190 250 1
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TABLE I (CONTINUED)

OF ETHYL oC=-ACETAMIDCACETOACETATE

% Hz Yield, % % Allo»  Relative % Neutral
Uptake % Threonine -threonine Threonine Equiv.
(Caled,
119)
| ;02 79 1z 86 12 120
93 73 - 86 — 121
65 b2 10 79 11 118
50 10 11 83 12 123
90 L2 19 78 20 120
102 80 30 65 32 118
103 86 32 65 33 121
50 3¢ 28 65 30 la2
88 66 354 63 35 120
108 67 31 62 33 121
60 59 29 60 33 119
120 50 bdy 51 L6 123
110 67 32 65 33 121
83 55 13 80 14 121
158 85 23 (L 2& 120
128 82 63 38 62 122
170 85 38 60 39 120
hi - 36h of glyecine, only product 78
21 - 33% of T, 77

60 - &% Qf & ¥ ¥ £ 7?
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$ion of a carbonyl group is accomplished, 1t will be noted
that in the case of ethyl «eacetemidoacetoacetate, the
adsorbed molecules can exist in diasterolsomeric forms
corresponding to threonine and allothreonine.

Stépart models of the diastereolsomeric adsorbed
molecules were prepered and examined. For the model cor-
responding to allothreonine, it was found that the bonds
of the open carbonyl group could squarely contact a plane
surface with both the amlde and ester linksges also ly=-
ing flat on the surface. However, either the amide or
ester group had to be some distance away from the sure
face for the free carbonyl bonds of the threonine model
%0 be in good eontact,

With this observation in mind, ethyl «&propionaﬁiﬂo-
acetoacetate was prepared to see if the substitution of
a methyl group for a hydrogen in the acetyl radical
would increase the relative amount of threonine produced
over a given catalyst., The additional methyl group should
render the adsorptlon of the amide linksse on the catalyst
more difficulﬁ from the steric point of view, all other
factors remaining the same., Unfortunately, the added
methyl group should at the same time increase the case
of polarization of the amide linkage so that its adsorp-
tion would be fecllitated, Assuming that the adsorption
of the amlde linkage influences the course of reduction;
then these two opposing effects would tend to counteract

one another,



1L

The ot~-propilonamidoacetoacetic ester was reduced with
platinum oxide, ruthenium on carbon and rhodium on carbon
catalysts, at atmospherlc pressure in agueous solution.
The amino acids isolated from these runs were analyzed
in the same way as were the mixtures obtalned from the
acetamido compound., Pertinent data on these reductions
are given In Table II.

TABIE II
REDUCTION OF ETHYL o=PROPIONAMIDQAGCETOACETATE*

Catalyst Amt. Time % Hp Yield, Relative Neutral

cat. hr. Uptake % % of Bquiv,
S Threonlne
P02 0.2 [ 96 Th 12 120
Ru(C) 2.0 1 100 80 34 119
Rh{C) 2.0 7 109 71 L5 121

¥ 0,05 moles reduced in all runs,

Ethyl oteguccinamidoacCetoacetate was also prepared
aml was reduced over the same three catalysts in water

sdution in the form of its lithium salt, It was hoped
that the carboxylate ion would tend to remain hydrated
and not be adsorbed on the catalyst. If this were the
case, adsorption of the amide group should not ococur
tfé;reaéily. The amino acids isolated from these re-
déétieas were found to be contaminated with lithium
succinate which had to be removed before analyses could
be run. There is danger of altering the threonine-allo-

threonine ratio during an operation of this type since
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more of one diasterolsomer may be lost than of the other,
In addition, the reductions of the succinamido compound
d4id not proceed well. As a result of these two factors,
it is felt that the analyses on the products for this
compound are not as reprem ntative as are those on the
agetamido and propionamido compounds, A summary of these
reductions is given 1in Tall e IIX.
TABLE III
HYDROGENATION OF THE LITHIUM SALT OF ETHYL
o¢-SUCCINAMIDOACETOACETATE*

Catalyst Amt, Time % Hp 7TYield, Relative Heutral

Cat. hr. Uptake % % of Equiv,
& Threonine
PtOo 0.3 6 90 29 6 120
Ru(C) 2.0 29 87 34 23 135
Rh(C) 3.0 5 92 3L 30 130

* 0,02 moles reduced in all runs.

For oconvenience, the relative amounts of threonine
produced from the three acyl derivatives of eaminoe
acetoacetic ester with platinum, rhodium and ruthenium

catalysts are given in Table IV.
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TABLE IV

RELATIVE AMOUNTS OF THREONINE FORMED BY THE REDUCTION OF
N=ACY L=-oC=AMINOACETOACETIC ESTERS

Catalyst Aoyl Group
Asoetyl Propionyl Succinoyl
POo 12 12 6
Rh{C) L6 L5 30
Ru(C) 32 3k 23

The results for the acetyl and propionyl compounds
are identieal within the linmits of experimental error.
All of the flgures for the succinoyl derivative are con-
slderably lower than the corresponding analyses for the
other two compounds. It is belleved that this lowering
is due to the loss of threonine incurred during the re-
moval of the lithium suocclinate which was present in the
samples as initially isoclated. Since threonine is some-
what more soluble than allothreonine, its recovery would
not be as complete as that of allothreonine. It appears
that the relative amount of threonine produced is inde-
pendent of the aeyl substituent. Undoubtedly there are
minor changes, but to be observed a more refined investi-
gation would be necessary., Additional evidence of the
constant amount of threonine produced by the reduction
of H-zcyleec-aminoncetoacetic esters is furnished by the
work of Attenburrow, Elllot and Penny (14) who reduced
ethyl «-benzamidoacetoacetate with Raney nickel. Their

product contained 25-30% threonine, while reduction of
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the acetamido compound over anlckel in this 1abarﬁtn¥§‘
violded 24, threonine.

The hydrogenation of ethyl O-methylexw-oximinoaceto-
agcetate was attenmpted over most of the catalysts which
had been used for the acetomido compound, This compound
is difficult to reduce in good yleld to the desired pro-
duet, ethyl x=amino-g-hydroxy-n-butyrate, because of its
tendeney to form by-products, the most important of which
is 2,5-dimethyl~3,6-dicarbethoxypyrazine (9). /1l reduc-
tions with the platinum metals were run in absolute etha-
nol us a solvent with a glass liner to prevent contemina-
tion of the produets and possible poisoning of the catalysts.

The yield of amino acids was only 9% when platinum
oxide wag the catalyst, and this yleld was not improved
by lncreasing the pressure from 85 to 300 atmosvheres.
This product analyzed for 37¢ threonine, In sddition to
the amino acids, an unidentified wauter soluble oil was
present which was not observed with any other ecztalyst.

Palladium on carbon Talled to give any threonine,
but considerable amounts of 2,5-dimethyl-3,6-~dicarbethe
oxypyrazine were isolated. This materisl was identifled
by » mixed melting point with an asuthentic sample of the
material,

Rhodlum, osmium, ruthenium and iridium on carbon
catalysts all geve yields of threonine-allothreonine
aixtures of ebout 50%. Small amounts of pyrazine were
fourd in the products from the rhodium ond osmium
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reductions. A small amount of water insoluble 01l was
pregent in the ruthenium reduction. The amount of
threonine in the smino scid mixtures isolated from these
four runs varied from 34-41%.

Raney nickel and ecobalt satisfactorily catalyzed
the reduction of the O-methyle~oceoximinoacetoacetic ester,
giving higher yields of mixed amino acids than any of the
platinum metal catalysts. These reductions were run in
ethanol at pressures of about 300 atmospheres. The pro-
duct from the nickel hydrogenation contained 36 threoe
nine, while that from cobalt conbained 435, Raney copper
was ineffective aganinst this compoound. Although more
than the ﬁheoratieal amount of hydrogan:waa absorbed,
nc amino acids could be isolated and there weas extensive
decomposition of the material as evidenced by the presence
of large amounts of brown water«insoluble oil and ammonia,

Copper chromite was used as a c&talyst for the re=
duction, &nd as in the case of copper slightly more than
the theoretical amount of hydrogen was absorbed. The
temperature of the reduction was 1359, The reaction
mixture was dark in color and contained considerable
amounts of aemmonia, When worked up in the usual way;
about 4% of light brown solid was obtained, This crude
material was not completely water soluble, and had a
neutral sequivalent of 84 as determined by a formoul titra-
tion. This material was probably glycine which has a

theoretical neutral equivalent of 75,



19

Table V summarizes these reductions of ethyl O
methyl-C=oximinoacetoacetate, and the compositions of
the products isolated from them,

It was noted that a crude relationship seems to
exlst betweoen the relative percent of threonine produced
by a metal catalyst and the distance between the centers
of the catelyst atoms for the reduction of ethyl o=
acetamidoacetoacetate and ethyl O-methylwocmoximinocacetow
acetate. The metals platinnm, rhodium, iridium, nickel
and copper crystalllze in the cubic closest-packed arw
rangement in which each atom is surrounded by twelve
atoms equidistantly spaced. Osmium, rﬁthanium and
cobalt, however, have the hexagonal closest-packed are
rangement and each of their atoms 1s surrounded by
twelve atoma, six at one distance and six at some greater
distance., For the Tirst group of metals no assumptions
regerding the dilstences between atoms 18 necessary since
there is only one dimension descriding thelr lattice,
‘but the hexagonal elements have adjacent atoms at two
distances. For this latter group, the assumption was
made that approximately half of the exposed adjacoent
atoms were at one distance and half at the other, On
this basis, the average value of the two parameters was
used for plotting the results for the three metals
having the hexagonal structure,

The relative percentages of threonine produced by

the reduction of the acetamido compound and the oximino



TABIE V

SUMMARY OF THE CATAINTIC HYDROGENATIONS

Catalyst Amount of Moles,

PtOo
Rh(C)
08(C)
Ru(C)
Ir{C)

Ni Raney

Co Raney
CuCrbao

Catalyst
Ee

043

‘36

3.0
3 .—i}

. 3.0

240
2.0
2,0

Compd .

0,10

0.10

0.10
0.10
0.10
0420
0,10
0.15

Solvent ,ml,

50 EtOH

100
125
156

iw

Fross,
atm,

85
85
85
85
85
300
270
250

« Tine
g

100
25
50
60
25
90

130

135

1%



TABLE V (OONTINUED)

% Ho Yiela, % % Allo- Relative % Neutral
Uptake % Threonine threonine Threonine Equlv,
(Caled,
119)
73 9 3% 59 37 120
1z 50 38 5 k1 120
119 L5 33 64 34 120 .
1L 10 3k 61 36 1120
108 61 34 64 35 =
9 75 35 62 36 118
130 63 39 51 L3 120

104 4 ~= Probably glycine «= gl
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ether over metal catalysts, as well as the distances be-
tween centers for the metel atoms, are listed in Table
VI, and these data are plotted in Figure 1.

An explanation of these relatlionships 1s not evident;
However, it is felt that such a result is not surprising
when the work of Beeck concerning the kinetics of the
catalytic reduction of ethylene (22) is considered, Beeck
found that the rate of reductlon of ethylene bore a de-
finite relation to the lattice dlstances in the various
catalysts which he employed. Applying this information
to the reductions of the two compounds examined in this
Work, one may plcture the overall rate of reduction as
being the sum of two reactions, one of which produces a
threonine derivative, the other, an allothreonine deriva-
tive. The megnitude of these competative rates will then
be pronortional to the amounts of threonine and allothreo-~
nine formed. OSince the rate of reduction is a function
lattice distance, at least in the case of ethylene, then
the relative amount of threonine, which is proportional
to its relative rate of formation, nmight also be expsected
to be a function of the lattice distances.

For the relative amount of threonine to be prever-egval
%ioned to the relative rate of its formation, the reactlons
producing threonine and allothreonine must be of the
same order, /Jlthough this was believed to be very likely,
reductions of the acetamldo compound with platinum oxide

and ruthenium on carbon catalystis were taken to half
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TABLE VI

RELATIVE AMOUNTS OF THREONINE FRODUCED BY

REDUCTION OF ETHYL oACETAMIUCACETOACETATE AND ETHYL

O-METHY L~oc=0X IMINOACETOACETATY. OVER METAL CQATALYSTS
AND SHORTEST DISTANCES BETWEEN CATALYST ATOMS

Metal % Threonine from % Threonine from Shortest

Acetamido O-Methyl Oximino Distances
Compound Compound Between Atoms
P 12 PtOs 37 Pt02 2,769
20 PL(C)
Ir 33 35 2,709
Os 33 34 24°790{2.070,
24730)
Rh L6 Li 2,68l
Ru 32 36 2,672(2.645,
Cu 14 ~ 2.551
Co 62 43 2.503(2.499,
2.507)

Ni 2l 36 24,87
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sanpletion and the produst analyzed to prove this point,
In the case of platinum oxidey 1o of threonine was formed
in both the reszction %aken 0 completion and that token

oitly balf way. The unfinisheod ruthenium reduction yielded
a product coantaining 30% threonine, while that taken o
completion gave = samples of mixed anmino sclds annlyzing
for 32 % threonine, Thess results show the independence
of tha cmount of threonine Tormed witih regurd to tho exe
teat of reosction, and prove that the order of the reacbion
forming threocnine is the samme as that forming allothrecs
nines A replicate rubthonium reduction taken to connletion
gontained 3% threonine,

wince the reductlions were osrried out under widely
var;ing comditions, the effeet of = lvent, tomporature
and pressure on the relative amount of threonine formed
also had to be aonﬁiﬁar@a,' %v1a$aﬂa thet e¢hanging the
solvent es ne effect was glven by the platinum oxide
redustions of the acetamido eompound in water and othe
“nols in both ocases the samples analyzed far B6) allow

threonine &s based on tie total welght of the sample.
spassure was aleo without effect on the smount of
threonine formed, all other factoras being held constant,
Platimun oxide in weter at one and forty atmospheres
gave 1l and 1% threonine respectively. Iridium on
carbon at one and forty aBanpspheres yielded semples

The effect of changing the tenmpersturve which might
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be expectad to cause large variatlions in caQmposition was
also found to be negligible. Ruthenium on ¢arbon at 259
and et o mean temperature of 659 gave 32% and 35% threo-
nine respectively. Although only this one check was run
Attenburrow, Elliot and Penny (1l4) stated that the amount
of threonine produced by reducing ethyl «~benzemidoaceto-
acetate with Raney nickel was unaltered by changing the
temperature from 80° to 1602, which serves as additional
evidence,

These verilous check runs are included in Teble I so
that they may be compared more convenienzly with the
other reductions of the acetamido compound,

o runs were mede with ethyl O-methyl-st-oximino=
acetoacetate to prove the independence of the amount of
threonine produced with regard to solvent, pressure, term~
perature and degree of completepess of reduction.

The variatiané in conditions for this compound were not
as great as those for the acetamido compound, since eth-
anol was always used as a solvent and pressure was w.ried
only about three~fold. The very close similerity between
the eurves in Figure 1 for the two compounds is in itself
strong evidence that the same phenomena are involved in
their determination.

It will be noted that platinum oxide and platinum
On carbon catalysts with the acetamido compound ylelded
different amounts of threonine. A possible explanation

of this apparent disorepancy lies in plotting the amount
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of threonine versus the shortest distances between atoms.
Although these dlistances have been accurately determined,
they bear only a rough relation to the number and magnie
tude of the parameters whloh actually effect reduction,
These distances are probably not the only distances ca=
pable of catalyzing reduction for a given metal., The
average distances between adjacent and near adjmcent
atoms varies in different .,rstal faces., Thus for a
face gentered cuble system the average distance bhetween
atoms is less in the (11ll1) face than it is in the (110)
face. The (l1ll) face has been shown to be predominate
in platinum on carbon ecatalysts (23), If a more even
distribution of faces occurs in platinum made by the re=
duetion of platinum oxide, then the average of the exe
posed distances in platinum on carbon will be shorter.
Since platinum falls in a region where there 1s an in-
crease in threonine formation for a decrease in the dis~
tance between atoms, the shift is in the correct direc-
- tion with regerd to the explanation given, The problsm
is in reality even more complicated because the rate of
reduction varies on different faces (22) and probably
varies from one distance to another in even the same
face,

The anomalous behavior of cobalt and nickel may be
explained in & similar way. Since the shortest dlistances
between atoms are nearly the same for these metals, the

average of the distances involved in reduction might
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easily have a reverse order. & second contributing
factor possibly mey be the different crystalline systenms
to which nickel and cobalt belong.

AS has bgen stated, this reduction study was undere
taken with the objJect of f£inding s new synthesis for
threonine. There 1s & possibility that the mixture pre-
pared by reduclng ethyl o&acetamidoacetoacetate with
Raney cobalt, which contains 62% threonine, may be sepa-
rated by recrystallizatlion of the sodium salts of the
amino acids as described by Pfister, et al, (13). The
mixture itself mey be ussful in the preparation of syn-
thetic diets for use in nutritional work. It should be
possible to prepare this mixture in large quantities
with an estimasted overall yleld of L4O«45% based on

acetoncetlc saster.
EXPERIMENTAL

Catalysts. The platinum oxide ecatalyst was pur-
chased from the American Platinum Works, Newark, New
Jersey.

The platinmum, palladium and rhodlum on carbon cata-
lysts were prepared by the reductlon of the correspond=-
ing nmetal chlorides in acid solution in the presence
of active carbon (Derco G-60)., One gram of carbon was
used for each 0.1 g. of metal chloride dissolved in 25
ml. of approximately O.2N hydrochloric acid. The re=

ductions were carried out at roonm temperature with
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powder which would pass a 100~mesh sieve., The cobalte
aluminum {40:60) alloy was purchased from the Gilman
Paint esnd Varnish Company. Devarda's alloy {50% Cu,
k5% Al, 5% Zn) was used in the preparation of Raney
copper (27). The iron and vanadium alloys were prepared
by adding the corresponding metals in granular form to
molten aluminum at 1000°, Both of these alloys contained
approximately 25% of the catelyst metel.

Ethyl o(»icebtemidoscetoagetate, This material wes

prepared by the reductive acetylation of ethyl eoximino-
acetoacetate (9) with zinc dust and acetiec acid in the
presence of acetlie¢ anhydride, acoording to the directions
of .lbertscn, et al. (19); bepe 116-117° (1-2mm.}. After
recrystallization from an equal volume af acetone by
cooling in = Dry Ice-zcetone bath the material melted

at 48-49%,

Ethyl o~-Proplonamidoagetoacetate. To a cooled soluw
tion of 88 g. (0.55 mole) of ethyl owoximinoacetoacetate
in 400 ml. of propionic acid and 176 ml, of propionie
anhydride, 160 g. of zinc dust was added with stirring
at such a rate that the temperature was maintained at
L0, ihen the addition of the zinc dust was about half
complete, the reaction mixture became very thick, and
water cond additional propiohic anhydride were added so
that stirring could be continued. gfter all of the
zinc dust had been added, the temperature of the reac-

tion wes maintained at 40° for twenty minutes by varying
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the level of the surrounding ice-~bath, Then 4,50 ml. of
wabter was aldded znd stirring was continued for two hours
at room tenperature, The mixture was flltered and the
excess zinc was washed with 200 ml, of water. The com~
bined filtrate and washings were extracted with four 175
ml., portions of chloroform and the organic layer wes
washed with two 150 mi. portions of weter. The chloro-~-
form was removed by distillation under reduced pressure,
end the residual oll was distllled in a von Braun flesk.
Adter a small forerun, the bulk of the material distilled
et 106,5-107° (0.5 mm.). The yvield was 93 g. (845 of
the theoretical amountj. After recrystallizotion from
two volumes of acetone with cooling in a Dry Ice-acetone
bath, the material had & melting point of 57-58.5%,
ilbertson, et al., (19) reported o melting point of 57°
for this compound prepered in a simllar way,.

Lthyl o-Suceinsnmidoacetoscetate, To o cooled, wselle

stirred solution of 79.5 g« {(0.50 moles) of ethyl of=
oximinoacetoacetate and 125 g. {1.25 moles) of succinic
anhydride in 500 ml, of glacial ncetic acid, 200 g. of

zine dust was added portionwlse, The temperature was
kept at 40-45° by the addition of the metal, ‘fter all

of the zZinc had boen added, the reasction mixture wasg
held at 409 for an hour by heating in = waterwbath.
Then 500 ml, of water was ndded and stirring was con-
tinued for two hours at room temperature., The reaction

mixbture was Tiltered and the excess zinc dust was washed
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well with water. The filtrate and washings were extracted
with six 150 ml. portions of chloroform, and the combined
extracts were waghed with two 100 ml. portions of water,
Chloroform was distilled from the extract under reduced
pressure., So0lid appeared in the residue when its volume
was cbout 75 ml. ard distillation was stopped. ‘ftler
cooling in an ice-bath, the mixture was filtered, yleld-
ing 18,5 g. of material,

The aqueous layer was then saturated with sodium
chloride and extracted with three 200 ml. portions of
éhlereform. On reducing the volume of this extract to
about 100 ml. and cooling, 28 g. of additional material
were obtained., The combined yleld from the two extractis
was 38% of the theoretical amount. After recrystalliza-
tion from acetone the material had a melting point of
110-1139, . sample recrystallized twlce from methanol
and once from acetone melted at 113<114.5%.

Anale Caled. for Cj1oH1506N: C, 48.98, H, 6.17;

N, 5.71. Found: ©, 49.22, 48.85; H, 6.17, 6.17; N,
588, 5490,

On treating an agqueous solution of the compound
with a saturated solution of 2,4-~dinitrophenylhydrazine
in 2N hydrochloric acid, a yellow 2,4-dinitrophenyle
hydrazone was obtained, After recrystallization from
ethyl ncetate the derivative melted at 195-196°,

| Anal. Calod,. fqr Gléﬁlgﬂgﬁsz C, 45.18; H, a.so;
N, 16.47. Found: €, L5.11, 45.257 H, 4.65, 4L.48; N,
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16.41.
Ethyl O-Methyl-se-oximinoacetoacetate. This material

wag prepared by a procedure identieal to that of .dkins
and Reeve (9) for ebthyl O-ethyles-oxiliiinoacetoacetate
with the exception that the eboximinoacetoacetic ester,
made by nitroéatian of gthyl acetoacetate, was etherified
with dimethyl sulfate, 4t ordinery tamperaturas, the come
pound is a colorless oily liguid; b. pe 121122° (29 mm,);
fe De 22459; a§5 1.085: n® D 1.L422.

Anal. Caled, for CpHy30,N: C, 48.55; H, 6.40;
MRD 42.4,0., Found: OC, 48.35, L8.50; H, 6.,41,6,38; MRD

General Procedure for the Reductions. A1l of the

reductions run at atmospheric pressure were carried out
in 2 250 ml, hydrogenation flask fitted.with a standard
taper joint, The hydrogen absorbed was measured by a
gas burette. The reductions et pressures grester than
one atmosphere were run in a steel hydrogenation vessel
having s void of 300 ml., the pressure drop as read on &
gauge being used as a measure of the hydrogen absorbed.

Generzl Procedure for the Isolation of Threonine-

Allothreonine Mixtures from the Reduction Products of

Ethyl oc=Acetamidoacetoacetate and Fthyl oC~-Pronionamido=-

acetoacetate. After comnletion of a reduction, the

catalyst was removed by filtration and, if the solvent
was water, a volume of concentrated hydrochloric acid

eq ual to that of the filtrate was sdded., The acid
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solution was then refluxed for four hours., If the solvent
used in the reduction was ethanol, an equal volume of 6N
hydrochloric acld was added and the solution was distilled
slowly until the temperature rose to 100°, The residual
acid solution was refluxed for three hours,

After the acid hydrolysis, the reaction mixture
was taken t0 near dryness under reduced pressure while
heating to no more than 50°, The gurmy residue of
hydrochlorides was taken up in & small g uantity of
water and lithium carbonaste or hydroxide was added until
the pH was approximately 6. The solution was filtered
and ten volumes of absolute ethanol were added., The
solution was allowed to stand until no more solid pro-
cipitated, as long as a weck belng required in some cases,
The crude amino acids were filtered and washed with a
sm=ll amount of 95% ethanol and finolly dried in a vaeu-
un desicecator over calcium chloride,

This procedure was altered slightly for the zine
chromite and Raney iron and vanadium reduotion products
which contained a volatile base. After evaporation of
the hydrolysis mixture, an excess of lithium hydroxide
solution was added so that the volatile base could be
removed by distillation. The excess lithium hydroxide
was then neutralized with hydrochloric acid and alcochol
added as before, Glycine was the only producet isolated
from these latter reductions and after one recrystalli-

zation from water and alcohol it was identified by mixed
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solublility temperatures with an cuthentiec samnle of gly=
cline having = solubility temperature of 41.5° (amino
acid:water, 1:3), Zinc chromite product, sol. temp,
aﬁ.eo; mixed sol. temp. 1,0.8%; Reney iron product, sol,
tempe 40.4°, mixed sol. temp. 41.2°; Raney vancdium pro-
duct, sol. temp. 40.3%, mixed sol., temp. 41.3%.

General Procedure for the Isolation of Threoninee

silothreonine Mixtures from the Reduction
Bthyl oc=Succinamjdoacetoacetate, ~ fter removael of the

catalyst by filtration, a volume of concentrated hydro-

chloric acid egqusl to that of the filtrate was added to
the lithium selt solutdion. After refluxing for four to
five hours, the volume of the solution wes reduced by
distillation under reduced pressure. Toward the end of
this distilletion, succinic acid began to separatc and
the distillotion was stopped. The solution was cooled
in an icew~bath and the succinic acid was filtered and
sucked 2s dry as possible. The volume of the filtrate
was further reduced until only a gumy residue remained.
The residue was taken up in 10-15 ml. of water and taken
to an approximate pH of 6 with solid lithium hydroxide.
sfter filtration to remove eny foreign solid, ten volumes
néf absolute ethenol were =dded and the solubtion was
allowed to stand until the precipitation of solid was
complete.

The initiel precipitates were found to contain

lithium succinate which was removed by dissolving the
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samples in 10 ml. of water and adding an excess of a sat-
urated solution of lead acetate., The insoluble lead suc=-
cinate was filtered, and excess lead ion was removed by
precipitation with hydrogen sulfide. After filtering to
remove the lead sulfide, ten volumes of absolute ethanol
were added to reprecipitate the amino aelds as before,
General Procedure for the Isolation of Threonine-

illethreonine Mixtures from the Reduction Products of

Bthyvl O=Methvlew=oximinoacetoacetate, The aleoholic

solution from the reduction was flltered to remove the
catalyst and the filtrate was added to 300 ml, of water
for coch 0,10 mole of the initisl compound. The nixture
vwas bolled for four hours in an open besker on a hot
plate and water was added oceasionally so that the vol-~
ume d1d not fall below 100+200 ml, After being filtered;
the hydrolysis mixture was concontrated under reduced
pressure., Any solids or gums that apreared during the
first three~quarters of thils operation were filltered,
~fter concentration to near dryness, ten volumes of
absolute ethanol were added. After precipitation of

the amino acids was complete, they were filtered; washed
with 95% ethmnol and dried in a vacuum desiceator,

snalysis of Threonine-illothreonine Mixtures. 11

mixtures were analyzed for thrconine and allothreonine
by a solubility procedure which will be described in
the next section of this thesis. Neutral equivalents

were determinel by means of formel titration on all
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THE ANALYSIS OF THREONING-ALLOTHRECONING MIXTURLS
INTRODUCTION

The development of an analytical method for threonine-
allothreonine mixtures was a necessary prerequisite to
the study of new syntheses of threonine or to the evalua-
tion of sepsration methods for threonine-allothreonine
mixtures, 4t the time this work was initlated two ni-
erobiological assays for Lethreonine had been reported
in the litersture (28, 29). The disadvantage of these
methods for the analysis of the threonine mixtures 1s
that they determine only Lethreonine with an accuracy
of about 5-10%. Thus the amount of threonine would be
obtained by doubling the amount of L-threonine found,
and allothreonine would have to be estlimated by differe
ence, In addition a microbiologist is needed to properly
control such a method. It was therefore hoped that a
straightforward physical or chemical method of analysis
could be developed.

A large number of procedures have been desoribed
for the analysis of amino acid mixtures with the end
View of most investigators being the analysis of protein
hydrolysates (30). Many of these methods make use of
the principles of chromatography and partition chroma-
tography and several of the more promising of these were

tried. HNone of the methods tried were satisfactory and
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an analytieal procedure based on solubilities was finally
developed to solve the problem. By this latter method,
both threonine and allothreonine can be determined rapldly

with a remsonable degree of asccuracy,

CHROMATOGRAPHY AND PARTITION CHROMATOGRAPHY OF
THREONINE~ALLOTHREONINE MIXTURES

Discussion and Results. Considerable success has

been achieved in the separation of the neutral amino
acids by methods of partition chromatography employing
liguid-liguid distribution columns., The paper strip
technique of Consden, Gorden and Martin (31) is based
on partition chromatography, and was tried using ne
butyl-alcohol~water and phenol-water systems, In their
procedure a strip of humidified filter paper serves as
a stationary column of water, /4 milligram or less of
the mixture of amino acids 1s placed at one end of the
paper and the second liquid moves by capillery attrac-
tion over the amino acid sanple and along the strip of
paper, Liost amino acids migrate at different rates.
The bands of separated amino aclds are detected by devel-
oping the paper with ninhydrin., Several attempts utiliz-
ing this type of anslysis were made to separate threo-
nine~allothreonine mixtures, but no noticeable gepara-
tlon was effected,.

The method of Wieland and Fremery (32) based on the
partition chromatography of the copper complexes of amino
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acids on & silica gel column with a phenole-water system

also failed to separate the threonine mixture., . modi-

fication of this procedure utilizing granular starch as

the column substrate and a mixture of methyl cellosclve,
n-butyl alcohol and water as a solvent for the complexes
was likewise unsuccessful,

The starch column method of Stein and Moore (33,

34, 38) was thoroughly investigated, but it also failed
to effect a separation which wag clsan«cut enough to be
useful for analytical purposes., This procedure involves
the introduction of a few milligrams of amino acild into

a granular starch column, followed by development and
elution with wet n-~butyl alecohol. Separatlion is effected
by the partition of the amino acids between the wet butyl
alcohol and the water phase held stationary by the starch,
Samples of the eluate were analyzed for amino acid cone
tent and elution curves were prepared from these data,
The analyses were performed by heating the unknowns and

a standard sample of known concentration with a large
excess of ninhydrin, and the intensities of the colors

80 produced were compared.

Three columns were prepared snd 5 mg. of pure threo-
nine, 5 mg. allothreonine and 10 mg. of 50:50 mixture
Wwere introduced 1ﬁto:them‘ Thé-elution curves for the
two identical columns charged with the pure amino acids
1s shown in Figure 2 and that for the mixture in Figure
3. Figure 2 indicates that the meximum concentration
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of threonine was reached at 1160 ml., while that of the
allothreonine was reached a2t 1120 ml, Figure 3 may be
interpreted as showing two peaks, one due to threonine,
and one due to allothreonine, It is believed that the
analyses were sufficiently precise so that these data
are relieble and that a slight sseparation of the two
components was effected. Unfortunately, w@gtever sepe
aration was obtained was too small to be useful for ana=-
lytical purposes.

It will be noted that the area under the allothreo-
nine curve in Figure 2 corresponds to less than the 5
mg. introduced into the column, while the area under the
threoninse curve corresponds to more than the 5 mg, in
the sample used, Thils 1s believed to be due to the use
of a mixture of threonine and allothreonine as a gtandard,
This standard was chosen before it was realized that
threonine produces the characteristic ninhydrin color
nore rapidly than does allothreonine under the same cone-
ditions. The position of the peaks in the curves should
however be unaltered by the failure %o use an exact
gstandard.,

Sanger {(35) has shown that the N-2,4-dinitrophenyl
(DHP) derivatives of the natural amino acids may be pre-
pared quantitatively without the occurrence of any race-
mization, He also demonstrated that these derivatives
may be separated, with the exception of leucine and

isoleucine, by means of partition chromatography on
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silica gel using severél-solvent combinations,

In view of these facts, the DNP derivatives of
threonine and allothreonine were prepared with the ides
of separating them by some chromatographic method which
might be useful for the analysis of threonine mixtures.
Sanger gtates in his paper that little success was achieved
using partition chromatography with starch granules or
filter paper to hold the stationary phase, or with ad~
sorption chromatography. Since no indication of the ex-
tensiveness of these trials appears in his paper, it was
decided that adsorption chromatography and starch parti-
tion chromatography should be examined as well as the
successful partition chromatography on silica gel cole-
wmns .

Preliminary testing showed the DNP compounds to be
quite insoluble in benzene, carbon tetrachloride, and
petroleum ether (boiling range 60-80°); moderately solu=
ble in ether and chloroform; and very soluble in water,
methanol, ethanol, and acetons, For the adsorption
chromatograms, chloroform was found to be a convenient
solvent for placing the derivetives on the adsorbents,

A number of adsorbents of wildely differing activity were
tried and these are listed below in what appears to be
the order of decreasing adsorptivity for the DNP deriva-~
tives,
Strong ;- Alumina
Alumina treated with dilute
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acetic acid

Florosil

Magnesol«~Csllite 5:1

Silene EF-Cellite 5:1

Silica gel - Davison

Intermediate:~ Drilerite
Silicic acid
Cellite
Weakim Granulayr potato starch
Suerose plus 3% corn starch
The group of adsorbents designated as strong held

the derivatives firmly even when the developning solvent
wasg 1:1 ethanol~chloroform by volume. The color of the
bands changed with time on the Magnesol and on both same
ples of alumina, possibly indlicating some type of reace
tion with elther the solvent or the adsorbents. Cellite
was mixed with the Magnesol and the Silene EF in order
to get a satlsfactory rate of flow through the columns.
SJtarch and suorose were t00 weak and the passage of the
derivatives through these adsorbents was unretarded.
The intermediate adsorbents held the DRP derivatives
from chloroform and the bands formed migrated when 5%
Of ethanol was added to the solvent. In none of these
cases was any separation noted. 4 mixed solvent of pe-
troleun ether (boiling range 60-80°) and ether (l:1l) was
substituted for chloroform with alumina, drierite, silicie

acid and sillca gel, but the results were essentiaslly
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unaltered.

The chromatography of elther DNP«~threonine or DNP-
allothreonine on undried Merok sillcic acid gave two
bandss That this was caused by an uneven distribution
of molsture throughout the column was shown by drying
the silicic acid by heating in bolling chlorofornm or by
the pessage of large amounts of solvent through the
column, after which only one band was obgerved,

The columns for psrtition chromatography on granular
starch were prepared by slurrying the starch with the
soclvent being used, The slurry was poured into the cole
umn end solvent was then passed through the column for
four days to ensure the establishment of equilibrium be=
fore the sample was introduced. The following solvent
mixtures were tested:

I Cyclohexane-n-propancl-water (100:100:13)
II n-Butanolewater (85:15)
III Cyclohexane-ethanol-methanol (100:7:13)
The ratios of the compounds in the mixtures were chosen
g0 that the solvents were nearly saturated with respect
to water or methanol at room temperature,

The band formed by a mixture of the DNP derivatives
moved at a satisfactory rate when solvent I was used,
but there was no sign of any separation. With solvent
II, the sample moved rapidly through the column, the
band broadening with passage, but no development was

observed, The starch column did not even retard the
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DNP derilvatives when solvent III was used.

Asnother group of partition chromatograms were run
using silica gel prepared by the acidification of sodium
gilicate solution as the column substrate, The solvents
used were prepared by shaking together the following
retios of materials and separating the two phases,

I n-Butanol-chloroform-water (100:3:40)

II Cyclohexane-n-propanol-water (60:3:20)

III Petroleum ether {bolling range 60-80°)-ether~
water (2:1:1)

In cddition, Clark and Iubs buffer solutions of pH 3,
5.8, and 9 were used in place of water in the preparation
of solvent pair III, The columns were prepared by wet-
ting the silica gel with the water phase and then the
sample dissolved in the orgenic phase was introduced.
Development of the columns was carried out by the con-
tinned passage of the organic layer,

Solvent combination I permitted the DNP derivative
nixture to pass rapidly through the column without caus-
ing any separation, When solvent IT was used, the band
formed by the sample moved very slowly. There was no
apparent separation and the band dlaappeared before
traveling the length of the colummn. This is believed
to have been due to esterification by the solvent, since
the eluate contained a yellow compound which was not ex-
tracted from cyclohexane by 5% sodium bicarbonate solution.

With solvent pair III, the band migrated at a satisfactory
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rate, but once agein no separation was observed. The re-
placement of water in solwvent III by the buffer solutions
d4id not change the remilis, except for noticeably dew
ereasing the movement of the band through the column
when the buffer of pH 9 was used,

The failure of =211 the methods based on partition
chromatography to achieve s practical separation in the
cese of threonine snd sllothreonine iz not surprising
since these methods with the excepiion of the sberch
¢olumn method of Stein and Moore faill to separate leu-
¢ine from isoleucine, It will be recallad that o pare
tial separation of the threonine mixtur@ was accomplished
by the starch column, which is evidenoce of its greater
resolving power then the other methods tried. Uiith re-
gard to adsorption chrometography, there sre many examples
in the literature where a partisl separation of diastero-
lsomers has been achieved (36), but complete separation
of diasteroisomers is & difficult zocomplishment for
ordiinary chromatographic methods,

Bxperimentel. Maferleis. The threonine was pure
chased from the Dastman Kodak Company, who prepere it
by the method of Carter and West (8). It was used with-
out further purification. The allothreonine was obtained
in the course of the prepsration of threoninc by Carter's
method, The material was recrystallized three times from
water before use, m.pe 240-241%, .. threonine-allcthreo-

nine mixture, containing 30«40% thresonine, was prepered
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by the reduction of ethyl O-ethylwet=cximinozcetoacetate
aeeording to the directions of dkins =and Reeve {(9}.

The copper complexes of threonine and allothreonine
were prepared by bveiling a solution of the amine acids
with an excess of coprer sarbonate. The unused ¢opper
carbonate was removed by filtration and the agueous solu~
tion of the complexes wus used directly in the experiw
ments,

The DHP derivatives were mwrepered from threonine
and allothreonine by the resctlon of the smino aclid with
2ph=dinitrofluorobenzene in a sofilium dbicarbonate solution
agcording to the procedure of Sanger (35).

HeZ,=Dinitrophenyl threonine, reoryatalliized fronm
water, Mev. 181.5-1839,

smale OCaled. for CjoH1107H3: ©, 42.113 H, 3.89;

N, 3073, Found: C, 42.30, L2.,18; H, 4,00, 4,00} N,
14461, 14,75.

Ne2,4=Dinitrophenyl allothreonine, recrystallized
from dioxane-ether, BMepe 131.5+=1349,

inels Caled for CioH)y0783: C, 42.113 H, 3.89; N,
1he73 Found: C, 42,21, 42,343 H, L401,4.053 H, 14.93,
15,00,

The sources of the adsorbents used ares listed below,
Alumine- “rloreo’, 100-200mesh, activated by heating
at 200° under reduced pressure for four hours,

Aduminum Ove Compeny, Last Ste. Louis, Illinois.
Florosil= a magnesium trisilicate, 60-100 mesh,
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Floridin Compeny Inc., Warren, Pennsylvania.

Magnesol- a magneslum trisilicate, Westvaco Chlorine
FProducts Corporation, New York, New York,

Silene TF- a synthetic hydrated calcium ascid silicate,
‘Columbia Chemical Division, Pittsburg late Glass
Company, Barberton, Ohio,

Silica gel=- 28-200 wmesh, Davison Chemieal Company,
Baltimore, Meryland,

Drierite- anhydrous celecium sulfate, W. A, Hammnond
Drierite Company,Xenia, Ohio.

Silicic acid~ reagent grade, Merck and Company, Inc.,
hehway, New Jersey.

Cellite~ “Hyflo+*, John Mansville Corporation, New
York, New Yorke

Granular potato starch~ Amend Drug and Chamigal Co.,
New York, HNew York,

Suerose- XXXX powdered confectioner's sugar with 3%
corn starch added, American Sugar Refining Company,
Baltimore, Maryland,

Silica gel for partition chromatography of the DNP
derlvatives was prepared accordinz t the procedure
of Gordon, Eartin, and Synge (37).

The raper Strlp Technique. A strip of Whatman's

No. 1 filter peper (1.5 x 20 cm.), which had been humid-
ified over water in a desiccator for 15 hours, was folded
laterally near on2» end and hung on a short length of

glasg rod, so that the short end of the suspended strip
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dipred in a small glass trbugh filled with either phenol
or n=butyl alcohol, saturanted with water, A mixture of
the organic solvent and water was poured on cotton in

the bottom of the desiccator so that the experiment could
be run in an atmosphere saturated with respect to the
vapor of both liquids. One drop of & solution containe-
ing 20 mg. per ml, of a mixture of threonine and allo=-
threonine (approx. 1 mg.) was then placed on the long

end of the paper strip just below the supporting glass
rod., The desiccator was closed over a period of several
hours. The liquid in the trough slowly moved over the
supporting rod and down the strip, drawn by caplllary
attraction, When the liquid neared the end of the strip,
the paper was removed and the solvent allowed to evaporate,
The strip was then sprayed with 1% ninhydrin solution

to develop the “band” of amino acids, With both the
phenol-water system and the n~butanol-water system; the
amino acids migrated, but there was no detectable separa-
tion into two spots. Deoreasing the size of the gample

5=f0ld was wlthout effect.

Partition Chromatography of the Copper Complexes of

Threonine and Allothreonine. A column 1 cm. in diometer

and 25 cm. in helght of Davison 28«200 mesh silica gel
was covered with a saturated solution of phencl in water,
Phenol saturated with water was passed through the column
until the eluate was homogeneous and for an additional

hour to ensure the removal of excess water phase., TFive
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milligrams of an equimeclar mixture of the copper complexes
of threonine and allothreonine dlssolved in 5 ml. of wet
phencl was introduced into the column, The blue band so
formed was developed by passage of more wet phenol, The
band broadened slightly as it progressed through the
column, but showed no sign of separating into its come
ponents,

This procedure wag modified using granular potato
stareh and a homogeneous mixed solvent of 52 parts ne
butyl alcohol, 13 parts methyl cellosolve, and 35 parts
of water by volume, The starch column, of dimensions
gimiler to those of the silioca gel column, was prepared
by slurrying 20 g. of starch with the mixed solvent and
pouring the slurry into a tube constricted at one end
and closed with a cotton plug. Solvent was passed
through the column for two days to ensure the establishe
ment of equilibrium before the sample, consisting of
5 mg. of the complexes in 2 ml, of solvent, was intro-
duced. The band formed migrated in 2 manner quite simie
lar to that of the band on the silica gel and there was

no indication of fraectionation,

Fertition Chromatography of Threonine and Allo=-

threonine on Granuler Starch. Into each of three col-
umns of 19-22 mm, inside dlameter were introduced 30 g
of granular potato starch slurried in 60 ml., of a nix=
ture of 85 parts of nwbntyl alcohol and 15 parts water
by volume., This solvent mixture wag then passed through
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the columns for four days to0 ensure the attainment of
equilibrium, The heilght of the starch in the columns
was around 30 oum., and the rate of flow of liguid about
3-5ml,./hour. & nixture of 5 mg. of threonine and 5 mge.
allothreonine wag introduced into one of the columns.
Five milligrems of each of these components was intro-
duced separetcly into the other two columns. Jamples

of the eluate were collected every hour from the columns
using a elocik driven turntable. The concentration of
anino aclid in the samples was determined by heating 2
ml. of the sesmple with a large excess of solid ninhydrin,
and conparing the color so produced with thet formed by
a standard solution of amino acld under the some conditions,
The standard solution was prepared from the mixed amino
aglds yielded by the reducition of ethyl O~ethyleoe
oximinoacetoacetate., The intensities werc compared with
en American Instrument Company abridged spectrophotom=
eter, using the 580 mu filter. ZElubtion curves werc then
prepared by plobtting the concentration of amino acid
against the total volume of eluate., These elubtion curves
have beecn given in Figures 2 and 3.

sdgorption €

omatography of DNP-Threonine znd DNP-

Allothreonine. A quantity of adsorbent sufiicient to
prepere a columm 25 cm. in height by l.. cm. diameter
was slurried with the solvent to be used, and the slurry
poured into a constricted flrss bube with a cotiton plug

at the bottom. If necessary, the adsorbent was packed
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down by forcing solvent through the column under the pres-
sure created by a rubber bulb. The sanmple, consisting

of & mixture of equal weights of DNP-threonine and DNP-
allothreonine in solution was then placed on the column,
The chromatozram was then developed by continuing the
pagsage of the solvent, If there was no migration of

the material with the pure solvent, then =alcohol was

aflded in inoreasing amounts until the band began %o

move, and development was carried out with this mixed
solvent.

Starch Partition Chrometography of the DNP Derive-

tives. Twenty grams of gramular potato starch were
slurried with the solvent mixture being used, and the
slurry was poured into a l.4 cm, diameter tube, forming
a oolumn 23«25 cm, hicgh, The solvent was then pnssed
through the column for four days to ensure equilibrium
between the two phases before the sample was introduced,
In all cases 2 mg. of an equimolsr mixture of the derive
atives in solution was used. The columns were developed
by passage of the mixed solvent.

Silica Gel Partition Chrometopgraphy of the DNP Derive

atives. Two different procedures were used for the pre-
paration of the columms, In both, about 40 ml, of =ilica
gel (measured dry without tamping) wes used giving a cole
umn 20«25 x 1.4 om,

Procedure A The silica gd was slurried with the

water phase of the solvent pair and the slurry was poured
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into the tube. The exvcess aqueous phase was removed by
pessing the organic phase of the solvent pair through
the column until the effluent ligquid wsas homogeneocus.
The solution of the mixed sample {2 mg.) was then placed
on the ocolumn and development was carried out with more
of the organlc phase,

Procedure Bt The agqueous phase of the solvent pair
was added dropwise to the sillea gel while grinding
gently in a mortar. When the silica gel began to form
small lumps, the addition of the water phase was stopped,
and the moist silica gel was slurried with the organic
rhase, This slurry was Iintroduced into the column,
and after it had been packed down by pressure exerted
with a rubber bulb, the sample mixture (2 mg,) was intro=-
duced,

Solvent pailr IIT was run on columns prepared by
both procedures. Columns for solvents I and II were
nade using procedure A, The buffered solvent pairs were

used on columns prepared by procedure B,
SOLUBILITY ANALYSIS OF THREONINE-ALLOTHREONINE MIXTURES

Introduetlon, Solubility procedures have been used
by many investigators to establish the identity of mow
terials (39) and to anmlyze mixtures of closely related
substances {40). Wihere conventional melting points
fall to prove conclusively the identity of two materie

als because of decomposition, solublility measurements
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may often be substituted. ILikewlse, where thermal anal-
ysis of binary mixtures by means of melting poinb-come
position diagrams ig not feasible for similar reasons,
the use of & solubility method should frequently prove
satisfactorye

Such & solubility procedure was found to be appli-
cable to the analysis of mixtures of threonine and allow
threonine. The analysis was accomplished by first de-
ternining the tumperature =t which the last of a sample
digsolved in a fixed amount of water, and then finding
the composition which corresponded to that temperature
from a previously construeted phase dlagram. A ratio
of three parts of water to one part of sample was con=
venient sirce the temperature extremes were slightly
above room bteuperature but below 100°, It was necessary
to use sealed tuhes“in,ordaf,to-prevent any composition
changes during the course ¢f the analysis.

rocedure. Apprdximately 300=350 mge of Linely
ground sample were acgurately welghed into & 15 x 75
m, test tube with care being teken that no solid zdhered
to the walls of the tubes i welilght of water, three
times that of the sample, was introduced from a cali-
broted 2 ml., Koch microburette, makling the necessary
correction for thermsl expansion, The tube was irmedie
ately seuled using a small pointed gasw-oxygen flume.
This could be done satisfactorily if a short length of
glass rod wes first fused %o the lip of the tube. During
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this operation the mouth of the tube wes pointed away
from the fleme., To check the accuracy of thils procedure
for preparing the tubes, several were welghed after seal=-
ing, and 1t wag found that the weight of water contained
was correct to within 0,1%, |

The bemperature of complete solution was determined
by atbaching the tube to a shaft which eould be rotated
ot 60=100 r.p.me A seven liter battery jar filled with
distilled water was used as a bath so that the tube
could be immersed three incheé below the liquid level
and still rotate in a plane only 30° from vertical.

This furnished good agitaticn since the contents of the
tube fell from one end to the other as it was rotated.
The temperature of the bath was controlled by an internal
electrical heating element comnnected through a Variac.
The bath was stirred vigorously to prevent any appre=-
ciable temperaturc differentials, Temperatures were
measured by a calibrated O=100° partial immersion ther-
mometer graduated in tenth-degrees,

Ag the btube was rotcted, the temperature of the bath
was rapidly raised to within 2+3° of the solubility tem-
perature. The rate of heating was then reduced to 0,190/
min, .8 completc solution was approached, the rotation
of the tube was stopped for short intervals so that its
contents could be examined more closely. The temperaw
ture at which the last crystal dissolved wes designated
as the -solublility temperature~, For tubes prepaored
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from the same sample this temperature was reproducible
to 0,1~0,2°C,

Dilscussion and Resultgs. The solubility diagrem for
the analysis was constructed by preparing a series of
tubes, containing vorying percentages of threonine, from
samples of pure threonine and allothreonine, The compo-~
sitions anﬁ‘solubility temperatures of these tubes are
given in Table VII and plotted in Figure L. Portions
of the solubility curves of vure threonine and allotiirege
nine, corresnonding to the two legs of the phase dlagram,
were determined in the same way, and are also plotted in
Figure 4. Fxamination of the fisure shows that the solu-
bility of the pure m&terials is increased by the pregence
of small amounts of the other component, while lurgerx
amounts of the second comnponent cause a deecrease in sol-
ubilitye.

Tt is evident from the "phase’diagrem thet any teme
perature below 61,1°, the solubility tempersture of pure
threonine, may correspond to eilther of two possible com=
positions, By the addition of eilther of the jpurec come
ponents the correect compositior may be chosen, Thus the
addition of threonine will raise the solubility teunpera-
ture if the original composition wes on the threonine
side of the diosram or lower the solubility temperature
if the composition was on the allothreonine side, The
converse is true if allothreonine is added,

The effect of a third component on the solubility
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SOLUBILITY TEMPERATURES OF THREONINE-ALLOTHREONINE MIXTURES
RATIO OF WATER TO AMINC ACIDS, 3:1

Composition, %
Threonine

0.0
0.0
99
20.3
29.4
39.1
5044
61.6
69.6
7646
8h.2
92.1
100.0
100,0

SalubilityoTemperatura,

91,2
91.2
8L4e3
76.8
69.2
61.C
4L8.6
33.8
37.9
L3.3
h9.7
554
61,2
61.0
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temperature was studied to see whether analyses of mix-
tures isolated dircctly from reactions could bs run. In
this vay any alteretion by purification steps of the
threoninc~allothreonine ratio would be avolded. G;y»
cine and amsonium chloride were chosen to be tested as
ionic type impurities because of the possibility of their
occurrence iln samples., Sucrose was used to determine

the effect of neutral impurities on the solubllity teme-
perature, The tests were made by preparing tubes cone
taining espproximately 80% allothreonine with the remainder
of the materizl being composed of the impurity to be
tested, The results of these runs are given in Table
VIII and plotted in Figure 5.

TABIE VIII

GOLUBILITY THMPCRATURE OF ALLOTHREONINE IN THE PRESENCE
OF VARIOUS COMPOUNDS

Second Component Gomposition, ¥ Sol.  Interpolated
Allothreonine Temp, Sol, ?ﬁii: for

°C. 80,9 Ablgs
n]&Q*% ‘Allow
Hone 82,0 7849 T7els
Threonine 7907 76 8 771
Sucrose 80,7 7842 777
Glyecine 20,8 7643 7547

Apmonium chloride  79.9 73e1 733
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These data indicate that the presence of appreciable
ammounts of sucrose and glycine doeg not cause rmich error
in an enanlysis. Even ammonium chloride, which caused
the most serious deviations, produced only z 5% error
when 20% of it was present, In light of this evidence
it is felt that results acourate to 2«3 absolute per-
cent wers obtained for mixtures composed of 0% or more
threonine and allothreonine, However, when materiels
other than threonine and allothreonine were present, it
was necesgary to analyze for both amino acids if their
ratio was desired. This wae done by adding the appro-
priate pure constituent in such an amount as to change
the overall composition enough so that the solubility
tenperature would fall on the other side of the diagranm
from which it wes on originelly. The composition of the
original seample was then calculated by the following
equation, which is for the case in which pure threonine

was added to the sanple:

_ Op{W+T) - 1007
bp = 2L = 1008

where Pp = percent threonlne in original sample
Op = percent threonine observed in mixture of
threonine and sumple
W = welght of originnl sample
P = woight of added threonine.
Closely related to the solubility asnalysis is the
determination of the mutuul solubllities of threonine

and allothreonine in wuter at a higher itemperzture.
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This was examined in order to eveluats the feasibility
of a temperatureecycle process {4L1) for the separation
of the dissteroiscomeric amino acids, The success of
such 2 process in dependent upon a reasonably large
varistion with temperature of the ratio of the two come
ponents in solutions saturated with respect to both,.
Exominction of Figure L shows that at 33° a solution
gsaturated with both amino acids has = retio of 63 parts
of threonine to 37 parts of allothreonine, By decreag-
ing the amount of water in relation to thse amount of
solid the temperature of mutual saturatlion can be raised.
Using = ratlo of 5 parts of sample to 6 parts of water,
it wos found thet at 91% the ssturated solution contained
62 parts of threonine to 38 of allothreonine. Oince the
rutio does not change between 33° and 919, at least with-
in the bounds of experimental error, the completc separaw
tion of mixtures of threonine and cllothreonine is
inmpossible by controlled recrystelllzatlion Trom waber.

The solubility data plotted in Figure 4 for the
pure anino acids closely fitted an equation of the form
log S = a+ bt, where 3 1is the solubility expressed in
£./1000 g, of water and ¢ 1% the temperature in degrees
Centigrede, The values of the constants a and b were
determined graphically and are given belowv,

Threonine a = 2,119, b= 0,00660
;ilothreenine a = 1,895, b = Q,00688,

The observed solubilities of threonine and sllothreonine
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and those calculated by the equations are given in

Table IX,
TABLE IX
SOLUBILITY OF THRLUONING AND ALLOTHREONINGE IN WATER

Temperature,®C. Solubility, g./1000 g.

Obs. Calcd,
Threonine 39.0 238 238
50,0 281 281
61.1 333 333
s3lothreonine L3e.1 157 155
645 <17 <17
7849 =73 274
ez 333 333

Materials. The allothreonine was prepared by re-
crystallization of the mixture of emino aeids resulting
from the reduction of ethyl O-methylweocwoximinocacetoace=
tate and subsequent hydrolysis of the ethyl ester (9).
This mixture contains approximately 60% allothreonine.
Three-hundred and eighty-six grams of thig nmixture were
dissolved in 770 ml. of water and after two dayg stond-
ing at room tenperature the precipltete was fililtered
and sucked dry. The precipitate weighed 116 g. and was
approximately 85% allothreonine. This material wes ree=
crystallized once from 300 ml, of water and 100 ml, of
absclute ethanol to yield 75 g. of 95% allothreonine,
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The crude allothreonine was repeatedly recrystallized
by dissolving in the smallest amount of boiling water
and adding three volumes of absolute ethanol and alloww
ing the solution to cool to room temperature. After
seven recrystallizations, the‘solubility temperature
remained unchanged after two additional recrystallizae
tions and the material wag considered purs. The yield
after drying in a vacuum desicecator was L1l g. The
neutrael equivalent was determined by formol titration
Calecd. 119.1. Pound 119.3.

The threonine was prepared by repeated recrystalli-
zation of 20 g. Eastman Kodak Company threonine. The
recrystallizations were carried out by dissolving the
material in the smallest amount of boiling water and
adding three volumes of absolute ethanol and allowing
to cool to room temperature, Aifter six recrystalliza-
tions the solubility temperature was unchanged by four
subsequent recrystallizations. The yleld after drying
in a vacuunm deslicecator was 9,2 g. The neutral equivalent
was determined by formol titration. Caled. 119,1
Found 119.4.



SOLUBILITY TEMPERATURES AS A MEANS OF IDENTIFICATION
AND AS A CORITERION OF FURITY OF AMINO ACIDS3

The o-amino acids form a class of compounds which
do not give true melting points, but instead decompose
upon heating. Decomposition points do not werve as a
measure of purity, and as an extreme example, it has
been found that a mixture containing 30% threonine
(m.p. 228-229° dec,) and 70% allothreonine {(m.p. 251~
2520 dec.) gives a decomposition point corresponding
to that of pure threonine,

The success of solubility measurements in analyzing
threonine~allothreonine mixtures suggested that the same
procedure might be usefully employed in d@teréiniug the
purity or the identity of certain other amino acids.

By far, the greatest use of such a procedure would be

the determination of purity. The solubility method

would also be a help in identification. In addition,
mixed solubillity temperatures corresponding to mixed
melting points would make positive identification possible,

The solubilities in water of many of the natural
amino acids, including both optically active and racemie
forms, have been determined at various temperatures,
Examination of these data shows that great veriations
in solubility exist among these amino aclds, The in-~
solubility of certain of them, such as cystine, tyrosine,
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thyroxine and dibromotyrosine, precludes the use of this
method. On the other hand, proline and hydroxyproline
are exceedingly soluble and would recuire the use of
large samples 1f accurate results werce to be obtalned,
The remsining amino acids have solubilities in a range
which should be useful,

It is possible to divide this latter group into two
classes based on a suitable ratio of amino acid to water
for the determinution of solubility temperatures. The
two ratios which werc chosen were one part amino acid teo
8ix and twenty~five parts of water. . sample of 150200
ng. was used for the 1:6 ratio and L0-50 mg., for the
1:25 ratic. The procedure for preparing the tubes and
determining the solubllity temperatures was identical
to that used in the threonine~sllothreonine analysls.

DISCUSSION AND RESULIS

The solubilities of the amino acids to which the
solubility temperature method appeared to be applicadble
have been expressed by equations of the form log S==a+bt+ct%
where S is solubllity in g£./1000 g. of water and ¢ is
degrees Centlgrade, Values of the constants a, b and
¢ are listed in Table X and the mean deviation between
Observed solubility and thet calculated by the equations
is incliuded in order that some idea of thelr accuracy
mey be obtained., 411 of these date have been determined
by Dalton and Sochmidt (42, 43). Included in Table X are
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CONSTANTS FOR THE SOLUBILITY EQUATIONS AND CAICULATED
SOLUBILITY TEMPERATURES FOR THE AMINO ACIDS

Amino eld

Glycine
DL~ilanine
D=Alaiine
Dl-Serine
DL=Glutamic acid
Di~Valine
DL-Methionine

L-Isolauclne
L-Phenylalanine
L-Glutemic acid
DL-Isoleucine
Di~Fhenylalanine
DL~Agartic acid
DL~Norleucine
L-Tryptophane
Dl~lLeucine

a b x 107

Ratio 1:6
241516 1,087
2,0830 0,5608
2,10L8  0.4669
1.3432 1.520
909317 10523
1.7749 0.2389
1.2597 1.108

Ratio 1l:25

1.5787
1.297%
9e5331

1.2616

0.9986
0,4181
0,9:58
0.9156
0.9013

0,07862
0,698z
1,613

0,2512

0.5252
24016

C.h52l
0.4,834
0.2635

¢ X 105 HMean

*kollh

-3 4548

2,607

2459

3479
3,140
14995
340z
24988
he591

Q?Y *
%

0.92
0.66
0.25
0.56
334
Oe54
0.73

Calcd,
50l
Temyo

647
2l o8
2541
68.9
8ha7
92.8
9740

1847
4346
6643
672
7843
7Lk
89.5
9040
98,0
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the equilibrium temperatures of complete solution as cale
culated from these equatlons,

Deviations of the observed solubility temperatures
from the calculated equilibrium temperastures may be ex=
pected for two reusons, First, the method is a dynamic
one in that the temperature is continually being raised,
and thlis should cause the observed temperatures to be
higher than the calculated ones. Second, errors are to
be expceted in the calculated temperatures, and the mag-
nitude of these can bhe estimated by use of the mean dee
viations., Unfortunately, the range of all the equations
used wag 0-659, and there is the possibility of much
larger errors in the caloulated values above 709,

The actual solubility temperatures of four of these
amino acids were determined so that en ides of the agree-~
ment with the calculated values might be obtained. Two
amino aecids from each class were chosen and the results

are given in Table XI.
TABLE XI

OBSERVED SOLUBILITY TEMPERATURES OF FOUR AMINO ACIDS

smino seid Solubility Temperature
Observed Observed Caled.
(2 recryst.) (4 recryst.)
DL~Alanine (1:6) 2542 —— 2h .8
DL-Valine (1:6) 9.1 Ysoly 92,8
DL-Aspartic acid (1:25) 70.7 70,7 714

DL~Fhenylalanine {(l:25) 80.4 i 78.3
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The agrecment between the ealoulated and observed
temperatures was good for alanline, the small deviation
being in the expected direction, The results for valine
and phenylalanine were considerably higher than the cal-
culated temperatures, These amino acids are not wetted
too well by water, and 1t is felt that this may possibly
have been the cause of the deviation. However, conside
erable uncertainty exists about the ascouracy of the cal-
culated values for these amino aclds since the range of
the equations hss been exceeded, The low values obtained
for aspartic acid may be due to an Iimpurity in the sample
which was not removed by reorystallization or errors in
the solubility data from which the calculated value was
obtained,

In addition to these four amino acids, DL-leucine
wag tried, and although the calculated temperature 1s
98,09, the materlal did not completely dissolve when
kept at 100° for thirty minutes., The possible ecauses
of this deviation are the same as those considered for
veline and phenylalanine.

Particle size 1s of great importance in determining
the rate of solution so that for those amino acids which
do not supersaturate badly it is advisable to dissolve
the samile in the tube completely and then chill it with
shaking. Swmall crystals of a2 more reproducible size are
obtained in this way. Thils procedure was used with

valine, phenylalanine and aspartic acid,
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MATERIALS

The DL=-aspartic ncid was purchased from the Lastman
Kodak Companys. The DLe-phenylalanine, DL-valine and DLe
leucine were purchased from Mann Fine Chemicals, New
York, Hew York. The DL-alanine was a product of the
Bios Laboratories, Inc., New York, New York,

The recrystallizations were carried out according
to the procedures glven for the individual amino =acids

by Dunn and Rockland (51).



THE SYNTHESIS OF HYDROXYPROLINE BY THE METHOD OF
FEOFILAKTOV AND ONISCHENEQ

DISCUSSION

The synthesis of hydroxyproline was undertaken to
supply the Poultry Department of this University with a
small amount of this amino acid for nutritional work.
Four syntheses of hydroxyproline are to be found in the
literature.

Leuchs and coworkers (L4=47) were the first to
synthesize this amino zcid. Their preparation consisted
of reacting eplchlorohydrin with sodiomalonic ester to
yield ec~carbethoxy-8-chloro~v-valerolactone, which after
chlorinaticn, acid hydrolysis and decarboxylation gave
«,§~dichloro~-r-valerolactone., Treatment of the dichloro
compound with agueous ammonia gave a nmixture of the
diasteroisomeric hydroxyprolines. This synthesis was
modified considerably by Traube, Johow and Tepohl (48),
who treated the «=-carbethoxy~§-chloro-v«valerolactone with
ammonia to obtaln o~carboxyamido~$§-amino-vY-valerolactone,
After hydrolysis of the amide, the lactone was brominated
and decarboxylated, and subsequent removael of hydrogen
bromide from the resultant o-bromo~é-amino-v=-valerolac-
tone with moist silver oxide gave the desired product,

Harmarsten (49) prepered hydroxyproline by treate
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ment of ethyl «xebenzamidoeY,d-dibromovalerate with barium
hydroxide, which ylelded 2 mixture of a-benzamido-3~bromo=
Y=valerolactone and Oebenzoylhydroxyproline, the latter
yvieldinz hydroxynroline on further hydrolysis.

Both MeIlwain end Richardson (50) and Feofillektoy
and Onischenko (1) prevared hydroxynroline from &wacetyl-
g=chloro~Y«~valerclactone, which was in turn mcode from
epichlorhydrin and acetoacetic ester. MelIlwain converted
the lactone to the «-oximino compound by the use or nil-
trosyl sulfuric aeld, and by reduction with platinum

'oxiae_in acetic acid obtained of=amino~Y-hydroxy-9=
chlorovaleric acid, which when treated with ammonia

gavse a mixture of hydroxyprolines. The Russisn workers

| propared the oc-oxinino acetate by aitrosation of ths
lactone with nitrous acid, Reduction with tin and

" hydrochloric acid, followed by the actilon of amménia
vielded the hydroxyprolines.

| Despite the lock of experimental detalls, the method
of Feofilaktov and Onischenko was chosen because it ap~
peared direct and better yields were clalimed for it than

for the other svntheses.

fem mmade™ Danm md® drlamn mrvendela T B edaeanvn AT e
o GOGHB
CRp-GH~CHzC1 + CH300CHZ000BS HaQmt o, cn,zca.?ﬁ-.c:ge-.ﬁac—o— oy

NOCOCH;
_ HONO CH,C1CHGH8-C=0 ° _(Sn + HC1)
~(OT F TR0 >

L
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HOGH—— CH,,
C1CH,,~GH-CH,gH=COO0KH 3 '
“dm N, ~— GK{ }EGGGH
N

H

No difficulties were encountered in the acetoacetic
ester condensation and the nitrosetion reaction. The
condensation was carrled out essentially by the procew
dure desoribed by Treube and Lehmen (50). The nitrosa=
tion was run following the directions of Peofilaktov
and Onischenko,

For the reduction of S-chloro«x-oximino-Y-valero-
lactone 1t wuas hoped that a catalytlc method might be
used to simplify the isolation of the product. Reduc=
tlon with platinum oxide in acetic aclid was not tried
since McIlwain's yield by this procedure from the free
oxime was only 30% and the reduction required three days.
Hartungts method of reducing oximes with palladium on
activated carbon in alcoholic hydrozen chloride failed
(17): no hydrogen was adsorbed in three hours time,

Reduction by tin and concentrated hydrochloric aeid
secmed to be satisfactory since 1t gave over 50% of the
theoretical yileld., Actually, the highest yileld of the
reduction product ever isolated was 2% of the theoretie-
cal amount, but if the material was carried on to the
next step without isolation, an overall yield of approxe

imately 50% was obtained after the second reaction, It
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is believed that partisl ring closure to hydroxyproline
ocoured when the reduction mixbure was treated with lead
carbonate to remove excess hydrochloric acid,

The ring closure of the §echloro-Y-hydroxy-ot=cmino-
valeric neid by ammonia proceeded readily to yield a mixe
ture of the four steroisomeric forms of hydroxyproline.
The use of barium hydroxide, which it was hoped would
faecilitate the isolation of the hydroxyproline, led to
gide reactions so that the resulting nroducts consilsted
mainly of =2 water soluble 0il, which ylelded only a few
crystals on long standing,

By the reactions described above, it was possible
to obtain a mixture of the two hydroxyprolines in a2pnroxe
imately a 25% overall yiizd based on apiehlorahy&rin; ir
the intermediate $e~chloro~Y-hydroxye-x-aminovaleric acid

wes not lsclated before ceyclization,

BEXPERIMENTIAL

2-Chloro-at-acetyley~valerolactones To ¢ sclution
of sodium ethoxide formed from 115 g. (5 g. atoms) of
sodium metal and 1500 ml. of absolute ethanol waz cdded
1300 g. {10 moles} of redistilled ethyl acetoucetalbe,
After cooling to 0-59, 463 g. (5 moles) of epilchloro-
hydrin wasg added rapidly with stirring. The temmorne
turc of the mixture rose very slowly. It was allowed
to stand overnight and then heated to L5-50° for one

hour. The ethanol was removed by distillation ot ro=
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duoed pressure, and the residucl viscous yellow syrup
was neutralized with approximately one liter of 5N hydro=
chlorle agid and = liter of water addeds The orgunic
layer was separsated from the agqueous layer, ané the lat-
ter wag extracted twice with 200 ml. portions of ether.
The extracts and the organic layer werc combined, washed
well with weater, and dried over magnesium sulfate. Ither
was dlstilled from the extroct, and the residue wos disw
tilled under reduced y»ressure from 2 modified Cloisen
flask, After a forerun of acstoacetic ester, the bulk

of material distilled at 135»137°243mm.). Approximately
50 g, of high boliling materiasl remalined in the flask at
the end of the distillation, The yiei& was 554 g. (645
of the theoretical amount) of colorless oil, which

slowly turned pink. This material was used without fur-
ther purification in the preparation of the acetate of
$-chlorow=«=oximino-v-yalerolactone,

§-Chloro~w~oximino~vevalerolactone ..cetate. To a

cooled, well stirred mixture of 554 g. (3.14 moles) of
S~chloro-w=gcatyl-Y-valerolactone and a solution of 240
e Of codium nitrite in two liters of water, was added
approximotely 650 ml, of SN hydrochloric acid. The rate
of eddition wes conbrolled so that the temperature did
exceed 30°, Before the hydrochloric acid addition was
complete, solid begun to form in the mixture., The end
of the reaction was indicated by the appearcnee oL Niw

trous Tumes. The nixture was cooled to 5% and the
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golid filtered and washed with several portiouns of cold
watere. The crude oxime acetete was air dried and recrys-
tallized from the smallest possible amount of methanol,
The vield of white crystals was 480 g. (75% of the theo=
retical amount) m. pe 113-114°, TFeorilaktov reported

a melting point of llﬁmlléofor this compound. A sample
of the above material was reorystallized several times
from methanol and benzene for analysis,

Anals Calecd. Tor C7HgO0,LNCl: C, 40.89; H, 3.92; N,
6.81; C1, 17.25, Founﬁ:l C, L1.22, 41.24; H, 407, Ll6;
N, 6,78, 6,62; Cl, 1747, 17.52.

§-~Chloro-Yv=-hydroxy-ocmaminovaleric acid. Forty grams
of granular tin and 80 ml. of concentrated hydrochloric

acld were heated until the svolution of hydrogen became
vigorous. The source of heat was removed, and a solution
of 50 g, {0e2L3 mole) of $-chloro-X-oximino-v-valerolse=
tone acetate in 150 ml. of 2,5N hydrogen chloride in
ethanol was added as rapidly as the condenser could
handle the vapors. After the vigorous reactlon had sub=
gided, the mixbture was kept boiling by heating for ten
ninutes. After cooling, the excess tin was filtered and
the filtrate was concentirated by distillation under re-
duced pressure until tin salts began to precipitate,

The residue was diluted to 700 ml. and lead carbonate
was added until the pH was approximstely 5. The solue-
tion was flitered and hydrogen sulfide was passed in to
remove the last traces of lead and tin. The sulfidés
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were filtered, and the filtrate was concentrated under
reduced pressure untlil solid began to appeer. Bight
milliliters of aniline was added to the residue, followed
by two volumes of ethanol, After cooling in ice, the
crystals were filtered and driled in & vacuum desiccator.
The yvield was 6.6 g. of white crystalline solid (27% of
the theoretical smount) melting with decomposgition at
173-174° after recrystallizetion from water and ethanol.
Feofilaktov reported & melting point of 165,5-166.5%
snal. Caled. for CgHypO4NCl: Cl1, 21.2. Found:
Cl, 20.94, 20.88,

Preparation of the Hydroxyprolines from the Oxime
LAcetate. OSixty grams {0.292 mole) of S«chloro-o=-oximino-

~Y-yalerolactone acetate was reduced according to the
procedure glven above, Lead carbonate was added as bew
fore until the pH was 5, and the precipitate of lezd
salts was removed by filtration. One liter of concen=
trated ammonla was added to the filtrate, the volume of
which was nearly two liters. The mixture was allowed
to stand for a day, filtered, and boiled until its vol-
ume was reduced to 1500 ml, Further concentration to
800 ml. was carried out under reduced pressure, Onc
hundred and five grams of barium hydroxide octahydrate
was added and distillation was continued until the dise
tillate was neutral. The residue was diluted to one
liter and 33 g. of sulfuri¢ acid, diluted to 150 nl,,
was added. The barium sulfate was filtered, and the
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filtrate was again treated with lead carbonate., Traces
of leand were removed with hydrogen sulfide. The light
amber solution was concentrated to 50 ml,, and 10 nl, of
anlline and five volumes of ethanol were added. Crystals
formed immediately. They were filtered and driled, yileld-
ing 16,5 g« of mixed hydroxyprolines {(47% of the theorete
ical amount), m. p. 236-237° decomp., The mother ligquors,
after evaporation to near dryness, yielded slightly over
one gram of additlonal material upon the addition of
abaclute ethanol, Leuchs reported &eeampogi%ian points
of 261° for DL~hydroxyproline and 250° for DL-allow
hydroxyproline {(ih)e

FoFmig e ng
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