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Abstract

Acyl migration reactions of drug 1-O-acyl glucuronides are of interest because of their possible role in covalent
binding to serum proteins and consequent allergic reactions. This paper describes a new way of investigating the
kinetics of acyl migration reactions in a buffer system at pH 7.4, using synthetic 1-O-acyl glucuronides of model
compounds (2- and 3-trifluoromethylbenzoic acids) by HPLC-NMR. HPLC directly coupled to '°F and '"H NMR
were used in both stop-flow and continuous-flow modes to separate and rapidly identify a mixture of ester
glucuronide isomers formed spontaneously by internal acyl migration and mutarotation of 2-, and 3-trifluoro-
methylbenzoic acid glucuronides [1-O-(2-trifluoromethylbenzoyl]-p-glucopyranuronic acid and 1-O-(3-trifluoro-
methylbenzoyl)-p-glucopyranuronic acid). The mixtures of isomers were obtained by incubation of the synthetic 2-,
and 3-trifluoromethylbenzoic acid glucuronides in buffer solution (pH 7.4) at 25°C for 48 h. The B-anomer of the
1-O-acyl-glucuronide, as well as the 2-, 3-, and 4-positional glucuronide isomers (all three in both «- and
B-anomeric forms) present in the isomeric mixture, were all characterised directly by NMR after separation in an
isocratic chromatographic system containing phosphate buffer at pH 7.4 and acetonitrile in the mobile phase. The
time-course of individual acyl migration of positional glucuronide isomers was monitored in the mobile phase in a
novel stop-flow ‘dynamic’ HPLC-"°F NMR experiment. This approach to monitoring metabolite reactivity will be
of great value in furthering the understanding of glucuronide rearrangement kinetics and may be of wider
importance in monitoring the reactivity of other types of analytes that have been separated in an HPLC-NMR
system.
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glucuronide

. 1. Introduction
* Corresponding author.

! Present address: Department of Analytical and Pharma- .
ceutical Chemistry, The Royal Danish School of Pharmacy, High-frequency NMR spectroscopy now has
Universitetsparken 2, DK-2100 Copenhagen, Denmark. an established role as a rapid means of detecting

0021-9673/96/$15.00 © 1996 Elsevier Science BV. All rights reserved
SSDI 0021-9673(95)00835-7



378 U.G. Sidelmann et al. | J. Chromatogr. A 728 (1996) 377-385

and identifying drug metabolites in complex
biological mixtures [1]. However, the NMR reso-
nances from xenobiotic metabolites are often
extensively overlapped with those from other
drug or endogenous metabolites necessitating the
use of multipulse or two-dimensional NMR spec-
tral editing methods [2-7]. Recent technological
developments have allowed the direct coupling
of HPLC with high field NMR spectroscopy
giving a new practical hyphenated technique,
HPLC-NMR [2-7]. HPLC-NMR technology
promises to be of great value in the analysis of
complex biological and chemical mixtures of all
types and in particular the analysis of drug-re-
lated and endogenous metabolites in biofluids.
The technical advances contributing to the suc-
cess of HPLC-NMR include the development of
sensitive HPLC-NMR flow probes and high
dynamic range receiver systems. Also new meth-
ods for the suppression of the solvent NMR
resonances in solvent gradients have obviated the
need for expensive deuteriated solvents. HPLC—
NMR has advantages over conventional analysis
and many other hyphenated techniques (e.g.
HPLC-mass spectrometry) in that the whole
system is liquid-state and non-destructive.
HPLC-NMR method development is rapid and
interactive in real time and the resultant NMR
spectra have a high structural information con-
tent. In continuous flow HPLC-NMR experi-
ments, pseudo-two-dimensional plots (NMR
chromatograms) are generated and analyte spec-
tra are dispersed in the separation time-domain.
HPLC-NMR experiments can also be performed
in a variety of stop-flow modes which allow
better NMR signal-to-noise ratios to be achieved
and enable the use of multipulse and heteronu-
clear NMR experiments. The ability to perform
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homonuclear and heteronuclear correlation spec-
troscopy in the stop-flow mode allows com-
prehensive structure elucidation of analytes. For
'H and "°’F NMR, the current detection limits for
low-molecular-mass metabolites corresponds to
<85 ng of material in the probe at 600/565 MHz,
respectively {8]. In the case of fluorinated drugs
and fluoroxenobiotics, continuous flow '’F NMR
detection is readily achieved giving unequivocal
retention time data on the fluorinated metabo-
lites, with detailed structure elucidation via stop-
flow HPLC-'H NMR analysis [5] of the
peaks.

One research area in which HPLC-NMR has
great potential is in the study of the internal
rearrangement reactions of drug ester glucuro-
nides as such reactions may be the underlying
cause of certain types of allergic reactions in
man. Ester glucuronides in the form of the 8-1-
O-acyl isomer are formed from drugs containing
carboxylate groups by uridine 5’-diphosphate
(UDP)-glucuronosyl transferase in vivo; many
non-steroidal  anti-inflammatory and hypo-
lipidemic drugs are included in this group [9].
The acyl glucuronides so formed are potentially
reactive due to the susceptibility of the acyl
group to nucleophilic reactions and intramolecu-
lar rearrangement (isomerisation by acyl migra-
tion or transacylation) in which the drug moiety
moves from one hydroxyl group to an adjacent
hydroxyl group on the glucuronic acid ring (Fig.
1) [10-12]. The transacylation mechanism occurs
via a tetrahedral cyclic ortho-ester intermediate
[13] and the acyl groups migrate from C-1
towards C-4 on the glucuronic acid ring forming
both the «- and B-anomers of the 2-, 3-, and
4-O-acyl positional isomers as shown in Fig. 1.
All the reactions are reversible except for re-

HOOC o
OB

%/ D @‘Clz}o HOOG o
@ \CF, Mm

—CF;

\ []

3-0-Acyl (a,B) isomer 4-0-Acyl (o,B) isomer

Fig. 1. Reaction scheme for the acyl migration of the trifluoromethylbenzoic acid glucuronides.
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formation of the 1-O-acyl glucuronide, pre-
sumably because of the higher energy barrier in
formation of the anomeric C-O bond. Mutarota-
tion (@« < B) occurs for all the positional
glucuronide isomers via the open-chain aldehyde
structure of the glucuronide ring. The acyl migra-
tion reactions occur spontaneously in aqueous
solution [14], the isomerisation rates being highly
dependent upon the structure of the aglycone
[14], pH and the temperature [11,15]. Acyl mi-
gration is inhibited under acidic conditions but
the migration rates increase dramatically with
increasing pH (especially above pH 7) [15]. Acyl
migration kinetics of reactive drug 1-O-acyl gluc-
uronides are of interest because of their possible
significant role in toxicological effects caused by
drugs that form ester glucuronides. It has been
shown that the acyl glucuronides can irreversibly
react with proteins to form covalent adducts
which may act as haptens; examples are bilirubin
[16], zomepirac [17], tolmetin [18], probenecid
[19], carprofen [20], fenoprofen [21], and diflu-
nisal [22]. This type of binding appears to be a
general phenomenon for labile acyl glucuronides,
thus increasing the probability of allergic re-
actions to the foreign protein or hapten [15].

In the present study we show that directly
coupled 500 MHz HPLC-'"°F NMR in the con-
tinuous flow mode can be used as a rapid
approach to separate and identify a mixture of
ester glucuronides that interconvert. Additionally
we show that ‘dynamic’ HPLC-"F NMR in the
‘stop flow’ mode can be used to study the
kinetics of the individual acyl migration rates of
the acyl-migrated positional isomers of the B-1-
O-acyl glucuronide. Synthetic trifluoromethyl-
substituted benzoic acid glucuronides were used
as model drug glucuronides. Internal acyl migra-
tion and mutarotation of 2- and 3-trifluoro-
methylbenzoic acid glucuronide {1-O-(2-tri-
fluoromethylbenzoyl]-p-glucopyranuronate and
1-0O-(3-trifluoromethylbenzoyl) - p- glucopyranu-
ronate] occur spontaneously in aqueous solution
and the mixture of positional glucuronide iso-
mers was obtained by incubation of the synthetic
2- and 3-trifluoromethylbenzoic acid glucuronide
in buffer solution (pH 7.4) at 25°C for 48 h. The

presence of a —CF, group conveniently allows
the monitoring of the glucuronide isomers by UF
NMR spectroscopy. HPLC-NMR studies of this
type should allow new approaches to the in-
vestigation of quantitative structure—transacyla-
tion activity relationships for ester glucuronides
and so enable improved understanding of the
molecular physico-chemical features that control
transacylation kinetics.

2. Experimental
2.1. Chemicals

All reagents were of analytical grade and
purchased from Aldrich (Dorset, UK).

Synthesis of trifluoromethylbenzoic acid
glucuronides

The (8) 1-O-(2-trifluoromethylbenzoyl)-p-glu-
copyranuronate and (B) 1-O-(3-trifluoro-
methylbenzoyl)-p-glucopyranuronate were syn-
thesised from p-glucose, via protection, C-6 oxi-
dation and Schmidt trichloroacetimidate cou-
pling as previously described [23-25]. This meth-
od yielded an imidiate reagent (readily prepared
on gram scale), which was used to prepare 1-O-
acyl ester glucuronides of these carboxylic acids
by a simple one or two step synthesis with
control of the a/B-ratio at C-1 [14].

Production of equilibrated mixtures of positional
glucuronide isomers

A solution of 2 mg of each of the 2- and
3-trifluoromethylbenzoic acid glucuronides in
500 wl of 20 mM potassium phosphate buffer
(pH 7.4) was prepared and incubated for 48 h
at 25°C. The solutions were then analysed by
HPLC to confirm that substantial amounts of
the glucuronide positional isomers had been
formed. It is known from earlier experiments
that the half lives of the 2- and 3-trifluoro-
methylbenzoic acid glucuronide isomers are
10.7 and 2.8 h, respectively [14].
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2.2. Apparatus

Chromatography for directly coupled HPLC-
NMR

The HPLC system consisted of a Gilson 307
isocratic pump (Worthington, OH, USA) and a
Perkin Elmer HPLC 90 UV variable-wavelength
detector (Buckinghamshire, UK) operated at 200
nm. The outlet of the UV detector was con-
nected to a JEOL HPLC-NMR flow cell via an
inert PTFE capillary (0.25 mm LD.). The UV
response was followed on a Graphic 1002 recor-
der (Lloyd Instruments, UK). The analytical
column was a Knauer column (120 X 4.6 mm,
I.D.) packed with Spherisorb ODS-2 (Phase
Separations, UK), 5 um. The final mobile phase
developed for the separation of 2-trifluoro-
methylbenzoic acid glucuronide and its positional
isomers was acetonitrile—0.2 M potassium phos-
phate (pH 7.4)—deuterium oxide (5:10:85, v/v/v).
The mobile phase developed for the separation
of 3-trifluoromethylbenzoic acid glucuronide and
its positional isomers was acetonitrile-0.2 M
potassium phosphate (pH 7.4)-deuterium oxide
(10:10:80, v/v/v). The flow-rate was 0.5 ml/min
in both chromatographic systems.

‘Continuous flow’ directly coupled HPLC-""F
NMR spectroscopy

The HPLC-NMR data were acquired using a
JEOL ALPHA-500 spectrometer equipped with
a JEOL HPLC-NMR flow cell (volume of 120
u1, 5 mm O.D.) fitted into a dedicated 'H single-
coil probe. ’F NMR spectra were obtained in the
‘continuous-flow’ mode in the 'H NMR probe
tuned to 470.40 MHz (using a 470.40 MHz NMR
“F transmitter). Free induction decays (FIDs)
were collected into 8K computer data points with
a spectral width of 9542 Hz, 40° pulses were used
with an acquisition time of 0.9 s, and each row in
the pseudo-2D plots was acquired by accumula-
tion of 16 scans. Prior to Fourier transformation
a shifted sine bell (shifted 35% ) was applied to
the FID. The ""F NMR chemical shifts were
referenced to external CFCl, at 0.0 ppm.

Directly coupled stop-flow HPLC-'H NMR' -
spectroscopy selected by single-scan continuous-
ﬂow HPLC-""F NMR spectroscopy :

"H NMR spectra were obtained using a JEOL
ALPHA-500 equipped with a 120-ul flow cell
inserted into a 'H NMR probe (retunable to °F
NMR frequency) as described above. The actual
amount of compound in the flow cell was moni-
tored directly by single-pulse '’F NMR, with
observation of the single-scan Fourier-transform-
ed "’F NMR spectrum in order to allow direct
selection of the optimal time to stop the HPLC
flow. After the flow was stopped, the probe was
re-tuned to allow direct '"H NMR measurements
to be made and data acquired as follows. Free
induction decays (FIDs) were collected into 16K
computer data points with a spectral width of
7501 Hz, 60° pulses were used with an acquisition
time of 0.9 s, and each spectrum was acquired by
accumulation of 256 scans. Prior to Fourier
transformation an exponential apodisation func-
tion was applied to the FID corresponding to a
line broadening of 3 Hz. Following the collection
of each 'H NMR spectrum the probe was re-
tuned to allow direct '°F observation when the
solvent flow was restarted. The process was
repeated using segmental single-scan °F
Fourier-transformed spectra to select the optimal
stop-flow time for each successive glucuronide
isomer peak, thus effectively producing a "F
NMR selected stop flow experiment.

‘Dynamic’ HPLC—""F NMR spectroscopy on
the rearrangement of trifluoromethylbenzoic acid
glucuronide isomers

The HPLC-NMR data were acquired in the
‘stop-flow’ mode using a JEOL ALPHA-500
spectrometer equipped with a JEOL HPLC-
NMR flow cell as described above. The position-
al glucuronide isomers were separated by HPLC,
the individual isomers were stopped in the NMR
flow-cell and a series of 470.40 MHz NMR "F
spectra were collected over a period of 14 h at
292 K. 360 free induction decays (FIDs) were
collected into 8K computer data points with a
spectral width of 2351 Hz, and 40° pulses were
used with an acquisition time of 1.7 s. This
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procedure resulted in the collection of spectra at
15 min time intervals. Prior to Fourier trans-
formation an exponential apodisation function
was applied to the FID corresponding to a line
broadening of 0.5 Hz.

3. Results
3.1. Chromatography of glucuronide isomers

The final HPLC methods developed allowed
separation of the 1-, 2-, 3- and 4-positional
glucuronide isomers of the 1-O-acyl- 2- and 3-
trifluoromethylbenzoic acid glucuronides in an
equilibrated mixture of the glucuronide isomers.
The HPLC method was later used to estimate
the individual acyl migration rates of the isolated
positional glucuronide isomers by ‘dynamic’
stop-flow HPLC-NMR (see below). An isocratic
eluent was used, which was buffered to pH 7.4
with potassium phosphate buffer. The total run
time until the last peak had eluted (for a flow-
rate of 0.5 ml/min} was 38 min for the 2-tri-
fluoromethylbenzoic acid glucuronides and 31
min for the 3-trifluoromethylbenzoic acid gluc-
uronides.

3.2. ‘Continuous-flow’ HPLC-""F NMR
spectroscopy on glucuronide isomers

Using the ‘continuous-flow’ mode for the
HPLC-""F NMR experiments it was possible to
separate and identify the 1-, 2-, 3- and 4-position-
al isomers of the 1-O-acyl- 2- and 3-trifluoro-
methylbenzoic acid glucuronides in an equili-
brated mixture. The pseudo-2D plots with NMR
chemical shifts on the horizontal axis and chro-
matographic run times on the vertical axis can be
seen in Fig. 2. In Table 1 the assignments of the
'F NMR spectra of the 2- and 3-trifluoromethyl
benzoic acid glucuronides are summarised. The
assignments were based on the correlated stop-
flow HPLC-'H NMR data (Table 2) and the "°F
NMR chemical shifts obtained earlier by follow-
ing the rearrangements of the 2- and 3-trifluoro-
methylbenzoic 8-1-O-acyl glucuronides with time

[14]. The chromatographic elution order was the
same for the two trifluoromethylbenzoic acid
glucuronides, namely, first the «a-4-O-acyl iso-
mer, secondly the B-4-O-acyl isomer, third the
B-1-O-acyl isomer, fourth the B/a-3-O-acyl iso-
mer, fifth the «-2-O-acyl isomer and last the
B-2-O-acyl isomer. This elution order is equiva-
lent to that found previously for positional iso-
mers of other acyl glucuronides [25].

3.3. ‘Stop-flow’ HPLC-'H NMR spectroscopy
on glucuronide isomers

The equilibrated mixture of the 2-trifluoro-
methylbenzoic acid glucuronide isomers was also
analysed by directly coupled HPLC-'H NMR in
the ‘stop-flow’ mode. By monitoring the NMR
signal level with "’F NMR, on ‘time slices’ (finely
incremented stop-flow analysis of a chromato-
graphic peak) of the peaks detected by the UV
detector, it was possible to evaluate when an
adequate concentration of the given glucuronide
isomer was in the flow cell. The required number
of scans needed for the '"H NMR spectra could
then be acquired. The assignments of the 'H
NMR spectra of the 2-trifluoromethylbenzoic
acid glucuronide isomers can be seen in Table 2.

3.4. ‘Dynamic’ stop-flow HPLC-""F NMR
spectroscopy on glucuronide rearrangement
reactions

It was possible to follow the acyl migration
reactions of the individual glucuronide positional
isomers, by collecting one isomer in the NMR
flow cell and monitoring the subsequent re-
arrangements by F NMR with time. The first
peak in the chromatographic UV-trace (t; = 6.9

" min) of the equilibrated mixture of 3-trifluoro-

methylbenzoic acid glucuronides corresponds to
the equilibrium mixture of the a- and B-anomer
of the 4-O-acy! isomer (see Table 1). The re-
arrangement reactions were studied over a time
period of 12 h in 15-min acquisition time win-
dows. The stacked plot of the NMR spectra, over
the restricted chemical shift region (—62.33 to
—62.50), is shown in Fig. 3A. In Fig. 3B rows
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Fig. 2. Pseudo-2D HPLC-"F NMR contour plots of (A) the 2-trifluoromethylbenzoic acid glucuronides and (B) the 3-
trifluoromethylbenzoic acid glucuronide in equilibrated mixtures. The NMR chemical shifts are shown on the horizontal axis and
chromatographic run times in the vertical dimension. The superimposed row projections are shown above the pseudo-2D plots.
The elution order of the positional isomers is the same for the 2-trifluoromethylbenzoic and the 3-trifluoromethylbenzoic acid
glucuronides: i.e. a-4-O-acyl (4a); B-4-O-acyl (48); B-1-O-acyl (18); B.a-3-O-acyl (3a,8); a-2-O-acyl (2a); and finally the

B-2-O-acyl isomer (283).

Table 1

Assignment of the °F spectral data of trifluoromethylbenzoic acid glucuronide isomers

2-Trifluoromethylbenzoic
acid glucuronide

3-Trifluoromethylbenzoic

acid glucuronide

fy (min) 4 (ppm) tr (min) 3 (ppm)
4-O-acyl () isomer 722 ~58.89 6.87 —62.438
4-O-acyl () isomer 7.50 -5891 745 —62.455
1-O-acyl (8) isomer 17.78 —58.99 14.15 —62.299
3-O-acyl (B) isomer 19.72 —58.87 17.85 —62.472
3-O-acyl () isomer 20.00 —58.85 18.46 —62.481
2-O-acyl (@) isomer 25.00 -59.04 28.31 —62.500
2-O-acyl (B) isomer 30.83 —58.87 2923 —62.505

The assignments were based on the spectral data obtained from the continuous-flow '’F HPLC-NMR experiment in combination
with the chemical shifts obtained from the stop-flow '"H HPLC-NMR experiment.
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Table 2

Assignment of the 'H spectral data of 2-trifluoromethylbenzoic acid glucuronide isomers
8 P y g

Glucuronide ring protons (6, pattern)

i b 3 & 5"

4-0-Acyl (a) isomer 5.11 341 4,05 5.08 413
d dd t t d

4-O-Acyl (B) isomer # 3.28 3.78 5.08 3.90
t t t d

1-O-Acyl (B) isomer 5.82 3.70 3.60 3.65 3.85
d t t t d

3-O-Acyl (B) isomer ! 3.80 5.20 3.60 4.18
t t t d

3-O-Acyl (a) isomer 5.30 3.82 5.38 3.70 4.18
d dd t t d

2-0-Acyl (a) isomer 542 495 3.95 359 4.10
d dd t t d

2-O-Acyl (B) isomer ? 4.90 3.70 3.59 375
t t t d

The assignments were based on the spectral data obtained from the stop-flow HPLC—'H NMR experiment. The coupling patterns
observed were doublet (d), triplet (t) and doublet of doublets (dd) splittings with magnitudes expected for pyranose rings with J

(axial-axial) ca. 8—10 Hz and J (axial-equatorial) ca. 3-4 Hz.

* Not determined (obscured by HDO resonance).

corresponding to various time points in the
pseudo-2D plot are shown and the assignments
of the peaks are indicated on the top spectrum.
The 3-O-acyl isomers were formed first, followed
by the 2-O-acyl isomers as a consequence of the
rearrangement mechanism which dictates how
acyl migration takes place with the neighbouring
hydroxyl group of the glucuronic acid ring only.

4. Discussion

In this study we present three new analytical
approaches involving the use of HPLC-NMR in
the analysis of glucuronide mixtures. The posi-
tional isomers of trifluoromethylbenzoic acid
glucuronides formed via acyl migration in the
equilibrated mixtures were clearly separated and
detected by HPLC-'F NMR spectroscopy in the
‘continuous-flow’” mode. This is particularly use-
ful as any NMR spectral interference from the
components of the HPLC eluent is omitted. The
trifluoromethylbenzoic acid glucuronides contain

strong ‘radiophors’ in the form of the trifluoro-
methyl group, which gives a strong uncoupled
"F NMR singlet, thus lowering the effective
detection limits for these compounds. We were
able to detect the a- and B-anomer of each
positional glucuronide isomer by '°’F NMR spec-
troscopy. This was confirmed by directly coupled
‘stop-flow’ HPLC-'"H NMR for the 2-trifluoro-
methylbenzoic acid glucuronide.

We have shown that HPLC-NMR can be used
for the real-time investigation of the chemical
reactivity of drug metabolites such as the de-
termination of the internal acyl migration kinet-
ics of drug ester glucuronides. Such studies are
only possible via HPLC-NMR approaches. Di-
rectly coupled ‘dynamic’ HPLC-NMR used to
study the acyl migration of the positional gluc-
uronide isomers will be of value in understanding
the structural physico-chemical properties that
determine drug glucuronide reactivity. There are
likely to be many more applications for the
technique of ‘dynamic’ stop-flow HPLC-NMR
as it is also possible to perform post-column
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Fig. 3. (A) The stacked plot of a ‘dynamic’ stop-flow HPLC-'""F NMR run, with NMR chemical shift on the horizontal axis and
the reaction time-course on the orthogonal axis. The acyl migration reactions of the 4-O-acyl-3-trifluoromethylbenzoic acid isomer
were followed at pH 7.4 (292K). (B) Individual spectra picked at different time points of the reaction time. The assignments of
the peaks are indicated on the top spectrum a-4-O-acyl isomer (4a), 8-4-O-acyl isomer (48), a-3-O-acyl isomer (3a), 8-3-O-acyl
isomer (38), a-2-O-acyl isomer (2«) and 8-2-O-acyl isomer (28).

additions to analytes directly in the NMR probe. ysis over the next decade with further possi-
Given its rapid and continued growth, HPLC- bilities of enhancing drug metabolite elucidation
NMR is likely to become one of the key enabling in the future via the possible triple hyphenation
technologies in pharmaceutical/biomedical anal- of HPLC-NMR with mass spectrometry.
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