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The results reported demonstrate that it suffices for a chiial stationary phase 
to contain an amide group and an asymmetric carbon atom, attached to the nitrogen 
atom [RCQNHCH(CH3)R’], in order to show selectivity in its interaction with the 
enantiomers of amides such as. N-tritluoroacetylamines, N-trifluoroacetylamino acid 
esters and o-methyl- and a-phenylcarboxylic acid amides. The best efficiency is ob- 
tained when R’ is aromatic, particularly a-naphthyl, as in N-lauroyI-S-a-(l-naph- 
thyl)ethyIamine. 

The highest resolution factors were found for aromatic solutes, such as N- 
tr~uoro~~tyl-Q-p_phenylelhyIamine and cr-phenylbutyric ecid amides, which could be 
resolved readily on packed columns. 

The enantiomers of a-branched carboxylic acids were separated for the first 
time by gas chromato_mphy. 

Based on the packing arrangement in the crystalline form of the N-acetyl 
homologue of N-Iauroyl-S-o-( I-naphthyi)ethylamine, a mechanism for the resofution 
is proposed. It Is assumed that the mode of association found in the solid state is at 
least partiafly retained in the melt through a network of hydrogen bonds. The mech- 
anism proposed is developed with particular reference to the aromatic solute-solvent 
systems. It is suggested that the solute is intercalated (“sandwiched”) between two 
solvent molecules. Arguments, based on X-ray data, are given to explain the selec- 
tivity observed. 

The opticahy active phases used hitherto for the separation of enantiomers by 
-gas chromato&zphy were characterized by the following structurai features: (1) one 
or two asymmetric carbon atoms each linked to the nitrogen atom of an amide group; 
and (2) om additional function, consisting of either an ester or au amide group. 
ExampIes are N-a&-a-amino &id esters I, N-acyldipeptide esters”, &amides of the 
formula RCONHCH(~-Pr)CONHR’3.” and carbonylbis-(N-cr-amino acid esters)s~6. 

It was the purpose of the present research to examine whether stationary phases 
still show sekz-ctivity when their structure is simpli&d to contain no more than one 
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amide group ‘(Le., compounds of type RCSNHCS(CK,)R’). We have already reported5 
that volatile amides of this type are resolved on carbonylbis-(N-L-valine isopropyl 
ester) (V). Furthermore, comparison3*4 of diamide and dipeptide phases’ shows that 
selectivity is considerably increased when the polar part ~of the solvent molecule is 
reduced to the group -CQNHCH(R)CONH-. 

ahe substituents R and R’ in the solvents studied were chosen as follows. In 
order to impart low voiatility to the phases, the Iong laueoyl group (RCO=CUH,CO) 
was used throughout for acylation. The R’ radicals were phenyl cn), cyclohexyl (EL), 
o-naphthyl (III) and a-decahydronaphthyl (IV). The solutes examined included N- 
TFA’ derivatives of aliphatic and cyclic amines, N-TFA esters of a-amino and Q- 
methyl-cz-amino acids, and amides of a-methyl- and a-phenylcarboxylk acids. 

EXPERIMENTAL 

Synthesis of amides 
Equimolar ice-cold solutions of freshly distilled lauroyl chloride and the corre- 

sponding chiral amine in dry chloroform were slowly mixed. A 10 % excess of triethyf- 
amine was added and the solution left overnight in the cold (5-loo). The solution 
was washed successively with water, saturated sodium hydrogen carbonate solution, 
2% hydrochloric acid and water. After drying over magnesium slulphate and evapo- 
ration, the amides were crystallized several times from chloroform+z-hexane*‘. 

Synthesis of hydroaromatic amides 
These amides were prepared by catalytic hydrogenation of the corresponding 

aromatic amides with 5% rhodium-aiumina in methanolic solution at a hydrogen 
pressure of 60 p.s.i. for 24 h. The catalyst was filtered off, the solution evaporated and 
-he amides were purified by column chromatography with silica gel and light petro- 
Zeum-dichloromethane as the eluent. 

Synthesis of AT-methylamides 
N-Methylamides were prepared from the amides by treatment with methyl 

iodide in dimethylformamide in the presence of silver oxide for several days at room 
;emperature’. 

Carbonylbis-(l&L-saline isopropyi ester) (V). This phase was purchased from 
iMiles-Yeda, Rehovot, Israel. 

The properties of the S-monoamide phases were as follows: 

Phase 44.p. (“C) [aID cc in CHCI,) 
I 62 -66.0 (1.5) 
II 86 -110.0 (1.5) 
III 96-97 -593 (1.5) 
IV 76-80 + 6.4 (2.0) 

The structures of all of the phases were confbmed by NMR and IR spectros- 
copy and microanalysis. 

- TFA = t.dhxozetyL 

l * Phase XXI czsn *be obtzined from Yeda, Rebovot, kaei. 
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Synthesis Of sohfes 
N-TFA amines and I%-TFA amino acid esters8 were synthesized as described 

previously. 
Aliphatic tr-methyicarboxyhc acids were prepared from a-methyl diethyl- 

malonat@ by the malonic ester synthesisxo with the corresponding dhyl bromide. 
a-Phenyibutyric acid and c-phenylpropionic acid were purchased from Norse 

Labs., Santa Barbara, C&f., U.S.A. 
The acids were converted to the amides via the acyl &f&ides by treatment with 

the corresponding amine in the presence of a 10 % excess of triethyhzmine. 

Application of Horeads methoP for the determination of the conjiguraation to I-menthol 
I-Menthol (1.6 mg; LO pmole), 5Oyl of 2 benzene solution of d,i-2-phenyl- 

butyric anhydride (3.1 mg; 10 pmole) and 20 ~1 of dry pyridine were mixed in 2 small 

vial and left for 20 h at room temperature. Water (40 ~1) was added and the mixture 
shaken occasionally for 2 h. After addition of diethyl ether, the heterogeneous mixture 
was washed twice with 2 ml of 1 N hydrochloric acid. The snpernatant ether solution 
was dried over magnesium sulphate, evaporated to dryness and the residue dissolved 
in 40 ~1 of dry bcnezene and treated successively with 5 pl of te&-butylamine and 
5 pI of tiethyhunine. A few drops of ethyl acetate were added after 20 rnin, the so- 
lution was concentrated and a sample chromatographed on a packed column under 
the conditions given in Fig. 3. The frrst peek, corresponding to S-cz-phenylbutyric 
acid, wes markedly larger, as expected. 

Gas chromatography 
The experimenk were carried out with 2 Varian Aerogmph 1200 gas chromato- 

graph equipped with a flame-ionization detector. The stainless-steel capillary columns 
(400 ft. x 0.02 in. or 150 ft. x 0.02 in.) were cleaned thoroughlyy12 and then coated 
with a 5% solution of the stationary phase in chloroform at IO-15 p.s.i. 

A description of the packed column used in some experiments is given in the 
legend of Fig. 2. 

RJZSULTS AND DISCUSSION 

The results are given in Tables I-III and Figs. 1-3. 

As can be seen in Tabie I, the highest selectivity was found for phase HI, 
which contains a naphthyl group in its molecule. This solvent is, in general, as efficient” 
as -the carbonyIbis-(N-L-vahne isopropyl ester) (VP and its homologues13, which 
were previously the only phases known to resolve amine derivatives effectively. Solvent 
III is also much more convenient to prepare and has the further advantage of a lower 
melting point (96-97”) and higher upper operating temperature (at least 150”). An 
example of 2 c-hromato_mm illustrating the excellent separation obtained for a N- 
TFA-2-amino-n-aikane is given in Fig. 1. 

The infhrence of the aromatic system can clearly be seen when comparing 
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then Zakino-n-alkanes are, res@ctivf&~ about I.06 and f.OXk The sekctitity k de- 
creased to about the same @+nt-for F, where R = phenyl. finally, replacement of 
the benze& ring in I with a cycloheql group @I) rest&s in complete loss of sekctivity 
(e.g., 2-amino-n-hexze, rS/R = l.~, not shown in Table g. 

-45O 430 4lOminutes 

-TIMEFROMSOLMNTPEAK 

Fig. I. Resolution of N-TFA-2-amino+oc~e. P&se: N-huroylS-a-(1-napht~yl~i~e 011). 
cozted on a capikry stzinkss-stel c~Ixmn, 400 ft. x 0.02 ti. I.D.; tem_perature, lOOn. 

The order of emergence observed on all S-monoamide phases is R- before the 
S-solute, as on phase v.~ However, the effects of structural changes are very different 
for the two types of phases. For example, on V tiere is a sadual increase in the reso- 
lution coefficients (r,ld on lengthening the chain for the 2-amino-n-alkanes. In con- 
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tradistinction, on III the first two members of the series are not resolved, and 
for the higher homoiogues rS;R is ahout constant (CCL 1.06). The cycioolefinic amines 
are better separated on III than on V (rS/R values greater by about 0.01, a!though 
determined at a temperature higher by i0’). Perhaps the most interesting result is 
that N-TFA-a-phenylethylamine has a very high resolution factor (r,,, = 1.19 at 
100”; resolved on packed coIumns, Fig. 2) and that insertion of a methyiene group 
between the asymmetric carbon atom and the benzene ring (amphetamine) leads to 
almost complete loss of selectivity (shoulder, Table I). Similar observations were 
made for the carbonylbis-(N-L-a-amino acid esters) l . 

As hydrogen bonding is an essential feature of the mechanism of resolution, 
it is not surprising that the introduction of a methyl group on the nitrogen atom leads 
to aIlmost compIete loss of resolution for N-methyl-N-TFA-a-phenylethylamine 
(TSjR = 1.011, loo”). 

N-TFA-amino acid esters 

The results obtained for N-TFA-amino acid esters on phase III are given in 
Table II. As for the amines, the solvent with the naphthyl group (III) shows a higher 
selectivity than the phenylic phase I (e.g., rr/D for N-TFA-Ala-OMe = 1.025 (I), 
1.053 (III); for N-TFA-Ala-0-i-Pr = 1.030 (I), 1.042 (III); for N-TFA-Val-OMe = 
1.023 (I), 1.054 (III); all at lOOa). No separation could be obtained on the hydrogen- 
ated phases II and IV for any N-TFA-amino acid ester. 

The order of magnitude of the coe&ients of resolution, and the fact that also 
a-methyl-a-amino acid esters are separated on III, illustrate the similarity to phase 
Vls. However, as with the amines no systematic relationship between structure and 
resolution coefficient is apparent in homologous series. Also, branching of the chain 
of either the aIcoho1 or the alkyl group attached to the asymmetric carbon atom 
shows irregular effects. Thus, isopropyl esters may have either higher or lower ru, 
values compared with normal alcohol esters The vahne derivatives have virtually 
the same cceficients as those of alanine, whereas the esters of leucine are either 
badly resolved (0-n-Pr, 1.020) or not at all (OMe, OEt, 0-i-Pr). The reversal of the 
order of emergence of the N-TFA-amino acid esters depending on the relative size of 
the alkyl group at the asymmetric carbon atom and the alcohol is a salient feature of 
the behaviour of phase V, but was not observed for III. Where resolution occurred, 
the order was always D-before the L-isomer on N-lauroyl-s-a-naphthylethylamine. 

Proline is a difficult compound to resolve. As it contains a secondary amino 
function, no hydrogen is available for bonding after acylation, and hence its mecha- 
nism of resolution differs from that of amino acids with a primary amino group. On 
the dipeptide phases8 and the diamides’*4, proline is therefore one of the worst re- 
solved amino acids. On phase III, however, the difference is much less pronounced. 
and the rr/h value of the methyl ester at 100” (1.039) is virtually the same as for the 
corresponding derivatives of tert.-leucine and a-aminobutyric acid. 

On the whole, phase III is of little practical interest for the chromatography 
of a-amino acids, with perhaps the exception of proline. On the other hand, it could 

* On a capilfary column coated with V, only a shoulder was observed for amphebmine14; on 
mked U)!UIIUS, Lochmiiiler and SouteP did not notice my resolution with V or its hoaologues, 
either above or bebv the meltiag poiat of the ph;r-ces. 
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be used with advantage for the separation of the enantiomers of a-methyl-a-amino 
acids, which cannot be resolved on the dipeptide and cliamide phases. 

a-Alkyl- md cr-phenykrboxyiic acids 
The a-alkyl- and a-phenylcarboxy!ic acid amides contain an asymmetric 

carbon atom linked to the carbonyi and not to the NH group as found in the two 
classes of solutes discussed above. It seemed likely that these compounds would also 
be separated on the monoamide phases, and we therefore examined derivatives of 
formula RCH(R’)CONKR”, where R = methyl, ethyl or isopentyl, R’ = methyl or 
phenyl and R” = methyl, isopropyl or tert.-butyl. 

The first experiments were carried out with phase V. As can be seen in Table 
III, resolution was obtained for a,&dimethyihexanoic acid, and the values for rIIII 
increased with the bulk of the alkyi group at the nitrogen atom. The tert.-butyiamide 
is also the most volatile derivative. 

Equally, phases I and III show the selectivity expected. The data available are 
as yet sparse, but it is noteworthy that a-methyibutyric acid amide is resolved on I 
but not on PII, and that the derivatives of cz,&dimethyihexanoic acid are best sepa- 
rated on III. 

For the aromatic acids, III shows a relatively iarge selectivity, particularly for 
a-phenylbutyric acid tert.-butyiamide (rS,R = 1.090, iJO”), which can be separated 
on packed columns (Fig. 3). The order of emergence is the reverse of that found for 
the amines, namely .S- before the R-isomer; this finding will be discussed in the foliow- 
ing section l . 

The ready resolution of the latter acid is of particular interest in connection with 
the analytical aspects of Horeau’s method” for the determination of the configu- 
ration of secondary, optically active alcohols of structure I: 

M $%H 

(II HlsC-mOH 
(‘C-)-S-Phenylbutyrtc 

acid anhydride 
H-C4C2H5 

I 
l! G% 

LBM S-alcohol Exess of R-acid 

It has been found that esterification of these alcohols with an excess of racemic a- 

phenylbutyric acid anhydride leads to a relatively large optical enrichment of the 
unreacted reagent, with formation of an excess of the R-azid for the S-alcohol and 
vice versa. 

The gas chromatographic determination of the enantiomeric composition of 
the excess of reagent will permit the Koreau method to be carried out on a micro- 
state. A similar procedure was described by Gilbert and BrooksL6, who converted the 
excess of acid into a diastereomeric mixture by reaction with a-phenylethylamine. 
The direct resolution of enantiomers has, however, the advantage that chirai reagents 
(often of variable optical purity) are not required for derivatization. An example of 
the procedure as applied to I-menthol is given under Experimental. 

* It is to be noted that the compounds disEuss& in this sub-section are the first enantiomefs 
separated by gzs cixomatograpity that do not possess an NH group directly hked to the symmetric 

car-boo atoim 
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59.2 
56.5 

203.1 
195.5 
61.0 
59.2 

270.0 
270.0 

82.2 
80.7 
72.9 
72.3 
60.0 
60.0 

105.5 
102.5 
62.8 
61.7 

I.055 

1.043 

I .054 

1.040 

sh” 

l.CUO 

1.044 

1.039 

I.028 

1.000 

1.018 

I.008 

1_clm 

1.029 

1.01s 

0.95 

0.9~ 

1.0 

0.9 

- 

- 

0.9 

0.9 

0.3 

- 

0.3 

- 

- 

0.5 

0.3 

82.3 78.3 1.052 0.95 157.0 149.0. 1.054 i 

37.5 78.4 -36.0 1.042 0.9 75.0 I.@+5 ‘. 

j 

; 

270.0 
sfiff’ 

549.0 - 270.0 538.0 1.020 : 

120.0 120.0 LOOG - 

I 

i 
, 
r 

*** Ratio OF the corrected retention iimes of the r-enantiomcr over that of the o-isomer. Assig5ment I& 

‘made with optically enriched mixtures_ except for rert_-leucine for which the order of emergence was deduced b 
extrapo!ation. .- 

r SeeTabIeI. 1 I 
D 5 sh = shoulder. ii ?I 
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TABLE III 

FtE3OLUTION OF a-METHYL- AND a-PHENYLCAKBOXYLfC ACID AIhIES 

Com?lpoLmd Opticariy acfive sraziormy phase 

NLauroyi-Sk-phenyi- IV-LaIuoybS-a-(& Carboizyibik(N-r- 
ethyiamine (I) * raphthyi)ethyfamine valine ikopropyI 

(HI)= ester) ( V) * 

r(min)” r~~,~*** RSE r(min)” r~,,,*** R,O r(min)‘* r,f!~*** 

Ahphatic acids, 
RCHCONHR 

R=CH&HI 
R”(CH3K 

R=(CH&CHCH$XI2 
K’=(CH3)3C 

R’=(CH,KH 149.3 
Fv=CH, 146.2 

Aromatic acids 
RCHCONHC(CH& 

I 
C&b 

R=CHs 

45.0 
45.0 

76.0 
74.1 

R 212.5 
s 205.0 

R=CH,CHr 

1.026 0.7 
ww 

1.021 0.4 
cw 

1.036 1.5 
(130”) 

119.6 
:;g 0.6 

47.1 
115.3 

45-l :;g, 

756.3 1.059 
714-O (1oo”) 

2.0 

230.5 98.6 
222.7 Fiig> 0.8 96.3 ;;gI 

1.0 

l Cbromatograph~ oil stakkss-steel columns of the following dimensions: (II) 4CQ ft. x 0.02 
in. I.D.; (In) aft. x 0.02in. I.D.; (V) 150ft. x 0.02%~ I.D. 

** See Table I. 
=** Ratio of the corrected reter?tion time of the second peak over tbat oi the first peak. 

p See Table I. 

Mechanism of resolufion 
Ln order to explain the sektive association of enantiomers, such as the N- 

TFJ4-a- and -y-amino acid esters with ditides, we have re~nffy3~~*“~‘~ proposed 
models based on the preferred confo~~~&ons of the solvents (sekc~ors~ and their 

’ In &is ,x&on, %oIvezP and “solute” wiil oft& IX refed to by the equivalent terms 
“sekctor” and “selectand)‘; &es zre operationzf delkitions fkt i.&rod~ by Mike3 ef a!. (see 
ref. 19 for a brief comment). 

- -. 
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65 163 155 1-m 275 twm* 

TIME FROM so??VENT PEAK - 

Fig. 3. Resolution of a-phenylbutyric acid tert.-b&amide. Cbromatograpbic conditions as in Fig. 
2; &r&?era~ 150”. 

modes of intermolecular hydrogen bonding. As a result of these considerations, the 
assocktion betsveen the solute and the solvent has been assumed~to resemble the /?- 
pleated sheet structure of peptides. An important aspect of the mechanism proposed 
is that t.he crystal smcture is retained to 8 certain extint in the me& through inter- 
molecular hydrogen bonding. 

We have tried a similar approach to the interpretation of the present results, 
limiting ours&es to tie strong selective elects observed for aromatic soIutes and sol- 
vents. 

For this purpose, &e crystal structure of N-xetyyl-a-(1-naphthyl)ethylamine 

Fig. 4. Frojtiion of hydrogen-bonded molecuIes of h’aoeiyl-R-a-(1-napb~hyl~~ylunine, as arranged 

in&ecry5tal_Theasymm e&k carbon atom (CO) and tie hydrogen (H) 2tt2ched to it are labelkxi for 
&e middte m&c& of&e stack. 
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(VI) * has been determined by X-ray crystzdlograpb~. Fig..4 displays the experimen- 
tally determined packing a-zmgement of the molecules of (iz)-VI along a short 4.9 A 
t.ran&tion axis with the hydrogen-bonded a_mide groups in the plane of the paper. 
A particularly relevant feature of the structure is that the hydrogen atom linked to the 
asymmetric carbon atom fits snugly between two naphthalene rings df the stack. The 
distzncc between this hydrogen atom and *he nearest ring carbon atom is, in fact, only 
2.6 A, which is less than the sum of the corresponding Van der Waals radii. 

A solute such as -N-TFA-cr-phenyletbylamine, when introduced into an excess 
of solvent molecules, i.e., under the conditions of the gas chromatographic column, 
will be able to implement fully its potential for hydrogen bond formation and associate 
with two selector molecules in a fashion similar to that shown in Fig. 4. The selectand 
could thsrn readily assume a conformation ansllogous to that of VI in Fig. 4. If its 
configuration is the sitme as that of the selector, the chiral carbon ztom with its at- 
tached hydrogen aton and methyl group, as well as the benzene ring, will replace the 
corresponding atoms and groups of the middle solvent molecule in the stack. This will 
lead to a good fit and close association. 

The corresponding zntipodic solute can also form hydrogen bonds with two 
selector molecuics, but insertion into the stack of solvent molecules;in the same man- 
ner as above, will bring about inversion of the positions of the hydrogen atom and the 
methyl group attached to the asymmetric carbon atom. The placing of the methyl 
group between the aromatic rings makes stack formation impossible without con- 
siderable distortion. In fact, X-ray studies *O of racemic c_rystals of VI showed that hy- 
drogen bonding between S- and R- isomers leads to a looser structure around the hy- 
drogen bond, which means less intermolecular contacts and a lower stability. Lt is thus 
uaderstandable that the solute with the configuration opposite to that of the phase 
is less well retained_ 

The model of association through intercalation between two selector mole- 
cules dso explains the reversal of order of emergence for the a-phenylaliphatic acid 
amides. In these molecules, the chiral atom -CH(R)Ph is &ached to the carbonyl 
and not to the NM group. In order to form hydrogen bonds and, simultaneously, to 
maximize contacts by intercalation of the benzene between the naphthalene rings of 
the solvent, the tide groups of selectand and selector cannot be related by translation 
(“in parallel”), but have to be antipamllel. This arrangement will tend, by necessity, 
to place the methyl group linked to the chiml carbon between the iiromatic rings in 
the stack, when the selectand and selector have the same con&uration. On the other 
hand, for opposite configurations of solute and solvent, the smaller hydrogen atom 
will occupy this position. Thus the stability relationships discussed above for the a- 
p’nenylcthylzmine arc reversed and, correspondingly, also t&-he order of emergence. 

The inliuence of the nature of the cyclic substitutent of both the selector and 
sclcctand molecules can be readily accounted for. The relatively large naphthalene 
ring system can form s? more rigid (close fitting) stzck than benzene (I), lezding to higher 
selectivity for an intercalated solu*& molecule of the correct configuration. On the 
o&er hand, hydrogenation of the ring(s), zs in II and IV, destroys the flat aromstic 
structure and makes close contacts more difEcult; accordingly, these phases show 
lit&c or no selectivity. Decrease in the resolution factor of ~-cyc!ohexylethylamine, 

* For fII, cxystt suitable for X-my studies could no: be obtatned. 
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compared with that of a-phenyfethylamine, on phase III can be interpreted in a 
similar manner by a reduction in the strength of the intercalation complex. 

Amphetamine cannot form good contacts when inserted into the stack, and 
should be fess well resolved than cz-phenylethylamine according to the mechanism 
proposed. The complete loss of selectivity observed for this aromatic amine may be 
due to alternative non-selective associations involving the benzene ring of the solute. 

The ahphatic amines CH,CH(NH@ show about the same r,,, values as 
a-cyclohexylethylamine. Here, too, “sandwich” associates of lesser selectivity could 
account for the resohrtion mechanism. 

The importance of the intercalation-type of association is supported by the 
data for N-methyl-a-phenyiethylamine. This compound can form only one hydrogen 
bond, and hence the resolution factor is very low. However, the r,/, value is not unity, 
and this result indicates that also a 1 :l complex with this type of solvent may show 
selectivity, which could possibly be increased by appropriate structural modifications. 

For the stmino acid derivatives, it must be remembered that they contain an 
ester group in addition to the a&de function, and association with the selector could, 
therefore, proceed in a different fashion than for the other solutes studied. 

The mechanism proposed should be considered as a working hypothesis only 
at this stage. The suggestive X-ray evidence must be corroborated by physical studies 
on association in the liquid state. However, it is gratifying to note that many of the 
experimental facts observed can be satisfactorily explained by the model used. 
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