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High-performance liquid chromatographic 
enantioseparation of glycyl di- and tripeptides on native 
cyclodextrin bonded phases 

Mechanistic considerations 

AIETRACT 

INTRODUCTION 

As an extension of prior work [Il. WC report the 
separation of cnantiomcric pcptidcs having a glycinc 
moiety in their structures. Scvcral small pcptides are 
known to show significant biological activity. Many 
of them are used as substrates in the study of 
transport, hydrolysis and other processes connected 
with absorption of protein digestion products f2.31. 
Others may be precursors in the synthesis of larger 
pcptidcs. All of thcsc small pcptidcs (except those 

(itrrt~.~~“Jtr/~,,lf.~~ IO: D. W. Armstrong. Dcpartmcnt or Chemistry. 
Uniwrsity ol’ Missouri-Roltn. 141 Schrcnk Half. R&t. 
MO 65401-0149. USA. 

ktritlg only glycine moieties) arc optically act&. 
Therefore. a tcchniquc for the easy and sensitive 
dctcrmination of enantiomcric purity of peptides 
cm~ be useful. 

Previously, several studies concerning the resolu- 
tion of cnantiomcric dipeptidcs using WPLC have 
been rcportcd 14-61. Amino acids and small pcptidcs 
arc not easy compounds to detect and efute. Often. 
these polar compounds require non-traditional mo- 
bile phases and detection techniques [7,5]. Frequent- 
ly amino acids and peptides are derivatized in order 
to make them more suitable for chromatographic 
separation and/or detection. Generally the dcriva- 
tizing group is a highly absorbant or fluorescent 
moiety. Fluorimetry is a well-known analyticat 
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method with high sclcctiviry and sensitivity which 
enables the detection af small quantities of many 
important compounds, 

Recently we reported the facile determination of 
trace enantiomeric impurities of imino acids after 
9-fluorenylmethyt chloroformate (FMOC-Cl) deri- 
vatization [I], The current work shows the result of 
enantiomcric resolution of glycine di- and tripcp 
tides on native a-, /I- and If-cyclodextrin bonded 
phases after their precolumn derivatization with 
FMOC reagent. Furthermare, thescl results provide 
an opportunity to cxaminc the separation mccha- 
nism of chiral pcptidcs on cyclodcxtrin bonded 
stationary phases. 

EXPERIMENTAL 

A ppat-a t us 
The HPLC system consisted of two pumps (LC- 

BA, Shimadzu, Kyoto, Japan), a system controller 
(SCL-GB, Shimadzu), Chromatopac (CR 601, Shi- 
madzu), fluorescence detector (RF-535, Shimadzu) 
operated with &, = 266 nm and /I,, = 315 nm and 
0.2~jrl injector valve (V&o, Houston, TX, USA). 
The columns were 250 x 4.4 mm I.D. and wcrc 
packed with a;, /I- and y-cyclodcxtrin bonded to 
S-gm spherical silica gel (Astee, Whippany, NJ, 
USA). 

TABLE I 

SEPARATION DATA FOR A NUMBER OF FMOC’-DIPEPTIDES ON THREE DIFFERENT C’YCLODEXTRIN BONDED 
PHASES 

The mobile phase used with the i’- end p-cycladcxttin columns was (by volume): aeetotlitrilc-triuthyl~tninu-trc~tic acid (1000: 12:3), The 
mnbilc phase used with the z-cyctndcxtrin column wns (by volume): nuctonitritc-mcthi~nd-lricthyluminc-ncctic acid (KSO:15tkl?:J). Tbc 
methanol was used to shorten the long retention times. The Ilow-rutc wus I mlimin. All compounds wcrc rcsolvcd as raccmutcs or ncrrrly 
mccmic u,t.-mixtures. When avitilablc the pure aumtiomcr was &o run in order to dctcrminc the retention order. / \ a I 
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Amino acids di- and tripcptidcs wcrc purchltscd 
from difkrcnt sources (ICN, Irvine. CA, USA), 
(Sigma, St. Louis, MO, USA), and (Novobiochcm. 
La Jolla, CA, USA). Acetonitrile, methanol, acetic 
acid and tricthylamine were of OmniSolv grade and 
supplied from EM Scicncc (Gibbstown, NJ, LISA). 

The dcrivatizing agent, FMOC-Cl, was purchased 
from Sigmn (St. Louis, MO, USA). Derivatizntion 
was pcrformcd according to ref. 9, FMOC-glycinc 
chloride (FMOC-Gly-Cl) was prepared according 
to ref. IO and was used for dcrivatization of amino 
acids and dipcptides. The dcrivatizution proccdurc 
was performed in 0.2 M boric acid buffcr-accto- 
nitrilc solution (I: I, pli 7.7). After dcrivutizution 
sampks wcrc acidificcl with a 50% acetic acid 
solution to stabilizc the FMOC group. Following 
ncidificarion, the slrmplcs wcrc diluted l&-SO times 
with acctonitrilc prior to injection. 

RESULTS AND DISCUSSION 

Table t gives rctcntion data for a number of 
glycinc dipcptides thztt wcrc resolved on r-. I<- and 
y-cyclodcxtrin bonded phase columns. As indicated. 
two standard clucnts containing acctonitrilc with 
the same amount of tricthylaminc and acetic acid 
wcrc used for the cnantioscpurntion of the I5 racc- 
mates listed in Table I. In the cwz of fi- and y-cyclo- 
dcxtrin bonded stationary phases. the USC of neat 
acctonitrilc proved to be an optimal cluent for the 
cnantioscparation of a numhcr of FMOC-imino 
acids [I]. Under the same mobile phase condirions. 
most of the FMOC-dipeptides investigated in this 
study clutc in rcasonablc amount of time. In general 
the retention times obtained on the P-cyclodextrin 
column were slightly higher than those found on the 
y-cyclodcxtrin column. For glycyl aspactic acid 
(Gly-Asp) and glycyl rtspargine (Gly-Asn) which 
contain. rcspectivcly, carboxylic acid and amide 
groups in their side chains, the analysis times were 
significantly longer. At equivalent mobile phase 
compositions. the x-cyclodextrin column retained 
pcptides longer than the p- and T-cyclodcxtrin 
columns. In this case. the addi\ion of a small 
percentage of methanol to the acetonitrilc mobile 

Phil decreases the analysis time to practical levels. 
It is itpparcnt from this diltu (Table I) th:\t rctardit- 
tion and cnantiosekctivity are closely related to 
cyclodextrin size. 

In general, the y-cyclodcxtrin column was the 
most selective stationary phase since it resolved I3 of 
the IS investigated racemic mixtures. The only two 
exceptions were glycyl vnline (Gly-Val) and Gly- 
Asp. Surprisingly these racemates ate resotved on 
rhc fi-cyciodcxcrin column, which exhibited rather 
limited enantiosclcctivity towards chc other analyrcs 
investigated. Fig. 1 shows the base line resolution of 
giycyl norvalinc (Gly-Nva) on an x-cyclodcxtrin 
column and Gly-Asp on a f2-cyclodcxtrin column. 

The data in Table 1 shows rl selection of suitable 
cyclodcxtrin bonded phases which, in many cases. 
cnablcs one to choose the elution or&r for a given 
pair of cnuntiomcrs. This is also illustrauzd in Fig. 2, 
whcrc the enantiomers of glycyl phcnylaluninc (Gly- 
Phc) arc shown to have a r xsa~ in clution order on 
the r-cyclodcxtrin and @cyclodcxtrin columns. This 
is of great practical importance in the trace analysis 
of enantiomcrs since the detectability and accuracy 
of the dctcrminstion is much bcttcr when the minor 
component is eluted first [I. I I]. Thus the choice of a 
suitable cyclodextrin stationary phase offers a wide 
range of possibilities to optimize cnantiosckctiviry. 

Previously reported chromatographic separations 
in analogous systems exhibiting cnantiosclcctivity 
arc optimized by changing two indcpcndent factors: 

, I 

0 ml” 15 

Fig. I Enantiomcric resolution of glycyl dipcptidcs an czcto- 
dcstrin bonded phases under optimal cxpcrimcntal conditions. 
(A) FMOC-Gly-Nva. Smtionary phesc: xyclodextrin bonded 
phitsc. Elurnt: acctonitrilc-methanol-tricthyl~mine-xctic acid 
UL50:150:1’:3. v u). (I%) FMOC-Giy-Asp. Stationary phase: &cy- 
cloacxtrin hondcd phase. Eluent: acctonitrik-methanof-tricthyl- 
ilmine- xctic rrcid (900: 100:h: I .5, v v }. Flow-rate: I ml min. 
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Fig. 2. Changcofelution order fat FMOC-Gly-Phc enantiomcrs 
obtained on &and z-cyclodextrin bonded phases. (A) Stationary 
phase: /kyclodcxtrin bonded phase. Elucnt: acctanitrilc-triethyl- 
aminc-acetic acid (lOO& t 2~3. V,WY). (B) Stationary phase: z-q- 
dodcxtrin bonded pbasc. Elucnt: acctonitrilc-methanoi-tricthyl- 
amine-acetic acid (85&15&16:!, v v). Row-rate: 1 ml min. 

Table 1 slightly decreases resolution (a = 1.14) with- 
out signifkant:y effecting the retention time. 

Neat acetonitrile has proved to be an optimal sol- 
vent fur many analogous separations [i,12]. Kow- 
ever, some separations (as mentioned above for the 
r-c/ciodcxtrin column) require the addition of meth- 
anol to decrease retention times. The separation ‘of 
Gly-Asp on the I;l-cyclodextrin colclmn, which ex- 
hibits a very long analysis time under the conditions 
listed in Table I, was optimized by changing the 
concentration of polar organic solvents as well as the 
amount of amine and acid modifiers (see Fig. 1B). 
Note that the experimental conditions in Fig. 1B 
have been optimized to provide the best analytical 
separation. These conditions are different from 
those in Table I which summarizes data generated 

the composition of the polar organic solvents used in 
mobile phases and/or the relative ratio of triethyl- 
amine and acetic acid used [I]. Fig. 3 shows how the 
tricthyiamine and acetic acid concentration influ- 
ence the resolution of Gly-Asn enantiomers. This 
behavior was abo used to optimize enautioscpara- 
lion of Gly- Phe (see Fig. tB). The ratio of 14:l of 
triethylaminc to acetic acid improves enantiosepara- 
tion (31 = 1 II0 whereas utilizing the conditions in 

Erg. 3. E6Tcct of r&kc arr.ounts of tricthylaminc and acrtis aced 
tn the clucnt consisting of -eat acctoniiritc on tkc rc~lution or 
FMOC-City-Asfl cnantiomcrs. Slatitmar) phabc: ;-cycloGcxtrin 
bon&d phuvz. El~nt: acctnnitrrlc -trieth>lanlinc acetic irctd: (A) 
iWl:Y:fi (V \ 11’ LB) trr90:h:9 I \ V) 
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kg. J. kntlucncc ot \ratcr conccntr~tion in the mobile phass on 
the rctcntion charartcristics ofsclcztcd FMOC-dcriuatizcd dipcp- 
tides and fluorcnc obt:rk.i on x-cyclodextrin bonded phase. 
Elucnt: acctcmitrilc-aatcr 1.2% triethyiaminc 0,3’!i~ ;tcftic acid 
(& \ ). Tc?;t compounds: x = fluorcnc: ’ = FMOC-Gly -Abu; 
__ = FMOC’-Cly~.Lcu: D = FMOC-Gil> Pk. / = f-MUC-Gly-- 
Aw. Flou-rate: I ml min. 
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I-&. 5. Inllucncc ol‘ wtttcr conccntr~tion in the mobile phase on 
the rctcntion characteristics of scfcctcd FMOC-dcrivatitcd dipcp- 
tides ;md lluorenc obtztincd on If-cyclodcxtrin bonded phase 

Other conditions as in Fig. 4. 

under identical conditions so that valid comparisons 
could be made. 

It has been reported that the chiral recognition 
mechanism for a number of FMOCderivatized imino 
acids on R( - )- I-( 1-naphthyl)ethy ,~~rbamoylated- 
fi-cyclodextrin bonded phase is dependent on the 
mobile phase composition El]. The retardation and 
selectivity of the system were found to be very 
sensitive to the water content of the elucnt. Similar 
behavior was observed in this study for native r-, fi- 
and y-cyclodextrin bonded phases. 

Figs. 4-6 show the change in retention charactcr- 
istics for selected glycyi dipcptides obtained on 
cyclodcxtrin bonded phases. The &tents consisted 
of acetanitrile-water mixtures and included small 
amounts of triethylamine and glacial acetic acid. 

The chromatographic sorption on the native cyclo- 
dcxtrin bonded phases as well as carbamoylated-fi- 
cyclodextrin bonded phases, occur under two opcr- 
ating conditions (i.e., in the reversed-phase mode 
with water-rich elucnts and under unconventional 
conditions using non-aqueous polar organic mobile 
phases). However, in contrast to the carbamoylated- 
fi-cycloduxtrin bonded phase, the native ot-, j3- and 
p-cyclodextrin cofumns exhibit enantioselectivity 
towards FMQC-detivatized dipeptides only when 
operated with non-aqueous polar organic solvents. 

In the reversed-phasemode, the separation mecha- 
nism on native cyclodextrins phases is thought to be 
the result of the inclusion complex formation be- 
tween the hydrophobic moiety of the analyte and the 
relatively non-polar interior of the cyciodextrin 

k’ k’(SS% water)=l0.04 ---4: 

6 If 

0 ‘O a’ loo :lwater ‘O i:i 
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i-if. 6. In~lucnco of water conccntr;rtion in the mobile phase un 
the retention characteristics ofsclcctcd FMOC-derivatized dipcp- 

tides ;rnd iluorcnc obt:tined on pcyclodcxtrin bonded phase. 

Other conditions :IS in Fig. 4. 
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cavity [l&14]. The retention behavior of FMOC 
functionalized glycyl dipeptides and the fluorene 
probe molecule shown in Figs. 4-6 confirm this 
behavior. The pfots obtained on a-, P- and ~~yclo- 
dextrin stationary phases are essentially identical 
with respect to retardation and selectivity. For 
eluents containing more then 50% (v/v) water, all 
stationary phases exhibit affinity not only towards 
FMOC-derivatized dipeptides but also toward the 
fluorene motecule (Figs. 4-6). Also note that only 
the fluorene probe molecule is not retarded in water 
poor systems. Moreover, no enantioselectivity is 
observed under reversed-phase conditions for all 
stationary phases investigated. The lack of cnantio- 
selectivity in the reversed-phase mode could be due 
to the FMOC-dipcptidc totally interacting with the 
achiral linkage chain which connects the cyclo- 
dextrin to the silica gel. This could result in retention 
without enantiomcric selectivity. However. this par- 
ticular scenario is not likely to occur. In fact it is 
apparent that the retardation of analytes depends 
very strongly on cyclodextrin cavity size. The larger 
size of the /I-cyclodextrin and y-ryclodcxtrin cavity 
result in inefficient binding due to the loose nature 
between the arene and cyclodextrin. This, in turn. 
reduces the retention time of the analytcs compared 
to those obtained on the r-cyclodextrin column. It is 
most likely that the fluorene group is included in the 
cyclodextrin cavity and the dipcptide chain is lo- 
cated outside the cavity and is solvated by the 
hydrophilic mobile phase. 

ft should be mentioned that the data on inclusion 
complex formation between cyclodextrin and poly- 
aromatic hydrocarbons of different sizes arc not 
consistent and often diverse. Some litcraturc reports 
that the naphthalene molecule is too large to be 
included into the x-cyclodextrin cavity [l5,16] as are 
anthracene molecules for the /?-cyclodcxtrin cavity 
[I 51. On the other hand, an induced circular dichro- 
ism study [17] has provided evidence that /I-cyclo- 
dextrin accommodates one pyrenc molecule with 
axial inclusion while y-cyclodextrin includes two 
pyrene molecules of “S” hclicity. This siudy has 
been confirmed by comparative spectroscopic bind- 
ing studies (absorption spectral characteristics, cir- 
cular dichroism and fluorescence evidence), where 
bcnzzfrifpyrene was shown to form an inclusion 
complex of I: 1 host--analyte ratio with the /j-cycle- 
dcxtrin and a I:2 host analyte ratio with ;~cy&- 

dextrin [18]. Additionally there are several chro- 
matographic studies reporting the retardation of 
large polyaromatic hydrocarbon molecules (pyrene, 
chrysene) on /_I- and y-cyclodcxtrin [ 19,201 and more 
recently on cx-cyclodextrin columns 1211. Moreover, 
NMR study [22], confortnational (optical rotation) 
analysis [23] and X-ray crystallographic data 124) 
provide evidence that the bonds of a-cyclodextrin 
are relatively weaker than fi- and ;r-cyciodextrins. 
These can lead to induced fits of larger molecules 
into the a-cyclodextrin cavity by deformation of its 
structure under high aqueous buffer conditions. 

The results of the present study indicate that the 
fluorene moleculecan penetrate into all cyctodcxtrin 
cavities and that the inclusion complex formation 
between the hydrophobic aromatic part of the 
analytch and apolar cyclodextrin cavity is the major 
factor contributing to the retention of FMOC-func- 
tionalized dipeptides under reversed-phase condi- 
tions. The hydrophilic part of the guest molecule 
remains outside the cavity. The most striking con- 
formation of this picture is the finding that the 
retention of different types of FMOC-dipeptides is 
nearly identical (on a given column) and always 
lower than rctcntion of the fluorcnc molecule. The 
fact that no enantioselectivity is observed in any of 
these cases would seem to indicate that the simulta- 
neous, optimum interaction of the fluorene moiety 
with the cyclodextrin cavity and between the peptide 
moieties and the cyclodcxtrin hydroxyls dots not 
occur with these analytcs. 

The model postulated for the retention mccha- 
nism based on inclusion complex formation is 
further supported by Ihe kinetic study prescntcd 
below. Fig. 7 shows the dependence of the plate 
height. H, on the linear flow velocity, II, for the 
fluorcne molecule and different FMOC-derivatized 
glycyl dipeptides obtained on ;‘- and If-cyclodextrin 
columns. The dashed line represents H values ob- 
tained for fluorens on cyclodextrin columns opcr- 
ated with neat acctonitrilc. No retardation of fluo- 
rene was observed in this system and therefore the 
dashed line can be considered the limit for column 
effGziency due to the packing quality and extra 
column effects. As can be seen in Fig. 7 the 
characteristics presented arc very similar for ;‘- and 
[1-cyclodextrin column. which enables tch compari- 
son of the results obtained on these two columns. 

According to the gcncral non-equilibrium theory 
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developed by Giddings [25] the plate height, N, 
results from three independent contributions: flow 
pattern effects (A), longitudinal diffusion (B) and 
mass transfer effects (C). 

H = B/u i- Ckzt + x I/( I /‘A -I- I /C,u) (I) 

whcrc the terms C, and C, indicate adsorption- 
desorption kinetics and diffusion controlled kinetics 
originating in the stationary and mobile phase, 
respectively. 

The equation in the coupling form represents the 
ma_jor sources of zone spreadine in prnc_-tit-at !?qi.i:! 

chromatography (LC) for a very broad rslnge of the 
flow velocities. The terms in eqn. 1 have a different 
dependence on the flow velocity. Ordinary molecu- 
lar diffusion in the flow direction is inversely 
proportional to flow velocity and contributes signif- 
icantly only at very low flow velocities. The sorp- 
tion-desorption kinetics provides a term propor- 
tional to flow velocity. The coupling terms arise 
from inequalities of flow velocity in the mobile 
phase. Over the limited flow range used in LC some 
of these terms (A) arc believed to be constant and 
some proportional to velocity (C,). 

As shown in Fig. 7, the dependence of the plate 
height on the flow-rate of all analytes investigated is 
approximately linear within the range of flow-rates 
applied. This indicates that the zone spreading is 
mainly caused by mass transfer effects in the station- 
ary phase. Moreover, although linear velocities as 
low as 2 - 1O’2 cm/s were used, no minimum of H, 
Itmin+ was found (although the minimum of h! for the 
unretained analyte on the same column was ob- 
served at II > 5 - 10-’ cm/s). Generally the v&ices of 
td,in and Nmin depend on the magnitude of the Ck 
term and therefore can 3iffcr between different 
solutes. Extremely high contribution of Ck shifts the 
minimum in W to very small vaIues of ii. 

Since the mass transfer effect can be expressed as: 

24 k’ 
Cj&z-- 

X.d (I + k’y 
(2) 

were: y is the geometrical parameter and kd is the 
desorption rate constant; the two findings discussed 
above indicate that the overall plate height of a 
solute is determined by the sorption-desorption 
kinetics in the stationary phase. 

It can be concluded from plots in Fig. 7 that the 
rate of the adsorption-dcsorption process for fuQc- 
tionalized dipeptides is usually higher than for fiuo- 
rene molecule (the only possible exception would be 
Phc on the /J’-cyclodextrin column}. The kinetic data 
presented provide strong support for the postulated 
model. The strength of the interaction between the 
solute and the stationary phase (i.e.. retention and to 
some extent sorption-desorption kinetics) are a 
result of the inclusion complexation process. The 
presence of the hydrophilic chain of FMOC-deriva- 
tized dipeptides results in shorter retention times 
and faster mass transfer effects compared with 
values found for the fluorene molecule itself. The 



differences observed in adsarption-dcsorption rate 
bctwcen fhtorcnc and FMOC-derivatizcd dipcptidcs 
arc especially significant for processes on the y-cy- 
clodextrin stationary phase, which owing to the 
large cavity, forms relatively loose complexes with 
the analytes. For the /I-cyclodextrin column the 
sorption-dcsorption processes are significantly 
slower for all analytes investigated compared with 
the values obtained on y-cyclodcxttin phase that is 
undoubtedly due to the stronger interactions be- 
tween the smaller cyclodextrin cavity and the aro- 
matic part of the molecule. 

The different magnitudes of band spreading pro- 
cesses for the different dipeptide chains can be 
explained by taking into account additional factors, 
e.g., the structure of the side chains. The side chains 
as shown in Figs. 4-6 do not influcncc the rctcntion 
in the reversed-phase mode. Howcvcr, they can 
contribute to the band broadening in two ways: (1) 
by changing the individuat diffusion velocity of the 
solute in the mobile phase, which would contribute 
to C, term (C, = 1t$/5~, where: II’ is dimension- 
less constant, d, particle size, 5, diffusion coeff~i- 
cient) and (2) by affecting the degree of solvation of 
the analytc in the bulk mobile phase (i.e., increasing 
or decreasing the rate of mass transfer effect between 
stationary and mobile phases). 

As can be seen in Fig, 7, the II values for Lcucinc 
(Leu) and x-aminobutyric acid (Abu), having ali- 
phatic side chains, are almost identical for the same 
column. In case of Gly-Asn the prcsencc of the 
hydrophilic side chain increases the rate of mass 
transfer of the solute between cyclodcxtrin station- 
ary phase and hydrophilic mob& phase resulting in 
slightly lower H values. The hydrophobic aromatic 
group in G!y-Phc increases the tendency of the 
anaiyte to bc excluded from the water rich elucnt to 
the vicinity of cyclocdextrin moiety. This resuhs in 
significantly slower kinetics for both columns inves- 
tigated as well as a slightly higher retention time for 
FMOC-Gly-Phe on /I-cyclodcxtrin column. 

It should be pointed out that the analytcs invcsti- 
gatcd form symmetrical peaks in the reversed-phase 
mode. Only Gly-Phe shows a slightly leading peak 
(fronting) suggesting a slight concave form of its 
adsorption isotherm, which might result from a 
second layer (or multi layer) adsorption of other 
molccuies onto the adsorbed aromatic ring of the 
side chain. 

It is evident from retention characteristics shown 
in Figs. 4-6 that a diffcrcnt retention mechanism is 
involved for systems operating with polar organic 
mobile phases. This is in direct contrast to the 
traditional reversed-phase mode, First, the fluorene 
molecule is not retarded on any native cyclodextrin 
columns. Apparently there is no inclusion complex 
formation bctwccn cyclodcxtrin and hydrophobic 
part of the analyte in acetonitrilc. It is also highly 
unlikely that the hydrophilic peptidc chain would 
penetrate into apolar cyclodextrin cavity. Moreover, 
it has been reported previously that acetonitrilc 
exhibits an appreciable afftnity for the cyclodcxtrin 
cavity [26,27] and in polar organic solvents (above 
80% acetonitrile) the formation of a conventional 
inclusion complex is not likely since the cyclodextrin 
cavity is occupied by the mobile phase [28]. This is in 
a good agreement with results presented in this study 
and leads to the assumption that the cnantioselec- 
tivity observed is caused by hydrogen bonding 
between the analytc and the hydroxyl groups at the 
mouth of the cyclodextrin. 

The results in Table I demonstrate how the 
retardation of the pcptides arc closely related to the 
size of cyclodcxtrin, The k’ values of dipeptides 
increase when the molecular size of cyclodextrin 
used is decreased. In the cast of r-cyclodextrin, the 
addition of IS”/0 (by volume) of methanol is necdcd 
to decrease the retardation time to a practical Icvel. 
1n order to compare the data in a meaningful way, 
the results shown in Figs. 4-6 were obtained using 
the same mobile phase for all cyclodextrin stationary 
phases. Bccausc of the long retention times (I? > 15) 
the data for x-cydodcxtrin operated in conjunction 
with neat acetonitrilc are not included. 

Table 11 and Fig. S show dcpcndcnce of li’ values 
and selectivities on the length of the peptidc chain. In 
general, with the exception of leucine, the native 
cyclodextrins exhibit no enantioselcctivity towards 
FMOC-functionalized amino acids in spite of the 
presence of the functional (carboamide and car- 
boxylic) groups available for hydrogen bonding. 
This could be due tither to stcric hindrance of the 
adjacent, bulky Cluorcne moiety which may effec- 
tively prevent the access of hydroxyl groups of 
cyclodcxtrin molecule to the appropriate functional 
groups of the anatyte. or it could result from the 
inability of the FMOG-deactivated nitrogen to form 



strong hydrogen bonds. Extending the chain length 
and introducing new hydrogen bonding groups 
cnablcs stcrcosclcctivc interaction hctwccn the pcp- 
tide *WI” and the hydroxyl grcwps of the cycio- 
dcxtrin moiety and results in an increase in rctcn- 
tion and enantiosclcctivity. The dependence demon- 
strated in Tab’cs I and II and Figs. 4-6 is strong 
evidence that hydrogen bonding formation between 
hydrophilic chain of the FMOC-functionalizcd pcp- 
tides and the extcrnat part of cyclodcxtrin molcculcs 
(outer sphere complex) is the major factor contrib- 
uting to thcchiral recognition on native cyclodcxtrin 
phases opcratcd with polar organic mobile phases. 
Proper geometric conditions must be met for stcrco- 
selective interaction bctwccn the analytc and the 
hydroxyls at the mouth of the cyclodcxtrin moiety. 
The “small” diameter of r-cyclodcxtrin properly 
match the length of the di- and tripcptidc chain. 
Carboamidc and carboxylic groups in the solute cim 
interact with scvcral hydroxyl groups on the both 
sides of the cyclodcxtrin mouth which results in large 
incrcascs in retention time compared with the results 
obtained on fl- and y-cyclodextrins. 

Fig. 9 presents the kinetic data for t,-cnantiomcrs 
of selected FMOC-functionalizcd amino acids. di- 
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pcptidcs and tripcptides obtained on the most 
sclcctivc ;‘- cyclodcxtrin column, operutcd with the 
non-aqueous clucnt. Unlike the kinetic behavior 
found for the reversed-phase madcl (i.e., inclusion 
complex formation), the plate height with polar 
organic mobile phases is simply correiated with the 
capacity factors of the analytes [29,30]; the stronger 
the interaction between the stationary phase and the 
solute (which results in the strong retardation) the 
slower the mass transfer is bctwccn stationary and 
mobile phases. The strength of interaction and the 
kinetic behavior depends on the structure of the 
analytc. The presence of the polar carboamidc 
group in the Asn molecule significantly incrcascs the 
retention and decrcascs the rate of sorption-dcsorp- 
tion process. Extending the pcptidc chain and 
thereby introducing additional sites for hydrogen 
bonding causes a similar cffcct; the retardation tends 
to incrcasc and the adsorption-dcsorption rate 
dccrcascs. No significant differcnccs wcrc fnund in 
the sorptiona-dcsorption kinetics for cnantiomcrs. 
The mass transfer was always slightly slower for the 
longer retained stcrcoisomcr. The peak shapes for all 
analytes investigated were found to be highly sym- 
metrical, This indicates that the adsorption sites arc 

TABLE II 

A COMPARISON OF SEPARATION DATA FOR RLLATED FS4OC-AMINO ACIDS. DIPEPTfIXS AND TRWEPTIDES 

The mohilc phase composition and the Ilo\~-rurc ttf thccc columns arc identical tcl that in Tahlc I 

k’” 
2 First k’ ” % 

Zl UtCJ 

cnantiorner 
_..__.” _^__. --. . .---- 

1.11 I .oo I AC; I .oo 
2.27 1 ‘on 3.35 I .oo 
3.17 1 *OS 7.61 I .oo 
I.16 1.01) 1) 1 .O? I .07 
2.77 I.10 1) 4.79 I .mi 
5.12 1.14 I) 13. IO 1.31 
.___. __..- ..___ _ __....... _ - .--.. 

First k’” r 
rlu1ca.l 
eniintiomcr 

_._ -_ .._-_- ---__- 

1 A1 1.00 

L 2.41 I .07 
t 7.29 1.06 

1.03 1 .no 
1. 1.29 I.15 
L 7.54 I.14 
___ ..-_ _____ ---. .____-- 
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J J- 
* 

0 mtn 7 

t I 

0 min 30 

Kg. X. lnlluencc of the length of pcptidc chum cm rctcntton nnd 
cnantiosclcctivity obtiutrcd on pcyclodextrin bonded philso. 
Elucnt: aectonitrilc-tricthylaminc-acetic acid (1110: 123. v v v). 
(A~FMOC-Lcu;(U)FMOC’-Gly-.teu:(Ct FMOC-Gly -GIy-L.cu. 
Flwv-rate I ml min. 

essentially of a single type, c-g., homogeneous in 
adsorption energies [25,31]. Therefore the type and 
strength of the interaction between the sites and the 
analytes depend mainly on the analytc structure and 
configuration. These data provide consistent sup- 
port for the model of external adsorption on the 
hydroxyl groups at the mouth of cyclodextrin cavity 
as proposed for these non-aqueous systems. 

It is clear that several other factors contribute to 
the retention behavior observed in this study. It has 
been reported f32.331 that the peptide bond has the 
ability to enhance the acidity of ncighboriny groups 
due to an inductive effect. Thus. considering this 
effect. it is apparent that the N-terminal pqddc 

0 : I 1 I 

0 1 2 3 
u, cm/s 10 

-2 

kW.41 
kb2.25 

ksl.42 
kW.01 

0 1 2 3 4 

u, ;t?Ils 10 e2 

I-g. Y. 3%~ depcndrtice of I-ICTP values on lintsr wiocity I’or 
lluorcno and sckctcd FMOC-dcrivatizcd ammo acids. di- and 
tripcptidcs in non-aqueous system. Elucnt: ucctonitrik-tricthyl- 
amimxtcctio acid ! 1000: 12:X v v v). Statiwwy phase: ;-cyclu- 
drxtrin. 

bond of the tripeplide will exhibit an N -H bond 01 
substantially enhanced acidity compared with the 
dipeptide, which can significantly change the inter- 
action between the cyclodextrin and the analyte. It is 
also possible that the interaction of the analyte with 
cyclodextrin can significantly alter the structure of 
the peptide chain in cases where strong hydrogen 
bonding is involved. This can also lead to a better 
“fit” of the extended chain with the relatively static 
structure of the cyclodextrin molecule. Moreover, 
short pcptide chains and even cyclic peptidcs in 
certain solvents from definite structures [343. The 
nature of the solvent has a great influence on the 
strength of non-covalent interactions. This could 
cxp!ain the very narrow range of mobile phase 
compositions whcrc the enantiosclectivity towards 



small pcptidcs is observed. Cicarly the addition of 
small amounts of water to the system can totally 
destroy enatioselectivity. This must bc the result of 
the salvation of the pcptidc chain and cyclodcxtrin 
as well as any induced structural changes caused by 
the water salvation. 

The dependence of cnantiosclcctivity on pcptidc 
chain length shown in this study for g\ycyl di- and 
tripeptidcs seems to bc a general trend for cnantio- 
separations on native c;*dodcxtrin phases. Fig. 10 
shows the chromatographiv behavior of FMOC- 
dcrivatized dipcptides having two chiral centers in 
the pcptide chain: the addition of glycyl residue sig- 
ni ficantly improves the enantioselectivit>. Further 
study on this subject is in progress. 
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