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ABSTRACT 

The stereospecific molecular structure of living 

things has important consequences in the synthesis of 

.biochemicals for food supplementation, pharmaceutical 

purposes and other biological uses. The optical isomers 

obtained must usu.ally be separated, because man and other 

organisms can most often utilize only one of them. In 

this work, stereospecific sorption has been studied as 

an alternate method to better known procedures for separ-

ating~ptical isomers. 

In an exploratory study, pure optical isomers-of 

aspartic acid were found to dissolve in measurably.differ­

ent ~mounts into aqueous solutions of other amino acids, 

. used as· optically active solvents. The largest observed 

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

in 0.05! glutamic acid. Such differences in optical­

isomer solubilities are explained by differences in binary 

association between solute and solvent, caused by struc-

*Filed as a Ph.D Thesis 
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I. INTRODUCTION 

The Asyametry of Li viy Thinas 

The asymmetric nature of most chemical .aterials of 

biological origin 1s a fundamental characteristic of life. 

By far the greater proportion of amino acids found 1n 

nature, whether as constituents of proteins or in the 

free state, are of L-configuration. The monosaccharides 

found in organisms as constituents of nucleic acids, 

polysaccharides like starch, disaccharide& like sucrose, 

or in the free state, are mainly of D-contiguration. 

Thus, the stereospecific character of the molecules that 

make up living things is an intrinsic •tact of life•. 

A major result of this stereospecific nature is 

that vertebrate organisms, in particular, are- IIUch better 

equipped for metabolism of L-amino acids and D-mono­

saccrul.rides than for that of their enantioaers. This 

fact has an important consequence in any synthesis of 

biochemicals for food supplementation, pharmaceutical 

purposes, or other biological uses. In vitro &Jntheses 

result in all possible isomers in equal amounts, since 

from thermodynamics both isomers of a mirror-structure 

pair are equally probable; and kinetics provides no 

selectivity unless perhaps an asymmetric catalyst is used. 

Henc• mixtures of optical isomers which result from non­

biological synthesis must be separated if pure optically 

active forms are required. 

1 



Food Supplementation with Synthetic Amino Acids 

The possibilities of large-scale food supplementa­

tion and an eventual synthetic diet are dramatic examples 

of the potential utility, of synthetic amino acids and the 

need for good ·methods of optical-isomer separation. 

Table 1 lists the minimal and safe levels of the essen-

tial amino acids as determined by Rose !1 !!· (15). The 

minimllll daily requirement of essential amino acids to 

maintain a young human male's nitrogen balance totals 

6.35 gins. In addition, Rose!!!!!· (14) found that 

appr'oximately 2.5 gms of nonspecific nitrogen is required 

tor the synthesis of nonessential amino acids; in their 

experiments, this came principally from glycine. 

Of the essential amino acids for humans, tryptophan 

is'required in the least amount. If this amount is set 

arbitrarily at one and the other amino aci.da listed in 

proportion to tryptophan, a proportionality pattern of 

amounts of amino acids needed for best performance results. 

A proportionality pattern based on the amounts of amino 

acids listed in Table 1 1.s shown in Figure 1. A diet 

possessing an adequate supply_of essential amino acids 

in this pattern available upon digestion (plus sufficient 

nitrogen for bio-synthesis of other amino acids) has by 

definition a biological value of 100. 

No protein possesses such an ideal amino acid pattern. 

? 
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. Table l •.. Minimal Ef·feetive·and Safely EffectiYe Daily··· 

Levels of ·Essential Amino Aetds .in the.D1et 

.. ·~ '· ... of the Young Human. Male (15). 

'1'·.''.·,. 
' . "' ...... ..... :·.·'·.' 

M1n1mai Level ;eer Daz Safe Level ;eer Da;t 

Amino Aeid Grams Millimole a Grams Millimole a 

L~Try 0.25 1.2 0.50 .2.4 

L-Phe '' lelO 6.6 2.20 1:3.2 

.·'L-~··· o.ao 5·5 i.6o 11.0 
" 

L-Thr 0.50 4.2 1.00 8.4 

L~Met 1.10 : 7•4 2.20 14.8 

L-L811·1 1.10 8.4 2.20 16.8 

L ... Ileu ·· 0.70 5·:3 1.40' 10.6 

L.•Val· o.8o 6.8 1.60 1}.6 

. '· :: 

.. ·.: ,. 

' ' . ~ 
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Fig\lre· 1. Proportionality Pattern of Requiremen,ts for 
·Essential Amino Acids Expres1Jed.1nRelation. 
to Tryptophan (calculated from Table 1.)~ 
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Nonetheless, in industrialized countries there is usu­

ally sufficient protein of high biological value to 

meet all requirements. Even in these countries, exper­

iments suggest the benefit of amino acid supplementation 

for pregnant women (17); infants (1,2): aged men (18,3): 

and in postoperative feeding (12). However, it is in 

the.· technically underdeveloped countries that the need 

for diet supplementation is most 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 defi-

ciency of one or more essential amino acids in the pro-

tein, leading to a low biological value for it. 

Amino acid profiles of the three most important 

grains, wheat, rice and corn, are shown in Table 2, in 

comparison with the reference pattern established by 

the Food and Agricultural Organization of the United 

Nations (10,11). The reference patte~n conforms fairly 

closely to that established by Rose. Deficient amino 

acids in each protein are indicated by parentheses. 

Corn has the poorest balance. Specifically, if the 

same amount of corn protein were eaten that would satisfy 

total-nitrogen requirements in the PAO reference pattern, 

the body's needs for tryptophan, lysine, methionine and 

isoleucine would not be met. T!ice as much corn would 

5 
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Table )t• ADl1no -Acid Prof1le·a· .. Expressed: In 1Ull1grams 
; .. ·-· .• . ' : ·. ·. . ., . ; ' . ·-:· ... 

. ..·· .. .· .: . . . 

· of Am1n.o. Acid per: Grail of 111-trogen ( 11 )_. · 

L-Try 

•L;..Phe 

L-LJ's 

. :·· ·: ~· ,\ . ; 

.FAO 
··. <'.-: ·\' ·:···. 

Referenc• 

-·.pattern 

'-.. • 90 . 

)60. 

·. 270 

L-Tftr~· . -·. . 180 .. 

·L-Ket -. · .. 275 -
- . 

L.;;teu .··· ... · .. 
. ·~ '.-

·L-Ileu 270 

L-Val . 270 

. ·. : --~ ·:._· -.' . · ..... 

. ·. ,,-

Wheat 

( 15) 

500 

(155) 

245 

'•280.· 

.4JO 

275 

280 

Rice corn . 
.. 

( 75) l 45) 
.. 

.. 655 510 

(2l0) (170) 

225 .. ·. 255 
.. .. 

.. . : 

(180} (210) 

525 .· 195 

'295· (25Q) 

395 330 

~- ... -~ : .• ' ' . 

:. _;:. 

_! ·• 
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Figure 2. Proportionality Pattern for Corn Compared to 
50% of FAO Reference Pattern. 
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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 PAO refer­

ence pattern; only that part of the amino acid pattern 

of corn which conforms to the reference pattern is usable 

by the body •.. 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 so.(asswaing coaplete dlges-
. . only. 50% of the 

tibil1ty). That is,/n1trogen content (or protein) in 

the corn can be used as a source or amino acids to support 

growth, and the remainder serves onl7 as a consumable 

energ7 source like carbohydrate. Doubling the tryptophan 

content or corn by supplementation would raise the bio-

. logical value to 6), since lysine would now be the limit• 

ing amino acid. Further supplementation 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 
f 

deficient in.one or more essential amino acids, supple-

mentation inereases the nutritional value of the diet 

greatly out of proportion to the quantities a¢ded. 

8 
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·" Therefore, a marked need exists for inexpensive 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-form, procedures allowing re­

solution of the resulting racemic mi~ture and recycle 

of the unusable D-isomer are needed. 

A fact important to the synthesis and resolution 

of amino acids is that amino acid precursors or deri­

vatives can be as useful as the amino acid itself. 
' " 

Thus R~aoetyl-L-tryptophan is as good as an equal 

amount or L-tryptophan in promoting growth in the rat (9). 

The ethyl ester'of L-tryptophan has also been round fully 

as effective nutritionally as the tree amino acid for the 

growth of rats (6). The same also held true for the amide, 

ethylaaide, diethyiamide, anilide and ethylanilide or 

L-tryptophan (5). Hence, it N-substituted amino acids, 

aaidee·,or esters are formed in the course or synthesis 

or purification, in some oases they could be used directly 

as food supplements. 

Table J, reproduced from Howe (11), gives amino acid 

profiles for several more foodstuffs which are or may be 

used as major food sources. Again, the deficient amino 

acids are indicated bJ parentheses. Again trJptophan, 

along with lysine and methionine, is seen to be widely 

deficient. 

9 
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Peas Cotton-
' . .- ~ 

'·- <.' 

and 

~ Peanut · Beans Meal . . . Meal 

L.,;.Tr;v .· C~-.7..5} . L:55.J (;75l 

. L-Phe . . 550 . 

I, ... r,y., ' (220) .. 

'L-Thl":_, (l?O) 

:t.-Met. · (1)5 > 

-·. · .. :..- :.. . __ , 
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3_80 415 
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(145)_· (145) . 

L-Lel1 )80., 505 ~15 

L-Ilell (25,0) 330 360 

L-V•l···· 305 330 325 

. :_ .. '~: < : . 

Oat:..· Sor.:· 
•·. 

cass-

.J .8,~.) 
·-··- .. , 
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,210 

(190) 

35.5-.. 

(225) 

·-290 
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~--_ :. ··,1J)5 -·' :_'~ .. ;I 15) ·,'.,!-.,. .-
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240 22o.··· . -. 

,. 

,(225) -(24~) .. · 

' 715 .. 420 ' 
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'• 

_.;-. 
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275 
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,. 
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·., -· . . ' . .. 
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. : ~-.... 
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.. 

290. 
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33() 
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375 ; 

280 

.. · 320 

'·•·. 
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95 90 
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275 420 
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(250) (155) 

550 40~ 
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Present Methods for Separating Optical Isomers 

.Crystallization Procedures. Selective crystallization 

of one optical isomer from a solution of the racemic form 

has been accomplished for llllny chemical compounds (16). 

The essential condition here is that the racemic solid must 

be :more soluble than the crystals of pure isomer; hence 

this approach fails for many compounds• Separation is made 

to occur by introducing a seed crystal of one of the isomers 

(or, in some cases, an optically pure-seed crystal of a 

different compound) into a solution mildly supersaturated 

with respect to both isomers. A series or alternate D-
. . . 

and L• crystallizations is necessary to achieve complete 

separation. 

Dlastereoisomer-Salt Formation. The most commonly 

used method of optical isomer separation involves forming 

the salts of a pure optically active base with a racemic 

pair of optically active acids, or vice versa. This leads 

to a diastereoisomeric mixture: the two resulting com­

pounds are no longer enantiomers. and can be separated 

by normal differences in solubility. The free optically 

active isomers can then by obtained from the salts by 

addition of excess acid or base. The procedure can be 

illustrated schematically for a pair of optically active 

11 



acids: 

+·(+)B.._.. 

(-)A 

H+ 
r----1..,.., (+)A + (+)BH+ 

(+)A:(+)B 

(-)A:(+)B 

I . +. (-)A + (+)BH+ 
H . 

This method suffers many disadvantages. As the condi-

tiona necessary for a successful separation are not 

known beforehand, the separation of each optical-isomer 

pair is a new problem. The most desirable state of 

affairs is for the immediate separation of the diastereo-

isomeric salts to oceur. However, crystals of .the less 

soluble salt invariably entrain some ot the more soluble 

salt, and the residual liquor is not easily freed of 

the less soluble salt. Complete purification of each 

salt thus usually involves one or more recrystallization&. 

Biological Procedures. The use of biological pro­

ceduree to resolve optical isomers ranges from employment 

of whole animals to enzymes. L1Yin« ap.i•ls have been 

utilized in isolated instances by feeding or injecting 

a racemic amino acid to isolate one of the optical isomers 

in the urtne. In general, however, it is the biologi­

cally active isomer that is consumed~ and this method 

has little practical value. 
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Use of microorganisms is liaited by several factors, 

notably imperfect selectivity (giving reduced·recovery) 

and incomplete use of the most-consumed species (giving 

reduced purity). Consumption of the unwanted isomer 

eliminates the possibility of converting it to racemic 

mixture, and thus ultimately to the wanted form. 

The use of selective oxidases to convert·only one 

optical isomer of an amino acid pair to an•-keto acid 

or amine bM been limited by their cost, and by the 

limited range of susceptible amino acids for any one 

such enzyme. This method is also limited since it 

leads to preparation of onl1 one of the optical isomers. 

Asymmetric enzymatic synthesis by selective action 

of a protease on N-acylated-DL~amino acids to produce 

a peptide bond with aniline or phen,lhr4~ine suffers 

many prodedural difficulties. This approach has been 

limited by the interrelated problems of solubility con­

trol, unfavorable equilibrium, nonselective action, 

choice of N-acyl group, pH and buffer composition. 

Of all the biological proeedures for the separation 

of optical isomers, asymmetric enzymatic hydrolysis 

through the action of .amidase& and acylases appears 

to have the greatest potential. Only the L-isomer of 

racemic amino acid esters or amides is hydrolyzed, and 

all products are left in solution to be separated by 

lJ 



differential solubtlity or ion exchange. Subsequent 

acid hydrolysis of the D-amino acid amide or acylated 

D-amino acid yields the free D-amino acid. Thus both 

optical isomers can be obtained in pure for•• Large­

scale prOduction of optical isomers using this method 

is ttt.us possible in principle. . . 

Stereospecific Sorption as an Alternative Technique 

In view of the difficulties encountered with the 

usual methods of optical isomer separation, stereospecific 

sorption as an alternative technique has been the focus 

of many studies (?). Selective sorbents, though expen­

sive to make, offer the prospect of being reused for 

hundreds or even thousands of cycles. Stereospecific 

sorption is thus potentially more efficient, more gen­

erally applicable, and easier to seale up than crystal~ 

lization and biological operations 

However, use of asymmetric sorbents. for separations 

of optical isomers has been retarded by lack of available 

materials and lack of understanding of how they work. 

Furthermore, separations achieved with most materials 

tried to date have given little or no separation. 

The present research has included (a) study of amino 

acid optical isomers in aqueous solution, to determine 

the degree of association between these compounds and 

identify the cause for the stereospecific interaction 
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whichoccurs; and (b) development of two new types of 

asyJIIJD8tric sorbents for use in separating optical isomers. 

Solvent extractton using optically active solvents 

has also been considered as a process emploring stereo­

specific interactions. In general terms, extraction 

provides higher stoichiometric capacities but •maller 

selectivities than sorption. .Mass-transfer rates in 

sorption columns are ofte~ higher than in extraction 

columns, but not universally so. At present, there is 

an acute shortage of potentially effective optically 

active solvents. These considerations have suggested 

that today sorption offers grea1;:er opportunities for 

separatiq optical isomers, and therefore the 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 compounds being separated for 

the sorbent. material. Because of the chemical identity 

of mirror-image pairs, selectivity can arise only through 

structural differentiation which involves some nearly 

pure optical isomer as the separating agent. Even then, 

on the molecular scale,·the separating agent can only 

differentiate between an optical isomer and its mirror 

image 1f at least three points of intermolecular contact 

15 



(either attractive or repulsive) are involved. This 

concept was first recognized for enzyme reactions (13), 

and later for resolution .of optical isomers b7 asymmetric 

sorbents (8) and solvents (4). Figure :J, illustrating 

the concept, shows a pair of optical isomers interacting 

with.identical sorbent sites composed of three different 

ehemical groups 1', 2 • and 3 •. For the isomer on the 

left, interaction respectively, of groups 1, 2, and J 

with groups 1', 2', and 3' of the sorbent site is possible. 

For the isomer on the right, interaction betweengroups 

J and 3' is impossible when isomer groups 1 and 2 are 

interacting respect! vely, with site groups 1 1 and 2.'. 

Presumably the right-hand isomer can also form a 1-1', 

J-3' adduct and a 2-2', 3-3' adduct; the left-hand isomer 

can fv.DD the same three two~point adducts (1-1', 2-2'; 

1-1' , · · 3-.3 • ; and 2-2 • , 3-J • ) 1 and the strengths of these 

two-point adducts should be essentially the saae for both 

isomers. But· the total bonding of the left-hand isomer 

is·stronger because it alone forms the·additional three­

point complex. With such differentiation in total bond­

ing, the right-hand isomer should pass through a column 

of this asymmetric sorbent more quickly than the left­

hand one, and a s•paration would be effected. 

A variation of the three-point concept baa been 

encountered in the course of this study, based upon 

16 
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II-. INTER-DIMER AND SELF-DIMER INTERACTION CONSTANTS 

BETWEEN AMINO ACID OPTICAL ISOMERS 

Introduction 

An exploratory study on the. resolution of optical 

isomers has included solubility measurements on pairs of 

pure optical isomers in optically active solvents. Due to 

the minimal availability ot pure optically active liquids, 

aqueous solutions of amino acids were used. Results indt• 

cate that the isomers of aspartic acid often have different 

solubilities in such solutions. Diastereoisomer, formed 

as a collectible second phase, is not a factor in the 

observed selectivities; for when the optical isomers are 

crystallized from the optically active solvents, their 

equivalent weights show that they have not combined with 

any of the solvent. 

That optical isomers should have appreciably differ­

ent solubilities in optically active solvents is not sur­

prising, but quantitative results for amino acids as exten­

sive as these have not been reported previously. Gtl-Av 

and coworkers (7) have resolved volatile N-trifluoroacetyl 

amino acid esters by stationary layers of similar non­

volatile esters in gas-liquid partition chromatography. 

Secor (lJ) reported in a review that optically active 

solvents have been used to resolve racemic (50-50) mixtures 

of optical isomers. Bowman ~ !!• (2) have obtained par~ 

tial resolutions of a series of organic racemates by 
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partioning the racemates between an aqueous phase and 

an optically actiTe phase. 
. . 

A statistical-thermodynamic analysis by AlDaya (1) 

of solutions of optically active substances also indicates 

22 

that optically active solvents should exhibit selective solvency 

for one optical isomer of a pair. Prom a thermodynamic 

viewpoint, if the solubilities of an optical isomer pair 

are not' the same in an optically actiTe SOlTent, their 

activity coefficients must differ also. In Amaya•s 

model, the molecular surface is divided into a number 

of contact points corresponding to exposed functional 

groups. In order for molecular contact to favor one 

optical-isomer configuration over another, at least three 
. ' 

contact points or differing composition must interact 
•' ' -

with a set of three mutually dissimilar contact points 

on an adjacent molecule. The strengths of such point­

to-point contacts have not yet been analyzed or correlated. 

Nevertheless, the role of "three-point interaction• was 

recognized earlier by Ogston (11) for enzyme reactions, 

and by Dalgliesh (6) for resolution of optical isomers 

by paper chromatography. 

The criterion of three-point interaction has been 

used with our systems, to determine the mechanism leading 

to enhanced solubility of one optical isomer over the 

other, and in each ease tried it has led to a satisfactory 



interpretation. 

Solubilities of amino acids in solutions of other 

amino ·acids have been measured before, but not primarily 

for determining optical-isomer effects. In.· an early study, 

Cohn.!! .!!• (5) measured the solubilities of 1-asparagine 

and of L-cystine 1n racemic solutions of other amino acids. 

More recently, Su and Shafer (17) determined the solu'bil­

ities of mariy L-amino acids in solutions of other L-amino 

acids; in the ease of L-arginine hydrochloride they detJer­

m1ned solubility in a D-tryptophan solution and found it 

to be different from that in a L-tryptophan solution. 

Interestingly, aspartic acid was not included in 

either of the previous studies. Data from the present 

study show aspartic acid to associate more strongly with 

various amino acids than does any other amino acid studied 

thus far. Furthermore, the differences 1n solubility of 

aspartic acid optical isomers in solutions of other amino 

acids are found to be significantly larger in some cases 

than the difference in solubility of L-argin1ne hydro­

chloride 1.n solutions of L- and D-tryptophan found by 

Su and Shafer. 

The +NH3CH(Coo-) group is common to all amino acids. 

In a solution of amino acids, one would expect some degree 
. + 

of interact1,on to occur between the NHJ and coo- groups 

of one amino acid, respectively, and the COO- and NH; of 

2) 



another. The dimerization constant for this quadrupole 

formation has been calculated from solubility data for 

pairs .or amino acids and also from aeti vi ty data for 

indtvidual.amino acids. 

Experimental Study 

Procedure. For measuring the solubilities, the 

following experimental procedure was followed: Excess 

solid amino acids and the aqueous optically active 

solvents were placed in glass-stoppered flasks. The 

flasks were mechanically shaken in a constant-temperature 

bath, controlled at 28.0t0.00?•c, during equilibration 

for 12 to 24 hours. Samples were then collected by 

fil':.tering the solutions under pressure into weighed 

test tubes. Analysis by"potentiometric titration with 

0.05N NaOH followed; triplicate samples agreed to within 

O.J% in all eases, with 0.1% being the usual range. 

Results. Because aspartic acid isomers were easily 

purified by crystallization from boiling water, it was 

used most extensively. Table 1 shows the excess solubility 

observed for L-aspartie acid in each of six •solvents.• 

Negative Talues indicate eases where the D-1soaer is more 

soluble. 

Qualitative Structural lb.terpretation 

Because amino acids usually have only one asymmetric 
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Table .1. Excess Solubilit:les·•of .L-Aspartic Acid Over 

D•Isomer in Various.' Solutions at· 28•c*. 

. . ··~ i· • 

· .. ' . ··. ,. . . ~ .-

·. ·,-· . ~ -: -~.--. . . 

. Aqueous Solvent. 

.watel".·. 

o.05M Solutions . - . . ··. ·. 

. . . 

L~Leucine · · 

L-Serine 

. L-Arginine •HCl 

L-Glutamic Acid 

D-Glutamic Acid 

Solubility Excess 

of Solubility 

n~rsomer, 

.llllilole s/ g : '', . 
solution 

. .0~04147 .. · 

0.04385 

0.04394 

0.04515 

0.04295 

0.04344 

1-' •. • 

· of 
. . . 

L ... Isomer,. · 

•• 

. 0.4 

-o.·4 

o.o 
l.J 

.;.0.9 .. 

·*Excess solUbility percent4lge is L-isomer solubility 

minus 0-:-tsomer solubility, divided bt L-tsomez.: solubility, 

times 100. . .... 

·-.·-·. 

\ 
'\ .. ·. 

;·. 
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center, identification of the interactions causing the 

excess sofubility of aspartic acid in the various amino 

acid solUtions has been fairly successful. Of the amino 

acid' used as solvents for aspartic acid, glutamic acid 

appears to have the greatest asymmetric interaction. 

Figurel shows the molecular structure which produces 

a stable three•point interaction between L-aspartic acid 

and L~glutamic acid, this interaction being stronger than 

any related effect between D-aapartic acid and L-glutamic 

acid.· In this structure, two pc:>ints of interaction occur 
'+ by hydrogen bonding between the NHJ of each amino acid 

and the head-end coo- 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 striped gray. Hydrogen bonds are shown by 

dashed lines.) 

However, mere two-point interaction is essentially 

nonselective; the precise arrangement of atoms away from 

the two points of contact, in either optical isomer of 

the solute molecule, cannot have much effect on the solvent 

molecule or upon the bonds between them. It is when the 

molecules already bound in a two-point contact swing around 

to.develop a third contact, and find an additional ener­

getically favored point of attachment-.-and only then--

that the ~asymmetries affect the relative strength of. 
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Figure 1 •. L~glutarnid acid {left) and L-asp~rtid 
acid, with three H-bond interactions. 
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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. 

In the case illustrated by Figure 1, the third point 

of contact occurs when the respective side chains are 

situated to allow hydrogen bonding between the tail 

carboxyl groups. Actually, Figure 1 illustrates only 
. . . . 

one of six side-chain configurations which will allow 

three-point contact. 

Figure 2 shows the two-point interaction between 

L-glutamic and D-aspartic acids when hydrogen bonds occur 
. . . . ' . + -
between the NH3 of each amino acid with the head-end COO 

group of the other. Here the geometry prohibits a third 

point of contact between any parts of the side chains of 

the two molecules. Nevertheless, it is possible for L­

glutamic and n:..asparti·c acid to develop two three-point-

contact complexes, and only two, by another means. In 

these two complexes (which differ 1n side-chain config­

uration), a hydrogen bond between NHj of L-glutamic acid 

and coo- of D-aspart1c acid can accompany two other points 

of hydrogen bonding, one between the COO- of·L-glutamic 

acid and the tail COOH of D-aspart1c acid, and one between 
+ 

the NH; group of D-aspart1c acid and the tail COOH of L-

glutam1c acid. 

· These interactions represent only a few of the 
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Figure 2. L-g1utamic acid (left) ~nd D-aspartic acid, 
.with .two H-bond interactions. Molecule . 
. shapes do.not allow a third H-bond to form. 
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interactions possible between L-glutamic acid and the 

L- and D-aspartic acids. However, most other interactions 

are nonselective. Nonetheless, the mOdeling result that 

L-glutamic:L-aspartic three-point-contact complexes should 

form more easily than L-glutamic:D-aspartic complexes 

constitutes a prediction that L-aspartic acid will be 

more soluble than D-aspartic acid in an aqueous solution 

of L-glutamic acid. The experimental result is consistent 

with this analysis. 

Figure 3 shows the three-point contact which can 

occur between·L-aspartic acid and another amino-acid 

solvent, L-leucine. Two of the three contacts again 

+ occur by hydrogen bonding between the charged NH3 and 

coo- groups of 'the respective amino acids. ·In this case 

the third point of contact occurs by hydrophobic bonding 

between the aliphatic side chain of the L-leucine and 

the ca2 group of the L-aspartic acid. However, Figure 4 

shows that for L-leucine and D-aspartic acid, it is 

impossible to develop the third point of contact when 

hydrogen bonds form between the charged NH_j and COO- groups 

of the respective amino acids. This observation leads to 

the conclusion that L-aspartic acid will be more soluble 

than D-aspartic acid in a solution of L-leucine. Again, 

the experimental result is consistent with the structural 

model. 
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Figure 4. 
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not allow a hydrophobic pondto occur. 

. . ; -~. : -~~~ . ; .:. 

. t• 

~· . ' 

. I 

:-~ · .. -;:, 

~ 
N 

:t;o' . 

·-~·.::'· 



A similar analysis has been made successfully with 

argin1.,ne hydrochloride and with serine, as solvents for 

a,spartic acid. 

Equilibrium Constants for Inter-Dimerization 

The increase in solubility of an aspartic acid 

isomer. (A) in a solution of a glutamic isomer (G). 

relative to its solubility in water, measures the extent 

of interspec1es dimer formation. From thermodynamics, 

considering that activity coefficients should not change 

appreciably, the saturation concentration of solute 

monomer plus solute self-dimer should be the same (0.04147 

moles/liter) in the mixed amino acid solution as in water. 

The molecular species present can be considered to be 

A, A2• G, a2 and AG. Then AG accounts for a reduction 

in concentration of G plus G2 below the starting value 

(0.05 moles/liter)~ 

Although the extent of self-.dimerization is not 

yet known for either aspartic acid or glutamic acld, 

a minimum value of the equilibrium constant for inter­

dimer formation, KAG• can be obtained by assuming that 

no self-dimers (A2 , G2 ) form. The solubility increase, 

from averaged experimental data, is 0.00200 moles/liter 

for L-aspartic acid in L-glutamic acid (or Din 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=O. 00200/ ( 0. 04147x0. 04800 )=1. 01. (moles/11 ter) -l 

(KAG)nL=0.0015J/(0.04147x0.04847)=0.76 (moles/liter)-l 

If the self-d1mer1zation constants are set at 1m-

probabl,- large values (say, K = J). the values of KLL 
' . 

and KoL will each increase by about 50%. However, the 

ratio of KLLto KoL remains essentially constant. There­

fore this analysis indicates that the solubility increase 

of slightly more that 1% from D in L to L in L corresponds . 

to a striking JJ% difference (=(1.01-0.76)/0.76) in the 

extent of formation of 1nter-dimer. The use of an insol­

ubie glutamic-acid' sorbent in a chromatographic separation 

of racemic aspartic acid might thus show a selectivity 

ratio or retention-time ratio of about 1.)). 

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 adsorption (KLL/KoL> 

Aspartic acid/Leucine 1.29 1.21 1.07 

Aspartic acid/Serine 1.16 1.25 0.9) 

Aspartic actd/Arginine--HCl 1.92 1.92 1.oo· 
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These inter-dimer1zation constants provide interes­

ting comparisons with those calculated from the data of 

other workers for different amino acids. The solubility 

.data of Cohn ll !!· (5), duplicated in part tn Table 2. 

give minimum inter-d.imerization constants ranging from 

0.56 (moles/liter)-~ down to zero. In fact, in the case 

of !-asparagine, a negative solubilizing effect is observed 

with a solution of DL-ec-aminobutyric acid. The data of 

Su and Shafer (17). duplicated in part in Table), give 

constants ranging from 1.59 (moles/liter)-1 to 0•47 

(moles/liter) -1. su and Shafer looked at many other 

systems, but found little or no effect compared to those 

reported in Table J: they also had cases wherenegative 

solubilizing effects were observed. From a comparison 

of ail these data, aspartic acid seems especially capable 

of forming dimers with other amino acids. 

An interaction common to all associating amino acid 

pairs is that involving the NH; and coo- of one amino aicd 

with the coo- and NH;, respectively, of the other. The 

d1merization constant for this so-called quadrupole inter-

action would be a ptece of interesting, fundamental infor­

mation •. The simplest system investigated by Cohn et !!.• 
(5) was that of·l-asparagine in glycine. The inter-dimer 

constant calculated from his results is 0.2) (moles/liter)-1~ 

This value should.be quite close to the basic quadrupole 
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Table 2. Minimum Inter-Dimerization Cons.tants ·Calculated 

from Solubility Measurements of Cohn et. !1•. (5). 

!-Asparagine L-Cystine 

Solubility K Solubility K 

moles/ (moles/ moles/ (moles/ 
1 ~ueous Solvent · liter · liter}-1 l!ter ·literl-

Water 0.184 0.000454 

0.25M Solutions 

Glycine 0.194 0.23 0.000518 0.56 

DL-Alanine 0.188 0.09 0.000495 0.36 
·. · ..... ·· ... 

0.182 0.000474 0.18 DL~-~Aminobutyric 
Acid 

DL-Valine 0.000454 0 

Table 3. Minimum Inter-Dimerization Constants Calculated 
... 

· from Solubility Measurements of su arid Shafer (17). 

L-Phenylalanine 

Solu­
bility K 

L-Tryptophan · 

Solu­
bility K 

.L-Tyrosine 

Solu­
bility K 

Aqueous moles/ (moles/ 
1 

moles/ (moles/ 
1 

moles/ (moles/ 
1 Solvent· liter liter)- liter liter)~ liter liter)-·. 

Water 

0.50M 
Solutions 

0.16 

L-Arg"HCl 0.195 

L-His•HCl 0.21 

0.47 

0.70 

0.07 

0.11 

0.12 

1.24 

1.59 

0.0025 

0.0034 0.72 

0.0038 1.04 
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interdimer-constant for amino acids •. There are two pieces 

of supporting evidence for this belief: (a) As Cohn!! !:!• 

point out, the data indicate that glycine-asparagine inter­

actions are of the same str~ngth as glycine-glycine inter-

action$. Sine~ glycine is the simplest amino acid, inter­

action between glycine molecules should result' mainly from 

quadrupole formation. (b) The Cohn data give a value of 

0.56 (moles/liter)-1 for the glycine-cystine inter-dimer 

constant. 
+ . 

Cystine has two •C(NH3)coo- groups. If the 

calculation for the inter-dimer constant used the concan-
+ . 

tration of the =C(NH3)coo- groups and not the. cystine 

concentration; the result would be t(0.56) or about 0.28. 

This is quite close to the 0.23 value obtained for the 

glyciu:;<.:-asparagine system. 

All the amino-acid-pair systems involving aspartic 

acid give d1mer constants greater than this basic valu.e, 

and this may perhaps be attributed to the acidic side 

chain with its strong hydrogen-bonding potential. The 

system giving the largest· inter-dimer constant in our 

work contains an amino acid with a basic side chain, 

arginine hydrochloride, along with aspartic acid. 

The amino acid pairs in Su and Shafer's work which 

give large inter-dimer constants each contain an amino 

acid possessing a basic side chain, arginine orhistld1ne, 

which also includes a significant hydrophobic section. 
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In some cases these molecules exert little or no influence 

on the solubilities of other amino acids; thereby showing 

the stereospecificity of amino acid side-chain interactions. 

For these cases, and for other eases where near-zero or 

negative effect on solubility was found, the quadrupole 

inter-dimerization may have been masked by hydration effects, 

which will be discussed in the next section. 

Equilibrium Constants for Self-Dimerization 

The activity coefficients of glycine and several 

otheramino acids have been determined by Smith and Smith 

( 14, 15 16). Since glycine ( +NH3CH2 (coo-)) 1 s the simplest 

amino acid, dimerization occurring between glycine mole­

cules was .. believed to result mainly from quadrupole forma­

tion. Therefore, d1merization constants for glycine were 

calculated from its activity coefficients. 

An "ideal associated solution•, in the terms of 

Prigogine and Defay (12), is a solution which behaves 

ideally when regarded as a mixture of monomer molecules 

and complexes. Developing the thermodynamic relationships 

for an ideal associated solution, Prigogine and Def~y 

determined that the monomer and total concentration of 

the associating species are related by the activity coef­

ficient. Employing as system of reference a very dilute 

solution of A in B, and assuming that only molecules of 
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A associate, the following expression holds: 

where ·xA
1 

is the mole fraction of monomer and xAT is the 

total mole fraction of A. At the low concentrations of 

interest 

where CAl and CAT are the monomer and to.tal concentration 

in moles/liter. Since 

CAT = CAl + 2CA2 

whe~e CA2 is the concentration of dlmer, a dimerization 

constant defined as 

,· 

CAT(l ~ lA> .. 
2 (fA CAT)2 

can be calculated if activity coefficients are known 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 above. Nevertheless, at the concentra­

tions ot·tnterest the difference between these is slight• 

Smith and Smith's activity coefficients for glycine, 

alons with d1merization constants calculated from them, 

appear in Table 4. These constants tend to a value of 
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Table 4.·s~lf-Dt~erization . .Constants fo~ Glycine Calculated 

·f~o_m the ,-Da t(a of ,, Smith ·and >Smith (·14) • -

·m 

·moles/ 
lOOO·ps 

.-:.1", 

o.·l _ 

' (j ~-~-:;:- ' -' 

o. __ s·• 
.· l.,O, _ 

c 

0.099 

·0.198 

-p-.489' 

o.•-958 

'·. ·, .. ' 

. . . ~: .. 
• ~- . i'; ·, ' 

X 

.. ' 0.00180. 

.·o· •. OOJ59 

o.~089J 

o.,Ql769 

. " .. ·. ~-

·; :·. 

K 

· :-.-.<moles/ 1 ___ -- -.. _-. -- ··- -· lit'er)- -

-o •. 9so 

o.96J 
_.0 •. 915 .. ·· 

0.855 

o~io4 

·.-. ·0 .·101 ,: 
-::-._.·. 

0.104 

0.104 

1 •. • • 

. .-·._·;' . 
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Table ·~. Self ... Dimerizatiort .Constants for Serlne and· Threonine· 
. . .. 

Calcul~ted from the Data -of Smith anCJ; _Smith- ( 15) •.. 

'Jil 

.moles/ .· 
1000 pli' 

0.2 

o.J -
·- _:. 0.5 .... -. · 

.·:.·-

:·.;: 

·. ~-

serine· 

·.K 

(moles/ 
1 liter)- · 

6.965 0.095 

0.945- 0.104 

o.-910 --· - •·.- 0.111 

·, .. " 
-_. .. ,· .. . .· .. ·.· 

Threonine 

- 0~990 

.0.985 

... 0.976 

·. ~ -. 

K 

_ (moles/ . · 
·. ·_ .. 11ter)~l 

. ,_.._. 

0.026 

0.026' 

0.026 

... ... - . 

'. 

· .. ; _., ., 



o·.l04 (moles/li terr·l, somewhat less than one half of 

the value determined for. the quadrupole dimerization 

constant in the previous section from solubility data. 

A factor of two is expected, however, since symmetry 

of the self-dimer should halve the constant for its 

formation. 

To explore further the significance of the activity 

coefficients, the self-dimerization constants for serine 

and threonine calculated from activity coefficients 

ieterm1ned by Smith' and Smith (15), are reported i.n 

·Table 5. Serine, which possesses a fairly simple side 

group,· has self-dimerization constants quite close to 

those of glycine. Threonine, which possesses an exposed 

CH.J group, displays a self-dimerization constant much 

closer to zero. 

Smith and Smith (16) also determined activity 

coefficients for several aliphatic amino acids- alanine, 

ot-amino-'\,-butyric acid, «-amino-isobutyric ac.1d, ec-amino­

~-valeric acid, and valine. Whereas glycine, serine, and 

threonine have activity coefficients less than one, thereby 

indicating association in solution, the activity coeffi­

cients for the aliphatic amino acids are greater than one. 

Furthermore there is a general tendency for the activity 

coefficient to increase with each methylene group. Aside 

from the solute-solute interaction which occurs in any 
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solution, solute-solvent interactions are also. present. 

In the case of the aliphatic amino acids, the latter most 

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 the region. The resulting negative 

enthalpy change is more than counterbalanced by the 

large negative entropy change, thereby leading to a 

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 aqueous solution, thereby decreas­

ing interaction with water. Kozak!!!!· (8) have inter-
• f . ' ·•· . • 

preted activity data for aqueous solutions of nonelectro-

lytes using both lattice and distribution-function theories. 

While they found that pairwise attractions seem to increase 

with increasing aliphatic chain length for alcohols, amines, 

ketones and acids, the attractive forces in the amino acids· 

appear to rise much .more slowly in a hoaologous series. 

As a result, hydration and size effects predominate, lead-· 

ing to .activity coefficients less than one for water con­

taining aliphatic amino acids in solution. This result 

ultimately gives the activity coefficients greater than 



one for the aliphatic amino acids. 

For those amino-acid-pair systems mentioned. in the 

last section which showed little or no solubility en­

hancement (or near~zero dimerization donstants), hydra-

tion effects must predominate over the quadrupole-inter­

action effect. Hydration of the ·•solvent• amino acid 

leaves less water available for the solute amino acid. 

In the extreme, this apparently results in lower solu• 

bility in certain amino acid solutions than in water. 

Conclusions 

These results indicate that stereospecificity towards 

a small molecule is not restricted to large complex mol-
. as 

ecules such/enzymes. Even single asymmetric centers can 

interact rather strongly with one another. 

Taking all available data into account points to a 

probable value of about 0.2} (nioles/liter)-1 for the non­

selective part of the inter-dimer equilibrium constant that 

results from interaction of the NHj and coo- of one amino 
. . + 

acid with the coo- and NH3 , respectively, of a different 

amino acid. This means -,that when large inter-d1mer 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 



·insoluble ·matrix, in a way thlilt preserves the!~ zw1tter- . 

ionic· character. Such sorbent.s· have· been. synthesized. 

·.successfully (16. 17). but have not yet shown the selec-
.· . . .. · 

t1v1tY (et 1s of 1~07 t() l.JJ) that would be expected from 

the llquld:..phase interactions·. 
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III~ FOBMYLATED AROMATIC POLYMERS AS INTERMEDIATES 

IN SYNTHESIS OF OPTICALLY ACTIVE SORBENTS 

Introduction 

Resoiu:tion of optical isomers by chromatographic 

techniques over asymmetric sorbents has been the subject 

of recerit studies (2). 
~ i ·• • . 

Theoretically it should be 

possible to tailor-make an asymmetric sorbent capable of 

resolving .any given enantiomorphic pair. However, 
. . 

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 asymmet:r;ic 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 interaction• knolfi'l to be necessary for distinguishing 

bet~een. a ·pair or optical isomers (6) • . amino acids when 

zwitterionic already possess two ionic sites capable .of 

interaction. Furthermore, amino acids 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 aid of 

ionic quadrupole interaction, but with an addi t.ional 

point of contact (lJ). Moreover, asymmetric resina con-

. taining .certain amino acids 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 either would cause loss of zwitter1on1c 

structure or are not applicable to most amino acids. 

Most anion-exchange resins are prepared by reacting 

halomethylated polymers with the desired amine (8). Opti­

cally -active ion exchangers so made from asymmetric amine 

compound~, including amino acids, were first reported by 

Rieche and Gross (2J) and later improve:lupon by Korshak 

and coworkers (11). The present authors have found halo­

methylated polymers to have several disadvantages. Reac­

tion_- condi tiona may cause racemization: reactivity of 

ster1cally hindered amines may be quite low; additional 

crosslinking may occur by the am1nes reacting with more 

than one hlll.oaethylated group; and halomethyl may react 

wtth groups other than primary amines. 

A New Synthetic Route 

Imine formation and reduction offers an alternate 

synthetic route that can overcome these problems. Pre­

paration of Schiff's bases in homogeneous solution from 

aldehydes and amines, and also their reduction to other 

amine compounds, is well known (15). In particular, 

benzaldehyde and various amino acids have been reacted 

and reduced to the corresponding N-benzyl derivatives in 

high yield~(22). However, it appears that this reaction 

sequence has not been used previouslyfor preparing amine-
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containing polymers, primarily for want of suitable for­

mylated polymers and of a method of reducing imine formed 

within the matrix. 

Forulation·of Polystyrene. A process for formylation 

slmilar·to the common chloromethylation (21) ot styrene­

divinylbenzene copolymer was developed (1), using dichloro­

methyl methyl ether (DMME) in place of the monochloro 

compound. DMME has also been used to formylate aromatic 

monomeric compounds in homogeneous solution (24). · In the 

present process the copolymer beads are alkylated with DMME, 

using anhydrous SnCl4 as a relatively mild Friedel-crafts 

catalyst, after having first been .swollen in methylene 

chloride. Hydrolysis of the intermediate complex proceeds 

smoothly· and yields a brilliant yellow formylated resin 

. with conversions up to 85% based upon the polymer: 

fl 
Matrix-()+ CH30CHC12 + SnC14 ~ (M-O"~cH3 )·SnC14 

J~O 

M-(}-cao 

The effect of various solvents on swelling an 85% for­

mylated styrene-divinylbenzene resin is shown in Table 1. 

The results indicate that little, if· any, additional cross­

linking is produced by formylation. The beads swell ·slowly 
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•. ·' 

Polystyrene· (4% d1v1nylbenzene, 150-200 mesh;. 

.. ·6.5··~eq. CHO per·• g.) 

,•., ..... 

CHC1J 

c2a4ci.2····· 
B.en~if Aic.ohol 

ri1.6x~ne 
· Dimethyl Formamide 

Acetone.·. 

Benzene:..Methanol .· ( 1 &:1 ) 

Benzene 

·Dimethyl Sulfoxide· 

Methanol 

!.'":'Propanol 

!:..Propanol 

water 

' . 

·.:·, . 

Relative Volt~meof Beads 
to Dry Beads at 25 C 

2.4. 

2.4 

2.1 

2~1 

2•1 

2.0 

2.0 

1.7 

1.·5 . 

1.4 

1.4:. 

l.J 
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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. Polymerization 

of formylatyrene monomer yields a product incapable of 
. . 

swelling in solvents such as chloroform (29), due evidently 

to croaslinking side reactions. Anot'her long reaction 
. .. 

sequence which was considered involves polyl1thium styrene 

()). 'Oxidation of either chloromethylated or hydro:xymethy:.. 

lated styrene-divinylbenzene by dimethyl sulfoxide (19), or 

KOCL (18) ~as rejected because of multiple products, or 

because reactants could not penetrate into the matrix. 

Certain Friedel-Crafts reactions also proved unsatisfactory: 

the Gatterman-Koch ~ion and its modifications (20) called 

for gaseous reactants and high-pressure conditions unsuit­

able in;small-scale preparation, and gave the possibility 

of undesirable side reactions: alkylation experiments with 

CHCl) and several active metallic-chloride catalysts in the 

uauai solvents also failed. 

· .. Sznthesis of Amino Acid Resin. The scheme developed 

for attaching amino acids to an insoluble polymeric matrix 

while preserving their zwitterionic character consists of 

.three steps (1): 1m1ne formation by reacting the formyl-

a teet beads with an amino acid ester, reduction of the imine 

with NaBB4 which is soluble in various solvents and hence 

50 



51 

can penetrate the matrix, and hydrolysis of the attached 

ester, as follows: 

M-crcHO + RCH(~)COOCH3 -> ~H = N - CH(R)COOCH3 (I) 

I + NaBH4 ~ M~CH2 - NHCH(R)COOCH3 (II) 

II Hydrolysis > Neutralization.._ M~ +H_ ( ) -.... ,.~:._CHz - NI"G - CH R COO . 

Resins containing L-tyrosine, L-aspartic acid, and L-

glutamic acid have been prepared. Tyrosine can only be 

attached to a resin matrix in this way, because of its 

active phenolic hydroxyl group. 

The results of a series of syatheses are shown in 

Table 2. along with the conditions used for the imine forma­

ticm. The first three syntheses reveal that ionic amino 

acid derivatives do not react as readily with the formy­

lated beads as does the uncharged one, an ester. Two factors 

probably are respohsible -- the insolubility of ionic deriv-

atives, and Donnan exclusion of charged species from a bead 

once some charge is attached. Lysine has the additional 

problem of crosslinking the matrix since it is a d1amine. 

Thus, the use of amino acid esters or amides seems the best 

approach, although esters may condense to form cyclic anhy­

drides or peptides especially at elevated temperatures (7). 

NaBH4 was chosen as the reducing agent because it is 

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



Amino 
Acids -(mmoles) 

L-LYalne•HCl (6.03) 

L~Tyroslne (6.02) 

L-Tyrosine Me Ester·HCl 
(6.0) 

L-Tyros1ne Me Ester•HCl 
(6.1) 

L-Tyroslne Me Ester· HCl 
(6.1) . 

L-Aspartlc Acid D1meth71 
. Ester·HCl (6.1) 

L-Tyro~ine Me Ester·HCl 
(51.0) 

L-Glutam1c Acid Dimethyl 
Ester·HCl (8~0) 

Table 2. Synthesis ot Amirio Acid Resins with Pormylated Pol.ystytoene . 
(4~ divinylbenzene, 150-200 mesh, capacities as shown) 

s(
1
1 ts A~~ed s{:lve)t 1!'o(rlated Be~~s, Temp. or Time ) ~. 
mmoles ml. !!; • mmoles CHO Reaction hrs. Conversion Notes • 

LlOH (5.9) BzOH (25) 0.50 (3.25) 6o•c 3 4:1 . ·Amino acid only sparingly 
soluble • 

LiOH (5.9) BzOH (25) 

I 
0.50 (3.25) 54•c 3 1.6 Amino acid sP~t not very 

soluble. 

LlOH (5,9) I!zOH (25) 0.50 (3.25) 58•c 3 48.8 Ester soluble. 

LlOH (5.9) Benzene (20) 0.50 (2.70) 49-57°C 8 70.8 Ester soluble, two phase 
MeOH (5) liquid system initially, 

soln. darkened during .run. 

LlOH (5.9) Benzene (20) o.5o (z.7o) I 2s•c 8 53.4 Same as above except soln 
MeOH (5) I did not turn dark. 

LlOH (5.9) Benzene (20) 0.50 (2.70) 

I 
25•c 12 43.5 Ester precipitated. did not 

MeOH (5) · appear very soluble. 

LlOH (50.0) MeOH (20) 8.00 (43.0) 25•c 36 90 Ester partially precipitated 
Benzene ( 16) initially bu.t disappeared 

during reaction. 

LlOH (7.0) Benzene (25) 0.50 (3.30) 25•c 23 :51 Ester completely soluble. 
Methanol (10 

\J\ 
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ester gr:oup asLiAlH4 would (15). The literature indicates 

that HaBH4 can r~duoe esters to alcohols (4), but tests on 

the L-tyrosine resin indicated that the ester was not re­

duced and that hydrolysis was complete. The imine beads (I) 

are brilliant yellow like the starting formylated beads, 

and both become colorless upon complete reduction. After 

reduction and hydrolysis the amino acid content~ and CHO 

conversion, are determined. The cause of the brilliant 

yellow color of the beads, and the extent of side reactions 

s~ch as crosslinking during formylation, have not been inves­

tigated. However they are not appreciably harmful, as indi­

catedby the swelling data of Table 1 and by the high-reac­

tivity shown in Table 2. 

Separations 

Resolution of DL-Mandelic Acid 

(a) Frontal and Elution Analysis. Because of its good 

solubility in many solvents, large optical rotaion of its 

isomers, and ease of detection, DL-mandelic acid was used 

in initial experiments to test the resolving ability of 

the amino acid restns. Table 3 shows the results of frontal 

plus elution analysis on DL-mandelic acid in methanol, using 

a column containing 14.6 gm of the L-tyrosine resin and 

measuring 1 em in diameter by )6 em long. The column was 

first preconditioned by washing with 0.15! ammonium chloro­

acetate in methanol. A solution of 0.15!! (22.8 mg/ml). 
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Table 3. Resolution of DL-Mande1ic Acid on 

L-Tyrosine Resin in Methanol 

Fraction ml Mandelic Acid Rotation, ex, Resolution 
D/L 

1-2 

3 

4 

5 

6 

7 

8~ 

9 

10 

11. 

12 

13 

14 

15 

16 

17 

18 

19 

20. 

32 

15 

15 

14 

14 

13 

15 

15 

15 

15 

15 

15 

15 

15 

15 

15 

15 

15 

15 

mgm/ml 1 = 4 em 

0 

0.2 

6.2 

14.0 

15.9 

17.2 

18.7 

25.6 

29.1 

24.8 

18.) 

12.6 

7.2 

).9 

2.0 

0.9 

0.4 

0.2 

0 

o.oooo 

o.oooo 

+0.0055 

+0.0055 

+0.0040 

+0.0025 

+0.0025 

+0.0020 

+0.0025 

. +0.0000 

-0.0040 

-0.0055 

-0.0045 

-0.0030 

-0.0015 

"'!'0.0010 

-0.0010 

-0.0005 

o.oooo 

0.974 

0.989 

0.992 

0.995 

0.996 

0.997 

0.997 

1.000 

1~007 

1.016 

1.022 

1.025 

1.026 

1.046 

. 1.105 

1.105 

..- indicates switch to O.l5M ammonium ch1oroacetate solution 
from 0.15!! (22.8 mgm/ml)-DL;..mandelic acid feed. 
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DL-mandeltc acid was then fed to the column at a rate of 

2~5 ml/hour. As the column outlet concentration approached 

the mandelic acid feed concentration, the column feed was 

switched to 0.15! ammonium chloroacetate elutant. Samples 

were collected at the outlet of the column wtth an automatic 

fraction collector, and individual fractions were analyzed 

for their total mandelic acid content and optical rotation. 

Concentrations of mandelic acid were measured by UV absorp-

tion at 257.4 m~ with a Bechman Model DU-2 Spectrophoto­

meten Optical rotation measurements were performed using a 

Bendix Automatic Polarimeter, Model 143A, with a 4 em cell. 

Based on a CefJ,)- of +153•for L(+)-mandelic acid, calcula­

tions show that fractions with isomer ratios as high as 

1.1_05 ()Ocurred. 

Table 4 shows th·e results of frontal plus elution 

analysis on DL-mandelic acid in methanol, using a column 

containing 4.0 gm of the L-glutamic acid resin and measuring 

0.85 em in diameter by 18 em long. In this case, precondi­

tioning and elution were performed with a 0.15M ammonium 

chloroacetate-chloroacetic acid methanolic buffer (pH=).22l• 

at the pi of glutamic acid. Flow rate for the run was 

3 ml/hour. Practions with isomer ratios up to 1.025 occurred. 

*pH'-s reported for methanol solutions are calculated using­
the acid dissociation constants given for aqueous solutions. 
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Tabie 4. Resofuttorr of DL~Mandel1c -Acid on 

L-G1utamic Acid .Hes,1ri -in Methan61 

Fraction 

1-2 

m1 

)0 

15 

4'. 15 
~ ;, . ·. .. .· . 

5·.,_., ... · .. :·''),_5······ 
·,, 

6 15 

7-8 25 .,_ 
9. 15 

10 15 

11 15 

12 15 

13 15 

·:Mandelic •Acid 
. mgm/ml 

.. ·: ;, . ~-- 1) •. 0 . 
. . . '··.\·.·, 

.. 

.. 16 .'t . 

21.0 

22.8. 

28.1 

22~6 

20.8 

8.2 

0 

~-"'. 

. Rotation, CC'J> 
1·== 4 em 

0~0000. 
. : 

+0.'0035 

+0.0020 
,o; 0 

+o.ooo5 

o.oooo 
. -.· 

0~0000 

0.0000 

o.oooo 

-o.ooos 

-o.op55 

0.0000 

• < ., 

. . . 

Res.olut1on 
D/L.· 

0.985 

··-~.0 -994 . 
. ().-998 .. ·~- . ". 

1.000 . 

1.000 

' 1. 000 

1.000 

1.001 

. 1. 025 

-+- indicates awl tch to O.l5M ammonium chloroacetate-chloro;.. 
acetic :acid buffer (pH =--3•2) from O.l5M (22'~8 mgm/mrr· 
DL-martde11c acid feed. . 

.·; ·, 

., -
···~~ 

'.· 'i.- . ·, 
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A frontal .and elution analysis was also made on 

DL-mandelic acid,· using a column containing 14.9 gm of. the 

L-aspartic acid resin and measuring 1 em in diameter by 

39 em long.· Preconditioning and elution were performed 

with a 0.15!!.ammonium chloroacetate-chloroacetic acid 

methanolic buffer (pH=2.77)• at the pi of aspartic acid. 

·Although the L-aspartic acid resin showed some slight pre-

ference for D-mandelic acid, virtually no separation occurred. 

(b) Interpretation Using •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-mand.elic acid in the order: L-tyrosine, L-glutamic acid, 

L-aspartic acid. The three-point-interaction model can be' 

used to explain why this order of effectiveness occurs. 

Molecular models show that when the -NHj and -eoo- of the 

L-amino acid on the resin interact, respectively, with the 

-coo· group and•OH group of D-'mandelic acid, no further 

interaction between the two molecules is likely to occur. 

However, when the L-amino acid on the resin interacts in 

the same wa.y with L-mandeltc acid, the possibility for 

interference between the phenyl group:;; of L-mandelic acid 

and the side group of the amino acid can be seen for certain 

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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assoc1~tion of one opti~al 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 

through the column more quickly. ·The L-tyrosine resin has 

the greatest selectivity, presumably because of the large 

side group of tyrosine. The small side group of aspartic 

acid,' in turn, explains the relative ineffectiveness of 

the L-aspartic acid resin. 

(c) Chromatograms: L-Tyrosine Resin. A teed of 10 ml 

of 0.15!! DL-ammonium mandelate in a methanolic solution of 
. . . : . 

0.05M ammonium chloroacetate was charged to a column con-
. -
taining 14.6 gm of L-tyrosine resinand measuring 1 em in 

diameter by )6 em long~ This column was first precondi­

tioned by washing with 0.05!! ammonium chloroacetate solu­

tion, and a solution of ttdscomposition was uaed 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. 

58 

Neutralized L( +)-mandelic acid was found to have an (ocJ» of +95. 

Chromatograms were also obtained by charging 

.0.15!! solutions of DL-mandelic !.£.!.£in methanol to the 

L-tyroslne column. Subsequent elution with methanol 
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solutions .of o. 05.!!. ammonium acetate, o. 05M ohloroacetic 

acid, or 0.051! aJIUilonium chloroacetate-chloroacetie acid 

buffer (pH=2.85) all gave very unsymmetrical ehromato-

grams. longer solute retention, and·smaller resolution 

than for ammonium mandelite. Attempts to separate DL­

mandelic acid on the L-tyrosine resin with aqueous-

phase preconditioning, feeti_and elution caused the 

racemic acid to go straight through the column with no 

appreciable retention whatever. 

L-Glutamic Acid Resin. A charge of 5 ml of 0.15! 

mandelic acid in methanolic solution buffered with 0.05 11 

ammonium ehloroacetate-ehloroaeetie acid buffer (pHa:J.O) 

was fed to a column containing 4.0 ga of L-glutamic acid 

resin, measuring 0.85 em 1n diameter by 1? em long. Column 

preconditioning and elution were both carried out tri<th the 

methanolie 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 em in 

diameter by 1) em long was first preeond1 tioned by wash-

ing with water. 5 ml of 0.15M DL-mandelie acid in water -
was then fed to the column at a flow rate ot 7.5 ml/hr, 

followed by elution with water at the same flow rate. 

After 1)0 ml, no mandelic acid had yet appeared. The 
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elutant was then switched 'to 0~10! sodium chloroacetate­

chloroacetic acid buffer (pB=J.22). The resulting chroma-
. . 

togram, shown in Figure J, has isomer ratios as high as 

1.07 • 

. ·Trial 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 s~parations. Frontal analyses on methanolic solutions 
'. 

of DL•phenylalanine, DL-tryptophan and DL-tryptophan•HCl 

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, Dr.­

tryptophan and DL-arginine•HCl. Solubility work (lJ, 26) 

had shown L-tyrosine and L-arginine•HCl to have an inter­

dimerization constant of 0. ?2 (moles/11 terr·l in water. 

Therefore, the lack of affinity of arginine•BCl for the L-

tyrosine resin was surprising. 

Similar results were obtained using the L-glutamic 

acid resin. A frontal analysis on DL-phenylalanine in 

water showed no sorbtion or separation. DL-aspartic acid 

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

separation could be detected. Solubility work {lJ) had 

shown the inter-dimerizatlon constant of L-glutamic acid 

with L-aspartic acid to be 1.01 (moles/liter).;.l and the 

constant for ~-glutamic acid with D-aspartic acid to be 
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0. 76 .·(moles/liter) -1.. It WEl.S therefore hoped that use 

of an insoluble glutamic acid sorbent in a chromato­

graphic separation of racemic aspartic acid might show a 

selectivity ratio of (1.01/0.76)=1.)). Finaliy, a frontal 

analysis on DL-lysine•HCl using the L-glutam1c acid resin 

showed neither sorption nor 'cseparation. This vas surpri­

sing in view of the complementary base-acid. characteristics 

of the amino acid pair lysine-glutamic acid • 

. Trial Resolution of N-Acetyl-DL-Phenylalanine 

Because of the relative success in separating the 

optical tsomers of DL-mandelic acid, the possibility of 

resolving ·N-acylated amino acids was explored. A frontal 

analysis on a methanolic solution of 0.15! N-acetyl-DL­

phenylalanine using the L-tyrosine resin showed relatively 

good sorption, but no separation could. be dete.cted. 

Conclusions and Discussion 

A new route to synthetic sorbents has been developed 

based on the use of formylated aromatic polymers, and has 

been applied to making optically active sorbents containing 

amino acids which are otherwiwe difficult to prepare. In 

principle, any primary amine may be attached to the for­

mylated polymers, first forming an imine and then reducing 

1t to the corresponding attached secondary amine. 

This work has shown that amino acids attached to a 

crosslinked polystyrene resin in a manner which preserves 

their zwitterionic structure do not in general sorb or 
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resolve amino acid optical isomers. This type of asym­

metric sorberit does show promise for the resolution of 

optical isomers which are true acids. Because of the 

zwitterionic character of the material, it is also likely 

true bases can be sorbed and basic optical isomers re­

solved on these amino acid resins. 

··Certain solubility studies of amino acids in amino 

acid solutions (5. 26) indicate that interaction between 

amino acids in aqueous solution can be negligible. How• 

ever, sorption and resolution were anticipated at least for 

DL-aspartic acid on the L-glutamic acid (13) resin and DL­

arginine•HCl on the L-tyrosine resin (26). Attachment of 

amino acids to a polystyrene resin most likely alters the 

amino acid configurations and certainly provides an environ­

ment different from an aqueous solution. Either or both 

could explain the lack of effectiveness experienced with 

the resins. Providing a more polar resin structure, some­

what in the range of the lower alcohols. might improve the 

chances of producing the needed configurations. 

Of all the other amino-acid containing resins which 

have been synthesized and used successfully to partially 

resolve amino acid optical isomers. only one contained an 

amino aold.in the zwitterionic form. The L-cysteine con­

taining resin synthesized by Roberts and Haigh (25) achieved 

a small.partlal resolution of DL-methionine, but a large 

column was used andbreakthrough was rapid. Other amino-acid 
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containing resins used in successful partial resolutions 

of amino acid optical isomers incorporated the amino acid 

in such a way that it acted as a true acid or else as a 

nonionic molecule. The most dramatic results were achieved 

by.Suda et al. (27).who achieved 90% resolution of basic 

amino acids (DL-lysine and DL-ornith1ne) on their acid-type. 

resin prepared by the copolymerization of ethyl•N­

acryloyl-L-pyroglutamate and divinylbenzene. These re­

sults and the good resolutions of N-substituted amino acids 

(true acids) obtained on ch1tosan (weak base ion exchanger) 

obtained in our laboratory (14) point to the use of asym­

metric acid-like resins to resolve basic optical isomers 

or vice-versa. This might require substitution on the 

optical isomers as in the case of N-substituted amino 

acids. 
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IV. CROSSLINKED CHITOSAN AS A SELECTIVE 

ASYMMETRIC ANION EXCHANGER 

Introduction 

In recent years, polysaccharides such as cellulose 

and dextran have been modified into a number of useful 

adsorbents and ion exchangers (10). With the goal of 

preparing an E:tsymmetr1c ion exchanger, chitin or poly­

(N-acetyl 0-glucoseamine) has been hydrolyzed into chitosan 

of poly(D-glucosamine), a weak base: 

i 
O=C-CH3 

n 

CH20H 

Hydrolysis 

To increase the useful capacity of the ch1tosan resin 

and to preserve its structure in weak acid solutions, 

n 

a method of crosslinking ch1tosan has also been developed, 

and the product has been shown to be an effective chro-

matographic agent. 

Several excellent reviews on chitin cover its wide 

distribution in nature,. its physical and chemical proper­

ties, and its. chemical derivatives and their uses (), 7, 15). 

Chitin occurs in animals, especially arthropods, as a 

component of complex chemical systems involving large 
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percentages of protein and also calcium carbonate. 

Consequently, the chitin commercially available has 

had extensive chemical treatment.to remove these dis-

similar materials. Chitin must therefore be considered 

a variable material with properties dependent upon 

its source and subsequent treatment. 

Conversion of Chitin to Chitosan 

Pretreatment. The chitin used, Eastman technical 

grade, had the appearance of curled shavings from a 

tough plastic, with a uniform light yellow color and a 

faint amine odor. The flakes ranged in size from about 

1 em square to fine powder, but averaged about 0.5 em 

square. In order to make the material more homogeneous 

for packing columns, the chitin was dry-ground in a 

Waring Blender, then sieved into narrow size ranges. 

Wet~grincUng in water or glycerine proved slower and 

gave a less uniform product. 

Hydrolysis. Conflicting results of previous studies 
of 

on the base-catalyzed hydrolysis/chitin are believed 

to reflect variations in its source and pretreatment (8, 9). 

Two different types of interchain bonding occur, involv-

ing N-acetyl groups, with roughly half these groups enter­

ing into each type or bond (1); one type is strongly re­

sistant to hydrolysis. In the present study, the chitin 

had an initial exchange capacity of 0.09 meq/gm, about 2% 
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of.the ultimate value •. Hydrolysis proceeded quite rapid­

ly to about J. 0 meq/ gm chitin. wmi ch 1 s far short of the 

theoretical ultimate capacity (4.9 meqjgm), but then 

continued to increase more slowly. 

Kinetic studies of hydrolysis were performed batch­

wise by adding 7 ml of 50 wt-% aqueous NaOH, to 250..,.mgm 

samples of 80-100 mesh chitin in 15-ml test tubes, placing 

the tubes for various times into a covered thermostated 

water bath controlled to ± 0.5•c. Reaction was stopped 

by pouring the sample into 25 ml of distilled water. 

Washing and rinsing by decantation several times with 

distilled water followed. Finally, O.SN KCl was added, 

and base capacity was determined by potentiometric titra-

tion with 1! HCl. 

Table 1 gives observed initial rates of hydrolysis 

for chitin at 50, 60, and 70•c and the calculated pseudo­

first-order coefficients (k1 ) for the Type 1 (rapidly 

hydrolyzing} N-acetyl groups. 

The slope of conversion-time curves, at large times, 

71 

provided an estimate of the initial first-order.rate 

coefficient for Type 2 hydrolysis at l00°C: k2= J.Jxlo-J min-1. 

The best hydrolysis result was 72% (4.2 meq/gm chitosan), 

obtained in 50% NaOH at 100 C for 1.5 hours~ ·For a larger­

scale preparation, 120 ml of 50 wt-% aqueous NaOH and 20.0 

gm of 100-200 mesh chitin were mixed at 1001 C in a 250-ml 
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Table 1~ ·Initial' Bates of Hydrolysis of 80-100 Mesh 

Chitin···at Various·· Temperatures in 50 Wt-% 
•' . . 

~ ' ., . . ' _. .. _;· .. ·'·: ·~ 

Aqueous NaOH ,·. ,,_ 

: ''· 

Temperature 

'(•cr ... 

50 

60 

70· 

90' 

1.00 . 

Initial Rate 

(meq/gmchitin/h~l 
o. 350 ·. 

1.30 

.2.85 

18.0 a 

42.6 a 

k1 x.lo3 
.(min!'"1j 

'1~95' 

5-73 

15.8 

100.0 a 

237.0 a. 

aExtrapolated, assuming activation energy 
· rio.nstant at 25.4 · kcal/mol,e. 

'· 
'~ ... 

. . . ·,. ., ·~·· .. ' 

..'" · ...... .. 

, .. 
• ".!' 

·. ·J..·. 

I 
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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 large sintered-glass Buchner funnel where further 

water-washings followed. Finally the chitosan was de­

hydrated by acetone rinses, and air-dried to a fine white 

powdery material. The yield was 19.0 gm of chitosan, 

with a capacity of 3.15 meq/gm. 

Cross11nking• 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 

exchangers (12). Thus, at high capacities, the inter­

chain hydrogen bonding in chitosan must be supplemented 

by chemical crossl1nk1ng in order to hold the matrix 

together. 

A known technique for crosslinking starch with 

epichlorohydrin (6) was adapted for treating chitosan, 

producing a very low nominal percentage of crosslinking 

l:n.\t g1 ving greatlY improved properties. To a 125-ml 

flask was added, with stirring, 12.0 gm of chitosan 

(capacity 3.15 meq/gm, 67 mmoles glucose units) and 

90 ml of 1.5M Na2S04 containing 16 mmoles of NaOH. 

Next, 10 ml of 1.5M Na2so4 containing 0.78 mmoles of 
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epichl~rohydr1n and 8 mmoles of NaOH were added, and 

reaction at room temperature was allowed to proceed for 

20 hours. Washing and rinsing on a Buchner funnel followed, 

first using water and then acetone. Air-drying yielded 

11.5 gm of product insoluble in weak acld; nominal cross­

linking was 1.1%, based on the number of ep1chlorohydrin 

molecules per glucose unit. 
I 

A !%-crosslinked material and a 4%-crosslinked 

material prepared under similar conditions showed the 

same swollen density to within 10%; each occupied about 

JO% more volume than the same weight of uncrosslinked 

and unhydrolyzed material, and had an exchange capacity 

near ).15 meq/gm. The crosslinked chitosan product 

viewed under a microscope has the same dry appearance 

as the hydrolyzed chitosan before epichlorohydrin 

treatment. 

Apparent Ionization.Constant of Chitosan. Chttosan 

ts a weak base. Titration curves for a low-capacity 

(0.9) meq/gm) uncrosslinked chitosan, tn distilled water 

and in 0.1 and 0.5N KCl, showed an extreme dependence of ·-
external pH on ionic strength. The apparent pK at the 

50% conversion point, as corrected for salt content and 

Donnan uptake (5), was 5.4. It thus becomes apparent 

that chitosan will only be an effective anton exchanger 

at pH values below about 7; in alkaline solutions lt 

I;. 
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will fUnction as a cellulose-like sorbent. 

Separations 

Chromatographic Separation 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 (2r-moies each). Figurelshows the 

. elution, by 0.05M sodium chloroacetate-chloroacetic acid 

aqueous buffer at pH ).1, of these two amino acids, at a 

flow rate of 30 ml/hr. A column 14.5 em long and 1.0 em 

in diameter, having a capacity of 3.15 meq/gm (0.24 meq/cm3), 

was used. Analysis was performed by a standard ninhydrin 

procedure (4). The sharp separation obtained suggests 

that chitosan may exhibit selectivities towards proteins 

and related macromolecules at least as good as, and perhaps 

better than, commercial cellulosic sorbents. 

Resolution of DL-Mandelic Acid. A primary objective 

in preparing crosslinked ehitosan 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. In 

the first of these 5 ml of a 0.15M DL-mandel1c acid 

(22.8 mgm/ml) solution in methanol was charged to a 

column of chitosan.30 em long and 1.0 em in diameter, 

which contained 4.0 gm of a 1%-crosslinked chitosan 
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with a capacity of ).15 meq/gm. Column preconditioning 

and elution were accomplished with a 0.01~ solution of 

chloroacetic acid 1n methanol (pH = 1.9)}* at a rate 

of.6 ml/hr. The results are shown in Figure 2. Optical 

rotations of the fractions were measured in a 4-cm cell 

of a .Bendix Model.l4)A Automatic Polarimeter, and the 

excess isomer concentration was calculated by using a 

known C•Jo of 153° for L(+)-mandelic acid in methanol. 

The total mandelic acid concentration was measured by 

observing optical density at 257.4 mrwith a Beckman 

DU-2 spectrophotometer. Chromatogram fractions with 

isomer ratios ranging from 1.12 to 1.98 were found. 

Very similar results were obtained with the 4-% cross­

linked chitosan. 

In a second experiment on the same column, pre-

conditioning and elution were performed with a 0.10111 

sodium acetate-acetic acid buffer in methanol of pH 4.5.* 

The methanolic mandelic acid feed was partially neutral­

ized (82%) to a pH of 4.5 by adding NaOH to a concentra­

tion level of O.l2)M. (At this neutralization, the ~jD 

of L(+)-mandelic acid was found to be 105°). The sample 

residence time was substantially increased, and the 

sorbent selectivity was actually reversed, implying 

*pH's reported for methanol solutions are calculated 
using acid dissociation constants reported for aqueous 
solutions. 
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that 'the separation is now dominated by the behavior of 

a different form (possibly the bimandelate). Nonetheless, 

the degree of separation was notably reduced, as shown in 

Figure J. 

A more marked change of precondltioner and elutant 

to a O.OlM ammonium chloride-ammonia buffer in methanol, 

with pH 9.3, together with a change of :feed to DL-ammonium 

mandelate in methanol, resulted in a very small sample 

residence time and no separation. At this high pH, the 

amine group of the chitosan is no longer protonated, and 

its ion-exchange properties are lost. 

Aqueous solution was found to give.a smaller separ­

ation, using otherwise the conditions of Figure 2, with 

a 4%-crosslinked chitosan. In this case, 4 gm of the 

chitosan occupied a column 1 em in diameter and 49 em 

long. Chromatogram fractions were observed to have 

isomer ratios ranging from 1.06 up to 1.27, as shown 

in Figure 4. Apparently the relative importance of 

selective interactions which discriminate between the 

isomers of mandelic acid is diminished by shifting from 

methanol to water solvent. 

The resolving ability of chitosan is compared to 

that of a cellulose-like material in Figure 5. Conditions 

of this.run were identical to those of Figure 4, except 

that the column packing was changed to Sephadex G-SOM, 
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a crosslinked 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 

1.04. 

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 

appreciably soluble in methanol. The results of a frontal 

analysis of DL-tryptophan on a column of 1%-crosslinked 

chitosan containing 4 gm of material and measuring 1 em 

in diameter by 28 em long,with a flow rate of 6 ml/hr, 

are given in Table 2. Although tryptophan holdup on 

the column is quite small, a partial separation was 

indicated in the first and last several samples containing 

tryptophan. An identical run using DL-phenylalanine 

showed very small sample hold-up on the column, and a 

smaller partial resolution. Analyses for these runs were 

again accomplished with a combination of optical rotation 

and o~tical density measurements. 

A frontal analysis of phenylalanine on chitosan in 

water solution showed no phenylalanine hold-up on the 

material and no separation. Frontal analysis of an 

acidic amino acid. , glutamic acid, showed 

significant sorption onto chitosan, but no detectable 

resolution. 
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T~bie 2. Resolution of DL-Tryptophan 
. . l . 

ori ·Chi tosan iri Met.hfinol 

Fraction . ml 

.. 1-3. 

"'4'.:'. · ..• :.· 

5 I .. 

J6 .. '•' 
: · .. · 

13 .·· 

1} 

.-... ' 

Tryptophan 
. meq/ml . 

0 

·. O.'QOlB · 

0.0030 

6-8 40 0.0030 ..... 
9.;;.10 26 0.0030 

11 14 0.0029 

12 · . 14 · o.oooa 
lJ ·. l3 

14', '13' 

. 0 .• 0001.' 

o.oooo 

Rotation, OlD 

.1 = 4 'em·. 

.0.00()0 .. 

' ' -0~0015 .· 

-0.0005 ·' 

0.0000 

o~ oooo ·· 

· .... +0. 0005 

+0.0010 

0~0000 

0.0000· 

·Resolution 
L/D 

'· :· 

.. 1.5J 

1.12 

1.00. 

1~00 

0.91 

• ·.· o.so 

. '•. 

. . . 

....,. indicates sw1 tch to O•OlM sodium acetate-acetic acid 
. bUffer (pH = 4~5) from o700JM DL-tryptophan 1n O.OlM 

acetate buffer feed solut1on7 · -

·, . : 
.. . ··.: 
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Resolution of N-SUbstituted Amino Acids. Because 

of the good partition and appreciable res.olutions obtained 

with mandelic acid on relatively small columns of chitosan~ 

ft appeared that N-substitution of amino acids, thereby. 

removing their amphoteric behavior and converting them 

into true acids, might lead to resolution. Several runs 

were ther.efore made with N-acetyl-DL-phenylalanine and 

one with N-acetyl-DL-tryptophan. Figure 6 shows the 

result of feeding a 5 ml solution of 0.15! (Jl mgmlml) 

N-acetyl-DL-phenylalanine in methanol into 5.8 gm of 

1%-crosslinked chitosan, in a column 1 em in diameter 

by 27 em long. Column preconditioning and elution were 

accomplished with O.lOM chloroacetic acid (pH = 1.9)) 

in methanol at a feed rate of 6 ml/hr. Once again, optical 

rotation and optical density measurements were used in 

analysis; C•JD for N-acetyl-L~phenylalanine was determined 

as 4o•. Although theN-acetyl-phenylalanine had a short 

retention time, the chromatogram of Figure 6 shows that 

fractions were isolated having isomer ratios from 1.10 

to 1.)). 

A similar run with O.l5M N-acetyl-DL-tryptophan (37 

· mgm/inl) as feed gave rather similar results, as shown in 

Figure 7. ((•Jo of N-acetyl-L-tryptophan was found to 

be 25° ). The larger side group of tryptophan seems to · 

have 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 is considerably 

larger, produced no detectable resolution. C'c•Jo for N­

benzoyl•L-phenylalanine was found to be -35°). 

· Swi t~hing the elutant from 0.01! chloroacettc acid 
. . 

to 0.1011 acetic acid in methanol (pH = 2.88) dramatically 

increases retention and resolution of N-acetJl .-DL-phenyl-

alanine. Isomer ratios up to 2.) resulted, when the same 

conditions. as forFigure 5 were used, but with a shift to 

acetic .acid elution; this result i.s shown in Figure 8. 

Shifting the elutant to a 0.01,11 ammonium acetate­

acetic acid methanolic buffer of pH ).75 gave improved 

re.ten,tton and isomer ratios of up to 2.9, as shown in 

Figure 9. (Over .the range of concentrations of N-acetyl-

phenylalanine encountered in the column effluent, the L­

isomer.was found to have a[-JD of 55° in the pH ).75 

buffer solution). 

Conclusions and Discussion. 

Chitosan has been used successfully in the chroma-

tographic resolution of racemic forms of mandelic acid 

and of .several N-acetyl amino acids.·· It should therefore 

be applicable to the separation of a wide range of similar 

compounds. Unfort'\lnately chitosan was not successful in . 

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

refluxing with dilute HCl, converts DL-am1no 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 useful. nutritionally 

as the 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 !! al. (14) are uad for 

this purpose. The average bend widths indicate a number 

of transfer units less than that predicted for mass 

transfer outside the particles; transport within the 

particles controls the rate. As a result, the number 

of transfer units is inversely proportional to the 

flow rate through the column and directly proportional 

to the amount of sorbent used. With this information, 

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

tion. Figure 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 Figure 10, six times as much N-acetyl­

DL-phenylalanine (30 ml 0.15M) should be intr.oduced to 
. -
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the column. 

Somewhat less demanding conditions can allow good 

partial resolution. Using a column flow rate of 1.5 ml/hr 

and , 23 gm of chi tosan, 56'% of the N-acetyl-L-phenylalanine 

(the useful amino acid) should be recovered in pure form. 

Lower-purity mixed fractions could be recycled, increasing 

the recovery of pure N-acet7l -L-phenylalanine to ?2%. 

In.either scaled-up scheme, only 20 to 30% of the 

total column volume would be in use at any given instant. 

In such cases the sorbent utilization can be improved by 

multiple cycling--that is, by absorbing additional feed 

charge before elution of the first charge has been com­

pleted (13,14). In this way,,the effluent can become 

an almost continuous succession of chromatographic zones. 

Noguchi et al. (11) also report the hydrolysis and 

crosslinking of chitin, with the objective of producing 

an asymmetric anion exchanger capable of resolving acidic 

optical isomers. In their work, deacetylation was carried 

out with 55% NaOH at 150'C for 1 hour and resulted in 

86% conversion with a product capacity of 5.2 meq/gm. 

After dissolution in 1.5% aqueous acetic acid and repre­

cipitation from 5% NaOH solution, the chitosan was pre-

treated with benzyl chloride or styrene oxide and cross;.;. 

linked with epichlorohydrin to the extent .. of one epichloro­

hydrin molecule per glucose unit. Attempts at chromato-
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graphic resolution of racemic m!!mdelic- acid by this· 

material were unsuccessful. 
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