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1 INTRODUCTJON 

The gas-hquld chromatographic (GLC) separation of enantiomers can be 
achieved by the use of chiral and achiral (conventional) stationary phases’ Separation 
on achlral phases requires the conversion of enantlomers to diastereolsomers with 
sultable chiral derivatlzatlon reagents prior to GLC analysis. The use of a number of 
choral reagents for diastereoisomer preparation and subsequent separation on achiral 
stationary phases has recently been summarized*. 

Disadvantages associated with chiral derivatlzatlon reagents include the re- 
quirement of an active functional group for the formation of diastereoisomeric de- 
rrvatlves, differences in reaction rates of different pairs of enantiomeric compounds 
and dlfficultles m obtaining optically pure reagents 3. In addition, the method cannot 
be employed if the dlastereoisomerlc mixture 1s not chemically and stereochemically 
stable under gas chromatographlc condltlons4. 

With the recent introduction of chiral stationary phases, the direct GLC reso- 
lution of enantiomers IS possible Since 1966516, a vanety of chiral phases have been 
developed and reported m the literature To obtain maximum separation, most of 
these phases were wall-coated on capillary columns. This paper presents a review of 
progress made in this area, with particular emphasis on phase developments, theoretl- 

cal concepts and applications. 
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2 DEVELOPMENT OF OPTICALLY ACTIVE STATIONARY PHASES* 

Table I summarizes the optically active phases that have been developed and 
studied to date. These phases are classified into three groups, namely, peptides, di- 
amides and uretdes [strictly named carbonyl bis(amino acid esters)]. Although numer- 
ous chiral phases are Included in Table 1, to the authors’ knowledge, only Chirasil- 
Val (phase B-2 in Table 1) (Applied Science Labs.. State College, PA, U.S.A.) and 
RSL-007 (B-3) (Alltech, Deerfield, IL, U.S.A.) are commercrally available as wall- 
coated capillaries. 

2 1. Peptide phases 

Gil-Av et al ‘A first introduced the use of N-trifluoroacetyl (N-TFA) L-iso- 
leucme lam-y1 ester (A-l) for the separatton of N-TFA-a-ammo acid esters on wall- 
coated capillaries Enanttomer separation on N-TFA-x-ammo acid ester phases has 
been theorized to mvolve readily reversible association between the enantiomeric 

compound (solute) and the asymmetric solvent (chnal phases) molecules. The forma- 
tion of these transient diastereoisomeric association complexes was believed to in- 
volve hydrogen bonding between solute and solvent. Fig. 1A illustrates this interac- 
tion on a monopeptide ester phase7; only one hydrogen donor is present in each of the 
molecules. The R, and N-TFA (COCF,) groups of the solute represent the formation 
of ester and amide derivatives for better solute stability and volatility If a second 
hydrogen donor function is placed in a suitable position on the solvent molecule, the 
selectivity of the phase could be enhanced through the formation of three hydrogen 
bonds (Fig. 1B) in the vicinity of the asymmetric centers, thereby increasing the 
efficiency of the phase. This was the basis for the development of dipeptide ester 
phases7. 

Factors used to evaluate chnal stationary phases include separation efficiency, 
operating temperature range, retention time and thermal stability. In attempts to 
optimize these parameters, subsequent development of chnal phases mvolved modifi- 

cations of the ammo acid elements in dtpeptide esters. Earlier phasessg6 (Al) exhibited 
excellent resolution for highly volatile amino acids, but were generally unsuitable for 
less volatile species in that reported column operating temperatures were no higher 
than 110°C and gave long retention times. Other dipeptide ester phases7,+13, includ- 
mg some useful for the separation of the rather troublesome D,L-tert.-leucme en- 
antiomcrs14 (A-4) operated at similar temperature conditions with comparable reso- 
lution characteristics 

To obtain greater thermal stability, dipeptide ester phases were further de- 
veloped using phenylalanine as one or both of the drpeptide constituents3*12’13”s-1g 
(A-13. A-14, A-15). These phases, with lower vapor pressure, could be operated 
between 130 and 165°C and were capable of separating some less volatile ammo acids. 
As a result of higher operating temperature, the retention times associated with pre- 
vious dipeptide phases were reduced 

Further studies on peptide ester phase modification included tripeptides7,8 (A- 

* Reference to brand or firm names does not constitute endorsement by the U S Department of 

Agnculture over others of a slmllar nature not mentloned 
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vrde any obvious advantage in separation characteristics. N-PFP-derivatized 
stationary phases8Ti3,i5 gave shorter retention times with similar relative retentions in 
comparison with the corresponding N-TFA phases. 

2.2. Diamlde phases 

Recognizmg the essential role of the -NH-CO-C*H(R)-NH-CO group in 
dipeptide ester phases, the search for certam structural features of amides which 
might increase selectivity as well as thermal stability led to the development of an N- 
lauroyl-L-valyl-tert.-butylamide phase 2o (B-l) in 1971. Subsequent diamide phases 
derived from L-vahne21 exhibited greater efficiency, hrgher resolution factors and 
reduced retention times Owing to the higher enantiomeric resolving power of these 
phases, packed columns were also studiedz2. 

To obtain better thermal stability and lower volatility, L-valine-tert.- 
butylamide was coupled to the carboxyl group of the copolymer of dimethylsiloxane 
and carboxyalkylmethylsiloxane23, as shown m Fig. 2”. This phase was wall-coated 
on capillaries and is designated as Chit-asil-Val (B-2). This column has been used to 
separate enantiomeric drugs and metabolites25T26, ammo acids of high and low vola- 
tility and some ammo alcohols 27w9 In addition, the high thermal stability of Chira- . 
sil-Val made it possible for the first time to employ a mass spectrometer coupled to a 
GLC system for the analysis of enantiomers2~25. 

r_-Valme-tert.-butylamide has also been incorporated and coupled to a modi- 
fied form of the well known GLC stationary phase polycyanopropylmethyl phenyl- 
methylsilicone (OV-225)30 (B-3). Like Chirasil-Val, this phase could be operated over 
a wide temperature range (60-230°C) and resolve ammo acid enantiomers of both 
high and low volatility in one analysis. The resolution of norephedrine enantiomers 
was also accomplished. 

Modified diamide-type phases have recently been introduced for the separation 
of the enantiomers of hydroxy acids, carboxyhc acids and carbohydrates. Hydroxy 
acid enantiomers were separated on phases derived from hydroxy acids coupled to S- 

. ..- o- di _I O-J-l-0-$I-O- 

Fig 2 Structure of the choral stationary phase Chlrasd-Val [from H 
/ Chromarogr , 146 (1978) 200, with permlssmn] 

Frank, G J Nicholson and E Bayer, 
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I?’ 15 I?’ 

.-o-~-o~,-,-,-d--,-*-~ 
I I II 

0 H H H H 0 
Fig 3 General formula of urelde phases [from C H Lochmtiller and R W. Souter, J. Chromatogr., 113 
(1975) 294, with permlsslon] 

a-phenylethylamine (B-6, B-7, B-8, B-9, B-10). All four optical isomers of chrysan- 

themic acid were resolved by N-( 1 R,3R)-trans-chrysanthemoyl-(R)- 1 -(a- 
naphthyl)ethylamme31’32 (B-4, B-5). The R- and S-isomers of l-phenyl-2-(4- 
tolyl)ethylamine were resolved by N-lauroyl-(S)-proline-(S)-l-(a- 
naphthyl)ethylamlde . 3’ A2 Carbohydrate enantiomers were separated on a phase 
prepared by couplmg L-valme-S-a-phenylethylamide to functionahzed cyanoethyl 
side-chains of the cyanopolysiloxane XE-6033,34. It was suggested33,34 that by con- 
necting selected chiral constituents to groups of thermally stable polysiloxanes, a 
variety of optically active polymers suitable for the separation of particular enan- 
tiomeric compounds may be synthesized. 

2.3 Ureide phases 

A third class of optically active stationary phases is the ureide type, strictly 
named carbonyl bis(amino acid esters). The general structure of this phase is shown in 
Fig. 3. Studies 35-39 indicated that enantlomeric amme derivatives could be separated 
by these phases m liquid35,36, solld36 and mesophase 38*39, depending on the operating 
temperature. The resolution factors for mesophases were so large that separation of 
solutes could also be achieved on packed columns3* 

Employing an r_-valme isopropyl ester (C-4) ureide phase for the separation of 
enantiomeric secondary amine derivatives, it was shown36 that larger relative reten- 
tion values and much smaller capacity factors were achreved on the solid (1 OO‘C) than 
on the liquid (120°C) phase. The resolving power was very sm-nlar for both phases, 
decreasing in a similar manner with mcreasmg temperature. D-Leucine and r_-valine 
ureide phases (C-4, C-5) were further examined38r39 m smectic mesophase and were 
found to enhance the separation of N-perfluoroacyl-2-ammoethylbenzenes. The 
smectic mesophase forms exhibited greater selectivity towards solutes than hquid 
forms and showed marked variations m relative retention with alterations in ester 
substituent. 

A further development4’ led to modifications at the amide portion of the 
ureide phase. Separation of the enantiomers of arylalkylamines was carried out on 
N,N’-[2,4-(6-ethoxy-1,3,5-triazme)diyl] bis(L-valyl-L-valine) (C-4) and bis(L-valyl-L- 
valyl-L-valme) isopropyl esters (C-7). 

3 SEPARATION MECHANISM AND STRUCTURAL EFFECTS OF SUBSTRATE AND CHIRAL 

STATIONARY PHASES 

Followmg the mtroduction of peptide ester phases. structural effects on reso- 
lution factors were investigated by altering certam structural characterlctics of the 
solute or solvent constituents at the asymmetric carbon or ester group. 
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It was suggested’ that a hydrogen atom on the amide portion of the solute. 
although desirable, did not appear to be necessary for complex formation; the reso- 
lution of enantromers by drpeptide ester phases reqmred the correct arrangements of 
the hydrogen-bonded atoms in the solute, e.g., two carbonyl groups separated by two 
atoms. Further studies37 examined the hydrogen bond interactions between solutes 
and dipeptrde esters and ureide by ‘H and i3C nuclear magnetic resonance (NMR) 
spectrometry. Based on these observations, it was suggested that a “single point of 
attachment and steric repulsion interaction” between the phase and solute was suf- 
ficient for successful resolution 

The formation of three hydrogen bonds in dipeptide ester phases might serve to 
brmg the asymmetric centers of the two phases closer together, “When such associ- 
ations occur, a particular conformation is imposed on the solute, with the acceptor 
and donor groups forming parts of a spiral turn, the handedness of which is de- 
termined by the configuration of the amino acids m the dipeptide”‘. 

In this conformation, “the enantiomeric solutes cease to be mirror images to 
each other and become ‘conformational’ diastereoisomers”. In the case of D- and L- 
configuratrons, the N-termmal region of the dipeptide phase was found to determine 
the elution orderof enantlomet3. If the N-terminal region possesses the L-configura- 
tion, the phase was found to form more stable assoctation complexes with solutes 
that possess the t-configuration (Fig. IB), resulting in longer retention for these 
solutes7-10~13. It was therefore concluded8 that the major part of the separation oc- 
curred at theamide end of the dlpeptide ester 

The lengthening of R, and R, groups attached at the asymmetric carbon atoms 
m drpeptide ester phases (Fig. 1 B) caused a general increase m ease of solute-solvent 
complex formation, with three and four carbon lengths competing for the highest 
degree of mteraction”‘. A bulky ester group (R, m Fig. lB), commonly a cyclohexyl 
group, was also important’. 

As tripcptrde esters have similar separation factors, it was postulated’ that the 
ester and amide ends of the molecule did not need to be in close proxlmlty to produce 
a differential steric mteractton. 

StudieslO on structural properties of solutes mdlcated that increasing the bulki- 
ness of the group attached to the solute derivative at the asymmetric carbon atom (R3 
In Fig. 1B) produced a decrease m solute-solvent interaction. This was believed to be 
a simple matter of steric hindrance. Stmllarly, mcreasmg the length of R3 showed a 
shght inchnation towards solute-solvent interactions, while a length of four carbons 
caused an unexpected facilitation of complex formation. However, when the stde- 
chains of the solvent were incremented m the same manner, an mcrease in solute- 

solvent interaction was observed. 
In general, rt was suggested that, for best separation, peptlde ester phases 

should be a dipeptide possessing an N-TFA group, bulky side-groups, a bulky ester 
group (t&.-but& isopropyl or cyclohexyl ester) and the column should be operated 

at the lowest feasible temperature. 
While most researchers working on dipeptide ester phases explained the effect 

of enanttomer separation by differential hydrogen bond association complex forma- 
tion, tt was also suggested that molecular mteraction different from hydrogen bond 
association, including dipole-drpole mteractrons and dispersion forces, must also be 
considered. Working with an N-TFA-L-prohne-L-prolme cyclohexyl ester phase44 
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(A-19), where all possible sites for hydrogen bond formation are substituted, and an 
N-TFA-sarcosyl-qroline cyclohexyl ester44 (A-21) where the number of asymmet_ 
rtc centers 1s reduced, separation was still observed for N-TFA-D,L-proline esters. 

Based on this evdence, together with X-ray investlgations4s, It was suggested that 

dynamic dtastereolsomertc molecular complexes origmated from dipole_dipole inter_ 

actions or dherslon forces are formed between molecules of solutes and the 
statronary phase during the chromatographrc process. 

The mitral development of diamide and ureide phases were prompted by the 

feasibility of hydrogen bond formation for these two classes of compounds, The 

separation mechanisms for these two types of phases were assumed to be parallel to 

that of peptide ester phases. 
The separation principle behind Chirasil-Val, a representative diamide 

phase23, 1s very sm-nlar to that of dipeptlde ester phases. Excellent thermal stability is 
attributed to the covalent bonding of the diamide to a very stable organosiloxane 

Polymer network. The L-valine-tert.-butylamtde ts’lmked to the polysrloxane via a 
highly stable carboxamide group . 24 (B-2) Each chnal moiety is separated from the 
next by approximately seven dimethylsiloxane units (Fig. 2). Thus arrangement avoids 

interaction between neighboring valine residues by hydrogen bonding, and seems to 

be a crucial factor for good resolution and thermal stability. 
Diamtde phases possessing less than seven drmethylsiloxane groups between 

choral moieties were found25 to be less thermally stable and unsuttable Fig 424 
illustrates a three-dlmenstonal view of the dlastereolsomertc associatton complex of 
Chtrastl-Val wtth O-pentafluoropropionyl-L-amino acid-cyclohexamide derivatives. 
The conformation resembles the pleated structure of /J-keratin, permitting the forma- 
tion of the maxtmum number of hydrogen bonds, with the methyl group from the 
substrate filling the space between the two isopropyl groups of the phase, and stabi- 
hzed by Van der Waals forces. The space-filling tsopropyl and methyl groups act as 
guides, keeping the dtastereotsomeric association comples “on track”, so to speak 
For the D-enantiomer of the amino acid dertvattve, this stacking arrangement of 
hydrogen bonding groups, methyl and isopropyl groups IS not possible. The result is a 
less stable association complex. In other words, the D-enantiomer is thrown “off 
track” and elutes first 

As for the separation mechanism of urelde phases. It was rePorted2’ that 
significant hydrogen bondmg interaction occurred only between the N-H Portion of 
the amide solute and the ester carbonyl of the phase. NMB evrdence was inter- 
pret&3’ to In&ate that only one stgmficant portion of attachment 1s involved in the 
formatton of diastereolsomertc association Complexes. 

The effect of changtng the substrtuent on the donor or the acceptor strength of 

functional groups 1s also Important m determining the strength of hydrogen bonding 
The strength of hydrogen bonding of the ester carbonyl IS dependent on the inductlon 
effect of the ester substituent. By varymg the substltuent, the separation factor In- 
creases from methyl to ethyl, remaimng constant at isopropyl and then decreasing at 
rert._butyl The decrease at rerr.-butyl was attributed to sterlc hindrance of the larger 
ester group In llmitlng the approach of hydrogen bonding donor solutes to the ester 

carbony139. 
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Fig 4 Structure of the dlastereolsomerlc assoclatlon complex between N-cyclohexyl-O-pentafluoro- 

propionql-r-lactamlde and olganoslloxane-bound N-torr -hut\l-l -~almatmde [from H Frank. CT .I Nlchol- 
son and E Bayer, Anger Chem . fnr Ed .bq/. 17 (1978) 364, with permlssmn] 

4 APPLICATIOYS 

Smce the mltlal development of choral stationary phases’.‘, the separation of 
enantlomerlc ammo acid mixtures has been employed routmely to assess the separa- 
tlon efficiency of newly developed phases and to investigate structural effects of sol- 
vents and solutes7-19+-44 Owmg to limltatlons on the thermal stability of early 
choral phases, analyses were hmlted to highly volatile ammo acid derivatives Further, 
not all amino acids could be analyzed in a smgle run on one phase. The mtroductlon 
of N-TFA-L-norvalyl-L-norvahne cyclohexyl ester 11,14 (A-4) facilitated the separa- 
tlon of previously unresolved D.L-Trr.t.-leucme enantiomers, and a mixture of D,L- 

serene and D,L-leucme enantlomers. 

In general, dlpeptrde ester phases provided adequate separations for highly 
volatile ammo acids However. these columns m general have limited thermal 
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stabthty and hmtted column life and require lengthy analysts times for complex mix- 
tures The phenylalanine type dtpeptlde ester phases proved useful for simultaneous 
separattons of high- and some low-volatlhty enantiomeric ammo acid dertva- 
trves12*‘3*1h,17 with reduced retention times 

The early dtamide phasesI had enhanced thermal stabihty and were capable of 
achieving comparable separations to dtpeptrde esters with reduced retention tunes. 
However, dtfficulttes were encountered in separatmg low-volattlity ammo acids such 
as prolme and asparttc actd on packed columns coated with L-valine-derived diamide 
phases ( . 22 B-l) Either complete or partial separation of these two amino acids have 
since been achieved on capillarres coated with varrous dipeptide esters3,~12,16,46,47, 
but wrth longer retention ttmes 

The use23,24,3o of a diamlde phase coupled to polystloxane produced adequate 
separattons m much shorter times. Columns were operated at up to at least 175°C 
wtthout stgmficant bleedmg, allowing extended temperature programming capabil- 
ities Polystloxane-coupled dramtdes allowed the separation of both low and hrghly 
volattle ammo acids m a single analysts when temperature programmmg was em- 
ployed. Two of these phases are at present available commercially as wall-coated 
glass capillaries 24Y30 (B-2 B-3). The improved thermal stability of these phases has 
expanded the analyttcal ‘capabihty m enantromer analysts by their suitabihty for 
coupling with mass spectrometry2,25’26 

Chirasil-Va123 (B-2) has been utilized to develop a reliable GLC method for the 
quantitative analysts of ammo acids 48,49 known as enantromer labelling. The method 
mvolves the use of the unnatural enanttomer as an internal standard. For quantt- 
tation of ammo acids, a known amount of the unnatural D-aKIln acid IS added. As D- 

and L-ammo acids exhibit Identical chemtcal and physical behavior, both the stan- 
dard and the sample ~111 be subjected to identical variatrons in recovery of sample, 
ytelds of derivatrzatron, hydrolysis and thermal decompoatron, and detector response 
factors48 

This method48*49 and a deutenum labelling techmque2* have been employed in 
combined gas chromatographtc-mass spectrometric (GC-MS) analyses of the optical 
purity of natural and synthetrc peptrde and protein amino acid restdues m btologtcal 
samples. In deutermm labelling, the pepttde or protein is hydrolyzed m DCl-D,O. 
Ammo acids from the hydrolyses are dertvattzed, gas chromatographed and analyzed 
mass spectrometncally for Isotope distribution m quasi-molecular or other tons of the 
amino actd m the D-configuratton As the racemtzatron of ammo acids proceeds via 
the abstraction and re-addttron of a proton from the asymmetric carbon. racemiza- 
tion and the mcorporatton of one non-exchangeable deutermm atom 1s a simul- 

taneous process. The proportton of ammo acids in the D-configuratton orrginally 
present in the protein or btologtcal sample could be dtscriminated from those arising 
from actd hydrolysis during sample preparatton. Further application of these tech- 
niques led to an mvesttgation on the effects of physical stress on serum amino acid 

levels in humansz9, and the analysis of several sympathomtmettc drugs and epr- 
nephrme metabolites, lacttc acid and the therapeuttc agents D-pemcillamine and L- 

DOPAz5. 
A more recent contribution with potential for apphcation in btomedrcal re- 

search has been the mtroduction of a choral stationary phase (B-2) for the separation 
of non-nitrogen-contammg carbohydrate enantiomers31’50. This phase may have 
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merit for future mvestigations into configurational analysis of mucopolysaccharides 

m biological systems. 
Choral stationary phases have also been applied m forensic drug chemistry. 

Owing to differences m pharmacological effects and degree of government regulatory 
measures. the development of suitable methods for the determmation and differentia- 
tion of optically active drugs is needed m forensic analysis 27 1 5 l+ 3. Specific procedures 

have been developed for the determmation of amphetamine2 and methamphet- 
amine26 enanttomers as N-trifluoroacetyl-L-prolyl chloride (L-TPC) derivatives by 
capillary column CC-MS. Advantages m comblmng the use of a choral derivatization 
reagent with a choral stattonary phase were clearly demonstrated in these studtes 

In these studies, D- and L-amphetamme mixtures were derivatized with L-TPC 
and then analyzed on a choral phase (B-2) capillary GC-MS system. The total resolu- 
tton of the four possible isomers (Fig 5A) by Chtrastl-Val facilitated the determt- 
nation of enantiomertc impurities m commercial L-TPC and D- and L-amphetamme2. 
Under stmilar conditions, the four possible isomers resulting from the reaction of D- 

and L-methamphetamine with L-TPC (contammg < 6 “/, D-TPC) could be resolved 
mto three peaks26 (Fig. 5B) L- Methamphetamme-L-TPC and L-methamphetamme- 

D-TPC were unresolved. This observation was attributed to the replacement of the 
active hydrogen atom attached to the mtrogen atom by a methyl group, reducmg the 
efficiency in formmg a transient diastereoisomeric association complex with the chiral 
phase. 

n n 

Lm-L/Lm-D Dm-L 

Dm-D 
B 

14 16 22 
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Fig. 5 Total ion chromatograms of (A) amphetamme [from J H Lm and W W Ku, Anal C/tern, 53 

(1981) 2182, with permtssion] and (B) methamphetamme [from J H Lm, W W Ku, J T Tsay, M. P 

Fitzgerald and S Kim, J Forenszr Scl , 27 (1982) 41, with permission] as N-tnfluoroacetyl-L-prolyl 
chloride derivatives on Chnawl-Val. Conditions for (A) 25 m x 0 30 mm 1.D glass capillary Chtrasil-Val 
column; startmg temperature, 150°C; final temperature, 180°C; programmmg rate, SC/mm, carrier gas, 

helium at a lmear velocity of 44 cm/set Conditions for (B) as for (A) except final temperature, 200°C. D- 
Amphetamme, L-amphetamme, D-methamphetamme and L-methamphetamme are designated Da, La, Dm 
and Lm, respectively, D-TPC and L-TPC are destgnated D and L, respectively 
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The apphcatron of choral phases and quantrtatron techniques, such as enan- 
tromer and isotope labelling, appear to have great potential m the drrect analysrs of a 
varrety of optrcally active compounds. More applications m these areas will un- 
doubtedly be reported m the future. 

5 SUMMARY 

Three classes of choral stationary phases used m the gas-hqmd chromatograph- 
rc separation of enanhomers are peptrdes, dramides and carbonyl bis(ammo acrd 
esters) The developments and apphcations of these phases, separatron mechanisms 
and structural effects on separatron efficiency are revrewed. 
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