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Abstract

A general overview of the advancements and applications of nuclear magnetic resonance (NMR) hyphenated with other
analytical techniques is given from a practical point of view. Details on the advantages and disadvantages of the hyphenation
of NMR with liquid chromatography as LC-NMR and also with mass spectrometry as LC-MS—NMR are demonstrated with
two examples. Current developments of NMR with other analytical separation techniques, especially with capillary liquid
chromatography (capLC) are discussed.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction analytes. The physical connection of HPLC (or LC)
and MS (LC-MS) or NMR (LC-NMR) increases the
During the last decade hyphenated analytical tech- capability of solving structural problems of mixtures
niques have grown rapidly and have been applied suc- of unknown compounds. LC-MS has been the more
cessfully to many complex analytical problems. The extensively applied hyphenated technique because
combination of separation technologies with spectro- MS has higher sensitivity than NMRL—3]. Recent
scopic techniques is extremely powerful in carrying advancesin NMR, LC-NMR and even LC—-MS—-NMR
out qualitative and quantitative analysis of unknown have enabled these techniques to become routine
compounds in complex matrices. High-performance analytical tools in many laboratories. The present
liquid chromatography (HPLC) is the most widely article provides an overview of the LC-NMR and
used analytical separation technique for the qualita- LC-MS—-NMR techniques with a description of their
tive and quantitative determination of compounds in [imitations together with an example of LC-NMR and
solution. Mass spectrometry (MS) and nuclear mag- another for LC-MS-NMR to illustrate the data gen-
netic resonance (NMR) are the primary analytical erated by these hyphenated techniques. This article is
technigues that provide structural information on the not meant to imply that LC-MS—NMR will replace
- LC-MS, LC-NMR or NMR techniques for structural
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1.1. Historical background in NMR Ernst obtained the second Nobel Prize in NMR in
1991. 2D correlation experiments are of special value
In 1945, NMR signals in condensed phases were because they connect signals through bonds. Exam-
detected by physicists, Bloch et g#f] at Stanford ples of these correlation experiments are correlation
and Purcell et al[5] at Harvard; Bloch and Purcell  spectroscopy (COSY]12], total correlation spec-
received the first Nobel Prize in NMR. Work on troscopy (TOCSY)[13], heteronuclear correlation
solids dominated the early years of NMR because of spectroscopy (HETCOR]14] and variations. Other
the limitations of the instruments and the incomplete 2D experiments such as nuclear Overhauser effect
development of theory. Work in liquids was confined spectroscopy (NOESYL5] and rotating frame Over-
to relaxation studies. A later development was the hauser effect spectroscopy (ROEJY®] provide in-
discovery of the chemical shift and the spin—spin formation on protons that are connected through space
coupling constant. In 1951, the proton spectrum of to establish molecular conformations. In 1979, Miiller
ethanol with three distinct resonances showed the [17] developed a novel 2D experiment that correlates
potential of NMR for structure elucidation of organic the chemical shift of two spins, one with a strong
compoundg6]. Scalar coupling provides information and the other with weak magnetic moment. Initially
on spins that are connected by bonds. Spin decouplingthe experiment was applied to detect the wéaK
or double resonance, which removes the spin—spin nuclei in proteins, but was later modified to detect the
splitting by a second radiofrequency field, was devel- chemical shift of'3C nuclei through the detection of
oped to obtain information about the scalar couplings the protons attached directly to the carb§hd]. The
in molecules by simplifying the NMR spectrufi]. heteronuclear multiple quantum correlation (HMQC)
Initial manipulation of the nuclear spin carried out experiment gives the same data as the HETCOR but
by Hahn[8] was essential for further development of with greater sensitivity. Heteronuclear single quan-
experiments such as insensitive nuclei enhanced bytum correlation (HSQC]J19] is another experiment
polarization transfer (INEPT[Q], which is the basis  widely used that provides the same information as the
of many modern pulse sequence experiments. During HMQC and uses two successive INEPT sequences to
the 1960s and 1970s the development of supercon-transfer the polarization from protons ¥C or 1°N.
ducting magnets and computers improved the sen- Heteronuclear multiple bond correlation (HMBC)
sitivity and broadened the applications of the NMR [20] experiment gives correlations through long-range
spectrometers. The Fourier transform (FT) technique couplings which allows two and threé#4-13C con-
was implemented in the instruments by Ernst and An- nectivities to be observed for organic compounds. In
derson[10] in the 1960s, but it took time to become 1981, 2D incredible natural abundance double quan-
the standard method of acquiring spectra. Another tum transfer experiment (INADEQUATE[R1] was
milestone which increased the signal-to-noise (S/N) developed and defines all the carbon—carbon bonds
ratio was the discovery of the nuclear Overhauser thus establishing the complete carbon skeleton in a
effect by Overhausefl1], which improves the S/IN  single experiment. However, due to the low natural
in less sensitive nuclei by polarization transfer. The abundance of adjaceAtC nuclei, this experiment is
three-fold enhancement generally observed for the not very practical. All of these experiments became
weak carbon-13€C) signals was a major factor in  available with the development of computers in the
stimulating research on this important nuclide. Sev- 1980s. With the accelerated improvements in elec-
eral years later, the proton—proton Overhauser effect tronics, computers and software in the 1990s, the use
was applied to identify protons that are within 5A of of the pulsed field gradients as part of the pulse se-
each other. In the 1970s, Aue et @I2] implemented guences was developgd2] and applied to improve
the idea of acquiring a two-dimensional (2D) spec- solvent suppression and to decrease the time required
trum by applying two separate radiofrequency pulses to acquire 2D experimental data.
with different increments between the pulses, and This brief historical introduction is intended to give
after two Fourier transformations the 2D spectrum a simplified overview of some of the critical mile-
was created. Two-dimensional experiments opened stones of NMR mainly in chemical applications, ex-
up a new direction for the development of NMR and cluding the innovations in the field of proteins, solid
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state and magnetic resonance in clinical medicine. To in turn would broaden the range of applications. A
find out more details see the articles written by Ems- year later, Bayer et a[27] carried out on-flow and

ley and Feenej23], Shoolery[24], and FreemafR5] stop-flow experiments with a different flow-probe de-
and the references cited therein. sign on standard compounds. They used normal-phase
columns and carbon tetrachloride as solvent. One of
1.2. Last decade advancements in NMR their observations was that the resolution of the NMR
spectra in the LC-NMR system was poorer than for
As mentioned at the end @ection 1.1 the de- the uncoupled NMR system, which made the mea-

velopment of the pulse field gradients extended the surement of small coupling constants difficult. The
applications of NMR. One of the areas not men- first application of on-flow LC—NMR was carried out
tioned is the hyphenated techniques. NMR is one in 1980 to analyze mixtures of several jet fuel sam-
of the most powerful techniques for elucidating the ples[28]. Deuterated chloroform and Freon 113 and
structure of organic compounds. Before undertaking normal phase columns were the common conditions
NMR analysis of a complex mixture, separation of used for LC-NMR[29-33] limiting the application
the individual components by chromatography is re- of this technique.
quired. LC-MS is routinely used to analyze mixtures  The use of reverse phase columns in LC-NMR com-
without prior isolation of its components. In many plicates the NMR analysis because of (1) the use of
cases, however, NMR is needed for an unambiguous more than one protonated solvent, which will very
identification. Even though hyphenated LC-NMR likely interfere with the sample, (2) the change in sol-
has been known since the late 19726-33] it has vent resonances during the course of the chromato-
not been widely implemented until the last decade graphic run when using solvent gradients, and (3)
[34-39] small analyte signals relative to those of the solvent.
The first paper on LC-NMR was published in 1978 In 1995, Smallcombe et g40] overcame these prob-
[26] using stop-flow to analyze a mixture of two or lems by developing the solvent suppression technique
three known compounds. At that time, the limitations which greatly improved the quality of the spectra ob-
in the NMR side, e.g. sensitivity, available NMR sol- tained by on-flow or stop-flow experiments. The op-
vents, software and hardware, and resolution achievedtimization of the WET (water suppression enhanced
only with sample-spinning, made direct coupling to through T1 effects) solvent suppression technique gen-
the HPLC difficult. Watanabe and Nik26] modified erates high-quality spectra and effectively obtains 1D
the NMR probe to make it more sensitive, introduc- on-flow and stop-flow spectra and 2D spectra for the
ing a thin-wall teflon tube of 1.4 mm (inner diameter) stop-flow mode, such as WET-TOCSY, WET-COSY,
transforming it into a flow-through structure. The ef- WET-NOESY and otherf0].
fective length and volume of this probe were about During the last few years, more progress has
l1cm and 1%, respectively. Two three-way valves been achieved by hyphenating LC-NMR to MS.
connected this probe to the HPLC detector. This con- The LC-NMR-MS (or named in this article as
nection needed to be short to minimize broadening LC-MS—NMR) has expanded the structure-solving
of the chromatographic peaks. During the stop-flow capabilities by obtaining simultaneously MS and
mode, the time to acquire an NMR spectrum on each NMR data from the same chromatographic peak.
peak was limited to 2h to avoid excess broadening There are some compromises that have to be taken
of the remaining chromatographic peaks. The au- into account because of the differences between MS
thors also mentioned that use of tetrachloroethylene and NMR, such as sensitivity, solvent compatibility,
or carbon tetrachloride as solvents and ETH-silica as destructive versus non-destructive technique, dis-
normal-phase column limited the applications for this cussed below. LC—MS has been used for many years
technique. Because solvent suppression techniquesas a preferred analytical technique; however, with the
were not available at that time, the auth§2§] rec- development of electrospray ionization techniques,
ognized that more development was required in the LC—MS has been routinely used for the analysis of
software and hardware of the NMR side to include the complex mixtures. LC-MS—NMR is a combination
use of reverse phase columns and their solvents whichof LC-MS with electrospray and LC-NMR.
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2. LC-NMR that are currently available, the sensitivity of NMR
markedly improves. The samples in the low nanogram
2.1. Introduction range can be detected. In the high nanogram range,

structural analysis can be carried out. For real world

The decision to use either NMR or LC-NMR for samples, however, purity problems become more
the analysis of mixtures depends on factors related intrusive with diminishing sample size and can be
to their chromatographic separation and the ability overwhelming in the sub-microgram domain. This
of NMR to elucidate the structure whether hyphen- places a current practical lower limit for most struc-
ated or not. The major technical considerations of tural elucidation by NMR which is estimated by the
LC-NMR are NMR sensitivity, NMR and chromato-  writer to be close to 500 ng (MW 300).
graphically compatible solvents, solvent suppression, Although several other important nuclides can be
NMR flow-probe design, and volume of the chro- detected by NMR, protonlH) remains the most
matographic peak versus the volume of the NMR widely used because of its high sensitivity, high iso-
flow cell or LC-NMR sensitivity.Fig. 1 shows the topic natural abundance (99.985%) and its ubiquitous
schematic setup of the LC-NMR connected to other presence in organic compounds. Of comparable im-
devices, such as radioactivity detector and MS (see portance is carbonC), 1.108% abundance, which,

Section 3. because of substantial improvements in instrument
sensitivity, is now utilized as routinely as proton.
2.1.1. NMR sensitivity Fluorine #°F), 100% abundance, is less used since

NMR is a less sensitive technique compared to it is present in only about 10% of pharmaceutical
MS and hence requires much larger samples for compounds. Another consequence of the intrinsic
analysis. MS analysis is routinely carried out in low sensitivity of NMR is that virtually all sam-
the picogram range. Modern high field NMR spec- ples require signal averaging to reach an acceptable
trometers (400 MHz and higher) can detect proton signal-to-noise level. Depending on sample size, sig-
signals from pure demonstration samples well into nal averaging may range anywhere from several min-
the nanogram range (MW 300). With the cryoprobes utes to several days. For metabolites in the x40

MS

\Splitter / +

NMR

+ ® Radioactivity
' Detector
""" u
UV Detector
HPLC

Trigger

Fig. 1. Schematic setup for the LC-MS—NMR system.
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range, for example, overnight experiments are gener- 2.1.4. NMR flow-probe design

ally necessary. Conventional NMR flow cells have an active vol-
ume of 60ul (i.e. corresponds to the length of the

2.1.2. NMR and chromatographically compatible receiver coil), and a total volume of 120. This

solvents means that NMR will only “see” 6Ql of the chro-

Liquid NMR requires the use of deuterated sol- matographic peak. If the flow rate in the HPLC is
vents. Conventionally the sample is analyzed as a 1 ml/min, when 4.6 mm columns are used, only 3.6s
solution using a 5- or 3-mm NMR tube depending of the chromatographic peak will be “seen” by NMR.
on the NMR probe, which requires ca. 500 or 180 Chromatographic peaks are generally much wider
respectively, of deuterated solvents. The increasedthan 4s indicating that less than half of the chro-
solvent requirements for LC-NMR make this tech- matographic peak will be detected. This is one of the
nique highly expensive. Deuterium oxide {D) is disadvantages of LC-NMR compared with conven-
the most readily available, reasonably priced solvent tional 3-mm NMR probes where the amount of sam-
(over US$ 300/1). The cost of deuterated acetonitrile ple “seen” by the NMR receiver coil is independent
(CD3CN) is decreasing and varies depending on the of the width of the chromatographic peak.
percentage of included 4O, but is still over US$
1000/1. Deuterated methanol (GDOD) is even more  2.1.5. LC-NMR sensitivity
expensive. Deuterated solvents for normal-phase Because NMR is a low sensitivity technique which
columns are not readily available but those that requires samples in the order of several micrograms,
are have even more prohibitive prices. This neces- analytical HPLC columns have to be saturated when
sitates the use of reverse-phase columns. Anotherinjecting samples in that range. This will affect the
factor to be concerned with is compatibility of the chromatographic resolution and separation since
HPLC gradient—solvent system with the NMR opera- resolution often degrades when sample injection is
tions. An HPLC gradient—solvent system greater than scaled-up to that level. Another factor that can affect
2-3%/min causes problems in optimizing the mag- chromatographic performance is the use of deuterated
netic field homogeneity (shimming) due to solvent solvents. In many cases analytes show chromato-

mixing in the flow cell. graphic peak broadening and occasional different
retention times from non-deuterated solvents. When
2.1.3. Solvent suppression this occurs more chromatographic development is re-

During the LC-NMR run, the solvent signal in the quired in order to obtain reasonable resolution. One
chromatographic peak is much larger than those of the way to increase the LC-NMR sensitivity is by de-
sample and needs to be suppressed. This applies evereasing the flow rate to less than 1 ml/min. At this
with deuterated solvents. In the case of acetonitrile, flow rate, a greater portion of the chromatographic
the two 13C satellite peaks of either the protonated peak will be “seen” by NMR. However, this is only
or residual protonated methyl group for @EN or possible if the pump of the LC system is accurate at
CD3CN also require suppression because they are typ-rates lower than 1 ml/min.
ically much larger than signals from the sample. With
the optimization of the WET solvent suppression tech- 2 2. Modes of operation for LC-NMR
nigue by Smallcombe et g40] in 1995, the quality of
spectra generated during LC-NMR has been greatly The HPLC is connected by red polyether ether
improved and is routine. The WET solvent suppres- ketone (PEEK) tubing to the NMR flow cell which
sion technigue is the standard technique for LC-NMR is inside the magnet. With shielded cryomagnets the
because it has the capability of suppressing severalHPLC can be as close as 30-50cm to the magnet
solvent lines without minimum base line distortions, versus 1.5-2 m for conventional magnets. Normally a
compared with others such as presaturation or wa- UV detector is used in the HPLC system to monitor
tergate. One disadvantage of suppressing the solventthe chromatographic run. Radioactivity or fluorescent
lines is that any nearby analyte signal will also be sup- detectors can also be used to trigger the chromato-
pressed, resulting in loss of structural information. graphic peak of interest.



There are four general modes of operation for
LC-NMR: on-flow, stop-flow, time-sliced, and loop
collection.

2.2.1. On-flow

On-flow or continuous-flow experiments require
more sample to analyze “on the fly” because the res-
ident time in the NMR flow cell is very short (3.6 s
at 1 ml/min) during the chromatographic run, which
limits this approach to 1D NMR spectra acquisition
only. This mode can be used to analyze the major
components of the mixture.

2.2.2. Stop-flow

Stop-flow requires the calibration of the delay time
which is the time required for the sample to travel
from the UV detector to the NMR flow cell, which de-
pends in turn on the flow rate and the length of the tub-
ing connecting the HPLC with the NMR. Because the
chromatographic run is automatically stopped when
the chromatographic peak of interest is in the flow cell,

M.V. Silva Elipe/Analytica Chimica Acta 497 (2003) 1-25

others[40], can be obtained since the sample can re-
main inside the flow cell for days. It is possible to ob-
tain NMR data on a humber of chromatographic peaks
in a series of stops during the chromatographic run
without on-column diffusion that causes loss of reso-
lution, but only if the NMR data for each chromato-
graphic peak can be acquired in a short time (30 min
or less if more than four peaks have to be analyzed,
and less than 2 h for the analysis of no more than three
peaks). The use of commercially available cryoprobes
will improve the sensitivity of the stop-flow mode (see
Section 2.1.1

In our laboratories, stop-flow is the preferred mode
for the analysis of metabolites when the chromatog-
raphy is reasonable or the metabolite is unstable. One
example is the analysis of the major metabolites of
compound! (Fig. 2), aras farnesyl transferase in-
hibitor in rats and dog§41]. Preliminary studies by
LC-NMR using a linear solvent gradient [5-75% B
0-25min, 75-95% B 25-35min, A: 4O, B: ACN
(acetonitrile), 1 ml/min, 235nm, BDS Hypersil1&

the amount of sample required for the analysis can be column 15cmx 4.6 cm, 5um] indicated that even

reduced compared to the on-flow mode and 2D NMR
experiments, such as WET-COSY, WET-TOCSY and

with the use of protonated acetonitrile in the solvent
mixture, all the resonances were visiblEig. 3).
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Fig. 2. Structure of compounid aras farnesyl transferase inhibitor in rats and dogs, and proposed structures by MS of its major metabolites

in dog bile (M9) and dog and rat urineM11).
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Fig. 4A and Bis the UV chromatograms from a found in rat urine. To analyze the structures\dd
small injection of dog bile and dog urine for metabo- and M11 by NMR, larger injections of dog bile,
lites M9 (retention time 10 min) an®111 (retention dog urine and rat urine were carried out for the
time 21 min), respectively. Metabolité 11 was also stop-flow experiments. TheH NMR spectrum on the
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Fig. 4. UV chromatograms from small injections of the dog bile containing metabdBéa) and dog urine containing metaboli&ll (b).
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LC-NMR system (Varian Inova 500 MHz equipped
with a 'H-13C pulse field gradient indirect detec-
tion microflow NMR probe with a 6@l flow cell,
Palo Alto, CA, USA) of M9 (Fig. 5 revealed the
presence of a 1,2,4-trisubstituted aromatic ring in
the 3-chlorophenyl ring and the glucuronide moiety.
Neither of the two possibilities for the position of the
glucuronide moiety ring, positions 4 or 6, could be dis-
tinguished. NOE experiments on the LC-NMR were

2.2.4. Loop collection

Loop collection can be used when there is more
than one chromatographic peak of interest in the same
run. The chromatographic peaks are stored in loops
for later off-line NMR study. In this case the analytes
must be stable inside the loops during the extended
period of analysis. Capillary tubing should be used
to avoid peak broadening with concomitant loss of
analyte “seen” by the NMR spectrometer. The stored

not successful because of problems with the solvent chromatographic peaks can be analyzed in different
suppression. The sample was collected and the NOEorder from the chromatographic run.

was performed (Varian Unity 400 MHz, equipped
with a 3mm 'H-13C pulse field gradient indirect

detection Nalorac probe, Palo Alto, CA, USA) over
a weekend Kig. 6). Even though the collected sam-
ple contained more impurities, the NOE experiment

2.3. Other analytical separation techniques
hyphenated with NMR

Recently, other chromatographic techniques have

showed that the glucuronide moiety was attached at been coupled on-line to NMR for additional ap-

C-4 by irradiating the methylene at i which elicited
NOE signals from H-2 and H-6 thus eliminating the
C-6 possibility Fig. 6). LC-MS on M 11 indicated

it to be only the 1-(3-chlorophenyl)piperazinone
moiety with an additional oxidation on the piper-
azinone ring. The'H NMR spectrum on the
LC—-NMR system ofM 11 lacked the isolated methy-
lene signal on the piperazine ringrig. 7) indicat-
ing it to be the (1-(3-chlorophenyl)piperazine-2,3-
dione).

Recently, we studied a radioactive volatile metabo-
lite with a small molecular weight by LC-NMR
[42]. To be able to identify the UV chromatographic
peak corresponding to the radioactive metabolite, a
radioactivity detector equipped with a liquid cell (Ra-
diomatic C150TR, Packard) was connected on-line to
the LC-UV system of the LC-NMR. Small injections
were carried out initially to identify the metabolite
UV chromatographic peak with the radioactive peak
prior to the stop-flow experiments. Stop-flow exper-
iments were triggered by UV because the transfer
delay from the UV to the NMR was shorter than from
the radioactive detector to the NMRig. 1 shows the
schematic diagram for this setup.

2.2.3. Time-slice

“Time-sliced” involves a series of stops during
the elution of the chromatographic peak of interest.
Time-sliced is used when two analytes elute together
or with close retention times, or when the separation
is poor.

plications, such as size-exclusion chromatography
(SEC) as SEC-NMR for the characterization of poly-
mer additives[43], solid-phase extraction (SPE) as
SPE-NMR for trace analysif44], capillary elec-
trophoresis (CE) as CE-NMR for small volume
samples[45,46], and capillary electrochromatogra-
phy (CEC) as CEC-NMR for on-flow identification
of metabolites with small volume samplp5,47] as
examples. CE-NMR and CEC-NMR are techniques
that work with very small-volume NMR probes with
capillary separations. Lately, more developments have
been carried out to hyphenate capillary-based HPLC
(capLC) with NMR (capLC-NMR) and the use of
commercial microcoil NMR probe$46,48] With
microcoil NMR probes, the range of sample used in
capLC-NMR could reach the nanogram level (low
nanogram level only for detection limit but not for
structural analysis}46,48] With this technique, the
volume of the chromatographic peak is comparable
to the volume of the microcoil NMR flow cell. The
volume observed for a commercial microcoil NMR
flow cell is approximately 1.pl and there is a wider
range of solvent gradient variation than in the stan-
dard LC-NMR. capLC-NMR can be used without a
column for analysis of small concentrated pure com-
pounds, such as g, or with the column to study
mixtures of compounds. One of the requirements for
capLC-NMR is that the sample has to be soluble
in a volume of approximately gl or less which is
not always possible. The delay time between the UV
detector of the capLC and the NMR flow cell has to
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be calibrated for all chromatographic conditions due
to the changes of viscosity of the different solvent
compositions which has an effect on the pump of the
capLC. More recently, the development of multiple
coils connected in parallel may be applicable to ac-

13

laboratories the MS used in these studies is a Clas-
sic LCQ instrument (ThermoFinnigan, CA, USA). A
custom-made splitter was used with a splitting ratio of
1/100 (Acurate, LC Packings, CA, USA). It was de-
signed to deliver 1% of the sample initially to the MS

quire NMR data of several samples at the same time and the balance 20 s later to the NMR. With a flow rate

[39,49] So far, four samples can be run at the same
time, but future developments may be going towards
analysis of 96-well plates emulating techniques such
as LC-MS[39].

2.4. Applications of LC-NMR

There are many examples in the literature of ap-
plications of LC-NMR. In the area of natural prod-
ucts, LC-NMR has been applied to screen plant
constituents from crude extracfs0,51] to analyze
plant and marine alkaloidg2-54] flavonoids[55],
sesquiterpene lactong$6,57] saponins[58], Vita-
min E homologued59] and antifungal constituents
[60] as examples. In the field of drug metabolism,
LC-NMR has been extensively applied for the identi-
fication of metabolite§41,61—-69]and even polaj70]
or unstable metabolitef!2]. And finally, LC-NMR

of 1 ml/min, the final flow rate going to the NMR will
be 0.990 ml/min and to the MS will be 0.010 ml/min.
Electrospray is the only source of ionization that will
work with such low flow rate (1@.l/min) in LCQ.
Fig. 1 depicts the scheme of our LC-MS-NMR sys-
tem. The technical considerations of LC-MS-NMR
are the same as LC-NMR (s8ection 2 plus the ef-
fect of using deuterated solvents for the MS of the
LC—MS-NMR.

3.1.1. The use of deuterated solvents
Another consideration for the LC-MS-NMR is

the use of deuterated solvents needed for NMR. An-
alytes with exchangeable or “active” hydrogens can
exchange (i.e. equilibrate) with deuteriuriH) at
different rates. The analyst should be alert to this
possibility since it could result in the appearance of
several closely spaced molecular ions. When buffers

has been used for areas such degradation productsor other compatible solvents for MS are needed, it is

[71-73] drug impuritieg74,75], drug discovenj|76]
and food analysi§77-79]

3. LC-MSNMR
3.1. Introduction

NMR and MS data on the same analyte are crucial
for structural elucidation. When different isolates such
as metabolites are analyzed by NMR and MS, one
cannot always be certain that the NMR and the MS
data apply to the same analyte. To avoid this ambi-
guity, LC-MS and LC-NMR are combined. MS data
should be obtained initially since with NMR, data col-
lection in the stop-flow mode can take hours or days
depending on the complexity of the structure and the
amount of sample. This is why it is preferable to
designate this operation as LC-MS—NMR rather than
LC-NMR-MS.

Since MS is considerably more sensitive than NMR,
a splitter is incorporated after the HPLC to direct the
sample to the MS and NMR units separately. In our

recommendable to use deuterated buffers to avoid the
suppression of additional solvent lines in the NMR
spectra (se&ection 2.1.3

3.2. Modes of operation for LC-MS—-NMR

As mentioned inSection 2.2 with the use of
shielded cryomagnets, the location of the MS instru-
ment will follow the same rule as for the HPLC. The
most common modes of operation for LC-MS—-NMR
are on-flow and stop-flow. With stop-flow, the MS
instrument can also be used to stop the flow on the
chromatographic peak of interest that is to be ana-
lyzed by NMR.

In the last 3 years, there have been relatively few ex-
amples in the literature dealing with the application of
LC-MS—-NMR. We have been interested in evaluating
this technology in our laboratory to determine fves
andcons and to decide which cases are suitable for
this application. To illustrate these modes of operation,
a group of flavonoids was chosen. These compounds
have simple structures composed primarily of aromatic
protons; some have low field aliphatic protons which
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would not be hidden under the NMR solvent peaks.
Phenolic protons exchange rapidly with©, so that

each compound will only show one molecular ion.
Flavonoids are natural products with important bio-
logical functions acting as antioxidants, free radical

15

tion. An LCQ Classic MS instrument, mentioned in
the previous section, was connected on-line to the
HPLC-UV system of the LC-NMR by contact clo-
sure. The?H resonance of the D was used for
field-frequency lock and the spectra were centered

scavengers and metal chelators, and are important toon the ACN methyl resonance. Suppression of reso-

the food industryFig. 8 shows the eight flavonoids
(Aldrich).

The chromatographic conditions are as follows:
35-50% B 0—-10 min, 50—-80% B 10—15 min, A>O,
B: ACN, 1ml/min, 287 nm, Discovery {g column
15cmx 4.6 cm, 5um. Stock solutions of each com-
pound were prepared atuly/ul in ACN:MeOH 1:1.

A Varian Unity Inova 600 MHz NMR instrument
equipped with a'H{'3C/1®N} pulse field gradient
triple resonance microflow NMR probe (flow cell

nances from HOD and methyl of ACN and its two
13C satellites was accomplished using a train of four
selective WET pulses, each followed by a @adient
pulse and a composite 9@ead pulsg40].

3.2.1. On-flow

The on-flow experiment was carried out on a mix-
ture of eight flavonoidsKig. 8) (20.g each). MS and
NMR data were obtained during this on-flow exper-
iment. The UV chromatogram is depicted kig. 9.

60pl; 3mm o.d.) was used. Reversed-phase HPLC Table 1andFig. 11 show the pseudo-molecular ion
of the samples was carried out on a Varian modular information [M — 2H]~, where M is the molecular
HPLC system (a 9012 pump and a 9065 photodiode weight with all the hydroxyl protons deuterated, in

array UV detector). The Varian HPLC software was
also equipped with the capability for programmable

stop-flow experiments based on UV peak detec-

negative mode for the eight flavonoids obtained in this
on-flow experimentFig. 10is the 2D data set (time
versus chemical shift) where eatH NMR spectrum

UV chromatogram (on-flow mode)
1200
E E G
1000 |- o fIffIF \
800
s B
£ E
© 600
oy L
=
= -
400 =
200 l
0 i 1 1 L I 1 1 1 I 1 1 1 | 1 1 1 I 1 1 1 I 1 1 1 I 1 | 1 ‘ 1 1 L
0 2 4 6 8 10 12 14 16
time (min)

Fig. 9. UV chromatogram of the on-flow experiment injecting a mixture of eight flavonoids (A: catechpicatechin; B: fisetin; C:

quercetin; D: apigenin; E: naringenin; F: baicalein; G: galangin).
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Table 1
MS data of flavonoids in negative mode from the on-flow run in
the LC-MS-NMR

successive pulses of 0.5 s, a spectral width of 9000 Hz,
and 32K time-domain data points. The methyl reso-
nance of ACN was referenced to 1.94 ppm. These two

Peak Compound MW MP mz, . experiments were carried out injecting 1§ of Api-
: M = "H] genin and acquiringH NMR spectra for ca. 4.5 min

A Catechin 290 205 208 (128 scans) giving rise the same quality’éf NMR

+ epicatechin spectra of ApigeninFig. 12
B Fisetin 286 200 288 P PIg 9. 19 .
c Quercetin 302 307 305 These experiments indicated that for sample mix-
D Apigenin 270 273 271 tures, the on-flow mode of LC-MS—-NMR is useful
E Naringenin 272 275 273 for obtaining structural information on the major
F Baicalein 270 2rs 271 components. If more detailed analysis is required, or
G Galangin 270 273 271

the amount of sample is small and the compound(s)
cannot be isolated because of instability or volatil-
ity, stop-flow is the mode of choice. LC-MS and
LC-NMR chromatographic conditions must be com-
was acquired for 16 scans and decreasing the de-patible; in addition, prior evaluation of the LC con-
lays (total time per spectrum of 20dfig. 11 de- ditions on the LC—-MS—-NMR system is required to
picts thelH NMR traces of each flavonoid extracted assure consistency with the chromatographic resolu-
from the 2D data set. Notice that catechin and epicat- tion needed in the LC-NMR part of the system. The
echin co-elute under these conditions (peak A of the sample must ionize well by electrospray to obtain

aMolecular weight.
b Molecular weight with all the hydroxyl protons deuterated.

UV chromatogram oFig. 9). Distinguishing these di-
astereomers by MS alone is not feasiblalfle 1and
Fig. 11A). Differences in the NMR spectra would be
expected and are, in fact, observddg( 11A). The
ability of LC-MS—-NMR to distinguish signals from
the individual diastereomers is illustrated figs. 10
and 11A The 'H NMR spectrum of Naringenin in
Fig. 11Cshows the ability of NMR to analyze a mix-
ture of two components in different ratio (X indicates
the signals coming from Apigenin as the minor com-
ponent of this chromatographic peak).

3.2.2. Stop-flow

Two stop-flow experiments were carried out on
Apigenin (10wg) (Fig. 8 using, independently, the
UV peak maximum or the molecular ion chromato-

MS data. When stop-flow mode is triggered by MS,

prior MS information of the chromatographic peak(s)

of interest is needed in deuterated solvent(s) to eval-
uate the suitability of the system to provide structural

information.

3.3. Applications of LC-MS—-NMR

There are examples in the literature for the applica-
tion of LC-MS—NMR. In the area of natural products,
this technique has been applied as a rapid screening
method of searching unknown marine natural products
in chromatographic fractiong0], and for the sepa-
ration and characterization of natural products from
plant origin[81,82] Another application is in the area
of combinatorial chemistry83]. In the field of drug

graphic peak seen in the MS instrument to trigger the metabolism, LC-MS-NMR has been extensively ap-

stop-flow. Since the Varian software automatically
triggers the stop-flow with the UV peak, this mode

plied for the identification of metabolit¢84—90] and
in pharmaceutical resear§db5,91]

was used as a reference point. When the MS was used

to trigger the stop-flow, it was carried out manually
with a chronometer while monitoring the molecular
ion of Apigenin in negative moden{z 275). After

peak detection in the UV or MS and a time delay of

4. Conclusions

The hyphenation of analytical and spectroscopic

about 52 or 20s, respectively, the HPLC pump was techniques has enhanced the ability to solve struc-
stopped, trapping the peak of interest in the LC-NMR tural problems. LC-MS had been the only hyphen-
microprobeH NMR stop-flow spectra were acquired ated technique for qualitative analysis of structures
using an acquisition time of 1.5 s, a delay between the on mixtures until recent developments in NMR. Prior
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to the last decade, NMR could be applied only to Acknowledgements

reasonably pure compounds. LC-NMR has expanded

the capability to solve structural problems in complex
mixtures. LC-NMR, however, is not comparable to
LC-MS because of its lower sensitivity, the need of
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ume of the chromatographic peak is comparable to
the volume of the NMR flow cell, but the suppres-
sion of the residual protonated solvents must still be
carried out.

Within the last decade hyphenated LC-MS,
LC-NMR and LC-MS-NMR have become avail-
able analytical techniques. Since MS is a destructive
technique (in contrast to NMR) and requires far less
sample than NMR, a splitter is incorporated on-line
to direct the bulk of the sample to the less sensitive
technique. In addition to the advantage of having MS
and NMR information on the same chromatographic
peak, the combination of these two techniques with
different sensitivities must deal with other issues such
as the effect of deuterated solvents on the MS, the
limitation of source of ionization on the MS compati-
ble with low flow rates, and the timing which depends
on the slower NMR technique. There is still room for
improvement for LC-MS—-NMR and the next decade

will define the areas where this hyphenated technique

is best suited.

LC—MS-NMR cannot replace LC-MS, LC-NMR
or even NMR techniques for the structural eluci-
dation of compounds. There will always be cases
where purification of the analyte(s) is required, when
the structural problem is too complex or the sepa-
ration of the chromatographic peak is not suitable.
LC-MS—NMR. LC-MS, LC-NMR and NMR have to
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