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SUMMARY 

A procedure is described for preparing chromatographic sorbents with high 
specificity for particular substances. For this purpose, with the aid of a chiral template 
molecule functional groups were placed in a highly crosslinked polymer in such a 
way that they were present in a chiral cavity in a given stereochemistry. 

For example, 4-nitrophenyl-Lc-D-mannoside-2,3 ;4,6-di-O-(4_vinylphenylboron- 
ate) (1) was copolymerized to a macroporous polymer, from which the template 4- 
nitrophenyl-rr-D-mannopyranoside (2) could be split off. These polymers were used 
for the chromatographic resolution of the racemate of the template molecule 2. A 
high specificity for this separation, with separation factors up to 2.32, was obtained. 
The optical yield of the separation reached 87%. 

The number of theoretical plates for this type of column is low. Slow kinetics 
of the exchange equilibria and some unusual properties of the chromatographic 
system were observed. Apparently a peculiar separation mechanism is operative. 

INTRODUCTION 

In chromatography, it is of considerable interest to prepare sorbents with a 
high specificity for particular substances. This type of chromatography has been 
called affinity chromatography’*‘. The most specific sorbents can be obtained by. 
binding receptors of biological systems, e_,o., antibodies or enzymes, to polymers. 
These sorbents are highly specific for the antigens of the antibodies or the substrates 
of the enzymes. The disadvantage of such systems is that they are liable to be modified 
by chemicals, solvents, temperature, etc. Moreover, only for a limited number of 
substances are specific receptors known that can be isolated in a pure state: 

With a view to preparing more stable synthetic polymers having specific 
receptor structures, we tried to construct cavities of specific shape containing func- 
tional groups with binding ability_ The functional groups should possess a stereo- 
chemically exact defined arrangement (discontinuate word arrangement)3. The 

* Enzyme-analogue Built Polymers, Part VIII. For Part VII, see G. Wulff and J. Schulze, 
Awew- Cizeal.. 90 (1978) 568; Anger. Chern. Inr. Ed. Engi., 17 (1978) 537. 
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remainder of the polymer is less specific in its function and serves to support the 
structure of the cavities, in a similar manner to the function of the biopolymer in 
enzymes and antibodies. 

We have previously described a new approach for the preparation of such 
cavities containing functional groups by polymerization in the presence of template 
molecules3-‘. For that purpose the functional groups to be introduced (A, B and C in 
Scheme 1) were bound in the form of polymerizable vinyl derivatives to a suitable 
template molecule. This monomer was then copolymerized with a crosslinking como- 
nomer in the presence of an inert solvent to obtain a macroporous polymer with good 
accessibility to the template. The polymer was hi&Iy crossIinked with chains in a 
fixed arrangement. After removal of the template a polymer was formed with cavities 
stamped by the template and with functional groups in a fixed stereochemistry that 
corresponded to the chemical structure of the template (see Scheme l)_ 

Scheme 1. 

The exact arrangement of the functional groups within the cavities was con- 
firmed by the ability of the binding sites to distinguish between enantiomers. Thus 
one antipode-of a chiral template was used for the preparation of the polymer and 
the difference in the binding ability for the two enantiomers of the template was 
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measured. During the polymerization the interaction between the template and the 
functional groups should be as strong as possible and covalent bonds should be 
chosen. The interactions have to be much weaker if the same functional groups are 
to be used in a chromatographic process. In this instance the functional groups should 
undergo an easily reversible interaction with the substrate. Further, it should be 
possible to influence the position of the equilibrium over a wide range. An example 
that fulfils these critera to a certain extent is the esterification equilibrium between 
boronic acids and dials. Therefore, as an example of the new principle, p-nitrophenyl- 
a-D-mannopyranoside (2) was chosen as a template. It was esterified with 2 mole of 
p-vinylphenylboronic acid to yield (1)6_ This monomer was then copolymerized to a 
macroporous polymer. 

After removal of the templates, the free boronic acids should be retained in a 
stereospecific arrangement within the chiral cavities formed (see Scheme 2). This can 

Covered center 

OH OH 

Scheme 2. 
free center 



174 G. WULFF, W. VESPER 

be tested by determining the ratio of the amounts of the two enantiomers of the 
template embedded in the cavities of the polymer_ By equilibrating in the batch 
procedure in suitable solvents, it was shown that these polymers were able to resolve 
the racemates of the template6. In this paper, the use of these polymers for the chro- 
matographic separation of the racemates of 2 is described. In particular, we discuss 
how the particular separation mechanism influences the chromatographic behaviour. 

EXPERIMENTAL 

Prcparatiott of pol_wter_s6 
For the preparation of the polymers commercial divinylbenzene was used. 

After being distilled in a nitrogen atmosphere it contained, according to gas chroma- 
tographic analysis. 1 S. 1 Ti of p-divinylbenzene, 35.8 72 of tjr-divinylbenzene, 11 .S y,; 
of 4-ethylstgrene. 29.2 56 of 3-ethylstyrene and 4.6 P,< of diethylbenzenes, naphthalene, 
etc. This mixture of divinylbenzenes was copolymerized with 1 and styrene in the 
presence of an inert solvent vvith azobis(isobutyronitrile) (O-7”,;; of the monomeric 

misture) as initiator for 4 days at SO’. 
For the preparation of polymer Z. a mixture of divinylbenzene enriched with 

the p-isome? was used. The composition vvas 73.2 7.;; of p-divinylbenzene, 14.8 pi, of 
tir-divinylbenzene. 4.1 “0 of 4-ethylstyrene and 5.40s of 3-ethylstyrene. After poly- 
merization. the polymer was milled (Janke-Kunkel A10 or Alpine Contraplex 63C 
millj and wet sieved under acetonitrile. Polymer vvith a grain size of 32-45 tlrn (in the 
sl.volIen state) was used for chromatography. 

Ch-otttatograph_v 
Columns were filled by the slurry packin g method under pressure in methanol 

as solvent. Thick-wailed glass columns of length 200 mm and I.D. 4 mm equipped 
with a water-jacket (Quickfit) were filled with approximately 0.6 g of polymer at 
pressures up to 100 bar. 

The chromatographic system consisted of a Waters Model 6000 high- 
performance liquid chromatography (HPLC) pump. and a UV detector with variable 
wavelength (Zeiss PM 2 DLC). The detector was used at the absorption maximum 
of.2 (i,,, = 300 nm. tog F = 4.07). The template of the polymer packing was split 
off at 50’ Lvith methanol containing 5 Tf of water during 20 h at a pumping rate of 
0.4 mljmin. The eluents used for chromatography and the conditions applied are 
given in Table III. For very low pumpin g rates. the control electronics of the Waters 
Model 6000 pump vvere modified so that the original pumping rate could be switched 
down to one fifth, i.e., to 0.02 mlimin. The retention volumes were obtained by 
injecting the D- and r-forms of 2 separately. The dead volume (1~~~) was estimated by 
injecting acetone, as it gave nearly the same retention volume as 2 in methanol-water 
(9:I). where no boronic esters can be formed. 

For the gel permeation chromatographic (GPC) experiments the polymer was 
swollen in tetrahydrofuran (THF) and slurry packed as described above. Polystyrene 
standards were supplied by Waters Assoc. (Milford, Mass., U.S.A.) or Knauer 
(Obcrursel, G.F.R.). The effective diameter of the polymer coils used in Fig. 3 is twice 
the diameter of an equivalent hydrodynamic sphere, which can be calculated9 from 
Flory’s equation and the Mark-Houwink parameterslO_ 

The volume of the whole chromatographic system was 2.7 ml, the interstitial 
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volume was 0.9-I .6 ml and the volume of solvent imbibed in the pores of the column 
packing was 0.7-l .4 ml. 

ELectron micrography was carried out by Dr. A. Maas (Study Group for Solid 
State Surfaces. University of Bonn). The samples for the scanning electron micro- 
scope (S4 Stereoscan, Cambridge Scientific Instruments) were coated with carbon 
and 30 nm of gold in an Es000 SEM coating unit (Polarson Equipment). 

The polymers for the EM 300 transmission electron microscope (Philips) were 
treated with lead acetate to give a better contrast. For this purpose the polymers 
were impregnated under vacuum with a solution of lead acetate in glacial acetic acid 
and dried. The microscopic objects were prepared by scraping OR small.pieces from 
the polymer grain. The polymer A3 in FI,. ‘m 2 originates from a different series of 
tests, which was based on methyl methacrylates. The monomer mixture had the 
composition 51.0~~~ of ethylene dimethacrylate, 23.3 7; of methyl methacrylate and 
25.7Ti; D-mannitol-1,2;3,4;5.6-tri(4-~~inylphenylboronate). 

The inner surfaces of the polymers were measured according to the B.E.T. 
method; the swellability factor was determined, as described earlie@, from the 
specific bulk volume and the specific gel bed volume. 

RESULTS AND DISCUSSION 

Char-ectt~rization of the sor-bents 
Sorbents with cavities of specific shape and with functional groups in a “dis- 

continuate word” arrangement should possess the following properties: 
(i) The shape of the cavity and the arrangement of the functional groups 

should be preserved after splittin g off the template. For this. extensive crosslinking 
and a low swellability are desirable. 

(ii) The cavities and the functional groups therein should have some degree of 
flexibility to ensure a fast uptake and release of the template in the cavity in an 
equilibrium reaction. This requirement is contradictory to (i). 

(iii) It should be possible to remove a high proportion of the template after 
the polymerization. Therefore, good accessibility to the cavities is necessary. In 
particular, this is necessary durin g the chromatographic process that sho.uld not 
be hindered by slow diffusion processes. 

(iv) The sorbent should be mechanically stable so that it can be used in chroma- 
tographic columns under pressure. 

A rigid and mechanically stable polymer can be obtained by introducing a 
high degree of crosslinking. If the polymerization is carried out in the presence of an 
inert solvent, macroporous polymers with large inner surface areas and good acces- 
sibility are obtained. According to the results of Millar” and Haupke and Hoffmann”, 
40-5OyJ of crosslinking agent in the monomeric mixture and a ratio of monomer to 
solvent of 1:l yield polymers with considerable macroporosity. As we had to use 
other solvents for solubility reasons and the monomer 1 acted as a crosslinking agent 
as well, the results in the literature cou!d not be adopted directly. Moreover, it could 
not be foreseen how the polymers would behave in a chromatographic process, 
where for kinetic reasons some flexibility is necessary. Therefore, polymers E-Q 
(see Table I) with different compositions were prepared; in particular, the amount of 
crosslinking agent was varied (L-Q). 
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TABLE I 

CO>JJ’OSJTJOX OF THE POLYMERIZATION MIXTURE FOR THE PREPARATION OF 

i 
I 

K 
F 
G 
H 
L 
>I 
s 
0 

f, 

2 I”,) umole~f_‘pe~ 3VB’ 
drum of tni.Wcre ( “J 
~. - _-- 

16.7 0.317 45 
16.7 0.317 45 
16.7 0.317 15 
11.1 O.‘l? _ - 1s 
5.6 0.106 31 
5.0 0.095 il.3 
5.6 0.106 10 
5.6 0.106 20 
5.6 0.106 30 
5.6 0.106 40 
5.6 0.106 50 
5.6 0.106 SO 

- 
75.9 
57.1 
3S.9 
70.1 

1.8 
5.9 

_ 

0.50 0.50 

1 .oo 
-. 1 .oo 

0.50 0.50 
0.50 0.50 
0.50 0.50 
0.50 0.50 
0.50 0.50 
0.50 0.50 
0.50 0.50 
0.50 0.50 
0.50 0.50 

’ DVB commercial divinylbcnzene mixture. 

The poly~~xrs thus obtained. \vith the exception of L and M, show the typical 
structure of macroporous polymers (I sho\vs only aveIling porosity). The scanning 
electron micrograph for polymer G (Fig. 1) sho\vs that it consists of primary particles 
gonn together with diameters of 100-200 nm. Between these particles. a system of 

pores (macropores) is formed. which can be seen in the transmission electron micro- 

Fig. I _ Scanning electron micrograph of polymer G. The sample was coated with carbon and 30 nm 
oTguld. hliignification 10,600 . 
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graph (Fig. 2). A better insight into the porous swucture of the polymers, especially 
in the swollen state, can be obtained from GPC. Fig 3 sho~vs the usual calibration 
graphs obtained with polystyrene standards for a series of polymers. With an in- 
creasing degree of crosslinkin, = the moleculnr weight of the exclusion limit also 
increases. The size of the largest macropores is indicated by the ef-t‘ective diameter 
of a polymer coil with the molecular weight of the exclusion limit. As can be seen, 
with small amounts of crosslinking agent only small pores (-;I 5 nmj are present, 
whereas with larger amounts more and more macropores (up to 50 nmj are formed. 
Polymers L and M are not macroporous. and only micropores esist. 

Fig. 2. Transmission electron micrograph of polymer A3. The sample was treated with kad acc’t;ltr’ for 
;1 better contrast. Ma=nilicrttion 670.000 _ 

For the accessibility of a macroporous polymer both the pore structure and 
the inner surfxe area xe determining fxtors. As in all instances of higher cross- 
linking high inner suxfxe areas (112-625 m’;g) (see Table Ii) are present and nearly 
all pores are penetrable for the template 2, sufficient accessibility seems to be reached. 

The pore diameters depend on the degree of slvelling of the polymers. GPC 
was performed in tetrahydrofuran as solvent and the sepxntion of the racemates by 
column chromatography with methanol ;LS eluent. Therefore_ it is important to 
know the degree of swelling in both solvents. Further_ the degree of slvelling indicates 
the rigidity of the arrangement in the cavities. 

Information on the swellability could be obtained from the proportion of the 
specific gel bed volume in the corresponding so!vent to the bulk volume according 
to Heitz and Platt13 (see Table II). Fig. 4 shows these ratios for methanol and tetra- 
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I 

1 0 E 0.; 1.2 1.4 1.6 18 SC 2’2 2,r 2.5 
m: r-e:p”:;cn ‘,o!urr.e 

Fig. 3. GPC caiibration graphs for polymers L-Q in THF with polystyrenes of different molecular 
\veigh<. On the right-hand ordinate the rffective diameters of the polymer coils arc given. 

TABLE II 

E 
I 
K 
F 
G 
H 
L 
M 
s 
0 

112 I.82 3.26 1.79 
. ,- . 3 l.SO 7.93 1.63 
212 3.22 4.35 1.35 

19 7.03 4.07 2.00 
227’ 7.31 4.12 1 .s3 
199 1.90 1.01 2.11 

- -. . . 3 1.59 1.60 1.02 
x5 I .?S 1.61 1.10 
197 2.05 3.54 1 .I2 
375 2.17 4.39 2.01 
455 2.12 4.48 2.02 
610 2.75 4.11 1.50 

* New measurements yielded this value, which is different from that reported earlier6. 

hydrofuran as a function of the degree of crosslinkin g. Polystyrene is soluble in tetra- 
hydrofuran and with increasing degree of crosslinking of the polymers the swellability 
decreases. On the other hand, polystyrene is insoluble in methanol and in this solvent 
the swellability increases with increasing degree of crosslinking in the polymer in the 
region of 1040”/~ of crosshnkin g agent and at hioJler percentages it decreases 
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Fig. 4. Dependence of the swellability factors in methanol and THF on the amount of crosslinking 
agent in polymers L-Q. 

again. This swellability is connected with the inner surface area of the polymers and 
can be explained by solvation of the functional groups within the cavities. With a 
higher degree of DVB the effect of the increasing inner surface area is overcompensated 
by the strong rigidity of the polymer. 

The polymers were sieved to a grain size of 32-45 ;tm and filled by the slurry 
packing method into the column of an HPLC set-up. With methanol-water (95:5) 
the boronic diester bonds were hydrolysed and the templates were spiit off: approxi- 
mately SOT; of the templates could be removed. Complete removal of the templates 
cannot be expected with macroporous polymers. as the dense, highly crosslinked 
parts (the so-called nuclei”) formed durin g the heterogeneous polymerization are 
not fully penetrable. If the water content of the methanol is reduced, it is possible to 
adjust the equilibrium between the template and the boronic acids in the cavities in 
such a way that on chromatography with the template relative retentions (k’) between 
3 and i0 are reached. Under these conditions, mainly a trans-esterification between 
boronic dimethyl esters and the templates occurs6. 

For a precise determination of the racemic resolution both enantiomers of the 
template were injected separately. The ratio of the relative retentions for the D- and 
L-forms is expressed by the separation factor, U: 

where t,, = retention time of the D-form, r/, = retention volume of the .D-form, 
li’u = relative retention of the D-form, tL, V,_ and X-‘, are corresponding properties for 
the L-form and V, = dead volume of the column. The separation factor may serve 
as a measurement of the specificity of the arrangement within the cavities. 

Table III shows some results of the chromatographic investigation of the 
polymers. It can be seen that the o. values, i.e., the specificity of the sorbents, are 
high, ranging from 1.05 to 2.32. The specificity is strongly dependent on the degree 
of crosslinking, as can be seen from Fig. 5. Polymers with a low degree of crosslinking 
show no specificity. The specificity increases with increasing degree of crosslinking. 



180 G. WULFF, W. VESPER 

T_4BLE III 

CHROMATOGRAPHIC RESULTS 

PO&- Ehent composition (s) * Flow-rate Colunm V0 
mer 

AN MeOH Hz0 Pip 
(mI/tnin) tempera- (ml) 

twe 

(“C) 

Retention Separa- Number of Optical 
vohctne (WI) tion theoretical yiehi 

L-for,,, D-for,,, facror’ a ‘late’ is, -* 

E SO 19-s 0.2 - 0.4 60 1.82 25.6 57.0 
I 80 19.5 0.5 - 0.2 60 1.92 22.8 34.8 
K so 19.s 0.2 - 0.2 60 2.0 48.4 82.4 
F so 19.S 0.2 - 0.2 60 2.05 25.1 41.5 
G - 97.9s 0.02 2 0.2 60 2.36 s.75 13.3 
H - 97.98 0.02 2 0.02 65 2.15 4.63 7.71 
L - 97.97 0.03 2 0.4 60 1.63 2.36 2.36 
M - 97.97 0.03 1 0.2 50 1.65 5.56 5.61 
N - 97.97 0.03 1 0.2 50 ’ 77 11.2 12.2 
0 - 97.97 0.03 2 0.2 60 2:;7 5.50 6.55 
P - 97.97 0.03 2 O-2 50 1.70 12.4 16.9 
Q - 97.97 0.03 2 0.2 50 1.70 9.6 13.8 

* AN = acetonitrile: Pip = piperidine. 

2.32 6 3 
1.37 14 6 
1.73 3 2 
1.73 4 3 
1.71 33 10 
2.26 95 14 
1.00 114 114 
1.01 41 39 
1.10 68 35 
1.33 43 21 
1.42 28 12 
1.53 26 10 

-. ___ .__.~___ 

67 
52 
51 
3s 
62 
87 

0 
<5 
t30 
t30 
t30 
(30 

** Optical yields were calculated by graphical integration of the chromatograms accorditig to 
L;rttringhaus’j. 

If the amount of 1 in the monomeric mixture is decreased (polymers E, F, G and H) 
the specificity is increased. 

It should be noted that the racemates of substances other than the templates 
(e.g., mandelic acid) show no racemic resolution, whereas more closely related sub- 
stances (e_ g_, glyceric acid benzyl ester) exhibit a small but significant effect (u = 1 .OS). 

For a good chromatographic resolution not only a high separation factor but 
also narrow peaks, i.e., a large number of theoretical plates, are needed. Unfortunately, 
the peaks in our chromatograms are broad and strong tailing is shown, especially by 

60 70 eo 5 

dlviny!benzene 

Fig. 5. Dependence of the separation factors, (I, in chromatography on the amount of crosslinking 
agent in the prjlymer (L-Q). Chromatographic conditions: temperature, 50”; eIuent, methanol-2% 
piperidine; flow-rate, 0.2 ml/min; sample, 20,ug of D- or r-form of 2 injected separately. 
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the more strongly bound D-form. Therefore, it is difficult to calculate the number of 
plates16_ From the peak width at half-height (b,,J, &heOr. was roughly estimated: 

hhcor. =Sln2(p)* 
l/2 

As this method was used throughout in spite of errors in the estimation of n, it can 
be taken for comparison purposes (see Table III). 

Fig. 6 shows a chromatogram of the resolution experiments on a polymer, 
D- and r-p-nitrophenyl mannoside being injected separately. Although the separation 
factor is high (a = 2.32) the peaks are very broad. In Fig. 7 the separation factor is 
a little bit smaller (CL = 2.26) but the number of plates is considerably higher. In this 
instance the separation of the racemic mixture was carried out and an optical yield 
of 87% was obtained. Most of the first eluted L-form is obtained in optically pure 
form. It is striking that the more specifically bound D-form shows broad peaks with 
long tailing. 

We investigated how the separation factor and the number of plates are 
influenced by the chromatographic conditions. From the results it was hoped to be 
able to optimize the separation and to obtain some information on the separation 
mechanism_ 

2 
0 20 40 60 80 100 120 140 160 180 200 ml 

retention vo!ume 

Fig. 6. Chromatography of D- and L-Gnitrophenyl-a-mannopyranoside on polymer E (0.6 g). Flow- 
rate, 0.4 ml/min; solvent, acetonitrile-methanol-water (80:20:0.02); sample, 100 ylg of I_- or n-form 
of 2 injected separately; temperature 60'; a value, 2.37; optical yield, 68%. 

(a) I@uence of tire tJtpe of solvetzt. If the solvent is changed, two effects have 
to be taken into account. Firstly, the equilibrium of the substance between the 
sorbent and solution may be changed, giving a different Fi’ value, and secondly, the 
degree of swelling may be influenced. This phenomenon‘would also alter the k’ 
values, as the number of accessible binding sites is changed. 

If the water content in methanol as eluent is reduced, the k’ values increase, 
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Racemate 

J ,I’ ==____ 
’ G f 2 3 4 5 6 7 a 9 10 f3i 

retention volume 

Fig. 7. Chromatography of the racemate of 2 on polymer H (0.6 g). Flow-rate, 0.02 ml,‘min: solvent, 
methanol-piperidine (9S:Z); sample, 1OO~cg of racemate of 3; temperature, 65”; c( value, 2.26; optical 
yield, 57 %. 

the increase being more pronounced for the D- than for the r-form, thus leading to 
an increase in the ~1 values. At the same rime the number of plates also decreases, 
thus worsening the resolution. 

With water as eluent little binding and no racemic resolution are observed. It 
is known that in alkaline media basic boronic diesters with tetrahedral boron (3) 
instead of esters with trigonal boron are formed. Therefore, the chromatography of 
dials on gels containing boronic acids is possible in water at pH > 917yis. In our 
work no separation between D- and r-forms could be observed under these conditions. 

Whereas the addition of acids to methanol as eluent has no significant effect, 
the addition of 0.5 72 of ammonia solution increases k’ three-fold. The effect of piperi- 
dine is even more pronounced. It can be assumed that in these instances basic esters 
of the type 4 are formed. 

I 
OH 

Qi,O 
&I’ 

Q--B 
I 0 

‘0 3 Rg-,- 
‘0 1 

(3) (4) 

Fig. 8 shows the dependence of the retention volumes of the D- and r_-forms 
on the amount of piperidine present in the eluent. As can be seen from Fig. 9, the 
separation factor, CL, also improves as the amount of piperidine is increased_ 

In tetrahydrofuran virtually no retention of 2 is observed; it appears at a 
position on the chromatogram that would be expected from its molecular weight. 
Possibly owing to swelling of the matrix but not of the cavities, the latter are not 
accessible to 2. 
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Fig. 8. Influence of amount of piperidine on retention volume, V,. Chromatographic conditions: 
polymer E (0.6 g); flow-rate, 1.0 ml/min; solvent, methanol with increasing amount of piperidine: 
sample, 1OOj~g of D- or L-form of 2 injected separately; temperature, 60’. , 

Fig. 9. Influence of amount of piperidine on separation factor, a. Conditions as in Fig. S. 

(6) Sample capacity. At low ratios of substance to sorbent (3.5-28 ,~lg on 
0.6 g of sorbent), VR and CL remain constant. At 220 ,LL~ of substance V, begins to 
decrease, although CL still remains constant. 

(c) Iy7uetxe ofjow-rate. At lower flow-rates the separation factor improves 
markedly, as can be seen from Fig. 10. This can be explained by the fact that the 
equilibria are now better established. In accordance with this, Fig. 11 shows that the 
retention volumes also increase. Surprisingly, the number of plates of the column 
does not change significantly. This is in contrast to the chromatography of substances 
that give no interaction with boronic acids, such as acetone and nitrobeniene, and 
which show high II values (800-1500 per 20 cm), increasing with decreasing pumping 
rate. This effect will be discussed later. Such non-ideal behaviour is also shown on 
elongation of the columns. Columns of length 1 m show nearly the same 12 value for 
2 as does a column of length 20 cm, whereas for acetone ?I increases proportionally 
with column length, as one would expect. 

IOh, o:,, , , , I, (, , 

0 0.4 0.8 1.2 1.6 2.0 0 0.4 0.8 1.2 1.6 2.0 

ml/min flow-rate ml /min f LOW-rate 

Fig. 10. Dependence of separation factor, a, on flow-rate. Chromatographic conditions: polymer E 
(0.6 g): solvent, methanol-acetonitrile-water (19.5:80:0.5); sample, 100,ug of D- or r-form of 2 in- 
jected separately; temperature, 60’. 

Fig. 11. Dependence of retention volume, V R, on flow-rate. Conditions as in Fig. 10. 
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(d) Iq¶uence of temperature. With methanol or methanol-acetonitrile as 
eluent, VR increases with increasing temperature, the increase being greater for the 
the D- than for the L-form. This results in a considerable increase in the separation 
factor, u, as is indicated in Figs. 12 and 13. At higher temperatures (above 609, V, 
drifts to lower values during the measurin, = time. It could be shown that after use of 
a column for 6 weeks at 60” the boron content was reduced from 1.03 to O_60°75. This 
means that the B-C bond is cleaved during chromatography, possibly by oxygen 
dissolved in the eluert. This effect is markedly reduced by carrying out the chromato- 
graphy in a nitrogen atmosphere_ 

I 
I I I I I I I I I I I I I 

20 30 a0 50 60 70 “C 20 30 40 50 60 70 “C 

column temperature column temperature 

Fig_ 12. Influence of temperature on retention volume, VR. Chromatographic conditions: polymer C 
(0.6 g); flow-rate, 0.1 ml/min; solvent, methanol-0.2% water; sample, 17 pg of D- or r-form of 2 in- 
jected separately. At 70’ VK begins rapidly to decrease during the time of measurement. The values 
indicated by A have been extrapolated to the time of the change of temperature from 60 to 70” from 
the known rate of decrease at 70’. 

Fig. 13. Influence of temperature on separation factor, n. Conditions 2s in Fig. 12. 

CONCl_USION 

The results indicate that it is possible to prepare chromato_graphic sorbents 
with cavities of a specific shape and with functional groups therein in a stereospecific 
arrangement: These polymers bear structural analogies to biological receptors_ In a 
chromatographic process these polymers possess a pronounced difference in the 
binding ability for the two enantiomers of the template. The separation factors 
achieved are high, ranging from- 1.05 to 2.32, and are higher than those obtained in 
the batch procedure6. This can be explained by the fact that the microcavities possess 
a broad distribution of specificity’, and in chromatography with very low loadings 
only the most specific cavities are responsible for the separation_ In contrast, in the 
batch procedure higher ratios of substance to sorbent have generally been used6p7. 

For chromatographic purposes these sorbents have to be improved, as broad 
peaks with strong tailing occur. The small number of theoretical plates cannot be 
ascribed to the performance of the column, as the results are reproducible on different 
columns with the same sorbent and as substances such as acetone and nitrobenzene 
SLOW high n values. 
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Apparently this type of chromatography has a particular binding mechanism 
that is different from that found in common chromatography, and this mainly affects 
the kinetics of the exchange equilibria. Hence it is surprising that IZ is not substantially 
affected by the flow-rate, the temperature or the length of the columns. Further, at 
higher temperature the retention volume increases. The kinetics will be discussed 
below, considering our investigations on the structure of the polymers and the litera- 
ture data on macroporous poIymersll~lJ. 

Fig. 14 shows the structure of the polymers schematically. There are highly 
crosslinked parts (the so-called nuclei) (diameter n = 100-200 nm) connected by 
parts with a lower degree of crosslinking. Between the nuclei a system of macropores 
(d = 20-50 nm) is formed. It can be assumed that the diffusion within the macro- 
pores is not hindered in any way. The microcavities formed by splitting off the tem- 
plates are of the order of l-2 nm, and are situated near to the inner surface (lOO- 
400 mZ/g) or inside the denser nuclei. Templates inside a highly crosslinked part of 
the nuclei will be entrapped and cannot be split off. Accessibility to the microcavities 
in the nuclei will be strongly dependent on the degree of swelling of the polymer. 
Diffusion within the crosslinked part is possible to some extent, but may be hindered. 
The pores formed within the nuclei are called micropores and their sizes are of the 
same as the microcavities or somewhat larger. 

Fig. 14. Schematic diagrams of a macroporous polymer with chiral microcavities at two magnifica- 
tions. 

The kinetics of the exchange equilibria may be influenced by the kinetics of the 
reaction of the boronic acids with the template to form the boronic diester. From 
low-molecular-weight analogues it was shown that the half-life of the forward reaction 
of benzeneboronic acid with propanediol and also that of the reverse hydrolysis 
reaction was of the order of 100-200 secrg. For a chromatographic process this is 
not very fast, but as on slowing down the flow-rate the plate number, 12, is. only 
slightly improved, the main reason for peak broadening must be sought elsewhere. 
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It is to be expected that it is difficult to bind the template in highly specific 
microcavities if the chains in the surroundings possess high rigidity. Some flexibility 
of the arrangement should be present. The larger retention volumes and the higher 
separation factors at higher temperatures may be attributed to the fact that owing to 
greater swelling and greater flexibility, highly specific microcavities not accessible at 
lower temperatures can now bind the template. 

The embedding of the substrate in the microcavities will be further com- 
plicated, as the microcavities are stamped by the end-product of the reaction, i.e., 

boronic diesters with trigonal boron. However, as the transition state of the reaction 
of the boronic acids with dials to form the cyclic diesters is assumed to contain a 
tetrahedral boron atom, the siow reaction kinetics may also be attributed to the 
different stereochemistry of the transition state. 

We are at present studying possibilities of improving the chromntographic 
behaviour of our sorbents, along the following lines: 

(i) the use of highly crosslinked polymers with more flexible crosslinking 
agents : 

(ii) the use of functional groups with a faster eschange equilibrium; this can 
be done by suitable neighbouring group effects; 

(iii) the use of monomers in which the stereochemistry of the transition state 
of the reaction is similar to that of the-end-product. 
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