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Abstract

The hyphenation of HPLC together with NMR spectroscopy proves advantageous for the structure elucidation of
oxidation- and UV-sensitive compounds such as b-carotene isomers. In the closed-loop HPLC–NMR system,
degradation or isomerization of separated compounds is largely hindered. With the help of 3-mm C30 stationary
phases a better separation efficiency towards the different b-carotene cis/trans isomers could be obtained in
comparison to a 5-mm material, resulting in sharper peaks and a better resolution of all compounds. This effect
greatly faciliated the structure determination of the isomers by HPLC–NMR coupling. Due to the introduction of a
superior stationary phase, the structure of seven cis-isomers of b-carotene could thereby be determined employing the
stopped-flow HPLC–1H-NMR mode. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The structural assignment of unknown com-
pounds separated by a chromatographic separa-
tion technique is often a problem. Nuclear
magnetic resonance (NMR) spectroscopy with its
superior stereochemical information content can

be used as a universal detection technique for
structural elucidation. Because of the relatively
low sensitivity of 1H-NMR spectroscopy for sepa-
ration with analytical columns, 120-ml NMR flow-
cells are mainly used. For the registration of
either 1-D or 2-D 1H-NMR spectra in an on-line
HPLC–NMR coupling experiment, it is crucial to
reach the highest possible concentration level of
every separated compound in the NMR flow-cell.
At least the apparent concentration of the peak of
interest should fit to the currently available NMR
sensitivity levels in the upper nanogram range.
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Therefore, the ideal chromatographic separation
for on-line HPLC–NMR experiments should re-
sult in small peak shapes in the order of 200 ml for
all compounds under investigation.

For the separation of carotenoids, with the
introduction of C30 stationary phases [1], their

analysis using RP-materials has reached the same
resolution as with the so far used normal phase
chromatography. Several papers in the field of
carotenoid research using C30 stationary phases
were published, identifying the separated com-
pounds by different spectroscopic techniques like

Fig. 1. Comparison of the separation of b-carotene cis/trans isomers using a 5-mm (top) and 3-mm C30 stationary phase (bottom).
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Fig. 2. Structures of the identified cis/trans isomers of b-carotene.

UV [2,3], MS [4,5] and NMR [6,7]. Additionally,
systematic studies of the influence of temperature
[8,9] and alkyl chain length [10,11] on the column
performance were executed.

For the separation of carotenoid cis/trans iso-
mers, C30 stationary phases with 5 mm diameter
have been employed. We have examined the influ-
ence of particle size on the separation profile of
b-carotene cis/trans isomers on C30 columns and
the resulting effect on HPLC–1H-NMR detec-
tion. Although 3-mm particles have been described
in previous work [6], no comparison was shown
between 3- and 5-mm particles. In this paper we
show that for the determination and structure
elucidation of minor compounds in complex mix-
tures the enhanced resolution is the crucial
parameter.

2. Experimental

2.1. Materials

HPLC separations were carried out using ace-
tone LiChrosolv gradient grade (Merck KGaA,

Darmstadt, Germany) and deuteriumoxide 99.9%
(Deutero GmbH, Herresbach, Germany). Ther-
mally isomerized ß-carotene was provided from
BASF AG (Ludwigshafen, Germany).

2.2. Columns

2.2.1. 5-mm column
A 5-mm, 200 A, YMC silica gel (YMC Europe

GmbH, Schermbeck, Germany) was modified
with triacontyltrichlorosilane (ABCR, Karlsruhe,
Germany) in a similar fashion as described previ-
ously [1] [9]. The stationary phase was slurry
packed into a 250×4.6-mm stainless steel column
(Bischoff, Leonberg, Germany).

2.2.2. 3-mm column
A 3-mm, 200 A, silica gel (research sample,

Merck KGaA, Darmstadt, Germany) was
modified with triacontyltrichlorosilane (ABCR,
Karlsruhe, Germany). The stationary phase was
packed into a 250×4.6 mm stainless steel column
(Bischoff, Leonberg, Germany).
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2.3. HPLC–NMR coupling

Separations were performed under ambient con-
ditions using a Merck LiChrograph L-6200A gra-
dient pump and a Merck LiChrograph
L-4000/4200 UV/Vis detector. The solvent compo-

sition was kept isocratic using acetone: D2O, 92:8
and 93:7 for the 5- and 3-mm columns, respectively.
A flow rate of 1 ml/min and a detection at 450 nm
were used. For the coupling experiments, 10–20 ml
of a 2% solution were injected onto the column.
The amount of sample detected of each isomer

Fig. 3. Stacked-plot of the stopped-flow 1H-NMR spectra of all b-carotene isomers.
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Table 1
1H-NMR chemical shift values for the b-carotene isomers determined by HPLC–NMR couplinga

9-cis 13,15-dicisProton 9,13,13%-tricisAll-trans 9,9%,13-tricis9,13-dicis13-cis

6.336.36 (+0.04)6.36 (+0.04)6.316.336.32 6.33H-7
6.32 6.32 6.31H-7% 6.32 6.36 (+0.04) 6.33 6.33

6.256.84 (+0.58)H-8 6.26 6.86 (+0.60) 6.25 6.86 (+0.60) 6.86 (+0.60)
H-8% 6.256.266.86 (+0.60)6.266.256.256.26

6.26 (-0.05)6.28 (-0.03)6.29 6.36 (+0.05)6.38 (+0.07)6.20 (-0 09)6.31H-10
6.20 (-0.11) 6.35 (+0 04)H-10% 6.31 6.31 6.29 6.306.31

6.92 (+0.08) 6.82H-11 6.84 6.93 (+0 09) 6.84 6.94 (+0.10) 6.94 (+0.10)
6.93 (+0-09) 6.83H-11% 6.84 6.84 6.83 6.87 (+0.03)6.83

6.51 6.45 (-0.06) 7.12 (+0.61)H-12 7.06 (+0.55) 7.05 (+0�54) 7.03 (+0.52) 7.10 (+0.59)
6.50H-12% 6.51 6.58 (+0.07)7.10 (+0.59)6.44 (-0-07)6.516.51

6.43H-14 6.27 (-0.16)6.42 6.27 (-0.16) 6.26 (-0.17) 6.24 (-0.19) 6.87 (+0.44)
H-14% 6.43 6.42 6.41 6.41 6.40 (-0-03) 6.58 (+0.15) 6.95 (+0.52)
H-15 6.55 (-0.28)6.94 (+0.11)7.01 (+0.18)7.02 (+0 19)7.03 (+0.20)6.826.83

6.74 (-0 09)6.75 (-0.08)6.75 (-0.08)6.826.83 6.86 (+0.03)H-15% 6.26 (-0.57)

a The values in brackets denote the difference (in ppm) to the chemical shift value of the corresponding proton of all-trans
b-carotene.

came up to about 60 mg for all-trans, 13-cis, and
9-cis, 24 mg of 9,13-dicis, and 9 mg of 13,15-dicis,
9,9%,13-tricis, and 9,13,13%-tricis.

HPLC–NMR experiments were conducted on
a Bruker AMX 600 spectrometer. The chromato-
graphic equipment and BPSU (Bruker Peak Sam-
pling Unit) necessary for stopped-flow
experiments were controlled by Chromstar soft-
ware (Bruker). Detection of 1H-NMR spectra was
performed with an inverse probe with a detection
volume of 120 ml. The deuterium signal of D2O
served as lock signal for spectrometer stability.

2.3.1. 1-D 1H-NMR spectra
Solvent signal suppression of the acetone were

performed using low power presaturation for
1.6 s, resulting in a receiver gain of 512. For all
experiments, a time domain consisting of 32 K
computer points and a spectral width of 8474 Hz
were used. Two hundred and fifty six transients
were coadded per FID for the all-trans isomer,
512 transients for the 13-cis and 9-cis isomer, and
2048 transients for all other isomers. Prior to
Fourier transformation (FT), an exponential mul-
tiplication corresponding to a line broadening fac-
tor of 1 Hz was applied. For chemical shift
calibration, the suppressed signal of acetone was
set to 2.2 ppm.

2.3.2. 2-D 1H-NMR spectra
For the 2-D 1H-COSY 45 spectra, the number

of experiments in the F1-dimension was set to 256
for the all-trans, 9-cis, and 13-cis isomer, and
between 360 and 400 for the other b-carotene
isomers. Sixteen scans were added for each FID
for the all-trans isomer, 36 for 13-cis, 40 for 9-cis,
128 for 9,13-dicis, and 160 for all other isomers. A
time domain of 2 K and sweep width of 8487.6
Hz were used. Solvent signal suppression for 1 s
resulted in a receiver gain of 512. The overall
experiment time amounted to about 1.5 h for the
all-trans, 3 h for 9-cis and 13-cis, and 20 h for all
the other isomers. Processing was done with
XWINNMR (Bruker) on an Indy workstation
(Silicon Graphics Inc.). Each FID was multiplied
with a pure sine wave function before FT, and 2
K of data points have been used in both direc-
tions. After baseline correction the spectra were
symmetrized about the diagonal.

3. Results and discussion

We previously reported the structure elucida-
tion of b-carotene isomers by HPLC–NMR cou-
pling using a 5-mm C30 bonded phase [7]. In this
work, the structure of five isomers had been deter-.
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mined, from the three most abundant isomers the
structure could be confirmed by 2-D NMR spec-
troscopy. The corresponding chromatogram is

shown in the upper part of Fig. 1. Although the
selectivity towards the cis/trans isomers of
b-carotene isomers is good, the overall peak shape

Fig. 4. Olefinic part of a COSY 45 spectrum of 9,13,13%-tricis b-carotene.
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Fig. 5. Olefinic part of a COSY 45 spectrum of 13,15-dicis b-carotene.

is quite broad. A significant degree of column
overloading was necessary for these HPLC–
NMR experiments. Due to the broad peaks the

highest amount of sample to be put onto the
column soon reached its limit and peak overlap
occurred. Therefore, the concentration of the sin-
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gle isomers was limited, so that only the acquisi-
tion of 2-D COSY spectra for the three most
abundant isomers was possible.

The lower chromatogram of Fig. 1 shows the
separation of the same sample mixture with simi-
lar conditions, but with a 3-mm C30 stationary
phase. The solvent composition was altered
slightly resulting in shorter retention times. It
can be seen that the selectivity of the two
columns is similar, whereas the 3-mm column ex-
hibits a much better line shape. This leads to a
better resolution of the isomers and consequently
to a better separation. As an example, the all-
trans and 9-cis isomers are fully baseline-sepa-
rated, the two major compounds eluting before
13-cis are resolved, and several minor com-
pounds can additionally be detected. The struc-
tures of all seven identified isomers of b-carotene
are displayed in Fig. 2 while the corresponding
1H-NMR spectra of all identified b-carotene iso-
mers are shown as stacked-plot in Fig. 3. Here a
complete assignment of all olefinic protons is
given for the all-trans isomer. For all cis-isomers,
only those resonances are labeled which appear
due to the new introduced cis-bond. For com-
parison, the chemical shift values of all deter-
mined structures and their shift relative to the
all-trans values are listed in Table 1. A compari-
son with those data recorded in chloroform
shows large differences for the absolute chemical
shift values. The relative shift between all-trans
and the cis-isomers on the other hand are in
accordance with the literature [12].

The change in separation efficiency has dra-
matic effects for on-line coupling experiments
like HPLC–NMR coupling. Due to the better
lineshape, with a given concentration injected
onto the column, the concentration of every iso-
mer at its peak maximum is much higher with
the 3-mm than with the 5-mm column. This is due
to the smaller elution volume of each isomer. In
the NMR experiments, a 120-ml detection cell is
generally used. This volume is normally smaller
than the peak volume of the desired compound.
Therefore the amount detected by the NMR
spectrometer is not determined by the overall
amount of sample in one peak but by the con-
centration of sample at the peak maximum. As

an example, the 2-D NMR spectra, the COSY 45
spectrum of 9,13,13%-tricis b-carotene and 13,15-
dicis b-carotene are shown in Fig. 4 and Fig. 5,
respectively. Due to the improved peak shape of
the separation, the acquisition of 2-D NMR
spectra for an unambiguous structural assign-
ment was possible even for these minor com-
pounds in the isomer mixture.

By taking a look at the elution order of these
various isomers, an interesting observation can
be made. Taking all-trans b-carotene as refer-
ence, the 13-cis isomer is eluting earlier while the
9-cis isomer exhibits a stronger retention. For the
dicis and tricis isomers this effect seems to be
additive, i.e. 9,13-dicis b-carotene elutes between
9-cis and 13-cis. Also, 9,13,13%-tricis b-carotene
elutes earlier than 13-cis, while 9,9%,13-tricis
b-carotene elutes later than 9,13-dicis. Further
mechanistic studies about the retention behavior
and surface structure of C30 interphases might
give further explanations for this unique feature
[13].
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