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1. INTRODUCTION

The introduction of chemical reactions in liquid chromatography as an aid to
improving the detection properties and selectivities for certain groups of compounds
has become well known in recent years, and is demonstrated by the rapidly increasing
number of publications and the appearance of reviews and books!—* in this area.
Pre- and post-chromatographic derivatization techniques can be distinguished, and
are treated separately in this paper.

2. PRE-CHROMATOGRAPHIC TECHNIQUES

The major reasons for separating compounds as derivatives in liquid chro-
matography are to improve the detection properties and to improve the selectivity.
The latter can be attained by using the selectivity of the reagent in a clean-up process.

Pre-chromatographic techniques offer several advantages over post-chromato-
graphic methods. One is that the reaction is independent of the mobile phase. The
kinetics of the reaction are also not very critical provided that we have a reproducible
and relatively simple procedure. The possibility of working with a large excess of
reagent and having no difficulty in eliminating such an excess is attractive.

On the negative side we have the high risk of artefact formation, which often
necessitates an extensive study of the reaction conditions and of the resulting deriv-
atives.

A typical example which illustrates the problems and limitations of these
techniques is the 5-dimethylaminonaphthalene-1-sulphonyl (Dns) derivatization of
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adrenaline to form a fluorescent derivative suitable for blood analysis. The possibilities
of the fluorescence labelling of amines and phenolic compounds with Dns-Cl and
related reagents have recently been discussed?®, and the applications of this technique
to biogenic amines, particularly catecholamines, have been studied by Schwedt and

Bussemans*.
The derivatization of the adrenaline proceeds according to the following

reaction:

OH CHs CHs3
HO—QCH—CHZ—NH + Dns—Cl——Dns—OQ—CH—CHZ—r;J
HO Dns—O bns
SO,CL
ne—ct=
N(CHgz)p

This reaction has been shown by Nachtmann ez al? to proceed quantitatively by the
use of titration procedures.

As can be seen in Fig. 1 (curve A), the reaction proceeds to complete substi-
tution after 10 min, 3 moles of Dns-Cl reacting with 1 mole adrenaline. Some other
alkaloids that were also investigated showed ratios of 2:1 and 1:1, respectively. These
results were confirmed by nuclear magnetic resonance (NMR) studies on the isolated
derivatives. Studies of the fluorescence properties of these derivatives showed that the
tri-Dns-adrenaline, in spite of being the most substituted derivative, had the lowest
fluorescence yield (Fig. 2) and is unstable in that the fluorescence increases rapidly
(ca. 50%;, in 25 min) upon irradiation with UV light. The other derivatives, in contrast,
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Fig. 1. Corrected molar ratios obtained by continuous titration monitoring of the dansylation reac-
tion. (A) Adrenaline; (B) ephedrine; (C) cephaeline; (D) emetine: (E) morphine; (F) codeine with no
reaction occurring’.
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Fig. 2. Fluorescence emission spectra of the Dns derivatives recorded with a Zeiss PMQ 2 instrument
equipped with a ZFM4 fluorescence attachment. Excitation at 365 nm®.

Fig. 3. Thin-layer chromatogram of tri-Dns-adrenaline and its photodegradation products®. (1) Tri-
Dns-adrenaline (pure); (2) tri-Dns-adrenaline irradiated in benzene solution; (3) tri-Dns-adrenaline
irradiated on the plate; (4) product A irradiated in benzene sclution; (5) Dus-Cl. Chromatography
carried out on Merck SI-60 Fas, silica gel plates. Mobile phase: benzene-toluene (3:1).

showed a decrease of a few percent in this same irradiation time. This led us to believe
that adrenaline is one of the borderline cases for a meaningful application to pre-
column derivatization and prompted us to study this system further.

Irradiation of purified tri-Dns-adrenaline (structure confirmed by infrared
spectroscopy and NMR) produced several photochemical degradation products, as
can be seen in Fig. 3. Tri-Dns-adrenaline and Dns-OH, split off the derivative in the
degradation process, were positively identified on the basis of Rg-values. Product A
(Fig. 3) was isolated and the structure determined by NMR. Product A seems to
correspond to an asymmetrical dimer with the following structure:

o CHs

I o
Dns—0O CH—CHz— l}l
Dns
Q

CIDH (EH;-,
CH—CHz—rl\l
Dns
Dns—0O

There is good evidence that product B corresponds to the symmetrical dimer. Upon
irradiation of products A and B, further degradation occurs (Fig. 3), resulting in a
rapid increase in fluorescence followed by a decrease at a lower rate.

The following explanation may serve to explain these phenomena. The tri-
substituted adrenaline is strained owing to steric hindrance, as can be clearly demon-
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strated on a model; this would also explain the relatively low fluorescence yield
(Fig. 2). Upon degradation, one Dns moeity splits off in the neighbouring hydroxyl
positions of the adrenaline molecule and the dimers are formed. This results in a less
strained molecule with a higher fluorescence yield. The fluorescence is further enhanced
when the dimers split into the di-substituted monomers (probably product C in
Fig. 3). Prolonged irradiation results in a further degradation to the mono-Dns
derivative and hence a net decrease in fluorescence.

Practice has shown that with sufficient care it is still possible to use the tri-Dns
derivative of adrenaline for analytical purposes. A method has been developed for
the determination of Dns-adrenaline and Dns-noradrenaline in blood plasma by
high-performance liquid chromatography (HPLC)®. On the other hand, this example
also draws attention to the general risk of artefact formation in pre-chromatographic
derivatization techniques and the need to carry out studies of this nature for critical
systems before the development of an analytical technique is perfected.

In some instances UV labelling may be preferred to fluorescence labelling, in
spite of losing the inherent sensitivity of fluorescence techniques. The situation can
often be considerably simpler and more predictable for UV derivatization and the
additivity of extinction values, depending only on the degree of substitution, can be
useful in quantitative work, as has been shown in recent studies with sugars and
cardiac glycosides’®. For the above system, which involves p-nitrobenzoylation of
non-aromatic hydroxyl groups, not only a better UV detectability but also a beiter
chromatographic selectivity was obtained, which permitted the analysis of complex
mixtures such as that shown in Fig. 4 for an extract from digitalis plants.

The many other possibilities that exist for pre-chromatographic derivatization

for fluorescence and UV labelling can be found in detail in two books?-.
' For molecules that possess no suitable active group for derivatization but
have a reasonable basic or acidic activity. there remains the possibility of ion-pair
chromatography, the idea again being to choose an ion partner with a goed chromo-
phore or fluorophore. Much of the original work in this area was done by Schill and
co-workers®!%, who also treated the theoretical aspects of ion-pair chromatography.
Santi et al.'* have demonstrated the application of the technique to tropane alkaloids
forming picrate ion pairs. The use of these techniques in routine pharmaceutical
analysis in dissolution rate and content uniformity testing has been demonstrated by
the same group'?. An application of this principle to the analysis of active principles
in a tablet formulation for the treatment of migraine is shown in Fig. 5.

The problem was to determine small amounts of ergotamine and hyoscyamine
in the presence of up to a 1000-fold excess of caffeine and butalbital. By forming
picrate ion pairs for the two basic components ergotamine and hyoscyamine, and
detection at the UV maximum of the picrate ion (254 nm), it is possible to discriminate
partially between the other two components (see Fig. 5). Complete supression of the
absorbance of caffeine and butalbital is possible at the second absorption maximum
of the picrate ion (34° - !see Fig. 6), and a sensitive and reproducible quantitation
of the two alkaloids is .....efore feasible. The search for other ion partners with still
better detection properties is continuing!?.
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Fig. 4. HPLC of 4-nitrobenzoyl derivatives of some digitalis glycosides in a plant extract. Chromato-
graphy: r-hexane-methylene chloride-acetonitrile (10:3:3). Column, SI-60 (5 um), 15 cm = 3 mm
I.D.: flow-rate, 1.5 ml/min; 2p, 120 atm. Apparatus: Hewlett-Packard UFC 1000 with DuPont 842
UV detector (254 nm). Rheodyne 7105 injection system: 20-xl injection volume in chioroform.

3. POST-CHROMATOGRAPHIC TECHNIQUES

The developments of post-column reactors in liquid chromatography in recent
years can be traced to the lack of detectors with sufficient sensitivity and selectivity
for certain analytical problems. The advantages and disadvantages have been elabo-
rated on earlier':*, but certainly the major advantages of the reaction detector are
that artefact formation is not critical and that the reaction does not have to go to
completion or give well defined derivatives, provided that it is repreducible.

The most serious disadvantage. on the other hand, is the interdependence
between the mobile phase and the reaction medium, and this has prabably been one
of the major reasons why the development of post-column techniques in HPLC has
not been very widespread until now.

Obviously the kinetics of a reaction are also very important and determmes to
a large extent the feasibility of a reaction detector and which type should be used.
There are three different principles for the construction of such reactors: (1) tubular or
capillary reactors, (2) bed reactors and (3) air-segmented streams such as are used
in automated analysers.
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Fig. 5. Separation of components in Cafergot PB:. Column, SI-100 (5 am), 15cm * 3 mm L.D.
Mobile phase, chloroform saturated with stationary phase, 0.06 A picric acid at pH 6. Flow-rate, 0.2
ml/min. Detection at 254 nm (1.0 a.u.fs.). Peaks: 1 = butalbital; 2 = caffeine: 3 = hyoscyamine;
4 = ergotamine' (components 3 and 4 separated as ion pairs).

Fig. 6. Separation of Cafergot PB® components as ion pairs. Detection at 345 nm (0.05 a.ufs): 1 =
hyoscyamine; 2 = ergotamine!>.
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Fig. 7. Schematic representation of peak behaviour in a post-column reactor's.
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3.1. Tubular reactors
As in any other post-column reactor, the major problem is to avoid excessive

band broadening during the reaction. As shown schematically in Fig. 7, this band
broadening can occur in the mixing device(s) during addition of reagent and in the
reaction spiral. An optimal design is therefore essential in order to avoid substantial
decreases in the chromatographic resolution. The theoretical aspects of band broaden-
ing in tubular reactors have been discussed recently’*. Based on classical flow dynamic
principles, it is relatively simple to predict band broadening in tubular reactors.

A typical example of the use of a tubular reactor is briefly discussed below.
It involves the reaction of nonapeptides with Fluram® 1°.15,

The rapid kinetics of this fluorigenic reaction are shown in Fig. 8. A plateau
for this reaction is reached in ca. 50 sec. It is now possible to use a much shorter
reaction time, because at 10 sec there is close to 909, of the total fiuorescence.
Plotting peak heights against signal wiil result in a maximum (see Fig. 8), which can
give an indication of the optimal reaction time as at this point band broadening will
offset any further gains in fluorescence.

The design of the mixing unit is also of utmost importance, particularly when
solutions of different densities are mixed and when the flow-rates of the mobile phase
and the reagent stream differ considerably. In such instances mixing against the eluent
stream causes more turbulence and radial mixing and hence less band broadening.
Some useful designs are shown in Fig. 9.

An actual application of this principle is shown in Fig. 10, representing a
duplicate injection of a peptide mixture, derivatized with Fluram and detected by
fluorescence. It can be seen that the reproducibility of the chromatographic pattern
is good and the reproducibility of peak areas for major peaks is such that one can
truly speak of a quantitative technique. The band broadening measured for the oxy-
tocine peak due to the mixing device and tubular reactor is of the order of 4%/ for a
10-sec reaction time. Theoretical calculations give a lower value (3.59%,), but do not
include the influence of the mixing device. Experimental results have shown that
with the conditions used (see Fig. 10) one obtains about 7%, peak broadening for each
500-u1 reaction volume (spiral volume). If we now assume a 1-min reaction time with a
total flow-rate (reagent solution - eluent) of, say, 2 ml/min we would have 289
band broadening due to the reaction unit, which for many applications would not be
acceptable. Clearly in such a case one might have to consider the use of a bed reactor.

3.2. Bed reactors

The use of bed reactors consisting of columns packed with glass beads of
various sizes has been developed primarily by two groups!+?7. Such a bed reactor can be
considered as a chromatographic column essentially used under t, conditions (no reten-.
tion) and the theory for predicting band broadening phenomena in a bed reactor is con-
sequently based on parameters such as packing geometry, average particle size, tor-
tuosity, fluid velocity and diffusion coefficients'*»37. Taking again the above example
in which with a tubular reactor a band broadening of 28 % was obtained and cal-
culating the expected band broadening with the equations proposed earlier'?, one
would obtain well below 5% band broadening. Hence clearly for reaction times of
1 min or longer one would preferably use bed reactors in spite of the complication
introduced.
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Fig. 8. Influence of length of spiral (reaction volume and time) on the fluorescence signal. Conditions
column, RP-8 (10-um), 10cm < 0.4 cm L.D.; eluent, acetonitrile-water (20:80), pH 7; reagent
Fluram (30 mg per 100 ml of acetonitrile). Efuent flow-rate, 1.6 ml/min; reagent flow-rate, 0.1f
ml/min: injection of 100 ! of oxytocine (5 I.U./ml) via loop; fiuorescence detecticn with Amincc
fluoromonitor*®.
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Fig. 9. Different mixing units used for the Fluram-peptide reaction'®.
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Fig. 10. HPLC of a peptide mixture (purification fraction for oxytocine). Duplicate chromatogram.
Step gradient: acetonitrile, 10 to 22.5%; (pH 7). Other conditions as in Fig. 8.

3.3. Segmented-flow reactors

For even longer reaction times (i.e., longer than 3 min), one would have to
resort to the air-segmentation principle in order to overcome excessive band broaden-
ing. The theoretical aspects of air-segmented flows are the most complex and least
understood. A semi-empirical approach to achieve a better understanding of the
principle was made by Snyder’s.

Band broadening in the reaction unit can be attributed in part to leakage
between the segments (spaced by air bubbles) due to weiting of the capillary wall. This
effect, however, is small in comparison with the band broadening effects introduced by
mixing tees, debubblers or phase separators. Much effort is therefore necessary to
achieve better designs of these parts or possibly elecironic debubbling techniques.

A typical example of such a longer reaction is given here and involves the
dehydration of cardiac glycosides with concentrated hydrochioric acid to form a
fluorescent product. This process is enhanced by adding a mixture of hydrogen
peroxide and ascorbic acid, the exact mechanism being unknown. The extrapolated
kinetic curve for this reaction is shown in Fig. 11. A plateau is reached after about
0.5 h and, following our previous theory, an actual reaction time of 10 min was
chosen. Use of the air-segmentation principle is the only feasible approach from the
point of view of both reaction time and agressiveness of the reagents. An all-glass—
PTFE AutoAnalyzer unit was used.

A schematic diagram of the apparatus is shown in Fig. 12. The system corre-
sponds to the standard Technicon second-generation AutoAnalyzer unit except for
the 1eaction spirals, which where constructed with 1 mm I.D. Portex tubing. It was
possible with such a system to keep the band broadening due to the AutoAnalyzer
reactor unit below 109, which is surprising when it is considered that a mechanical
debubbler was used. The corresponding decrease in chromatographic resolution
compared with the UV signal can be seen for the two pairs of glycosides in Fig. 13.
The improvement in detectability, which is about 100 times better than for direct
UV detection, and the gain in selectivity compensate fully for this decrease in reso-
lution.
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Fig. 11. Extrapolated kinetic curve for the fluorescence reaction of desacetyllanatoside C° with
concentrated hydrochloric acid!®.

material/color code fiow rate

HPLC column (mi/min}

0.4 mi/min purmp
20x P D= Alwhite O; 053 hydrochloric acid
%0.01em = P2\, 2 air

x D1 em —-4‘02 v/orange-green| = | 0.0
Fe 1 N
;__J: V/orange bius 3 505 g??ggrouscorblc

20 x g

4 .1 ==
240 x O cmé

TECHNICON -pump

reaction 40 x - :
coil 1000 x 01 cm with air lock
45°C
==
20°c = 30x
Z/ 180 x 01 cm S o
i waste A/white @ 53 ]
waste —--——— D2 f
Ex. 350 nm : .
Em. cut off /a/l' A = Aciflex
415 nm V = Vinyi
fluorimeter recorder/
integrator

Fig. 12. Schematic diagram of the reaction detector unit for fluorescence detection'.
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Fig. 13. Comparison of the resolution of the cardiac glycosides obtained with UV Getection right after
the column and with fluorescence detection after the post-column reaction'®.

4. CONCLUSION AND PROSPECTS

Derivatization techniques can be a very powerful means of enhancing the
effectiveness of modern liquid chromatographic techniques and detectors. In order
to make full use of them, it is important to recognize the limitations and pitfalls and
to make the proper choice of the derivatization mode. As more reagents become
known and commercially available for practically all feasible functional groups, it
should be possible to adapt these techniques to a wide range of problems.

In post-column techniques, many groups are still working on optimization of
technical designs to reduce band broadening further; however, as the theoretical
aspects of these reactors become better known one could expect good advances in
this area. In 1977 significant advances in this direction could be discerned.

The possibilities of adapting thermal'?, photochemical?® and catalytic*' pro-
cesses to initiate, accelerate and simplify post-column reactions are being actively
pursued by many groups. Coupling of reaction detectors with step gradien:s!® (see
Fig. 10) and with large volume injections'®-** will greatly enhance their usefulness.
Even though the examples discussed in this paper were restricted to UV and fluo-
rescence detection, there is no doubt that this philosophy can be extended to other
detection modes. In electroanalytical detection this has in fact already been done!*:?
and work in this direction is also in progress in our laboratories.

The possibilities of using chemiluminescence techniques has been discussed by
Neary et al.**. Metal chelation phenomena have been used to adapt atomic absorption
spectrophotometry to HPLC detection? and can also be interesting for electro-
analytical detectors or flame and plasma emission techniques. The use of flame
emission spectroscopy for HPLC has been demonstrated by Kirkland?® and Freed?.
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Other similar areas of development may be seen in the future for radiochemical®s,
mass spectroscopic and phosphorescence detection.

There are many possibilities in this area for the imaginative analytical chemist.
The enhanced sensitivity and selectivity that can be gained will often be essential for
solving some of the complex trace analytical problems that we are confronted with in

modern problem-solving processes.

5. SUMMARY

Some of the advantages and also pitfalls and limitations of chemical deriva-
tization techniques are discussed. For post-column derivatization, different reactor
designs are discussed and compared. Finally, prospects are surveyed for further
development in this field.
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