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ABSTRACT

The-Stéféospecific molecular structure of living

fhings has important consequehces in the synthesis of
biochemicals for food supplementation, pharmaceﬁtiéal
'purposes and other biological uses. The optical isomers

_dbtaihed must usually be separated, because man and other

organismsvcan most often utilize only one of them. 1In
this work, sﬁereOSpecific sorption has been studied as
an alfernate method to better known procedures for separ-
ating optical 1somers. :

- In an éxploratory study, pure optical isomers -of

-gsparticfacid were found to dissolve 1n measurably'differ-
. ent amoﬁnts into aqueous solutions of other amino acids,

fused’as'optiqally active solvents. The largeét observed

effect was a 1.1% difference for the aspartic acid isomers.

1h 0.055 glutamic acid. Such differences in optical-
o 1somer solubilities are eiplained‘by differences 1n binary

assoclation between solute and solvent, caused by strué- .

*Filé& as a Ph.D Thesis



I-1.

I1-2,

11-3.

.II"'L’O

: II”S. .

III-1.
1II-2.

ITI-3.
III-b.

Iv-2.

TABLES

Minimal Effective and Safely Effective Daily Levels .
of Essential Amino Acids in the Diet of the Young
Humn Male..........................'...'............3

Amino Acid Profiles Expressed in Milligrams of

~Amino Acid ‘per Gram of Nitrogen......................6

Amino Acld Profilea Expressed in Milllgrams of

'Amino Acid per Gram of Nitrogen......ccececceoesesselO

Excess Solubllities of L-Aspartic Acid over D-Isomer

viii

in Various Solutlons at 28° C.................,......25'

1n1mum Inter-Dimerization Constants Calculated
from Solubllity Measurements of Cohn et al..........36

ﬁinimum Inter-Dimerization Constants Calculated

from Solubllity Measurements of Su and Shafer... .36

,Self—Dimerization Constants for Glycine Calculated :

from the Data of Smith and SMith.eeeeeeeecceceoancsososlbO

Self—Dimerlzatlon Constants for Serine and_Threonine

:Calculated;from.the Data of Smith and Smith;.;..,..;UO

Solvent Swelling at 25°C of Formylated Polystyrene
(4% divinylbenzene, 150-200 mesh, capacities as

'-'B-ho"'n).....................-..............'......;...’49

Synthesis'of Amino Acid Resins with Formylated

'Polystyrene (4% divinylbenzene, 150-200 mesh,
capacitles as Bhom)..C..Q...............C..'0...".52‘.

- Resolution of DL-Mamielic Acid on L-Tyrosine Resin
1n Hethanol........'......‘..O.Q.‘.............O....Su‘

Resolution of DL-Mandelic Acid on L-Glutamic Acld
Hesln 1n Methanol’....‘.‘o.‘..."...‘.l.............56

v'Initial Rates of Hydrolysis of 80-100 Mesh. Chitln
. at Various Temperatures in 50 Wt-% Aqueous NaOH.....?Z

. Resolution of DL-Tryptophan on Chitosan in Methanol.Bb



'i‘ll

I-2,

1-30

II-l.

II'Z?

II;BO

II’“.

III-io

I1I-2,

III-3.

-"IV’ICK
. Iv-2.

IV-3. -
“Effective pH = 4 5).......ooooooooooocooooocooooooo80

~ PIGURES

PrOportionality Pattern of Requirements for
Essential Amino Acids Expressed in Relation ,
to Tryptophan...00'C....0.....00..0.0..0..000.'0.00..“

PrOportionality Pattern for Corn Compared to
50% of FAO Reference Pattern.;............,;.....;;..?

'Demonstration that Three Points of Interaction

Are Necessary for Stereoselective Sorption. Two

"Points of Interaction Would Not Distinguish be-

tween the optlcal Isomers..............0............17

L-Glutamic Acid (Lert)sand L-Aspartic Acid, .
'w1tthhree'H-BondvInteractlonSQtnoo-toooouooooooooooZ?‘

L-Glutamic Acid (Left) and D-Aspartic Acid,
with Two H-Bond Interactions. Molecule Shapes

Do Not Allow a Third H-Bond to Form.................29 o

L-Aspartic Acid (Left) and L-Leucine. with Two

_vH-Bonds and a Hydrophobic' Bond......................31 
D-Aspartic Acid (Left) and L-Leucine, with Two

H-Bonds. Molecule Shapes Do Not Allow a Hydro-
phobic Bondto occur.l...‘IO....O..'....'Q..OO0000000032

Resolution of DL-Ammonium Mandelate on L-Tyrosine
Resin in Methanol with O. 05M Ammonjium Chloro-
acetate Elution.'.......O.........O.‘O......0.......59

Resolution of DL-Mandelic Acid on L-Glutamlic Acid
Resin in Methanol with 0,05M Ammonium Chloro-
acetate~-Chloroacetic Acid Buffer Elution (Effec-

tive sz30).........O....'...........‘.‘....0......61‘

Resolution of DL-Mandelic Acid on L-Glutamic Acid
Resin with Water, then O .10M Sodium Chloroacetate-

Chloroacetic Acid Buffer Elution (pH = 3. 2).........63

Resolution of DL-Mandelic Acid in Methanol with
0.10M Chloroacetic Acid Elution (Effective pH =

193 .‘....OQI.‘.'............‘.........l.'......‘...78.

Resolution of DL-Mandelic Acid in Methanol with
0.10M Sodium Acetate-Acetie Acid Buffer Elution

ix

 Separat1on~of L-Aspartic Acid and L-Glutamic Acid...?é -



IV-b.
Iv-5.
1V-6.

Iv=7.

IV-B. -

1v-9.

IV=10.

Resolution of DL-Mandelic Acid in Water with

~ 0.10M Chloroacetic Acid Elution (pH = 1.93).........81

Resoiutidn of DLQHandelic Acid in Water on

. Sephadex G-50M with 0.10M Chloroacetic Acid
Elution;...‘..'.........0‘................‘.....;'.082

Resolution of NmAcetyl-DLmPhenylalanine in

‘Methanol with 0.10M Chloroacetic Acid Elution.......86

Resolution of N~Acetyl-DL-Tryptophan in Methanol

'- With 0 IOH Chloroacetic Acid Elution........-........87

Resolution of N-Acetyl-DL-Phenylalanine in
Methanol with 0,.,10M Acetic Acid Elution (Effec-

tive pH = 2 88)..............ooo....................89

Resolution of N-Acetyl-DL-Phenylalanine in
Methanol with 0.10M Ammonium Acetate-Acetic
Acid Buffer Elution (Effective PH = 3. 75)...........90

Calculated Scale-Up for Resolution of N-Acetyl-

‘DL-Phenylalanine....l........................‘......92



- 1. 'INTRODUCTION

‘The As mmetr of Livir - Thi s

The asymmetric nature of nost chemical nstcrials of

fbiological origin 18 a rundamental characteristic of lire.

By far the greater proportion of amino acids round in

Jnature. whether as constituente of proteins or in the

free state, are of L-configuration. ‘The monosaccharides
found'in organisms as constituents otbnucleio acids,
polysacoharides like starch, disaocharidcs ‘1ike sucrose.-

or in the free state are mainly of . D-configuration.‘

'Thus. the-stereospecifio character of the molecules that’ ;

make up living things is an intrinsic 'fact ot life'

| A maJor result of this stereospecifio nature is

: that vertebrate organisms. in particular.-are-nuch better

: equipped for metabolism of L-amino aclds and D-mono- ”

saccharides than for that of their enantioners. This

- fact’ has an important consequence in any synthesis ot

biochemicals for food supplementation, nharmaceuticalf

’purposes. or other biologiCal uses., In vitro syntheses

result in all possible isomers in equal amounts. since

from thermodynamics both isomers or a mirror-structure

~~ _palr are equally_probable; and kinetics provides no

t‘selectivitylunless perhaps an asymmetric cataiyst.is used.

Hence mixtures of optical isomers which result from non-

‘biological synthesis must be separated if pure optically

active forms are required.



Food'Supgleméntation with Synthetic Amino Acids
' The possibilities of large-scale foéd supplementa-
| tion_éﬁd éh'evéhtual synthetic diet are dramatic examples

of the potential utliity(of synthétic,émino'acidg and the

" need for good‘methodé of opt1ca141somer separation.

Tdblé‘1 iists the minimal and safeklevﬁls of the essen-
' t1é1'am1nd'ac1d8 as determined bylkbée ég'g;..(i5).':The
‘minimum daily requirement of essential amino acids to R
maintaih é‘yéung human male's Aitrogeh bélancé'tbtalé'
6.35 gms. In addition. Rose et al. (14) found that
approximately 2. 5 gms of nonspeclfic nitrogen 13 required
-for the.synthesis-of nonessential amino acids; 1n their

| exbéffménts;.this came pr1nc1pa11y from glycine,

o Of ‘the essential amlno acids for humans, tryptophan
is required in the least amount. If this amount 1is set
arbitrarily at one and the other ‘amino acids listed in
proportion to tryptophan. a proportionallty pattgrn of
améunté of amino acids needed for best performance'results.
. A'proportionality pattern baséd.on the amounté of amino |
‘acids 1listed in Table 1 is shown in Figure 1. A diet
vfpossesslng én'adequate-supply of egssential amino aclds
in this pattern avallable upon digestion (plus sufficient
nithgen for bio—synthesis of ofher amino acids) has:by
' deflnition a biological value of 100.

No protein possesses such an ideal amino acid pattern.

4



Table 1. Hinimal Effectlve and Safely Effective Daily

‘»ﬁg;of the Ioung Human Male (15) f;_x}“"

R , | Hinlmal Level er Da . Safe Level per Daz
H:Amino Acid Grams vuillimoles vf Grams Hillimoles

Levels of Essontial Amlno Acids in’ the Dlet 15'~'7“

'-‘gpfphg];ja,l§) 1,1b'. ;_.6 6';l ',__§_f2{26ff§j> 13 2; ,:   s

ot 080 s 160 110

"T.t;rari;,‘_:wifo;go;;‘ggzarz E r‘_f«,,;,ao'r_: e

Z,L-Ileujj   ;ufo;ioﬁ,*‘f-5.3‘g"fif_? p1 uOf'f7 20,6
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) Figure 1 Proportlonality Pattern of Requirements for s
e . -Essential Amino Acids Expressed in Relation
: :' o to Tryptophan (Calculated from Table 1 ) =

R .




Noaetheless. 1in industrialized ceuntries there is usu-
ally sufficient protein of high biological value to
meet all requirementa. Even in these.countries. exper-
v 1ﬁents sﬁgéestvthe benefit of amino acld suppiementation
for preénaht;iomea (17); infants (1.2); aged‘men (18,3);
and iﬁ_postoperative feeding (12). vHosever. 1£fis in
the f‘.teehni cally underdeveloped countﬂes ‘that the need
for;dletbsupplementatloa isvhost evident. The'diets

of many of these countries consists almost entirely of
low-protein grains rice. corn. wheat. cassava. sorghum.
millet.-etc; the problem_there is compounded by a defl-
ciehcy of one or more essential amino acids ln‘the brOs
| tein, ieading to a low biological value for it.'

Amino acld profiles of the three most 1mportant
grains wheat. rice and corn. are shown 1n Table » in
‘,comparison with the reference pattern}established by |
the Food and Agricultural Qrganization of the United
Nations (10,11). The referencevpattern conforms fairly

. closely to that.established by Rose. Deficient amino
racids 1n<each protein are indlcated by parentheses..
Corn has the poorest balance. Speciflcally. if the |
same amoﬁnt of corn protein were eaten that‘ﬁould satisfy
totai-nitrogen requirements in the FAO reference pattern.

1‘the.body's needs for tryptophan. lysine, methiohine and

isoleucine would not be met. Twice as much corn would



Table 2. Amino Acid Prorlles Expressed 1n~H11113rams g,“"'”

R ;'L-Phe__f,':.}":,_ 3

: L-"“
V '{?jL-Leu
2 'fL-I1eu ;17
 Leval

of Amino Acid per Gran of Nitrogen (11).:
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have to be eaten to satisfy the tryptophan requirement.
This point is illustrated in. Figure 2 by comparing the,
proportionality pattern of corn to that of the FAO refer- :
ence pattern- only that part. of -the amino acid pattern
,of corn which conforms to the rererence pattern is usable
by the body.A All the amino acid represented by. the sin-
'gly ribbed part of the bar graphs is wasted. even though
.the body sustains a deficit of 50 percent of its amino
acid needs. " - |

The result is that the nitrogen in corn protein has
a biological value of only 50.(assuming complete diges-'

only 50% of the :

-tibility) That is./nitrogen content (or protein) in
the‘corn can be used_as,a source of amino acids to support
grouth; and'the'remainder.serves only as a consunable'
eneréy'source likeﬂcarbohydrate.' Doubling the tryptophan
‘content of corn by supplementation would raise the blo-
‘logical value to 63, since lysine'would now be the limit-
ing amino‘acid. Purther supplenentation by lysine could
'raise the biological value to 76 and by both lysine and
methionine to 93. |

'The same analysis can be made with wheat. rice and
~other-foods,' The point is that: if dietary proteins are i
'ldeficient in one or more essential amino acids, supple-
lnentationvinereases'the nutritional value of the diet

greatly_out of proportion to the quantities added.



Thererore. a marked need exists for inexpeneive syn-
thetic routes to the essential amino acids (19 12).
With the exception of methionine. which can by used
by the body in L- or D-forn. procedurea allowing re-
' solution of the resulting racemic mixture and recycle'

of the unusable D-ieomer are needed. -
| A fact important to the synthesis and reeolution'

of amino acids is that amino acid precureore or deri-
vatives can be as useful as the amino acid itself.. |
Thusvnéacetyl-LAtr&ptOphan is as good as an equal |

amount of7L-tryptophan in promoting growth in the.rat-(g).
The ethyl'ester'of L-tryptophan has aleO'been found fully
as effective nutritionally as the free amino acid for the
l growth of rats (6) ' The same also held true for the amide.
ethylanide, diethylanide. anilide and ethylanilidedor |
L-tryptophan_(5). Hence, if N-substituted amino acids,
vamideewor esters are formed in the course of syntheeie-
- or purification. in some cases they could be used directly
a8 food eupplementa.

 Table 3, reproduced from Howe (ll). gives amino acid

profiles for several more foodstufrslwnich are or’ma& be
ueed,ae major food sources. Asain.dthe deficient amino
acide.are indicated bw parentheeea. - Again tryptophan.‘
- along’ with lysine and methionine. ie seen to be widely

vdeficient.
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' resent gethods for Sepgrating Optical Ieomers

Cr 1stallization Procedures. Selectlve crystallization
efvone'optical isomer from a solution of the_raeemic form

has beeﬁ eccompliehed.for many chemical cenpeunds (16).

The essential condition here is that the racemic solid must

be more soluble than the cryetale of pure 1soner;vhenee‘_

thls appreach fails for‘many compounds. Separation is made

to occur by 1ntroduc1ng a seed cryetal of one or the isomers
(or, 1n some cases. an optlcally pure seed crystal of a
different compound) into a solution mildly eupereaturated '
iith‘reépeeﬁ,tO'hoth isomers. A series of alternate D-
end'LJ'cr&eﬁallizatione 18 ﬁeeeeeary to dchieie:complete '

separation.

"QLastereoisomer-Salt'Formag;gg, The most commonly
used method of optical isomer separation involves formlng |
the salts of a pure optically active base with a racemic
pair'of optically active acids, or viee #ersa. This leads
to a diastereoisomeric mixture} the two resulting com-
pounds are no lenger eﬁantlomera.vand:ean be sepereted‘
by,normai'differeneee in solubility. The free optieally

active isomere-ean then by obteined from the salts by'

'additlon.of exeeseeacld or base. The procedure can be

’illustrated schematically for e pair Of'opticallyeectije

11
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acids: . R
[ " ($)a + (+)Ba"
(+)A" (+)A: (+)B : : o
. P+ (+)B b
(-)A |

(- )A (+)B

'—-b( )A + (+)BH'

This method suffers many disadvantages. As the condi-
tions necessary for a succeesful separation are not |
"_known beforehand the separetion of each optical 1somer
pair is a new problem. The most desirable state of ‘
_affalra is for the 1mmed1ate separation of the diastereo-.
isomeric salts to oeccur. However. crystals of the less
solubieveelt invariably entrain some ef-the more.eoluble
salt. and the residual 11quor is not easily freed of |
the less aoluble salt. Complete purifiocation of each
salt'thus>u3ually,1nvolves one or more recrystallizations.
Biological Procedures. The use of biological pro-
cedureeito resolve optical isomers ranges from employment
of whole animals to enZymes. Living aniials have been
vutilized.in isolated instances by feeding of injectingr
a'raeehie amine acld to ieolate'one of the optical isomers
" in the urine;' Iﬁ geheial. however, 1t 1is thevbiologi-'
cally active isomer that 18 consumed, and this method

" has little p:ecticel value.



Use of microorganisms is limited by‘sevefel factors;

notebly‘imperreet seleetivity.(giving reduced:feeovery)
and inoomplete use of the most-eonsumed species (giving
'reduced purity). COnsumption of the unwanted isomer
' eliminates the possibility of eonverting it to racemic
mixture;;end thus ultimetely tovtherianted_fefm.i |
The uee of eelective oxidasee to contert'onlypone
_Optieel 'isome:rv of an amino acid pair to an q4keto acid
or amine has been 1imited by their cost, and by the
limited range of susceptible emino acidslrofiany.one

such enzyme. This method is also limited since it

leads to preparation of only one of the optical isomers.v

Asymmetric enzymatic synthesis by selective action
of a'prbteaseﬁen N-acylated-DLAamiho acids to produce
a peptide ‘bond with aniline or phen;lhydnazine suffers
many prodedural difficulties. This approach has been
| limited by the interrelated problems of solubility con-
trol, unfavorable equilibrium, nenselective eetion.
cheice of N-acyl group, pH and buffer composition. .
| v-'Ot all the biological procedures for the separation
or optical ieomere. aejmmetric enzymatic hydrolysis |
pthrough the action of amidases-and.acyleses appeers
' to have the . greatest potential. 'Onlj the L-isoﬁer of
, racemic amino acld esters or amides is hydrolyzed. and

all products are left in solution to be separated by

13 :
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differehtiél solubility or ion exchange. ‘Sﬁbsequgnt _
acid-hydrdlysis of the D-amino acid amide or_acylatéd 
D-émiﬁo*acid:yields the ffee D-amino acid,: Thus both
opti@alrisdﬁe:s can be obtained in pure forma._Large-
scaléfprOduction of optical isomers using this method

is thus possible in principle.

| Stéréqspécific Sgrption.as én_Alternatlve Technigue
| | In view of the difficulties encountered with the
uéualtﬁethods of optical isomer separation. stereospecific
sérﬁtion:aé an altérnative fechnlque hés been thé fdcué
'df'man& studies (7). ‘Selectivé_sbrbents. thouéh'expen-
sive to méke. offer.the prospect of béing reused for
'hﬁndréds or even thousahds of cycies. Ste:eospecific
- sorption is ﬁhua botentially more efficient. more"gen; .
.eréiiy"épplicable; and easier to scale up than éiystai—.
lization and biological operations

‘ However. use of asymmetric sorbents for separations
of optiéal isomers has been retarded by lack of available
materials and lack of understanding of how they work.
Furfhermdre; separations.achieved with most matefials 
 tr1éd_to date have given little of no spparation.. |

The present research has included (a) study of aﬁino

acid 6ptica1 isomers in aqueous solution, to_détermlné
the degree of association betwéen these compounds and

1dentify the cause for the stereospecific interaction



which occurs; and (b)‘devcldpment of two new types of

asymmetfic éorbenté for use in separating,optiCal 1§omers.f

Solvént éx£ractton usinghoptically act;ve'solvents
has also been considered as a process cmplojing stereo-
specific 1hteractlbhs.‘ In generallterﬁa. éxtractibn |
}pfovideé:higher stoichiometrlc'éapacitiéa bat lmallef
se;ecfivities than sorption. Mass-transfer rates in
sorption columns are often .highér than in extraction,
columns, but not univergaliy SO At}present.rthefe,ls
~an acute shortage of potentlally-efféctlve_optically
active éolvents. These considerations have suggested
thdt today sorption ofters_greatgr opportunities for

‘separating;.optical isomers, and therefore_thé present

research has focused upon chromatography by either adsorp-

tion or ion exchange.

Three-Point Interaction Model

Chromatographic separations are based on a differ-
ence in affinity of the conpounds'being separéted for
the sorbent material. . Bécause of the chemical identity
~of mirror-image pairs, selectivity can Arise only throush
structural differentiétion which involves some nearly |
puré optical-isomér as the separating agent. Even theh._

v_dn the molecﬁlar scale, the separating agent can only

differentiate between an optical 1somer andvlts mirror - -

image if at least three points of-iﬁtermoleéu&dr contact
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(eithéf attfactlfg or repulsive) are involved. This
gdncépﬁ was firét rcéognlied'fOr-enzyne r§éct1§hs (13),
énd latér for resolution of éptical 1sbmefs by asymmetric
. sorbents (8) and solvents (4). Flgure 9. illustrating |
the concept.vshowa a pair of optical lsomers 1nteract1ng
with identical sorbent_sitog composed of three dirferent
’ chémicﬁl éidupa 1', 2' and 3°. For,the isomer on the
vleft. interaction respectively. of groupa 1, 2 and 3
with groups 1*, 2*, and 3' of the aorbent site 13 possible.
For the 1somer on the right, 1nteraction betueon groupa-
3 and 3¢ 15 impossible when 1somer groups_l and 2 are
ihterécting respéctively, with sité grbups,l' and 2';v
Pfesuﬁéb1j the right-hand isomer can also'form'a 141'.
3533 adduct énd a 2-29, 3-3°¢ a&duct; the.left-hand i somer
can form the same three tuokpolnt adducts (1-1' 2;2'-
1-1° ”3-3'. and- 2-2'. 3 3%); and the strengths of these
~ two-point adducts shquldvbe essentially the same for both
1somefs; But’ the total bonding of the left-hand isomer
18 stronger because it alone forme the additional three-
Abﬁoint complex. - With such.d;fferentiation in total bond- T
ing, thq right-hand isomer should pass through'a colﬁmn :
- of this asymmétric sorbent mdre'quickly than the left-
hand one, and a separation would be effected. - |

A variétion of the ﬁhree-point concept has been

encountered in the course of this study, based‘upon"



.~ Are- Necessary for Stereoselective. Sorption. A
. Two Points of Interaction Would Not Distinguishg;xﬁvQ
‘*,Between the Optical Isomers. RN

Demonstration That Three Points of Interaction




.k; tool w111 1ncrease.

H‘ﬁrepulaion rather than attraotion.v It 15 possible that

fsterio 1nterrerence botwoon groups 3 and 3"cou1d disrupt

v}tho two-point 1nteraction of groupa 1 with l' and 2 with

2' 1n the lert-hand case. of Flgure u but not 1n thev" 

'”;rlght-hand case.f Hence 1t is then the left-hand 1somer-f

' which would pass moro qulokly through a column of the

,‘lasymmotrio sorbent. _54 E‘f‘__ _ e _ ]

- i Thls model has proven to bo quite userul 1n deter-f‘#

‘fimining the 1nteraotions 1ead1ng to asymmetrio association |

;t’between optical isomers and separations of optical 1soners
von asymmotric aorhents.; As experlence 1n aoparatins '

'optical 1somers accunulates. 1ta value a8 a prodictlvo f
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II. INTER-DIMER -AND SELF-DIMER INTERACTION CONSTANTS
BETWEEN AMINO ACID OPTICAL ISOMERS

Introduetion |

rAn_exploratory study on the resolution of'optical
isomers has included solubility measurements on pairs of
pure optioal isomers in optically active solvents.v.Due to
the minimal availability or pure optically active liquids.
aqueous solutions of amino acids were used. Results indi-
cate that the isomers of aspartic acid often have differeht
solubilities in such solutions. Diastereoisomer, formed
as a collectible second phaseilis.notiavfactor in the
.dbservediselectivities; for when the optical isomers are
crystallized from the‘optically active solvehts. their
equivalent welghts show that they have not combined ﬁith
'any of the solvent.

That optical 1somers should have appreciably differ-

‘ent solubilities in optically active solvents is not sur-
prising. ‘but quantitative results for amino acids as exten-
‘slve as these have not been reported,previbusly; Gil-Av
and eoworkers (7) have resolved volatile ﬂ-trifluoroacetyl
amino acid‘esters ty stationary layers of similar non-
volatile esters in gas-liquid partitiOn chromatography.
Secor (13) reported in a review that optically active
solvents have been used to resolve racemic (50-50) mixtures
of optical isomers. Bowman et al. (2) have obtained par-

tial_resolutions”of a series of organic racemates by
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partioning the racemates between an aQueous phage and
an optically active phasc. |
| A statistical-thermodynamic analysis by Amaya (1)

of solutions of optically active substancea alsc indicates

that optically active colvents should exhibit sclective solvency,

| vfor one optical isomer of a pair. From a thcrmodynamic
viewpoint. if theesolubilities of an_optical isomer'pair
are not‘the:same'in'an optically active'solvent. their:'h
actiiity coefficienta must differ also. InhAmayalsw' n
: modéiy'fhe:molecnlar1surface-is’diyidcd-lnto a numbef,l
Of“contactypoints correspondingyto exposed fnnctional__
groups. In order for'molecular contact.to fayor one
'optical;isomer configuration'over another; at”least three
contact'pointa of'differing‘composition.must interact;
with a eet of three mntually dissimilar contact points
1on an adJacent molecule. The strengths of such point-
, to-point contactsfhave not yet been analyzed or correlated.
' NeverthcleSs. the role of "three-point interaction” was
recogniied earlicr by'Ogston (11) for-enzyme reactione.
:and by Dalgliesh (6) for . resolution of optical isomers
b'by paper chromatography. '

The criterion of three-point interactionhhaslbeen_
used with'our systems, to determine the mechanism leading
to enhanced solubility of one optical isomer overpthe -

| Other, and in each case'tried.it haslled to a,Satisfactory '




interpretation.

Solubilities of amino acids in solutions of other‘
‘amino acids have been'meaaured before._but not primarily
forldetermining optical-isomer effects;_ Injan‘early-study.
" Cohn et al. (5) measured the solubilities of-l-asparagine
'and of L-cystine in racemic solutions of other amino acids.
More recently. Su and Shafer (17) determined the solubil-

.ities of many L-amino acids in solutions of other L-amino

acids; in the case of L-arginine hydrochloride they deter—

mined solubility in a D-tryptophan solution and found it
to he different from that in a L-tryptophan solution.

Interestingly. aspartic acid wag not included in
»either of the previous studies. Data from the present
study shou aspartic acld to associate more strongly with
various amino acids than does any other amino acid studied
* thus far. Furthermore. the differences in solubility of
aspartic acidroptical isomers in solutions of other amino
acids-are found to be significantly larger in some cases
than'the difference in solubility of LAarginine hydro-
chloride in solutions of L- and D—tryptophan found by
Su and Shafer. _

The +NHBCH(COO ) group is common to all amino acids.s
In a solution of amino acids, one would expect some degree
~ of interaction to occur between the NH; and CO0~ groups

of one amino acid, respectively. and the COO'.anddNH; of

23
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another.‘ The dimerization constant for this quadrupole
'formation has been calculated from solubility data for
pairs of amino acids and also from activity data for

individualsamino acids.

gerimental Stuvl
Procedure. For measuring the solubilities. the,

following experimental procedure wae followed Exceae
dsolid ‘amino acids and the aqueous optically active |
”eolvents were placed in glass-stoppered'fleskxg 'The:
‘flasks were mechanically shaken in a constant temperature
bath. controlled at 28, 010.007°C, during equilibration
-_for 12 to 24 hours. Samples were then collected by ’

£11° tering the solutiona under pressure into weighed
_test"tubest_ Analysis by potentiometric titration with |

0. O5N NaOH followed; triplicate semples agreed to within

0. 3% in all cases, With 0 1% being the usual range. '

. Beaults. Because aspartic acid isomers were easlly

purified by crystallization from bolling water; it was
- used most extensively; Table 1 shows the excess solubility |
obgerved for L-aspartic acld in each of six “solvents. |
Negative_values indicate cases where the}D-ieomer is more

soluble.

er retation

. ualitative Structurel Lt

Because amino acids usually have only one asymmetric



‘o'vTable 1. Excess Solubilities of L-Aspartic Acid Over
ﬁﬁ.HD-Isomer in Various Solutions at 28 C |
u'ol;,Solubyliﬁyl' l Exééosf.x'”

of - Solubility -

. D-Isomer,. . = of

‘golution;; -lﬂ_g-;';i”

oﬁg;Aqueous Solventggp_ ‘
“””;ﬂWater 'Tf“o;ill}f5}0kOUlb7ifiiv‘"‘
L0 OSM Solutlons_v‘””

“l*lL'L°u°1ne 5 "fyqffo-04385l5373'ffo;ulnl‘ |
L-serine  o.ou3gh -0
::lL-Arsinine-H01 :lff'o 045153}l-7l,f0QQl_’o,:j
| o7L'GIUtBM1c Acidff-jl0y04295;: l:t;5i;31llf
'?;7D'°1utamic Acia':;,?o.¢u544,v".;1>;6;9;.

“Excess solubility percentage 13 L-isomer solubility

'v:’minus D-isomer solubility. divided by L-lsomer so1ub111ty.:,,-@;5;f'

:’ff.times 100.';¢¢ﬂj':”'




center. 1dentificatlon.of the 1nteractionstcausing thev‘
 excess solubility‘of asnartic acidlln'the various-anlno
acid_aolutione‘has been fairly suocesaful;"Of the amino .
acide‘used as solvents for aspartic acid. 3lutamic acld
appeare”to have the greatest asymmetrio 1nteraction.
Figure 1 shows the molecular structure whlch produces
a stable three-point 1nteraction between L-aspartic acid |
'.and_Lfglutamio acld. thie_interaction belng stronger than
any’related‘effect'betneen’D-asparticvacld and LAglutamic
acid(z In thie'etrncture; two points of interaetion ooour.
'_'by hydrogen bonding between the NH3 of each amino aoid ;
and the head-end CO0™ group of the other (quadrupole '
formation)- (In the figures. carbon is shown by black»'
orbitals. hydrogen by white, oxygen by dotted gray. and
nitrogen by strlped gray. ;Hydrogen bonds are shown by
dashed lines.) | | | |
However, mere'two-point 1nteractlon is essentially
nonseleotire} the preoise arrangement of atoms away from
vthe two points of contact, in elther optical isomer of
the solute molecule. cannot have much effect on theﬁsolvent
molecule oruﬁpon the bonds between them. ;It;is when the
.'molecnlea alreadj bound in a two-point eontact_swing aronnd
to'develop a third contact, and find an additlonal ener-
getically favored point of attachment--and only then---

that the asymmetries affect the relative strength of .

26



‘Figure 1. L-glutamic acid (left) and L-aspartic . . . ~ .
L. . . .  .acid, with thpree H-bond: interactions... = o
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.complex formation; A dimer bonded at three contact
points will increase the equilibrium constant for forming
the total dimer of that type. o

" In the case 1llustrated by Figure 1, the third point
of contact occurs when the respective side chains are‘
' situated_to allow hydrogen bonding between the tail
‘carhoxii groune. Actnally{ Figure 1v111n3tratesboniy
one of six side~chain configurations uhich will allow
three-point contact. o |

Figure 2 shows ‘the two-point interaction between

L-glutamic and D-aspartic acids when hydrogen bonds occur
between the NHB of each amino acid with the head-end coo~
group of the other. Here the geonetry prohibits a third
pointgof contact between any parts of the.sidelchains of
the two:moiecules;V~Nevertheless. it is possible for L-
glutanic“and‘D;aSpartic acid to deVelop two three-point-
contact complexes, and ‘only two, by another means. _In
these two complexes (which differ in side-chain config-
uration). a hydrogen bond between NH3 of_L-glutamic acid
and COO~ of D?asoartic acid can acoompany two other polints
of hydrogen bonding, one between the COO of L-glutamic
- acid and the tail COOH of. D-aspartic acid, and one between‘
the Nﬁj group of D-aspartic acid and the tall COOH of L-
. glutamic acid.

- These 1nteractions represent only a few of the



Figure 2. L-glutamic acid (left) and D-aspartic acid, - =~ 7
B B -.with two H-bond:interactions. Molecule . . -
o -+ shapes do not allow a third H-bond to form. - p




'1nterootions possiolc.between L-glutanic ncid and the

L~ and Dféopartic acids. However, most other interactions
nré nonselective. NonetneleSS,-the modeling4resu1t tnat
L-glUtnmlcéL;aéoartic three-point-contaot‘conplexes'shonld
: form_ﬁore“easilyvthan L-glutamic:D-aspartic complexesv
constitutes a prediction that L-aspartlcfgcid §111 be
more SOIublo.thénFD-aspartic acid in an aqﬁebns solution
of L-élutamic acid. The experimental result is consiotont
with thls analysis._ | | o | _ “

| Figure 3 shows the three-point contact which can
occur bétween*L-aspartic'acid and another amino-acid
solvent, L-leucine. 'Two of the'throe contacts ngain
- occur by hydrogen bonding between the charged NH3 and
- Co0~ groups of the ‘regpective amino acids. "In this case
_the third point of contact occurs by hydrophobic‘bonding
between the aliphatic side onain of-the'LQIoucine and _‘
the CH2 group of the L-aspartic acid. Hoﬁéver; Figufe L
shows that for L-leucine and D-aspartic acid. it 1s o
: 1mposslble to develop the third point of contact-when
hydrogenﬁbonds form between the charged NH; and COO~ groups
of'tho respective amino acids. This observation leads to -
the conclusion that L-aspartic acid will be more soluble
tnan D-aspartic acid in a solution of L-leucine. Again,
thc'expérimentallresult is consistent‘with the'structural

- model.



S A PRI F1gure3 L-aspartlc ac1d (left) and L 1euc1ne, '
B L LI T w1th two H bonds and. a hydrophoblc bond

__""



“figureiﬁ;3 D- aspartlc a01d (1eft) and L- leuc1ne,“_
L e with two’ H-bonds.' ‘Molecule shapes do ST
' ‘not. allow a hydrophoblc bond to occur.}m;i'

:2€ ; i;:i : 'f; ::v4€“ i:%;j:i;f1i




A eimilareanalysis.has been made.successfully with
arginine hydrochloride and with serine, as solvents for

aepartic.acid._

Eﬁgilibrium'Cohstants fcf_Inter-Dinerizatiou
| "The“ihcreeee iu~solubiliti of anfaépartic acid
'isomer;(A) in a solution of a glutamic isomer (G), |
'relative to its solubility in water, measures the extent
of interspecies dimer formation. From thermodynamics.
'considering that activity coefficients should not change'
appreciebly, the saturation concentration of ‘solute
ubncmer_ﬁlus solute self-dimer should be the same (0.04147
moleE/liter) in the mixed amiuo acid'eolutionves‘in water.
The mclecular epecies present can be coneideredlto be -
A, A2. G. Gz and AG. Theu AG eccounts for a reduction
in coneentration of G plus Gz below the starting value
(O 05 moles/liter).
Although the extent of self-dimerization 1s not

yet known for either aspartic acid or glutamic acid,
a minimum value of the equilibrium constant for inter-
dimer formation.'KAG.‘can be obtaiued-by assuminé'thatd
no self-dimers (Az, Gp) form. The eolubility iucrease, l
from avereged experiuehtal data, is 0. OOZOOImoles/liter‘
:for L-aspartic acid in L-glutamic acid (or D in D). |
and 0. 00153 for D-aspartic acid in L-glutamic acid

(or L in D). The glutamic acid concentration, calculated
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as monomer, will be reduced below 0. 050 moles/liter by'”
these amounts. These minimum values are |
Kag  =(AG)/(A)(G) | |
(Kag)LL=0.00200/(0.04147x0.04800)=1.01 (moles/liter)~l
(KAg)ﬁL=6L60153/(o.ou1u7xo‘0u847)=o.76_(mo1e3/11ter)f1
If the self-dimerization constants are set at im-
probably 1arge values (say. K = 3), the values of KLL
and KDL will each increase by about 50% However, the
ratio of KLLto Kp;, remains essentially constant. There-
b_fore this analysis indicates that the eolubility increase} 
of slightly more that 1% from DinL to L in L corresponds
to a striking 33% difference (=(1.01-0. 76)/0 76) in the
extent of. formation of inter-dimer. . The use ‘of an insol- .
uble glutamic-acid sorbent in a chromatographic separation
of racemic aspartic acid might thus show a selectivity
ratio or retention-time ratio of about 1.33.
| A similar approach to the data on leucine. serine
"and arginine hydrochloride . gives the following results.
'similar in kind although less striking
Minimum K for COrresponding

inter-dimerization selectivity ratio in

L-L D-L adsorptiont(KLL/KDL)
Aspartic acid/Leucine 1.29 1.21 . 1.07-
Aspartic acid/Serine  1.16 1.25  0.93

Aspartic acid/Arginine*HCl 1.92  1.92 1,00



Théée iﬁter-dimériiatioh constﬁnts pr&vide interes-
ting comparisons with those caloulated from the data of
other workers for dlfferent amino acids. The solubillty
data qf Cohn gg al. (5). duplicated in part in Table 2,
give'hiﬁimum 1nter-d1ﬁerizatioﬁ_coﬁstants rangihg:from
6.56 (moles/11ter)~) down to zero. ‘In fact, in the case
of l;aéparaginé.-a negati#e solubilizlng effgct is observed
ywlth‘é'SOiution of DL-x-aminobutyric acid. The data of
Su and Shafer (17), duplicated in part in Table 3, give
constants ranging frbm 1.59’(moles/11ter)'1 to 0.47
(ﬁoleﬁ/llter)'l. Su and Shafer 1ooked at hany other
systéms.lbut'found'little:or no effect'éoﬁpared to those
reported in Table 3; théy also had bhses where:négative
solubilizing effects were obsefved. ‘From a ébmparison
| of all these data. aspartlc acid seems especially capable
of formlng dimers with other amino acids.

| An lnteraction common to all associating amino acid
pairs is that 1nvolving the NH3 and COO of;one amino aicd
with the €00™ and NH3, Tespectively, of the other. The
dimerizatioh constant for this éo-called quadrupole inter-
éction»wduld be a.piece_of interesting, fuhdémehtal infqré
mationgA The éimplest system 1nvestigatéd by Cohn et gl;'
(5) ﬁas thaﬁ of'l-aspéragine in glycine.. The 1ntér-dimer.
constant calculatgd from his results 15 0.23}(moles/11ter)‘1;

‘This value should be quite close to the basic quadrupole j
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'Table 2 Minimum Inter-Dimerization Constants Calculated

}from Solubility Measurements of Cohn et al. (5). .

| l-Asparagine | 'L-Cystine,
Solubility K "l.Solubility K
o LR moles/ ‘(moles/ _ moles/ (moles/ R
'Agueous Solvent . -..liter liter{ liter. liter}

"Water S  0.184 | - 0. 000454
' 0.25M Solutions‘w" . | _‘ | | |

Glyeine - :;“' ~0.194 _10.23'; . 0.000518  0.56

DL—Alanine v;l-j‘ $0.188 . 0.09 0.900#95 - 0.36
DL-w-Aminobutyric = 0.182  ——  0.000474 0.18

o Acid o - - SO ‘

‘ DL-Valine‘ B : ) - 0.000454 = 0

Table 3. Minimum Inter-Dimerization Constants Calculated
' B from Solubility Measurements of Su and ‘Shafer (17)

L L-Phenx alanine L-Trzptophan' ___L-Tyrosine _
© Solu- Solu- - Solw-
‘bility K bility K bility K

':iAQueous’:_moles/ (moles/ 1 moles/ (moles/ moles/ (moles/-
~Solvent  liter liter)' liter _liter)~l liter liter)'l

water 0.6 0. 0 o.0025

 0.50M BN | o )
‘Solutions v _ _ _
L-Arg+HC1 0.195 0.47  0.11  1.24  0.003% 0,72

L-His+HCl 0.21  0.70 = 0.12  1.59  0.0038 1.04 -



intcrdlmer-constaht for amino acids.ldThere.are two pleces

of'supporting evidence for this belief: (a) As Cohn g& gl;

point out, the data indicate that glycine-asparagine inter-

actions are of the same strength as’glycinnglycine inter- -

"act10hs. Since glycine 1s the simplest amino acid, 1nter-

action between glycine molecules should result malnly from

quadrupole formacion. (b) The Cohn data give a value of
0.56 (ma1§s/11tér)‘1 for“the glycine-cystlne inter-dimer
COnstcnt. Cystine has two -c(NH;)coo‘ gfoups; If the
.calculation for the inter-dimer constant used the concen-
'trotlon-of the =C(NH3)COO vgroups and not the cystine
concehtration. fhe resulﬁ iould“be #(0.56) or about 0.28,
This is quite close to the 0 23 value obtained for the
glycinn --asparagine system. » |

All the amino-acid-pair sttems 1nfolving aspartic
scld:give‘dlmer_constants greater than this basic value,
'and.this may perhaps be attributed to the acidic side
chain'with lts strong hydrogen-bonding potential. The
system giving the largest inter-dimer constant in our
‘work contains an amino acid with a basic side chain,-'
arglnlne hydrochloride. along with aspartic acid.

The amiho.acid pairs in Su and Shafer's work which

1ve large lnter-dimer constants each contain sn amino

acid possesslng a basic side chaln, arginine or histidine.

_whlch also 1nc1udes a slgnificant hydrophobic ‘section.
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In some cases these molecules excrt little or no influence
on the solubilities of other amino acids. thereby showing
the stereospecificity of amino acid side-chain intcractions.
For theso cases. and - for other cases where near-zero or:

‘negativeccffcctuonvsolubility'vas,found; the'quadrupolo

inter-dimerization may have been masked by hydration effects.

which will be discussed in the next section.

Equilibrium Constants‘for'Self-Q;mcrization

'Thc.actiiity cocfficieﬁts of glycine and several
iotﬁcrfahino“acids.have bccn detcrsiscd by;Smith ahd’Smith ”
'(14 ”15 l6) Since glycine ( NHBCHZ(COO )) 18 the simplest
amino acid, dimerization occurring between glycine mole-
cules was believcd ‘to result mainly from quadrupole forma-
‘tioh.; Therefore. dimerization constants for glycine were
calculated from 1ts activity coefficients. |

-An "ideal associated solution", 1n_the terss of

' Prigogihefand Defay (12).vis a‘solation which behaves
ideally when rcgarded as a mixtﬁfe of monomer molecules
ahd complexes. Developing thc thermodynamic rclationships
| for ao ideal.associatcd solution. Prigoéine and Dera& |
;deterﬁined'that the monomcr and total concentrationiof‘
thc associating spocies:arc.rclated‘by the actitity_coef-
ficient, Employing as system of reference a very dilute

solution of A in B, and assuming.thatfonly molecules of
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A assOciate. the following expression-holds:v
oz,

A xA v= IAI::

, where"xAl'is the mole fraction of monomer and XAp is the

total moleifraction of A. At the low concentrations of

interest_
| ‘A'r CA'r

-where CAl and CAT are the monomer and total concentration
in moles/liter. Since, |

where CAz is the concentration of dimer. a dimerization R

constant defined as » _ . )
(Cp )2 T T2(¥, Cag)

Kz

Ican be‘calculated if activity cOefficients are.knonn as

a function of concentration of compound A. -
The ‘activity coefficients determined by Smith and

.Smith for glycine (14) are molal activity coefficients._

rather than the'mole-fraction activity coefficients used .

in the'development ahove. Nevertheless. at the concentra-

tions'of'interest the difference. between these is slight.

, Smith and Smith's activity coefficients for glycine.}

- along with dimerization constants calculated from them.

appear infTable 4,, These constants tend to a value of.

39



'”'l-;hQ

'v'Table 4. Self—Dimerization Constants for Glycine Calculated
from the Data of Smith -and Smith (1&).- e

o moles/ moles/ : . mole
- 1000 gms _;Elitervﬁz fraction.

vtogiljh"Vf 0. 099 o oo1soffll?6:§80ﬁ’;f;

"w;LTable 5. Self-Dimerization Constants for Serine and Threonlne

Calculated from the Data of Smith and Smith (15).>.. 3f. o

e i ;';Sér}ﬁgfﬁ " ';1j':?”_fThrébn;qQ ) f‘t )
'Tivtjﬁ”ftlge;?HXffij&f,f'ngf'QT,llf-(f"lleI;_K]j":

. lﬁbleéyiﬂ'lfflfliili (moles/ o fpt{f‘ﬂl (mdléé/
1000 gms . ______ liter)‘l ,' i liter)'l

0.2 l 10.965 ;ﬁﬁf 0,095 0f§90.--”lvo 026
o. 3 o U5 o.aos =“[9q985;°,;‘fo 026
. 5 ”‘o 910 :Qb;ili;;i?ffb;976’!}}ﬁlo 026
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0.104 (moles/liter) 1.'SOmewhat less than one half of
the value determined for. the quadrupole dimerization
| constant in the previous ssction frOm solubility data.
A factor of two 18 expected, however. since symmetry |
of the self—dimer should halve the constant for its
formatlon. . |

To explore further the significance of the activity
coefficients. the self—dimerization constants for serine
’and‘threonine calculated'from activity_coefficients o
'deterulned byrSmitn;and Smith (15), are reportedcin
‘Table 5. Serine, which possesses a fairly simple side
'group;”has self-dimerization constants quite close to
those;of‘glycine. ’Threonine. uhich'possesses an exposed
CH3 group. displays a self—dimerization constant much
closer to zero. ' | |

" Smith end Smith (16) also determined activity

vCOefficients for several aliphatic amino acids- alanine,
o-amino-n-butyric acid, d—amino-isobutyric ecid. a-amino-
n-valeric‘acid. and valine. Whereas glycine, serine, and:
threonine have activity coefficients less than one, thereby.
1ndicating assooiation in solution.-the activity coeffi-
‘cients.for the aliphstic amino acids are greater.than one,
Furthermore there 1s & general tendency for. the activity
~coefficient to increase with each methylene group, VAside

from the so1ute-solute interaction which occurs in any
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solntion.,solute-solyent interactions are aiso'present.

In the casge of’the‘aiiphatic amino acids, theliatter nost i
likely predominate. As Nemethy and Scheraga have pointed
out (9, 10), the presence of hydrophobic groups in an
aqueous environment tends,to result_in greater‘ordering

of the water:molecules'around'the solute, with increased
hydrogen bonding in thefregion. The resulting negative
enthalpybchange'is more than connterbalanced by'the "'
large negative‘entropy change, thereby,leading to a _4tv
large positive free energy change. in other words.:

the interaction of non-polar groups with water is un-
favorable because of structural (entropy) considerations.
There should therefore be a tendency for_non-polar.groups
‘to contact each other in.aqueons solution, therepy.decreas-
ing interaction with water. Kozak et al. (8) have inter-
-preted?actiyity data for aqueous soiutions of nOnelectro-
lytes using both lattice and distribution-function tneories.
~ While they’found that pairwise attractions seem to-increase'
‘ with increasing aliphatic chain length for alcohols,. aminss._
ketones and aclds, the attractive forces in the amino aclds-
appear‘to rise much‘more slowly in a honologous series. |
"'As_a.result; hydration and size‘effects predominate; lead -
‘ ing to.activity coefficients iess tnan one for water-con; '
.taining.aliphaticramino acids in solution. ‘This result

'ultimately gives the'activity.coefficients greater than
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one for ‘the aliphatic amino acids.

For those amino-acid-pair systems mentioned in the

'last section which showed 11tt1e or no solubility en-

‘hancement (or neareZero dimerization constants), hydra-
'_tion»gffects must predominate over the quadrupole-inter-
action effect.v Hydration of the “solvent® amino acid
‘leaves less water available for the sclute amino acid.
In the extreme, this apparently resultsvin'louer solu=

billity in certain amino acid solutions thenﬂin.water.'

Conclusions. B | | |

These'results 1ndicate that stereospecificity towards
a small molecule is not restricted to large complex mol-'
ecules such/::zymes. Even single asymmetric centers can
interact rather strongly with one another;_

Taking all available data into account points to a
.probable value of about 0.23 (moles/liter)'l for the non-
selective part of the inter-dimer equilibrium constant that
_ resuits from interaction of'the NH§ and-COO':of one amino,
acid with the COO~ and NHg. respectively, of a different
_amino'acid. This means\that when large inter-dimer con-
stants are found for amino acid pairs. they must result
mainly from interactions involving the remainder of the
molecules. |

This work has led to the study of resolving agents

‘prepared by'attaching optically active amino acids to an



':“linsoluble matrix. 1n a: way that preserves their zwitter-w'” o

' 1on1c character.~ Such sorbents have been synthesized

vsuccessfully (16 17). but have not yet shown the selec-“”

"tivity (-vs of 1 o7 to 1 33) that would be expected from o

'7“.,the liquid-phase 1nteractions..s;°
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IIY. FORMYLATED AROMATIC POLYMERS AS INTERMEDIATES
- IN SYNTHESIS OF OPTICALLY ACTIVE SORBENTS

| Intféduction" | | | |
Resolutionrof optical isomers by chromatographic

techniques over asymmetric sorbents has been the subject
of recent studies (2).' Theoretically it should be
possible to tailor-make an’ asymmetric sorbent capable of
eresolving any given enantiomorphic pair., However. o
present knowledge of asymmetric molecular interactions
is insufficient to indicate clearly the proper structure
' for such sorbents. Also the known methods of resin
synthesis are limited " This paper reports a new route
to asymmetric resins. relatively simple and versatile.
based on the use of a formylated aromatic polymer. |

| Amino acids attached to an insoluble matrix are
desirable as'sites of asymmetry. Considering the “three-
'point interaotion“ known to be necessary for distinguishing
between a pair of optical isomers (6), amino acids when
zwitterionic alreadyrpossessvtwo ionic sites capable-of
interaction. Furthermore. aminoracids possess many
‘different types of side groups. Solubility studies of
amino:acids.in amino acid solutions show that:the amino
acids interact asymmetrically. presumably with'the ald ofv
ionic‘quadrupoleiinteraction.-but With an additional
.:point of’contact'(13). Horeover. asymmetric resins cOn—
_taining certain amino aclds have been used to resolve |

other racemic amino acids or mandelic acid (10 12 16 17 25.
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'27 28)‘ A new synthesis has been sought because the
methods used hitherto elther would cause loss of zwitterionie
‘structure or are not applicable to most amino acids. o
Host anion-exchange resins are prepared by reacting
halomethylated polymers with the deslred amine (8) Optl-
eally activelion exchangers 80 made from asymmetric amine
eOmpounQQ.vincludlhg amino acids, were first reported by
Rieche and Groas_(ZB) and later‘imprevedupon byeKershak"
andveoworkers (11).‘ The present authors have found Halo-
methylated_polymere td_have‘several'disadvantages. Reac-
tiqneoonditions may ceuse'racemization; reactivity of
sterlcally'hindered’amines may be Quite low; additional
"crosslinklng may occur by the amines reacting with-more
than one halomethylated group; and halomethyl may react

_with groups other than primary amines.

A New §ynthetic Route

Imine formation and reduetion offers an alternate
eynthetic route that can overcome these problems. Pre-
paration‘of Schiff's bases in homogeneous solution from
aidehydes-end amines, and also their'reduetion'to other
amine eohpeunds.is'xell known (15). 1In ﬁartlcular.
behzeldehyde”and.varlous ahino acidsehafezbeen reacted
and redﬁced to the corresponding N-behzyl derivetives in
high yleidb(22) However, it appears that this reaction

sequence has not been uaed previously for preparing amine- n



containingfpolymefé. primarily for want ofﬂsuitablé'for-

'mylated polymers and of a- method of reduclng 1m1ne formed

: wlthln the matrix.

Forgxlation of Polzstzrene. A process for formylatlon

. slmilar to the common chloromethylation (21) or styrene-

: divinylbepzene.copolymer was ﬁeveloped (1). using dichloro-

- methyl methyl cher,(DHME) in piace of thg’nonbchiord

compound. DMME has also been used t§ formylate aromatic

monomeric compounds in homogeneous solution (24). In the

| present procesé the copolymer beads are alkylated with DMME,

using anhydrous SnCl, as a relatively mild Friedei?Crafté

'catglyst.igtter having first been swollen'in_methylene

chloride. Hydrolysis of the intermediate_compléi procceds_,.

~ smoothly ahd'ylelds a brilliant yelioi forﬁ&iatéd'resin

'w1£ﬁ 6onv§fs1ohs1u§ to 85% based upon the polyﬁeri

| Matrix—-@ + CHZOCHCL, + 8nCl, —> (M-"'x_gCHs >-SnCl-4

'The effect of vérious solvénts.on swelllng-an 85% for-
_ mylated styrene-divinylbenzene resin is shown 1n Table 1, -
" The results indicate that little, if any. additional cross-'\

11nk1ng<1s prpduced.by formylat;on.'

K0
M—@—cno

The ‘beads swe11~slow1y"
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:"fTable 1.3 Solvent-Swellins at 25 < of Formylated fl=v"ﬁ'

"6V5 meq. CHO per g )

L Solvent

-"ZCH013 £
'czauclz

’5,Benzyl Alcohol  '
'Dioxane_f o

'::Dimethyl Formamide
:fAcetone

“i“Benzene-Methanol (1:1)‘ o

"Q’Benzene

vf?Dimethyl Sulfoxide

v'”Methanol

'»;erropan°1’T“"
N-Propanol - .

‘Water |

Polystyrene (u% divinylbenzene. 150 200 mesh

.vaelétifé-Volume bfﬁBeadé

to DrxrBeads at 25 C
:2 b
:gz u_ i
.*12.1 “f  ,
2:1
2.0
R T
:-1;7.ﬁ'

Aﬁfugl;“



in alipathic alcohols and do not reach the indicated

relative volumes unless they are first swollen with another

solvent and then rinsed with the alcohol.;

Other methods for preparing a formylated resin; some
of which were tried. appeared unsuitable. Polymerizationr_
of formylstyrene monomer yields a. product incapable of
swelling in solvents such as chloroform (29). due evidently
to crosslinking side reactions. Another long reaction

sequence vhich was considered involves polylithium styrene

(3).- Oxidation of either chloromethylated or hydroxymethy- A

’1ated styrene-divinylbenzene by dimethyl sulfoxide (19)._or
'KOCL. (18) was rejected beoause of multiple products, or

because reactants could not penetrate into the matrix._

Certain Friedel-Crafts reactions also ‘proved unsatisfactory.

the Gatterman-Koch renmion and 1ts modifications (20) called
for 3aseous reactants and high-pressure conditions unsuit-
'able in small-scale preparation. and gave the possibility ;
_of undesirable side reactions; alkylation experiments with

7 CHClj'and*several-active metallic-chloride catalysts in the

. ,uaual solvents also failed.

gznthesis of Amino Acid Resin.v The scheme developed

,for attaching amino acids to an insoluble polymeric matrix
: uhile preserving their zwitterionic character consists of
three steps (1) : imine formation by reacting the formyl-
'ated beads with an amino acid ester. reduction of the imine

: with NaBHu which is soluble in various solvents and hence
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'can penetrate the matrix. and hydrolysis of the attached

ester._as follows-

M—@’Cﬂo + RCH(NH, ) COOCH —> Ve s N - CH(R)COOCHs (1)
. - _CH, - NHCH(R)COOCH

I+ NaBH, —> vM Hy (R)COOCH,4 (11)

II Hydrolysis _Neutralization S ‘M—<E>FCH2 - NH, - CH(R)COO

’Besins_containing'LQtyrosins. L-aspertic'acid. anduL;
glutamic'ecid'have been prenared. Tyrosine'canvonly be
‘attached to a resin matrix in this way;.beceuse of 1ts
active phenolic hydroxyl group._ o | |

The results of ‘a series of syntheses are shown in
Table 9, along ‘with the conditions used for the imine forma-
tion. The first three syntheses reveal that 1onic amino |
acid derivatives do not react as readily with the formy-
1ated beads as does the uncharged one, ‘an ester. Two factors
probably are respohsible -- the insolubility of ionic deriv;v
atives, and Donnan exclusionvof.charged species from a bead
tonce some charge is attached, - Lysine has the,additional
problem.of crossiinking the natrix since it is a diamine,
Thus, the use of amlino acid csters or amides seems the best
approach. although esters may condense_to form c&clic anhy-
»dridesvor peptides especially at elevated temoeratures (7).
| 'NaBHu was chosen as the reducing sgent'because it is

soluble; can penetrate the matrix, and does not reduce the



Table 2.

'Synthesis of Amtno Acid Resins with Formylated Polystyrene -

_(4% divinylbenzene, 150-200 mesh, capacities as shownj_ '

Salts Added

Ester-HC1 (8.0)

Methanol. (10}

Amino Solvent ormylated. Bea.ds, Temp. of | Time S |
Acids (mmoles) (mmoles) {ml.) . (mmoles CHO) |Reaction v(hrs.) Conversion] Notes.
L-Lyaine-HCl (6.03) 1104 (5.9) |BzOH (25) 0.50 (3.25) - 60°C - | 3 471 " |-Amino 'acld only sparlngly
A2 : . . soluble.
~ L-Tyrosine (6.02) L1OH (5.9) |[BzOH (25) 0.50 ,.(3.25) 54°C 3 1.6 Amino acid selt not very
: ‘ ’ . ‘ soluble.
L—?yro§ine Me Ester-HC1 | L1OH (5.9) |BzoH (25) .| 0.50 (3.25) -58°C 3 48.8 Ester soluble.
¥re : ‘ ) . Al :
L-Tyfosine Me Ester-HC1 | LiOH (5.9) |Benzene (20)| 0.50 (2.70) 49-57°C | . 8 70.8 Ester soluble, two phase
(6.1)" . MeOH (5) S : liquid system initially,
: ) - soln. darkened during run.
L-T‘yroslne Me Ester-HCl | L1OH (S5.9). |Benzene (20) 0.50 (2.70) 29°C . 8 53.4 | Same as above except soln .
(6.1) MeOH (5) : : : _ did not turn dark.
L-Aspartic Acid Dimethyl| LIOH (5.9) |Benzene (20)| 0.0 2.70) .- | 25°c 12 43.5 Ester precipitated, did not
Ester-HC1 (6 1) MeOH (S) : . : .appear very soluble.
-Tyrosine Me Ester-HC1 { LAOH (50.0) |MeOH (20) 8.00 (43.0) 25°C 36 90 Eater partially precipitated
(51.0) Benzene (18) : o : initially but disappeared
during reaction.
‘L-Glutamic Acid Dimethyl LiOH (7.0) |Benzene (25) 0.50 (3.30) 25°C 23 n

Ester completely soluble.

49



ester group as LlAlHu would (15). The 11tefature 1ndicatés
that NaBHb can reduoe esters to alcohols (4). but tests on
the L-tyrosine resin indicated that the ester was not re-
ducgd and that hydrolysis was complete. The imine beads (I)
are brllliant_yellow like the starting formylated beads,
and both become colorless upon complete reduction. After
reductibn and hydrolysis the aﬁino acid cdntent;'and CHO
convgrglon, are determined. 'The_cause of the brilliant

yellow color of the beads. and the extent of side reactions’

such as crosslinking during formylation, have not been inves-

tigated, Howeyer‘they are not appfeciably harmful, as indi-
cated.by'the swelling data of Table 1 and by fhe high reac-

‘tivity shown in Table 2.

Separations

Resolution of DL-Mandelic Acid

(a) Frontal énd’Elntion Analysis. Because of its good

' solubility in many solvents, large optical rotaion of its
isomers, and ease of detection, DL-mandelic acld was used

in initial experiments to test the resolving ability of

'~th§ amino acid resins. Table 3 shoﬁs the results of frontal

plus elution analysis on DL-mandelic acid in methanol, usihg
‘a column containing 14.6 gm of the L-tyrosinevresin and

measuring 1 cm in diameter by 36 cm long. The column was

first preconditioned'by washing with 0.15M ammonium CHloro-,-

»acetate in methanol. A solution of 0.15M (ZZB mg/ml) .



‘Table 3. Resolution of DL-Mandelic Acid on
N L-Tyrosine Resin in-Methanél
'Fraction 'ml  Mandelic Aéid . Rotation.ixb Resolution
_ mgm/ml 1= L cm ' D/L
1.2 3 o o0.000
3 18 o2 ~ 0.0000 | |
15 6.2 40.0055  0.974
W 1.0 40.0055  0.989

3
I
5. -
6 1 15,9 . 40,0040 0.992
713 17.2 +0.0025  0.995
8 15 8.7 40.0025 0 0.996
9 15 25.6 40,0020 0.997.
.10 15 291 40.0025 .’3_6.997
| _11 - 15 ’: 24.8 . 40,0000 - 1.000
12 o 15,_:" 18.3 »-Vf"_v;o;dou0j','n ©1.007
13 | 15  12,6 -0.0055': O 1.016
W 15 7.2 _0.0045  1.022
15 15 3.9 _0.0030  1.025
16 15 20 -0.0015 - 1.026
17 15 0.9 -oQ001o" o 1.046
18' 15 -  0;4“' © =0.0010 : 1;105: ;'
19 ‘ ?  5 0.2 -0.0005  1.105
200 15 0 d.oooo |

"7<b.1nai¢ates switch io 0.15M ammoniﬁm chlorbadétate solution
from 0.15M (22.8 mgm/ml) DL-mandelic acid feed. :
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'DL-man&elin_acid wdslthenired to the column:et‘a rate of
l2;5 ml/honr. Ae the column outlet concenfration épproached
the mandelic'acidbfeed conoencratlon. the colnmn feed was
cwltched to 0.15M ammonium chloroacetate elutant. Samples
were collected at the outlet of the column with an automatic
rraction collector. and 1nd1v1dua1 fractions were analyzed K
for thelr totel mandelic acid content and optlcal rotation.
‘Concentrations of mandelic acid were measured by UV absorp-
tion at 257.4'mH with a Bechman Model DU-2 Spectrophoto-
meter. Optical rotation measurementszwere performed using a |
Bendix Automatlc Polarimeter, Model 1#3A. with a 4 cm cell.
Based on a. En]nl of +153 for L(+)-mande11c acid._calcula-
tions show that fractions with 1somer_ratios as high as
1.105 occurred. |

Table 4 shows the results of frontal plus elution
'analysis on DL-mandelic acld in methanol, using a column
containing 4.0 gm of the L-glutamic acid resin and measuring :
-'0 85 em in dlameter by 18 cm long. In this case, precond) -
tioning-and elution were performed,with a 0;155 ammonium
chloroecetete-chloroacetic acidbmethanollc buffer‘(pﬁ=3,22)*
at the pI of glutamic acid. Flow rate for the run was
3.m1/hour. Practions wlthbisomer ratios up to 1.025 occurred.

. %pH's reborted'forlmethanol solutions are calculated using
the acid dissociation constants given for aqueous solutions.
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ﬂ.;;.?éﬁié'h Resolutlon of DL-Mandelic Acid on

L-Glutamic Acid Resin in Methancl i‘if  n,

Fraction ml * Mandellc Actd
R o , mgm/ml
30 a,~£ O"'

; 1;ff”
15 7.8

2
3
, _fu.
£
5
78 |
915 28
5z11bvz‘7;:.15 ??~ ,v 22.6 ?’
1iisji;v15‘}t7i’720;8;75'
120 15 B2 -

13 ‘151_ i'rﬁ,[_ Q“'7 i

‘?'f15;if.;f 21;° f]}  f{.
25 2280

Rotati on, db
1 = h cm

0. oooo.  SRR
 fo,oo35°Q7j,p:?-f

7 won000s

0 0000

  '0.0000]if7'>"
“ 370;000¢f;
“ ?O;odO§;Q!7
”_ f6;bb55 -‘
"76.0000 :

qé,la 0;;.&?ng;,fOQOOZO.guf'";‘

0. 0000%17"'.n

Resolution

D/L

' 4h-1nd1cates switch to 0. 15M ammonium chloroacetate chloro- -
.acetic acid buffer (pH 3 2) from 0 15M (22 8 mgm/ml)

DL-mandelic acld feed




'A'frontal'and elution analySis ias algo made on
DL-mandelic acid using a column containing 1u 9 gm of. the'
L—aspartic acid resin and measuring 1 em in diameter by
| 39 cm 1ong.' Preconditioning and elution were performed
with a 0.15M ammonium chloroacetate-chloroacetic acid
nethanolic'buffer (pHuZ.??)*'at the pI of aspartic acid.
-Althouéh the L-aspartic acid resin showed sone slight pre-
ference'for DQmandelic acid. virtually no separation occurred.

(b) Interpretation Ueing 'Three-Point-Interaction" Model.

If amounts of resin and resin capacity are taken into con-
sideration. the amino acid resins are effective in-separating
DL-mandelic acid in the order: L-tyroaine. L—glutamic?acid.
L-aspartic acid. The three-point interaction model can be

E used to explain why this order of effectiveness occurs.,
Molecular models show that wWhen the -NH§ and -BOO of the
L-amino acid on the resin interact. respectively. with the
-Co0" group and-OH group of D-mandelic acid no further
interaction between the two molecules i1s likely to occur.
However,7uhen the L-amino acid on the resin interacts in

the same way nith L-mandelic acid.“the possibility for

B interference'betﬁeen the phenyl groupﬁ'of Lénandelic acld
'_'and the side group of the amino acid can be seen for certaini
,molecular configurations. In this situation. rather than
having a third point of interaction enhancing the

*pH's reported for methanol solutions are calculated using-
" the acid dissociation constants given for aqueous solutions.
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associationlof'one'optical isomer.over the other with the
optically active sorbent. a third point of interaction in-‘
terferes with the formation of two points of contact in one
case. | | | _
Thus. for each of the L—amino acid resins. the'D-mandelic :
acid is sorbed more strongly and L-mandelic acid passes'
hthrough the column more quickly. The L-tyrosine resin has
- the greatest selectivity. presumably because of ‘the large
side group of tyrosine. The small slde group of aspartic
acid, in turn. explains the relative ineffectiveness of
the L-aspartic acid resin.- | | |

(c) Chromatogramss L-Txgosine Resin. A feed of 10 ml

of 0. 15H DL-ammonium mandelate in a methanolic solution of f‘
_0 05H ammonium chloroacetate was charged to a column con=-
taining-lb 6 gm of L-tyrosine resin;and-measuring 1 cm in
diameter by 36 cm long.' This column was first precondi-
‘tioned by washing with 0. O5M ammonium chloroacetate solu-
tion, and-a solution of thiscomposition wasg used to elute
the ammonium mandelate from the-column. -Feeding'and"elu-'
‘tion were both performed at a flow rate of 2 25 ml/hour, and
the results obtained are shown in Figure 1.

Effluent fractions had isomer ratios of up to 1 095.7
-iNeutralized L(+)-mandelic acid was found to have an [Sjgof +95

Chromatograms were also obtained by charging

0 15! solutions of DL-mandelic acid in methanol to the

L-tyrosine column.' Subsequent elution with methanol
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isolutions'of 0.05§»ammonium acetate. 0.05M chloroacetic
acid;vor 0.0sg_ammoniun chlofoacetate—chloroaCetic'acid
bﬁfferi(pﬂ%Z.BS) all gave very unsymmetnical cnroaato-
grams;_longer solute retention. and'smallervfesointion"
than for ammonium mandeiite. Attempts to separate DL-
mandelic acid on the L-tyrosine resin with: aqueous-'
phase preconditioning. feed, and elution caused the
 racemic acid to go straight through the column With no.
aopfeciatie_retention whatever. | |

'L-Glutamic Acid Resin. A charge of 5 ml of 0. 15M

mandelic acid in methanolic solution buffered with O 05 M
.ammonium chloroacetate-chloroacetic acid bugter (pH=3 0) |
was fed to a column containing L, 0 gn of L-glutamic acid
resin.'measuring 0 85 cm in diameter by 1? cm long. Colpmn
preconditioning and elution were botn carried out with tne
. methanolic buffer solution. at a flow rate of 2.25 ml/hr.
.As is indicated in Figure 2, fractions showed isomer
ratios up to 1 055.

A similar chromatogram was obtained in aqueous solu-
tion using somewhat different conditions. A column con-
taining 4.0 gm of the resin and measuring 0. 85 cm in
‘diameter by 13 em 1ong was first preconditioned by wash-
ing with water. 5 ml of 0.15M DL-nandelic'acid in water
'was then fed to the column at a flow rate of 7.5 ml/hr.
followed by elution with water at the same flow rate.

After 130 ml, no mandelic acid had yet appeared. The
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'elutant was then switched to 0 10M sodium chloroacetate-
chloroacetic acid buffer (pH-B 22). The resulting chroma-
togram. shown in Figure 3. has isomer ratios as high as
1. 7. - |

Trhﬂ Resolution of Amino Acids

Several attempts at resolving amino acids on the
'L-tyrosine and L-glutamic acid resins showed virtually
no tendency for amino acids to sorb onto the resins, and
no separations.' Frontal analyses on methanolic solutions
of DL—phenylalanine. DL—tryptophan and DL-tryptophan'HCI |
using the L-tyrosine resin indicated no sample hold-up and
*no separation. The same results were obtained with frontal
analyses on aqueous solutions of DL-phenylalanine. DL~ |
tryptophan and DL-arginine°HCl. Solubility work (13. 26)
had shown L-tyrosine and L-arginine0HCl to have an inter-
dimerization constant of O 72 (moles/liter)'1 in water.‘y
Therefore. the lack of affinity of arginine~HCl for the L-
-tyrosine resin was surprising.

Similar results were obtained using the L-glutamic
acid resin. A frontal analysis on DL-phenylalanine in -

v water showed no sorbtion or separation. DL-aspartic acid i

 was found to sorb onto the resin to a degree, but no .

7‘separation could be detected. Solubility work (13) had |
vShown'the'inter-dinerization constant of-L-slutamic acid
with L-aspartic acid to be 1,01 (moles/liter)"1 and the 3
}constant for L-glutamic acid with D-aspartic acid to be
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0.?6,(moleS/liter)'1}l It'was thereforejhoped that ﬁse'
of'anlinsoluble glutamic acid sorbent in a chromato-
graphic separation of racemic aspartic acid might show a
selectivity ratio of (1. 01/0 ?6)=1 33. Finally. a frontal '
analysis on DL-lysine-HCl using the L-glutamic acid resin
showed neither sorption nor separation. This was surpri-
sing 1in view of the complementary base-acid. characteristics
of the amino acid pair lysine-glutamic acid. B |

Trial Resolution of N-Acetyl-DL- henyialanine

v Because of the relative success in separating the
optical isomers of Dmeandelic acid the possibility of
resolving N-acylated amino acids was explored. A frontal
analysis_on a methanolic solution of 0.l5§ N-acetyl;DL-
phenylalanine'using the Lftyrosine~resin showed relatively '
good sorption,”bnt no separation.could be detected. |

Conclusions and Discussion

A nes route to synthetic sorbents has been developed
_based on the use of formylated aromatic pelymers. and has
been applied to making optically active sorbents containing
: amino acids which are otherwise difficult to prepare:. In .
_ principle,‘any primary amine may be attached_to the for-
mylated polymers, first forming an imine and then reducing
it to the-corresponding attached secondaryfamine.'

This work has shown that amino acids attached to a
crosslinked polystyrene resin in a manner which preserves

theirizwitterionic structure do not in general sorb or



‘Vreéolve?aﬁlno acid cﬁtlcal;isomere; This"type of asym-
metric sorbent does show prcmise.fcr,the:resolution'of
opficel iscmers'which efe true acids. vBecause of the
zﬁittefiohicbcharactef'cfltﬁe meterial it is also likely
true bases can be sorbed and basic optical 1somers re- |
solved on these amino acid reslns. |

Certain solubility studies of amino acids in amino
| acid solutions (5, 26) 1ndlcate that 1nteraction between
amino acids 1n aqueous solution can be negligible. How-
;ever. sorption and resolution were anticipated at’ least fcr
DL-aspartic acid on the L-glutamic acid (13) resin and DL-
: aréinine-HCllcn the'Letyrosine.resin (26).'-Attachment.of
emincvacide to a polystjrene resin most likely elters the
'amino acid_configuraﬁions_and'certainly prcvides an environ-
ment different ffcm an agqueous eolucion; Either or both
could explain the lack of effectiveness experienced with
the resinsQ f?fcviding a_more'pclar resih'etrccture,rsome-
what in ﬁhe range of the lcwer alcohols, might improve the
chances of producing the needed configurations.l

Of all the other amlno-ecid containing resins which
have been<syntheslzed and used succeasfully to partially
resclfe'emino acid optical isomers, only one contelned an .

-aminc'acld.inlthevzwitterionic form. The L-cysteine con-

taining resin«syhthesized by'Roberts and Haigh (25) achieved
- a small.partiél resolution of DL-methionine, but a large

'cOlumn was used ahdbreakthrough was_rapid.[ Other aﬁino4ac1d _
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eontalnihg reeins'uEed in successrﬁl.pertiai resolutions

of amlno acid optical 1somers 1ncorporated the amino acid
in such a way that it acted as a true acild or else as a
nonionic molecule. The most dramatic results.were.achieved
by sude et al. (27).who achieved 90% resolution of basic
amino acids (DL-lysine and DL-ornlthine) on their acid- typee
resln prepared by the copolymerization of ethyl- N-‘ '
acryloyl-L-pyroglutamate and dlvinylbenzene. These re-
sults‘and.the good resolutions of~N-subst1£uted amino acids
(true acids) obtalned on chitosan (weak base ion exchanger).
obtained in our laboratory (14) polnt to the use of asym-
metric.acid-like resins to resolve basic optical isomers

or vice-versa. This might require gubstitution on the,
optical isomers as in the case of N-substituted aminoe

acids.
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IV. CROSSLINKED CHITOSAN AS A SELECTIVE -
| ASYMMETRIC ANION EXCHANGER

Introduction

Ih recent years, polysaccharides such as cellulose
qnd dext;an have been modified into a numbef of useful
adsorbehts and,ion'exchangers (10)., With the goal of
preparing an asymmetric ion exchanger, chitin or poly-
'(N-acétjlbD-glucoséamine) hasvbeen'hydrolyzed 1nto'ch1tosan
of-poly(D-glucosamine); a weak base:' o

——

Hydrolysis

>

{
0=C-CHa

To 1n¢réase the useful capacity of thé chitdéan reéin

and to preserve its structure in weak acid solutions,'
a methodjéf crosslinking chitosan has alsé been deveioped.

and the.prodﬁct has been shown to be an_effective chro-
matograph1c agent.

| .Severél excellent reviews on chitin cover 1ts.w1de -

diétribufion in nature, its physigalkand‘chemicéi prdperé-

-fies. and its chemical derivaﬁives and their,uSeé (3,‘?.‘15);'.
;ichitin“occufs in animals, especially érthropods; és a

Vcompdnent'of complex chemical systémS'involv1ng large
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”percentages:of:proteln and also calcium carbonate.
ConSeguently. the chitin commercially-available has
had_extensive chemical treatment. to renove tnese disf-
similar materlals._ Chltin must therefore be considered
a variable material with properties dependent upon |

i1ts source and subsequent treatment.

Conversion of Chitin to Chitosan

. gretreatment. ‘The chitin used Eastman technical
grade."naddthe appearance of-curled shavings from a"
-'ﬁoughfplastic.‘witn a uniform 11gh£;yellow-coior and a

cfalnt amine odor. The flakes ranged in size from about
lhcm-souare to fine powder, but averaged about O 5 cm
square; rin'order to make the material more homogeneous
for packlng columns, he chitin was dry- ground 1n a
warlng Biendor. then sieved into narrow size ranges.
wetAgrinding”fnvuater or giycerine'proved siower and n
gave a less uniform produet. .' | |
Exdrolxsis. Conflicting results of previous studies-

on the base -catalyzed hydrolysis/ggitin are believed
'to reflect variations 1in its source and pretreatment (8 9).
Two.different types of-interchain bonding occur. 1nvo1v--
ing N-acetyl groups, uith roughly half these groups enter-
ing into each type_of bond (1);_one type 1s strongly re-
sistant to nydrolysis. In the present study; the chitin

‘had an inltlal exchange capacity,of'0;09 meq/gm, about 2%



of . the dltimate'Valme; Hydrolysis proceeded quite rapid--
'ly to about 3.0 meq/gm chitin.wnich is far short of the
. theoretioal ultimate capacity,(b.9 meq/gm), but then |
contihued tobincrease.moferslowly. _ -

| iKinetio stﬁdies of hydrolysis were performed batch-
wise-by addings7 ml of 50 wt-% aqueous NaOH to'250-mgm ;
samples of 80-100 mesh chitin in 15-m1 test tubes. placing
the tubes for various times into a covered thermostated
water bath controlled to t 0. 5 c. Reaction was stopped
by pouring the sample into 25 ml of distilled wster.
'Washing and rinsingrby decantation seyeral times with
‘distilled water followed., Finally, O;SE-KCl'was added,
amd-base capaoitvaas determined by pétentiometric titra-
" tion with 1N HC1. . R
Table 1 gives observed initial rates of hydrolysis
for chitin at 50, 60, and 70°C and the calculated pseudo-
first-order coefficients (k;) for the Type 1 (rapidly
hydrolyzing) N-acetyl groups.

_ The s8lope of conversion-time curves, at large times.
vprovided an estimate of the initial first-order rate
coefficient for Type 2 hydrolysis at 100°C: k2= 3.3x1073 min'?

The best hydrolysis result was 72% (u 2 meq/gm chitosan).
obtained in 50% NaOH at 100 C for 1. 5 hours.--For a larger-
r. scale preparation. 120 ml of 50 wt-% aqueous NaOH and 20.0
‘gm of 100-200 mesh chitin were mixed at 100°C in a 250-m1 |
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ﬁr'Table 1. Initial Rates of Hydrolysis of 80 100 Mesh

Chitin at Varlous Temperatures 1n 50 Wt—%

Aqueous NaOH

Temperature A*   Initial Rate jfiv-kl x 103
( C) (meq/gm chitin/hr) (mln‘l)

f. :' 50 04350 o C 1. 95
90 . L 180a jlo_o.o_ a.

aExtrapolated. assuming activation energy
constant at 25 b kcal/mole.¢ L S

@



»flask;- After stirring the mixture for 30 minutes, the

' reaction was, stopped by pouring it into 500 ml of water..
The product was water-washed several times, then filtered
on a 1arge sintered-glass Buchner funnel where further
water-washings followed. Finally the chitosan was de~
-njdreted‘by ecetone_rinses. and air-dried to a fine white
powdery nateriell The yield was 19.0‘55 of chitosan,

with a capacity of 3.15 meq/gm.

Crosslinking. Considerable swelling and dissolution

of chitosan was observed in weak-acid solutions for
materials with capacities much above 1.2 meq/gm. 'This
result due to the amine groups freed by hydrolysis. is
similar to observations by Porath on cellulose-type ion
._exchengers (12), Thus, at high capacities, the inter-
chain hydrogen bonding invenitosan must be supplemented
by chemical crosslinking in order to hold the matrix
together., |

A known technique for crosslinking starch with
epichlorohydrin (6) was adapted for treating-chitosen.
produeiné a rery low nominal percentage of crosslinking‘
but giving greetly improved properties;‘ To av125-m1
flask was added, with stirring, 12.0 gm of chitosan
.(capacit& 3.15 meq/gm.'67 mmoles glucose units):and
- 90 ml of 1.5M Nay80y containing 16’mmoles of NaOH.
'Neit. 10 ml of 1.5M Nazsoubcontaining 0.78.mmoles of

.73
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epichlorohydrin and 8 mmoles of NaOH were added,land
reaction atfroomvtemperature was allowed to proceed for
>20fhours; Washing and rinsing on a Buchner“funnel_followed,
first usinngater_and then_acetone; Air-drying'yielded
11;5'ém‘of_productiinsolublevinvneak acid;_nominal crossh
blinking uas l.l%. based on the number of:epiohlorohydrin
molecules per glucose unit.

| A 1%-crosslinked material and a h%-crosslinked :
.material prepared under similar conditions showed the
'same swollen density to within 10%; each oceupied about
30% more volume than the same weight of uncrosslinked
' and unhydrolyzed material. and had an exchange capacity‘
near 3'l5 meq/gm.i The crosslinked chitosan product
viewed under a microscope hag the same dry appearance
as the hydrolyzed chitosan before epichlorohydrin '
treatment. ' |

Apparent Ionization Constant of Chitosan. Chitosan

1s a weak base. Titration curves for a_low-capacity
‘(0.93 meo/gm) uncrosslinked chitosan, in distilled‘water
and in»O.l and 0.5N KCl, showed an extreme dependence of
external leon_iOnic strengthr Thevapparent pK at the

50% conversion point, as corrected for salt content and

'_‘Donnan uptake (5), was 5.b.v'It thus'becomes apparent

that chitosan will only be an effective anion exchanger»

'Lat pH values below about ?. in. alkaline solutions it
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will.fﬁmction as a cellulose~like sorbent{

Separations

Chromatographic Seprration of Aspartic and Glutamic

‘Acid. As a test of its ion-exchange properties. 1% cross-

'linked chitosan was used in a trial separation of aspartic

and glutamic acids (Zrtmoles each). Figurelshows the

;elution. by Q.OSﬂ_sodium chloroacetate—chlorbacetic acid

_aqueousbbuffer at pH 3.1, of these two amino aoidé. at a

flow rate of 30 ml/hr. A column 14,5 cm long and 1.0 cm

_in diameter. having a capacity of 3.15 meq/gm (0.24 meq/cm3)._
'.was used. Analysis was performed by a standard ninhydrin

B procedure'(u) The sharp separation obtalned suggests

that chitosan may exhibit selectivities towards proteins
and related macromolecules at 1east as good as, and perhaps
better than. commercial cellulosic sorbents.

Resolution of DL-Nandelic Acid. A primaryvobjective

v.im preparing crosslinked chitosan was to test it for

| chromatographic-resolution of racemic acids. Because

of its good solubility in many solvents, large optical

" rotation for individual isomers, and ease of‘detection.
”DL-mandelic'acid was used in initial experiments. 1In

- the first of these 5 ml of a 0.15M DL-mandelic acid

(22.8 mgm/ml) solution in methanol was charged to a
column of’chitosan,BO cm long and 1.0 cm in diameter}

which contained 4.0 gm of a 1%-crosslinked chitosan
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with a capacity of 3.15 meq/gm. Colﬁmn'precenditionlng‘
and elution were accomplished with a 0.01M solution of

chioroacetic'acid'ln methanol (pH = 1.93)% at a rate

ef'é ml/hr. The resu1ts_are shown in Figure 2. Optical -

fetetione ef the fractions were measured in a 4-cm cell
of a Bendix Model'IUBA Autematie‘Poiarimeter. andlthe
exeees 130mer'cencentration was calculated by using'a
known qup; of 153° for'L(+)-mande1ic acid 1n_methenel.
The tqtel‘mendelic acid concentration was measured by
_ observing "o’ptig_al density at 257.4 mm with a Beckman
- DU-2 spectrophotometer. Chromatogram fractions with
isomer ratios ranging from 1.12 to 1.98 were found.
Very simiiar'resultsﬂwere.obtained wifh the b?% cross-
linked chitosan.» EE | .

'. In a second experiment on the same column, ﬁre-

cohditioning and elution were performed with a' 0.10M

sodium acetate-acetic acid buffer in methanol of.pH'h.S.fr

| The methanolic mandelic ecid feed was partially neutral-
"1zedv(82%).to a pH of 4.5 by adding NaOH to a concentra-
tion level of 0.123M. (At this neutralizaﬁion. the [=Jp
ofiL(f)-@andelie acid was found’to-be_105°). The sample
resldenee time was*eubstantlally increased, end‘the
sorbeht eelectivitvaas actually reversed. 'implying

. #pH's reported for methanol solutions are calculated
- using acid dissociation constants reported for aqueous
solutions.
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_thatvfhe separatibnvis noi'domihéted_by‘thebehévior.of A
é différent_fbrm (bossibiy.ﬁhe blmandelate).' Nongtheless.
the degree'of’séparation wés notably reduced; as shown in
Figure 3. | |

A mdféamgrked change of pfeconditioner and elutant
to a O;Clﬂ ammonium chloride-ammonia buffer in methanol,
_ with_pH é.B;”tbgether with a éhange_of feed to DL-ammonium
mandelate in methéﬂol. résultedvin_a-ver& smallASample
rQSidéncé time and no separation. At this high pH, the
amine group ofvthé chitoéaﬁ 1s.ho iohger protonated, and
_its ionFex¢hangé properties.are lost. |

.'Aqueous solution was found to give a smaller separ-

 ét1bn. using‘othérwise'the conditions of Figure 2, with
'a WF-crosslinked chitosan. In this case, 4 gm of the
chitosan occupied a column 1 cm in diametef and 49 cm
1ong.ijhromatbgrah’fractidns were observed td haﬁe
1some£ ratios ranging from 1.06 up to 1.27, as shown
" in Figure 4, Apﬁarently the relative importance of |
'éelective interactions which discriminate between the
isomers of mandelic acid is diminished by shifting from
methanol to water éoivent.' '

The reéolviﬁg ability of chitosan is ¢ompared ﬁo_ :
that of a cellulose-like material in Figure 5. 'Conditionsl
of this run were identical to those of Figure L, except

~that the column packing was changed to Sephadex G-50M,
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a orosslinked'polymer of glucose; Both'sample residence
time and separation were greatly reduced. The recovered
fractions were found to have isomer ratios from 1.01 to

1. ou. |

Trial Resolutions of Amino Acids. Attempts to resolve

the optical isomers of amino acids on columns of chitosan
met with only slight success., Runs in methanol solution
showed_detectable separation, but few amino acids are
anpreciably’soluble in methanol. The fesults of a frontal
analysis of'DL-tryptophan on a column of 1%-crosslinked
chitosan containing 4 gm of material and measuring l co
1n diameter by 28 cm 1ong.with a flow rate of 6 ml/hr.
are given infTable 2., Although tryptophan holdup on

tne column 1is quite'small. a partial separation was
indicated in tne first and last sevefal samnles containing
:tryptophan. An identical run using DL-phenylalanine
showed very smsll sample hold-up on the column, and &a
smaller partial resolution. Analyses for these runs were
again accomplished with a combination of optical rotstion
and optical density measurements.

A frontal analysis of phenylalanine on chitosan in

" water solution showed no phenylalanine holdfup on the
material and no separation.. Frontal analysis of an
'acidiclamino acid © . R glutamic acid, showed
significent sorption onto chitosan, but no detectable"

resolution.



l 'I‘able 2 Resolution of DL-Tryptophan R R

| L von Chitosan in Methanol o

Fraction ml | Tryptophan Rotation. dn ““_Yliivets.o_lv‘ut_iofx-j_-M-
R meq/ml ST lb cm . L/D -
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v F*-indicates switch to 0 OlM sodium acetate-acetic acid'

_buffer (pH = 4.5) from 0.003M DL-tryptophan in 0. 01M"<j;~'“'

acetate buffer feed solution.,
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Resolution of N-Substituted Amino Acids. Because

of»the good:partition and abpreciable resolutiOns obtained.
with mandelic acid on relatively small columns of chitosan.'
it appeared that N-substitution of amino acids. thereby
| removing_their amphoteric behavior and'converting them,’
into true'acids,:miéht lead to resolution. Several runs
were therefore made with N-acetyl-DL-pnenylalanine'and |
one with N-acetyl-DL—trjptophan. Figure 6 shows the
result of feeding a 5 ml solution of 0. 15M (31 mgm/ml)
' N-acetyl-DL—phenylalanine in methanol into 5.8 gm of
1%-crosslinked chitosan, in a column 1 cm in diameter
.by.27 cm long} Column preconditioning.and elution‘were
.accomplisned'with 0. lOM chloroacetic acid (pH = 1.93)
in methanol at a feed rate of 6 ml/hr. Once again, optical
rotation and optical denslty measurements were used in
analysisz E%Jn for N-acetyl-L-phenylalanine was determined
ase40°l Although_the N-acetyl-phenylalanine had a short
'tretention time, the chromatogram of Figure 6 shows that
~ fractions were isolated having isomer ratios from 1.10
't0133., |

A similar run with 0. 15M N-acetyl- DL-tryptophan (37
'mgm/ml) as feed gave rather similar results;‘as shown in
Figﬁre 7e (Equ of N-acetyl-L-tryptophan was found to
be 25°)., The. 1arger side group of tryptOphan seeus to-l

shave.resulted in a broader chromatogram. fractions with
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'isomer ratios from 1.10 to 1. 25 resulted

Changing the N-substituent of DL-phenylalanine from
an acetyl group to a benzoyl group. which 1s considerably
1arger, produced no detectable resolution-. (C“Jg for N- |
: benzoyl L-phenylalanine was found to be -35°).

'Switching the elutant trom»O.Olg'chloroacetic'scidLv
to O(lbgiacetic’acid infmethanol (pHﬁ: 2.88) dramaﬁioally
incfessesbfeﬁention and resolution of N-acetyl .~-DL-phenyl-
alanine. Isomer ratios up to 2.3.resulted,'when the same
condipions‘as for.Figufe,5 were used. but with a shift to
B aoeticxacid elufion; this fesult is.shown.in'Figure 8. |

Shifting ‘the elutant to a 0.,01M ammonium acetate-=
aoetic acid methanolic buffer of pH 3 75 gave improved
retentipn-and isomer ratios of up,to 2.9, as~snoun in
Figure}9ih:(0verﬁ£he range of concentrationsiof-N-acetyl-
phenylalanine encountered in the columnleffluent the'L-'
1somer was found to have a[dj; of 55‘ in the pH 3.75

'buffer solution).

_ Conclusions and Discussion.

Chitosan has been used sucoessfully in the chroma-
tosraphic_resolution of racemic forms of mandelic acid
‘and of several ﬁ-scetyl amino acids.; It.should:therefore
'_ 5e'apnlicable fo the separétion of a wide range of similarv-
= oompounds. ‘Unfortunately'chitosaniwaslnot successfulzin.

'.separating optical isomers of the amino acids themselves.
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However.,N—substitution, which can be readily undone by

refluiing with dilute HC1, converts DL-amino acids to

true acids and allows them to be resolved on chitosan.

Furthermore, it appears that at least in some cases

N¥substituted amino acids can be as ueeful.nutritionally :

asithe amino acids themselves (2).
' It is possible to predict the conditions under

_ which a separation such as the one shown in Figure 9

| might be,made ~complete, Although the chromatograms of
Figure 9 are not symmetrical. the Gaussian approximation
and Figure 16- 9 of Vermeulen et al. (14) are.uan_for
this purpose. The’average'band widths indicate a number
of transfer units less than that predicted for mass |
transfer outside the particles; transport within the
lparticleslcontrols the rate. As’a result, thednumber
of transfer units is inversely proportional to the
flow rate through the column andvdirectly proportionalv

to the amount of sorbent’used, With this information,

the GauSsian relation can be used to scale up the separa-

"tion. Fligure 10 shows the complete separation which can
be attained By'decreasing the flow rate_to‘one-fourth_
the original (to 1.5 ml/hr) and increasing the amount

of sorbent by a factor of 36 (to 210 gm). To_obtain the
chromatograms of Filgure lo.vsix times as much N-acetyl-

' DL-phenylalanine (30 ml 0.15M) should be introduced to
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| Somewﬁaﬁ less dehandingiconditione can allow good
partial resolution. Using.a column fioﬁ rate of'i.s ml/hr
and 23 gn of chitosan, 56% of the N-acetyl-L-phenylalanine
(the uSeful.amino acid) should be recovered in ﬁure form.
Lower-purity mixed fractions couidvbe.recycled. increasing
the;recerery bf pure N-acetyl‘-prhenylalanihe to 72%.

In either scaled-up scheme, only 20 to 36% pf the
total”eolﬁmﬁ volume would be in use at any given 1nstant;v
In sueh'cases the sorbeht utilization can be 1mpreved by
muifiﬁle'cyeling--that is, by absorbing additional feed
ehergeiﬁefore'elutien of the first charge has been com-
pleted (13,14). In this iay.,the effluent can become
an almost conﬁinuous euceession of chromatographic zones.
| "Nogﬁehi'gg al. (11) also report the hydrolysis and
ereseilnking'bf chitin;'with ehe ijective‘of producing
an asymmefric anion exchanger eapable of resgolving acidic
opticai lsomers. In their work. deacetylation was carried
out with 55% NaOH at 150°C for 1 hour and resulted in
86% cenversion'with a product capacity OfV5.2 meq/gm.
 After diesolutionbin 1.5% aqueous acetic acid an& repre-
cipitaticn frem 5% NaOH solution. theichitosan ﬁesvpre-

treated with benzyl chloride or styrene oxide and cross-

‘_linked with eplchlorohydrin to the extentﬂef‘one epichlore-.

hydrin molecuie per glucoee unit. Attempts at chromato-
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