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SEPARATION AND PURIFICATION METHODS, 8(1), 21-43 (1979) 

GAS CHROMATOGRAPHIC SEPARATION OF ENANTIOMERS 

II 

C. H. Lochmul ler  
P. M. Gross Chemical Labora tory  

Duke U n i v e r s i t y  
Durham, Nor th Carol i na 27706 

I .  INTRODUCTION 

Separation methods f o r  t h e  r e s o l u t i o n  o f  " o p t i c a l  isomers" 

( e s p e c i a l l y  enantiomers) are developed t o  so lve  e i t h e r  o f  two 

bas ic  problems: 1) the  need t o  obta in ,  i n  o p t i c a l l y  pure" form, 

one ant ipode o r  t h e  o t h e r  on a sca le  s u i t a b l e  f o r  f u r t h e r  chemi- 

ca l  use - i.e. - "prepara t ive"  o r  2) t h e  a n a l y s i s  o f  t h e  e x t e n t  

o f  racemizat ion o r  " o p t i c a l  r e s o l u t i o n "  o f  a m i x t u r e  o f  enant io-  

morphs on a scale s u f f i c i e n t  f o r  q u a n t i t a t i v e  a n a l y s i s  - i.e. - 
" a n a l y t i c a l  'I. The most economical, la rge-sca le  separa t ion  

methods i n  use today are no t  chromatographic i n  na ture  b u t  r a t h e r  

range from such comnon, general u n i t  opera t ions  as r e c r y s t a l  1 i z a -  

t i o n  t o  very s p e c i f i c  b i o l o g i c a l  degradation.lS2 Chromato- 

graphic  methods are  g e n e r a l l y  l i m i t e d  t o  systems i n  which 

a n a l y t i c a l  data i s  t h e  des i red  end product  o r  i n  which o n l y  

r e l a t i v e l y  small amounts o f  reso lved m a t e r i a l  are needed. 
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22 LOCHMUUER 

Chromatographic methods f o r  op t i ca l  isomers o f f e r  d i s t i n c t  

I n  add i t i on  t o  the general ly recog- advantages t o  the analyst. 

n ized  advantages o f  speed, l a rge  dynamic range etc.  normally 

associated w i t h  chromatography, d i r e c t  methods o f  enantiomer 

reso lu t i on  g rea t l y  reduce the po ten t i a l  f o r  in te r fe rence and the  

l i m i t  o f  de tec t ion  common t o  the conventional op t i ca l  methods. 

Despite t h i s  fac t ,  the attainment o f  general ized methods f o r  

d i r e c t  reso lu t i on  has proven a chimerical  chase despi te the 

e f f o r t s  o f  many insp i red  researchers. This paper deals w i th  gas 

chromatographic methods but recent advances i n  h i  gh-performance 

1 i q u i d  chromatographic methods by Cram,' Gil-Av, 4 

Lochmll ler5 and, p a r t i c u l a r ,  P i r k l e  (6) should not be 

over1 ooked. 

11. The Problem 

The terminology "op t i ca l  isomer" i s  not su i tab le  f o r  t he  

discussion o f  chromatographic methods and w i l l  not be used 

f u r t h e r  here. The term enantiomer re fe rs  t o  a molecule which i s  

one o f  a p a i r  o f  m i r r o r  images d is t ingu ished by t h e i r  c h i r a l i t y  

o r  handness. 

geometrical isomers) o f ten  are re fe re r red  t o  as diastereomers. 

Therefore any non-enantiomorphic p a i r  o f  the th i r t y - two  aldo- 

hexoses can be considered diastereomers but ma1 i c  and fumaric 

acids are not. 

Stereoisomers which are not enantiomorphic ( o r  

The separation o f  diastereomers i s  general ly s t ra igh t fo rward  

as they need not have (and do not have i n  the chromatographic 

sense) s i m i l a r  physical  and/or chemical propert ies.  Indeed, they 
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GC SEPARATION OF ENANTIOMERS 23 

can be as d i f f e r e n t  as s t ruc tu ra l  isomers. This i s  explainable 

i n  the f a c t  t ha t  diastereomers cannot be i den t i ca l  w i th  each 

other under any circumstances. Enantiomers are i den t i ca l  i n  a1 1 

ways except c h i r a l i t y  and there fore  e x h i b i t  i den t i ca l  physical 

p roper t ies  i n  any i s o t r o p i c  medium. 

Chromatographic reso lu t i on  can occur only when the  resolu- 

t i o n  fac to r  a i s  non-unity. 

where K p a r t i t i o n  coeff., 
a c t i v i t y  c o e f f i c i e n t  and po 
sa tu ra t i on  vapor pressure o f  
components 1 and 2 resp. 

I n  the  case o f  diastereomers, p"l # p; and reso lu t i on  i s  

possible. As shown by Karger' reso lu t i on  can be enhanced by 

i n t e r a c t i o n  c lose t o  the  assymetrically-substituted carbon o f  an 

es te r  but t h i s  enhancement disappears i f  the main i n t e r a c t i o n  

[sol  ute-stat ionary phase1 occurs more than one C-C bond remote 

from t h i s  s i t e .  Enantiomers reso lu t i on  i s  not possible v i a  

simple vapor pressure d i f fe rences  since p i  = p;. 

there fore  necessary t o  design s ta t i ona ry  phases such tha t  y1 # 

Y2 and t h i s  can occur on ly  i n  a phase which i s  i n  i t s e l f  

c h i r a l .  

It i s  

11. RESOLUTION BY DIASTEREOMER FORMATION 

Gas chromatographic reso lu t i on  o f  enantiomers v i a  d iaste- 

reomer formation requires a chemical reac t ion  o f  the racemate 

w i t h  a su i tab le ,  "op t ica l l y " - reso lved reagent. This reagent 

should: 
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24 LOCHMULLER 

1. React r a p i d l y  and q u a n t i t a t i v e l y  w i t h  the  

racemic substance(s) 

2. Form diastereomers o f  acceptable v o l a t i l i t y  

3 .  Be s u f f i c i e n t l y  d i f f e r e n t ,  i n  the  chromatographic 

sense, from the diastereomers formed as t o  be 

c lean ly  resolved from them. 

Much work has been done regarding the se lec t i on  o f  appropr iate 

d e r i v a t i z i n g  agents and has general ly been d l  rected towards 

increasing the  chromatographic a value f o r  a given class o r  sub 

class o f  molecules. the commercial izat ion o f  h igh reso lu t i on  

( l a rge  e f f e c t i v e  p l a t e  number) gas chromatography i n  the  l a s t  few 

years has reduced the  importance o f  these e f f o r t s  t o  some ex ten t  

i n  so f a r  as analysis i s  concerned. 

8 

the formation o f  diastereomeric de r i va t i ves  o f  racemic com- 

pounds i s  l ess  des i rab le  than d i r e c t  reso lu t i on  methods f o r  

obvious reasons. F i rs t , reac t ions  p r i o r  t o  analysis can,and 

o f ten  do, increase the f i n a l  e r r o r  i n  an ana ly t i ca l  scheme. 

Second, even i f  the  reac t ion  i s  rap id  and quan t i t a t i ve ,  the  

automation o f  t he  analysis i s  a more complex problem. D i r e c t  

methods are, therefore,  more des i rab le  from a p r a c t i c a l  analysis 

viewpoint and, equa l ly  important ly,  t h e i r  development presents a 

theo re t i ca l  chal lenge t o  separation science. 

111. DIRECT METHODS OF RESOLUTION 

I n  p r inc ip le , the  i n t roduc t i on  o f  a c h i r a l  s ta t i ona ry  phase 

should be s u f f i c i e n t  t o  permit  d i r e c t  reso lu t i on  by gas- l iqu id  

chromatographic methods. I n  p o i n t  o f  p r a c t i c a l  f ac t .  the  d i f f e r -  

- 
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GC SEPARATION OF ENANTIOMERS 25 

ence i n  so lu t i on  behavior o f  t he  two ant ipodal  solutes must be 

la rge  enough, i n  the energet ic sense, t o  reduce the  p l a t e  number 

requirements t o  a reasonable one. That i s  t o  say, the  d i f f e rence  

i n  the standard f ree  - energy change f o r  the so lu t i on  process must 

correspond t o  a reasonable a value (A(AGo)=RT I n  u). Therefore, 

a great deal o f  research has been done t o  determine the  minimum 

requirements f o r  SUC a p r a c t i c a l  goal t o  be acheived. The 

ma jo r i t y  o f  the emphasis has been towards engineering o f  

s ta t i ona ry  phase s t ruc tu res  t o  provide the  proper i n te rac t i ons .  

The r e s t  o f  t h i s  review w i l l  deal w i t h  the  h i s t o r i c a l  development 

o f  d i r e c t  methods w i t h  emphasis on the  p r i n c i p a l  successes. It i s ,  

therefore,  a se lec t ive ,  no t  an encyclopedic document. 

A b e t t e r  understanding o f  the course o f  development o f  i n -  

d i r e c t  methods over the  l a s t  two decades can be achieved best by 

f i r s t  examining the  model used t o  plan the  successful design o f  

t he  f i r s t  s ta t ionary  phases. The e a r l i e s t  model, s t i l l  used by 
9 some i nves t iga tors  today, was f i r s t  proposed by Dahlgleish . 

Dahlgleish observed t h a t  c e r t a i n  "op t i ca l  l y -ac t i ve "  hydroxyphenyl- 

g lyc ine  amino acids could be resolved by paper chromatography on 

o p t i c a l l y  ac t i ve  ce l lu lose .  I n  fac t ,  t he  order o f  decreasing 

reso lu t i on  was o >m >p-hydroxyphenylglycine w i t h  the  l a s t  isomer 

showing no apparent reso lu t ion .  Trea t ing  ce l l u lose  as a t r u e  

adsorbent - i .e.  - a surface no t  a l i q u i d  - Dahlgleish explained 

t h i s  v a r i a t i o n  through the  use o f  a very e a r l y  enzyme-substrate 

model o r i g i n a l l y  proposed t o  exp la in  the  product ion o r  conversion 

o f  spec i f i c  enantiomorphs. This model assumes t h a t  such a 
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26 LOCHMnLER 

reac t ion  requires th ree  s i g n i f i c a n t  points o f  "attachment" 

between the  substrate and the enzyme i n  a c h i r a l  region o f  the 

enzyme substructure. Schematically, the  model requires a i n t e r -  

ac t i on  geometry as shown i n  Figure 1. 

The reader may wish t o  confirm the  fundamental requirement of 

-- l e a s t  th ree  s i g n i f i c a n t  i n te rac t i ons  by examining how many f i n -  

g e r t i p  i n te rac t i ons  uniquely de f ine  a r i g h t  o r  l e f t  hand i n  

contact w i th  h i s  own r i g h t  hand. 

Unfortunately, ea r l y  work using t h i s  model i n  chromatography 

assumed t h a t  th ree  i n te rac t i ons  imp1 ied  three strong, d i rec ted  

i n te rac t i ons  between func t iona l  groups, p r i n c i p a l l y  the format ion 

o f  hydrogen bonds. Working models ignored the  f a c t  t ha t  a c h i r a l  

environment could o f  i t s e l f  provide ch i rose lec t i ve  i n te rac t i ons  

FIGURE 1. The " three po in t "  model. S i tes  a, b, c, can 
only i n t e r a c t  w i th  t h e i r  corresponding sub- 
s t r a t e  func t i ona l i t y .  Hence only a substrate 
which has a counter clockwise A B C sense 
viewed along D ax i s  can.completely bind. 
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GC SEPARATION OF ENANTIOMERS 27 

i n  number f a r  g rea ter  than three. One there fore  f i n d s  s t ruc tu res  

i n  the  l i t e r a t u r e  which requ i re  t h a t  known conformations and con- 

f i g u r a t i o n s  be d i s t o r t e d  i n  order t o  f i t i n  a possible t h i r d  

i n t e r a c t i o n  o r  t h a t  a so lu te  break a solvent-solvent bond whose 

heat o f  format ion exceeds t h a t  o f  the new bond t o  be formed. 

The f i r s t  t r u l y  successful repor t  o f  a d i r e c t  separat ion o f  

enantiomers was reported by Gi l -Av and coworkers.” A number 

o f  N - t r i f l  uoroacetyl-a-amino ac id  es ters  showed varying degrees 

o f  reso l tu ion  on a 100 meter glass open tubu la r  column coated 

w i t h  S- (N- tu f l  oroacetyl  ) i sol euci  ne 1 aury l  ester.  Except f o r  

ana lys is  (neg lec t ing  t ime), the  separations were o f  l i t t l e  

p r a c t i c a l  value i n  terms o f  preparat ive-scale separation and G i l -  

Av and Feibush” examined a d ipept ide  phase-S(N-tr i f luoro- 

acety1)valyl-S-Val i ne  cyclohexyl  ester.  This phase separated 

N - t r i f l u o r o a c e t y l  a lan ine  t - b u t y l  es te r  enantiomers on a 2 m 

packed column. The enhanced reso lu t i on  was a t t r i b u t e d  t o  the  

format ion o f  an add i t i ona l  hydrogen bond i n  the  sol Ute-solvent 

molecular complex (see F igure  2) .  

I V .  STUDIES OF THE EFFECT OF STRUCTURE ON SELECTIVITY 

The la rges t  number o f  studies have centered around the  

th ree  types o f  s ta t i ona ry  phases f i r s t  produced i n  the  labora- 

t o r i e s  o f  Gil-Av and h i s  co-workers. The general s t ruc tu res  f o r  

these types are shown i n  Figure. 3. The amino ac id  es te r  amides 

and, i n  p a r t i c u l a r  the  d ipept ide  es te r  amides have been the focus 
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28 LOCHMULLER 

FIGURE 2. Proposed models f o r  H-bond associat ion 
between N-TFA-ami noacid es ter  phase molecules 
and N-TFA-aminoacid es ter  solutes. 

I11 

FIGURE 3. Basic s t ruc tu res  o f  the “ G i l - A v ”  phase f o r  
d i r e c t  reso lu t i on  o f  c h i r a l  amides and amino 
ac id  der iva t ives  by gas chromatography. 

o f  much a t ten t i on  as these phase types y i e l d  the la rges t  resolu- 

t i o n  fac to rs  and thus provided the greatest  p rac t i ca l  promise i n  

the  i n i t i a l  experiments. The Type 111 molecules are carbonyl- 

bis(amino acid esters) and were not t he  object  o f  much e a r l y  

i n t e r e s t  because o f  t h e i r  q u a l i t a t i v e l y  poorer reso lv ing  power as 

1 i q u i d  phases and the  low upper-temperature l i m i t  they provided. 

I n  the  e a r l i e s t  studies and i n  comnercial l i t e r a t u r e  these com- 
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GC SEPARATION OF ENANTIOMERS 29 

pounds are often and erroneously re fe r red  t o  as "uerides" which, 

o f  course, they are not. 

The d ipept ide  phases g ive  progress ive ly  greater reso lu t i on  

as the es te r  f unc t i on  o f  the so lu te  i s  changed from primary t o  

secondary t o  te r t ia ry .12  S i m i l  ar, perhaps more subt le  

e f f e c t s  are seen as the s t ruc tu re  o f  the  a l k y l  subs t i tuent  a t  the  

a p o s i t i o n  i s  varied. 

r e l a t i v e  l oss  i n  reso lu t i on  f a c t o r  wh i le  s u b s t i t u t i o n  the Y posi-  

t i o n  r e s u l t s  i n  the  reverse e f f e c t .  A Val-Val-Val t r i p e p t i d e  

phase prepared by Gil-Av and Feibush y ie lded  r e l a t i v e l y  smal ler  

bu t  useable reso lu t i on  fac to rs  compared t o  the c lass i c  Val-Val 

phase.13 A new phase, N- lauroyl-  S-valyl--.-butylamide ( a  

Type I phase) was reported by Feibush and, compared t o  the 

dipept ides,  the new phase showed improved reso lu t i on  fac to rs ,  

increased thermal s t a b i l i t y  and b e t t e r  s e l e c t i v i t y  f o r  a number 

o f  N - t r i f l u o r o  ace ty l  amino ac id  methyl esters. Some o f  the  

t y p i c a l  reso lu t i on  fac to rs  f o r  t h i s  type o f  phase are shown i n  

Table I.14 

Subs t i t u t i on  a t  the B p o s i t i o n  causes a 

Gil-Av and h i s  coworkers were the  f i r s t  t o  pos tu la te  t h a t  

t he  separation mechanism f o r  these systems involved a " three- 

p o i n t "  mechanism invo lv ing  the format ion o f  hydrogen bonds 

between the  so lu te  and solvent molecules. They f e l t  t h a t  t he  

complex thus formed i s ,  i n  fac t ,  a t rans ien t ,  conformational 

stereoisomer and the  the  i n t e r a c t i o n  o f  an R con f i gu ra t i on  so lu te  

w i t h  an S con f igu ra t i on  solvent would y i e l d  a complex w i th  d i f -  

f e ren t  physical p roper t ies  than the  corresponding S-S i n t e r -  
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30 LOCHMUUER 

TABLE I 

RESOLUTION FACTORS a (S/R) o f  N-TFA a-AMINO A C I D  METHYL ESTERS 

Column: 150 ft. x 0.02 i n  I.D., WCOT Column: N-lauroyl 

S-valy l -  m . - b u t y l a m i d e  a t  13OOC 

Amino ac id  a(S/R) 

A1 ani  ne 
Val i ne 
0-TFA threonine 
- t e r t  .-Leucine 
A1 1 o i  sol  euci ne 
Iso leuc ine  
Leuci ne 
Pro1 i ne 
0-TFA ser ine  
Aspart ic ac id  
G1 utamic ac id  
Met h i  on i ne 
Phenyl a1 anine 
0-TFA t y r o s i  ne 

1.188 
1.170 
1.117 
1.084 
1.186 
1.159 
1.280 
1.057 
1 . lo1  
1.078 
1.170 
1.215 
1.198 
1.262 

act ion.  The work o f  Rogers15 and o f  Paar16 provided 

f u r t h e r  informat ion toward an understanding o f  the molecular 

bas is  f o r  these separations. 

S t ruc tura l  v a r i a t i o n  i n  a va r ie t y  o f  d ipept ides was examined 

by Paar,17 who concluded t h a t  the "amide end" o f  the  dipep- 

t i d e  cont r ibu tes  the most t o  separation i n  t h a t  i n te rac t i ons  a t  

t h a t  end are c r i t i c a l  t o  reso lu t ion .  Parr18 inves t iga ted  a 

ser ies o f  d ipept ide  phases i n  which the  subs t i tuent  on the  

a-carbon o f  the amino ac id  residue was sys temat ica l l y  var ied from 

methyl t o  n-butyl w i th  the  r e s u l t  t h a t  reso lu t i on  o f  both the  

amino acids and t h e i r  respec t ive  enantiomers improved as the  net 
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GC SEPARATION OF ENANTIOMEXS 31 

"bulk" a t  the  u pos i t i on  increased. 

increasing the s i ze  o f  t he  subs t i tuent  on the solute molecules, 

holding the  dipept ide s t ruc tu re  constant, resu l t s  i n  a loss o f  

c h i r a l  recogn i t ion  and separation degrades. It i s  important t o  

recognize two d i s t i n c t  problems i n  t h i s  area o f  separations: 

F i r s t ,  the  enantiomers must be resolved t o  a s u f f i c i e n t  degree 

f o r  the  experimental requirements. Second, i f  a complex mix tu re  

o f  amino acids i s  t o  be examined, the s ta t i ona ry  phase must not 

only resolve the enantiomers o f  each acid but also the  i nd i v idua l  

acids must be resolved as wel l .  The f a c t  i s  t h a t  these two goals 

are not o f ten  achieved i n  p rac t ice .  The comnonly expressed sur-  

p r i s e  a t  t h i s  r e s u l t  has i t s  o r i g i n s  i n  the natural  tendency t o  

consider the amino acid as a type o f  homologous ser ies which o f  

course they are not. 

Parr also demonstrated t h a t  

Rogers15 and co-workers have a1 so examined e f f e c t s  o f  

systematic s t ruc tu ra l  v a r i a t i o n  on the reso lv ing  power o f  t he  

d ipept ide  phases. These workers sought t o  demonstrate the  

importance o f  the es ter  vs. amide end i n  reso lu t i on  through an 

i n t e r e s t i n g  approach. They synthesized dipept ide phases using 

racemic amino es ter  and resolved amido acids. This reac t ion  

y i e l d  a mixture o f  R,S-diastereomer and the S,S-enantiomer 

(assuming S amidoacid i s  used). 

primary i n t e r a c t i o n  o f  the  sol Ute aminoacid es ter  amide occurred 

a t  the es ter  end o f  the peptide then on the average a solute 

would %ee" an equal number o f  r ight-and left-handed "s i tes1'  and 

no reso lu t i on  would occur. I n  fac t ,  reso lu t i on  i s  observed w i t h  

The reasoning was t h a t  i f  t h e  
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32 LOCHMULLER 

such phases and i s  not seen w i th  phases prepared from resolved 

amino acid es ter  and racemic amido acid. These authors also 

repo r t  s tead i l y  poorer reso lu t i on  as the peptide s ide group bulk 

was increased. A t r i p e p t i d e  phase was examined and gave essen- 

t i a l l y  the  same r e l a t i v e  re ten t i on  values as the homologous 

dipeptide. This was considered s i g n i f i c a n t  as it ind ica ted  t h a t  

t he  es ter  and amide funct ions need not be i n  close prox imi ty  f o r  

reso lu t i on  t o  occur. I n  addi t ion,  phases prepared w i t h  N.-penta- 

f luoropropionyl  (PFP) amides were seen t o  have superior per fo r -  

mance compared t o  N - t r i f l  uoroacetyl (NTFA) amides. 

The question as t o  the  number and loca t i on  o f  the  s i g n i f i -  

cant i n te rac t i ons  i n  these phases has been p a r t i a l l y  c l a r i f i e d  by 

the  spectroscopic work o f  Lochmil ler19 and the more recent 

work o f  Feibush" again using NMR methods. Both o f  these 

workers rcognized the p a r t i a l  "double bond" character o f  t h e  

amide bond t o  be an important f ac to r  i n  determining the geometry 

o f  the environment around the region i n  which the proposed con- 

formational, diastereoisomeric associat ion occurs. I f  one 

recognizes tha t  the bulk o f  the evidence ind ica tes  tha t  the  car- 

bony1 oxygen o f  a peptlde l inkage i s  most l i k e  t o  be t rans  t o  the  

N-H hydrogen, then many o f  the two-dimensional structures one 

f i nds  i n  the  l i t e r a t u r e  can be recognized as impossible. 

addi t ion,  once one recognizes tha t  t he  normal, se l f -assoc ia t ion  

o f  peptides (and ureas) involves a f a i r l y  strong hydrogen bond 

between the peptide functions o f  adjacent molecules, the l i k e l y -  

hood of three hydrogen bonds i n  the solute-solvent complex 

becomes small . 

I n  
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GC SEPARATION OF ENANTIOMERS 33 

The i n i t i a l  impetus f o r  the  preparat ion o f  the carbonyl-bis- 

(amino ac id  es te r )  phases was t o  increase the p r o b a b i l i t y  o f  a 

three-point  i n t e r a c t i o n  around the  asymnetrical l y  subs t i t u ted  

carbons o f  the solvent molecules. The c lass i c  phase i s  carbonyl- 

b is (S-va l ine  isopropyl  es te r )  and was shown t o  have reso lv ing  

power f o r  enantiomorphic a1 ky l  

re ten t i on  values obtained were 

obtained w i t h  d ipept ide  phases 

no t  pursue t h i s  d i r e c t i o n  much 

and a ry l  amides. The r e l a t i v e  

s i g n i f i c a n t l y  smaller than those 

and Gil-Av and Feibush'l d i d  

fu r the r .  Rogers and Corbin con- 

ducted a systematic study o f  the  chromatographic p roper t ies  o f  

t h i s  phase and reported t h a t  when t h i s  phase was used below i t s  

me1 t i n g  po in t  g rea t l y  enhanced separations were obtained. 

authors a t t r i b u t e d  the enhancement o f  reso lu t i on  t o  the  increased 

s t ruc tu ra l  r i g i d i t y  o f  the s o l i d  phase which causes a more f i x e d  

i n t e r a c t i o n  geometry than i s  ava i l ab le  w i th  the l i q u i d  

phase .22 The chromatograms reported show anomalous peak 

shapes i n  t h a t  the  leading peak o f  the racemate i s  much sharper 

than the  more re ta ined antipode; on the  l i q u i d  phase the  same 

peaks have essen t ia l l y  equal widths. 

The 

1 1 1  

Lochmeller e t  a1.l' i n i t i a l l y  reported NMR studies o f  

the  s i t e s  o f  hydrogen bond format ion w i t h  two carbonyl-bis-(amino 

ac id  es ters )  and various solutes. Associat ion chemical s h i f t s  

w i t h  carbon t e t r a c h l o r i d e  as the  solvent medium showed (by 

13C and by 'H NMR) t h a t  the  on ly  s i g n i f i c a n t  hydrogen- 

bonding i n t e r a c t i o n  occurred between the  N-H po r t i on  o f  the amide 

so lu te  and the es te r  carbonyl o f  the carbonyl-bis-(amino ac id  
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ester ) .  

t h a t  on ly  one s i g n i f i c a n t  po in t  o f  "attachment" i s  involved i n  

formation o f  the  diastereomeric associat ion complexes. The 

e f f e c t  o f  subst i tuent changes on the donor o r  acceptor strength 

o f  func t iona l  groups i s  also important i n  determination o f  t he  

strength o f  hydrogen bonding, and i n  the case o f  the  carbonyl- 

bis-(amino acid esters) the  e f f e c t  on the es ter  carbonyl o f  

changing the es ter  subst i tuent from methyl t o  e thy l  t o  isopropyl  

and f i n a l l y  t o  =.-butyl was spectroscopical ly shown t o  be 

induc t ive  i n  nature. The e f f e c t  o f  these changes on the a-values 

i s  complex, w i th  the  a-values r i s i n g  from methyl t o  ethyl ,  

remaining near ly constant a t  isopropyl  and then decreasing w i th  

- tert . -bu ty l .  These va r ia t i ons  are shown i n  Table 11. 

This spectroscopic evidence was in te rpre ted  t o  i nd i ca te  

I n  a 

ser ies  o f  pub1 i ca t i ons  Lochmll ler  and Souter 23 s 24 , 25 demon- 

s t ra ted  t h a t  carbonyl - b i  s(  S-Val i ne-and S-1 euci ne ami noacid 

esters) e x h i b i t  a l i q u i d - c r y s t a l l i n e - l i n e  s ta te  a t  temperatures 

below t h e i r  "normal " me1 t i n g  po in t .  The nature o f  the mesophase 

type was determi ned by d i  f e ren t  i a1 scanning calor imetry as being 

a unique type o f  smectogenic state.  

Carbonyl - b i  s-( S-Val i ne i sopropyl ester) ,  the compound 

studied by Corbin and Rogers2* as a s o l i d  s ta t ionary  phase, 

exh ib i t s  two s tab le  smectic states p r i o r  t o  melt ing. The 

chromatographic behavior o f  t h i s  and other c lose ly  re la ted  sta- 

t i ona ry  phases were studied. Resolut ion was achieved i n  a l l  

cases on short packed columns, and the  reso lv ing  power o f  the 
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Table 11. 
VARIATION OF a WITH ESTER SUBSTITUENT STRUCTURE OF STATIONARY 

PHASE FOR ACYLATED a-METHYLBENZYLAMINE SOLUTES 
Stat ionary phases as i s o t r o p i c  1 iquids. 

Compound a 

Carbonyl-bis-(L-Val i n e  methyl es te r )  
N-TFA a-methylbenzylamine 1.065 
N-PFP a-methyl benzyl amine 1.060 
N-HFB a-methyl benzyl ami ne 1.066 

Carbonyl-bis-(L-Val i n e  e thy l  es te r )  
N-TFA a-methyl benzylamine 1.096 
N-PFP a-methylbenzylamine 1.106 
N-HFB a-methyl benzylamine 1 .lo5 

1.099 
1 .loo 

N-HFB a-methyl benzylamine 1.108 

Carbonyl - b i  s- (L-Val i ne isopropyl  ester)  
N-TFA a-methyl benzyl am4 ne 
N-PFP a-methyl benzyl ami ne 

Carbonyl-bis-(L-Val i n e  M . - b u t y l  es te r )  
N-TFA a-methyl benzyl ami ne 1.017 

smectic phases was found general ly super ior  t o  tha t  o f  the 

" l i q u i d "  state. Typical r e s u l t s  are seen i n  Table 111. 

As can be seen i n  Table 111, reso lu t i on  by the l i q u i d  

c r y s t a l l i n e  phase i s  more sens i t i ve  t o  the nature o f  the amide 

func t i on  than i n  the  i s o t r o p i c  temperature range and t h a t  ener- 

g e t i c a l l y  the d i f f e rence  i n  the  R,S and S,S i n t e r a c t i o n  i s  

enhanced by an order o f  magnitude. The anomalous lack  o f  resolu- 

ti on o f  N-TFA-2-ami no- 3-phenyl propane has been f u r t h e r  examined 

i n  a recent repor t  by Lochmll ler  and H in~haw. '~  It appears 

t h a t  i n  the  ser ies C ~ H ~ ( C H Z ) ~ ( C H ~ ) C H N - ~ ~ ~ ~ ~ ,  there i s  a 
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pronounced odd- even e f f e c t  i n  the  capac i ty  f a c t o r  o f  the  amide 

solutes o f  the same absolute con f igu ra t i on  as the  s ta t i ona ry  

phase. P l o t s  o f  l o g  k '  vs C# are l i n e a r  f o r  a homologous se r ies  

o f  enantiomorphs o f  absolute con f igu ra t i on  opposite t o  the sta- 

t i o n a r y  phase. The loss  o f  reso lu t i on  i s  there fore  the r e s u l t  o f  

the  unpredicted l oss  i n  capac i ty  o f  odd-n enantiomorphs i n  t h i s  

ser ies  . 
Figure 4. shows the t y p i c a l  anomalous peak shape r e l a t i o n  

observed i n  experiments w i t h  carbonyl -b i s  (amino ac id  es te r  

4 

Lu 
v) 

i$ 
v) 
W a 

B 
8 
3 
0 

a 

I I I 

0 1 
Time + 

Figure 4. Typical  chromatogram obtained i n  smectogenic reg ion  w i t h  
carbonyl-bis(S-val ine isopropy l  e s t e r ) .  T= 96.9 C(b,c 
are peaks f o r  the  racemic p a i r  
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phases). The r e l a t i o n  i s  anomalous because one does not expect 

t h a t  two solutes, i den t i ca l  i n  a l l  ways except c h i r a l i t y ,  w i t h  

r e l a t i v e l y  la rge  and near ly i den t i ca l  capacity fac to rs  would show 

such behavior. I n  a l l  cases, the so lu te  t o  e lu te  l a s t  resu l t s  i n  

a peak w i t h  s i g n i f i c a n t l y  fewer p la tes  than i t s  antipode; i n  some 

cases, as l i t t l e  as one-half the  p la te  number. Since t h i s  

phenomena must be s ta t ionary  phase mass transport  

possible causes can be proposed: 1. That s i g n i f  

surface sorpt ion occurs i n  these systems and tha t  

o f  the re1 a t i  ve adsorption/sol u t i o n  con t r i bu t i on  

related, two 

cant l i q u i d  

the magnitude 

o re ten t i on  

has a dependence c h i r a l i t y .  

desorpt ion could be d i f f e ren t  than f o r  evaporation from the  

dissolved s ta te  r e s u l t i n g  i n  the  apparent d i f fe rence i n  mass- 

t ranspor t  ef fects.  2. That the  solute-solvent i n t e r d i f f u s i o n  

r a t e  o f  R solutes i n  an S solvent i s  s i g n i f i c a n t l y  d i f f e r e n t  from 

t h a t  o f  S solutes i n  an S solvent (by as much as a fac to r  o f  4) .  

I n  t h i s  case, the  time constant f o r  

Recent work by Lochmuller and Deutsch2’ has examined the  

extent o f  l i q u i d  surface sorp t ion  o f  solute molecules on 

smectogenic-and i so t rop i c -s ta te  phases. This work demonstrates 

t h a t  f o r  l i g h t l y  loaded columns as mush as 60% o f  the  net 

re ten t i on  may a r i se  from surface sorption. Even i n  such extreme 

cases however the a values f o r  the adsorption process (R/S) i s  

un i ty ;  t h a t  i s ,  reso lu t i on  depends on the p a r t i t i o n  mechanism. 

The observed a value i s ,  therefore,  a strong func t ion  o f  f i l m  

thickness-growing l a rge r  as the  f i l m  thickness increases due t o  

the  r2/r3 r e l a t i o n  o f  area t o  volume o f  phase (s ince V i  = 

KsAs t KIVl i n  t h i s  case). 
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V. RECENT ADVANCES 

The work discussed so f a r  has dea l t  w i th  s ta t ionary  phase 

types which are themselves low molecular weight species. A 

recent advance i n  the  l abo ra to r ies  o f  Bayer28 has s i g n i f i -  

can t l y  overcome some o f  the  problems associated w i th  the more 

c lass i c  phase types; namely pronounced "bleed", decomposition and 

consequent short column l i f e .  

novel, polysi loxane containing N-propionyl-S-Val i ne  =.-butyl 

amide side groups. Although these phases e x h i b i t  somewhat lower 

reso lu t i on  fac to rs  than the  more common phases containing t h i s  

funct ion,  most p ro te in  amino ac id  enantiomers are resolved i n  the  

range between 70 and 240OC. I n  add i t i on  these phases have been 

shown by Bayer t o  be useful f o r  the reso lu t i on  o f  c h i r a l  drugs 

such as the  ephedrines and epinepherines2' and f o r  the  GCMS 

analysis o f  these mater ia l  s and t h e i r  metaboli tes .30 These 

new phases provide a powerful t o o l  for  the  deter iminat ion o f  

op t i ca l  pu r i t y ,  o f  metabolic racemisation and o f  con f igura t ion  o f  

drugs where t h i s  i s  not already known. Table I V .  contains some 

t y p i c a l  resu l t s  obtained w i th  such phases. 

These workers have produced a 

V. LITERATURE SEARCH 

I n  preparing t h i s  a r t i c l e  a computer-assisted search o f  t he  

chemical l i t e r a t u r e  was ca r r i ed  out. The fo l low ing  represents 

the  dialogue o f  the  search and i s  reproduced here f o r  the reader 

in te res ted  i n  a general approach t o  the r e t r i e v a l  o f  spec i f i c  

reso lu t ion  methods. 
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The mechanics o f  searching w i l l  vary somewhat from system 

t o  system but  t he  use o f  key words and l o g i c a l  operators i s  

almost universal .  The system used here i s  DIALOG. 

Set - I tems 

12852 
309 

9727 
5822 
21 5 
485 

52 
281 63 

23 

Descr ip t ion  

CHROMATOG 
ENANTIO 
OPT1 CAL 
ISOMER 
3AND4 
20R5 
1 AND6 
GAS 
7AND8 

Period: 1977-78 

Using t h i s  s t ra tegy  one f i nds  the  fo l l ow ing  

number o f  c i t a t i o n s  containing GAS CHROMATOG ENANTIO/OPTICAL/ 

ISOMER: 
Period "H i ts "  

1976-1978 23 
1973-1976 46 

1970-1 973 15 

COPIES OF THE TITLES OF THESE ARTICLES ARE AVAILABLE FROM 

THE AUTHOR UPON REQUEST. 
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