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Abstract

1H and 13C NMR chemical shift assignments for the urinary tract antispasmodic flavoxate (1) and flavoxate hydrochloride (2) were obtained
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rom one- and two-dimensional measurements. A Monte Carlo random search using molecular mechanics, followed by geometry optimization of
ach minimum energy structure employing DFT calculations at the B3LYP/6-31G* level, and a Boltzmann analysis of the total energies, provided
ccurate molecular models which describe the conformational behavior of flavoxate (1). The electron density surfaces for the global minimum and
he second minimum conformers 1a and 1b of this L-type Ca2+ channel inhibitor were calculated. The presence of both conformers in solution
as demonstrated in full agreement with 2D NOESY data and NOE difference spectroscopy.
2005 Elsevier B.V. All rights reserved.
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. Introduction

2-Piperidinoethyl 3-methylflavone-8-carboxylate or flavox-
te (1) is supplied in pharmacy for symptomatic relief of dysuria,
rgency, nocturia, suprapubic pain, prostatitis, urethritis and
rethrocystitis [1]. The basic actions of the molecule are the
uppression the micturition reflex [2], increment urinary bladder
apacity [3] and relaxation of smooth muscle fibres of the urinary
ract, through a mechanism not yet fully defined [4]. Its pharma-
ologic effects can be related to a direct action on the smooth
uscle of the urinary tract, rather than to indirect blocking of

utonomic nervous system receptors, as elicited by anticholin-
rgic medications [5]. Flavoxate (1) is supplied in tablets as
avoxate hydrochloride (2) for oral administration; it is well
bsorbed from the gastrointestinal tract and rapidly metabolized
roducing peak blood levels in the range 0.3–0.7 �g/mL within
0 m. Tissue distribution is high in the liver, kidneys and blad-

∗ Corresponding author. Tel.: +52 55 5747 7112; fax: +52 55 5747 7137.
E-mail address: pjoseph@nathan.cinvestav.mx (P. Joseph-Nathan).

der, urinary and fecal excretion is practically complete within
24 h, from which 3-methylflavone-8-carboxylic acid (MFCA) is
identified as the principal metabolite.

The first synthesis of flavoxate (1) is reported since 1960
by acylation of 2-hydroxy-3-cyanopropiophenone with benzoyl
chloride and sodium benzoate, followed by hydrolysis of the
cyano group and introduction of the piperidinoethyl residue [6].
Surprisingly, there are no reports on nuclear magnetic resonance
measurements of this widely used drug, in spite of the fact that
thousands of flavonoids have been studied using this technique
[7].

2. Experimental

2.1. General

Molecular models were generated using the MMX force field
[7], as implemented in the PCMODEL program. The structures
were optimized by DFT (B3LYP/6-31G*) [8] using the PCSpar-
tan’04 program from Wavefunction (Irvine, CA, USA).
731-7085/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2005.11.042
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The used tablet formulation, Bladuril® (flavoxate 200 mg as
HCl salt), was purchased from a local drug store.

2.2. NMR experiments

Natural abundance 1H and 13C spectra were recorded on
a Varian Mercury 300 spectrometer at 300 and 75.4 MHz,
respectively. Spectra were referenced to TMS for 1H and 13C.
The two-dimensional correlation experiments were performed
using standard manufacturer-supplied HETCOR, gHMBC [9],
NOESY and INADEQUATE [10] pulse sequences. The spec-
tral widths in the gHMBC experiment were 18115.9 Hz for
F1 and 3597.1 Hz for F2 and the experiment was optimized
for a 1J(C, H) value of 140 Hz. The INADEQUATE experi-
ment was acquired with 1024 data points and spectral widths of
12033.7 Hz for F2 and 6016.8 Hz for F1, and was optimized for
a 1J(C, H) coupling of 150 Hz. The final signal-to-noise ratio
for the INADEQUATE data was improved by use of the Full
Reduction of Entire Datasets (FRED) software, available from
the spectrometer manufacturer. NOESY spectra were generated
with a mixing time of 0.8 s, a relaxation delay 1.0 s, data matrix
4 K × 4 K (400 increments to 4 K, zero filling in F1, 4 K in F2), 16
transients in each increment and a spectral width of 2801.9 Hz.
In the NOE difference experiments, a pre-irradiation time of 5 s
was used with the power level set at dpwr = 16 and 64 transients
acquired.
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Table 1
1H NMR data and HMBC correlations for flavoxate (1) and flavoxate hydrochlo-
ride (2)a

Hydrogen 1b HMBC 2c

H-5 8.46 dd (7.8, 1.8) 4,7 8.33 br d (7.7)
H-6 7.44 t (7.7) 4a,7,8 7.60 t (7.7)
H-7 8.26 dd (7.5, 1.8) 5,9 8.33 br d (7.7)
CH2-11 4.48 t (6.3) 9,12 4.54 br t (5.2)
CH2-12 2.69 t (6.3) 11,14,18, 3.09 br m
CH2-14,18 2.42 br t (5.1) 15,16,17 2.77 br m
CH2-15,17 1.54 br quint (5.6) 14,16,18 1.57 br m
CH2-16 1.41 m 14,15,17,18 1.39 br m
CH3-19 2.24 s 2,3,4 2.10 s
H-2′,6′ 7.79 m 2,4′ 7.82 m
H-3′,5′ 7.54 m 1′,2′,6′ 7.61 m
H-4′ 7.54 m 1′,2′,6′ 7.61 m

a Multiplicities and coupling constants (in Hz) are given in parenthesis. Chem-
ical shifts were measured at 300 MHz with TMS as internal standard.

b In CDCl3.
c In DMSO-d6.

to the three A-ring protons. The H-5 and H-7 signals, whose dis-
tinction must be based on 2D heteronuclear experiments, were
observed at δ 8.46 (dd, 7.8, 1.8 Hz) and 8.26 (dd, 7.5, 1.8 Hz),
while the H-6 signal was observed at δ 7.44 (dd, 7.7 Hz). The 1H

Table 2
13C NMR data of flavoxate (1) and flavoxate hydrochloride (2)a

Carbon δ 1b δ 2c W1/2 2 T2*d 2

C-2 161.0 160.5 1.16 1.72
C-3 117.6 117.0 1.27 1.57
C-4 178.2 177.0 1.20 1.66
C-4a 123.2 122.6 1.37 1.45
C-5 130.7 130.8 2.46 0.81
C-6 123.9 124.7 2.16 0.92
C-7 136.1 136.4 3.53 0.56
C-8 120.7 120.1 3.74 0.53
C-8a 154.4 153.8 1.52 1.31
C-9 164.3 163.3 2.69 0.74
C-11 63.1 60.8 6.24 0.32
C-12 57.1 55.2 15.37 0.13
C-14,18 54.7 53.0 8.79 0.22
C-15,17 25.8 23.6 23.38 0.08
C-16 24.0 22.1 21.57 0.09
C-19 11.7 11.5 1.56 1.28
C-1′ 133.0 132.5 1.38 1.44
C-2′,6′ 129.3 129.3 1.73 1.15
C-3′,5′ 128.4 128.7 1.74 1.14
C-4′ 130.4 130.3 3.03 0.66
.3. Flavoxate (1)

A solution of flavoxate hydrochloride (500 mg) in water
3 mL) was treated with NaHCO3 (100 mg). The mixture was
tirred for 2 h and extracted with CH2Cl2 (3 mL). The organic
ayer was dried over Na2SO4 and evaporated under vacuum
o yield a colorless oil. For 1H and 13C NMR data, see
ables 1 and 2, respectively.

.4. Flavoxate hydrochloride (2)

This compound was obtained by dissolution of two
LADURIL® tablets in 5 mL of distilled water followed by
ltration and washing with cold distilled water. It is a white
morphous solid. For 1H and 13C NMR data, see Tables 1 and 2,
espectively.

. Results and discussion

.1. NMR measurements

A very pure sample of flavoxate (1) was obtained by alkaline
reatment of a commercially available flavoxate-HCl (2) tablets
ormulation, as detailed in Section 2. The complete interpreta-
ion of the 1H and 13C NMR spectra of 1 was achieved taking
nto account our previous studies of flavones [11] in combination
ith detailed analysis of results provided by two-dimensional
ETCOR, gHMBC and INADEQUATE techniques.
The 1H NMR spectrum obtained from a CDCl3 solution of 1

Table 1) permitted observation of a first-order system belonging
a Chemical shifts were measured at 75.4 MHz with TMS as internal standard.
b In CDCl3.
c In DMSO-d6.
d Calculated from the relationship W1/2 = 2/T ∗

2 .
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NMR signals of the five B-ring protons provide no direct infor-
mation about their coupling constant values because they were
observed as a strongly coupled spin–spin system. The signal at δ
7.79 (m) was assigned to the H-2′/H-6′ pair, while H-4′ and the
H-3′/H-5′ pairs are overlapped at δ 7.54 (m). The methylene sig-
nals of the piperidinoethyl moiety (C-11, C-12 and C-14–C-18),
and the methyl group signal C-19 were assigned to the values
given in Table 1.

The 13C NMR spectrum of 1, obtained in CDCl3, showed two
carbonyl signals at δ 178.2 and 164.3, from which the lower field
one was assigned to C-4, that in the gHMBC experiment (Fig. 1)
showed correlation with the signals at δ 8.46 and 2.24 assigned
to H-5 and CH3-19, while the remaining carbonyl signal was
assigned to C-9, which in the gHMBC experiment showed cor-
relation with the signals at δ 8.26 and 4.48 assigned to H-7 and
CH2-11. The signals at δ 161.0 and 154.4 were assigned to C-2
and C-8a, respectively, which was confirmed by the gHMBC
correlations with the signals at δ 7.79 (H-2′/H-6′) for C-2 and
with those at δ 8.26 (H-7) and 8.46 (H-5) for C-8a. Further aro-
matic carbons appeared at δ 136.1, 133.0, 130.7, 130.4, 129.3,
128.4 and 123.9, which were assigned to C-7, C-1′, C-5, C-4′,
C-2′/C-6′, C-3′/C-5′ and C-6, respectively, from their heteronu-
clear correlations.

After combined evaluation of the one-dimensional 1H cou-
pled 13C NMR spectrum and the two-dimensional heteronuclear
1H–13C HETCOR and gHMBC spectra, the signals owing to C-
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the C-7 signal at δ 136.1. In turn, both C-7 and C-5 are coupled to
the C-6 signal at δ 123.9. In addition, the keto carbonyl signal at
δ 178.2 is coupled to the C-3 signal at δ 117.6, which is coupled
to C-2 at δ 161.0. Finally, coupling of C-2 to C-1′ at δ 133.0,
of C-1′ to C-2′/C6′ at δ 129.3, of C-2′/C6′ to C3′/C5′ at δ 128.4
and of C-3′/C-5′ to C-4′ at δ 130.4 undoubtedly completes the
assignment of all sp2 carbon signal of flavoxate (1). The assign-
ments of aliphatic signals corresponding to the piperinoethyl
moiety of 1 are given in Table 2.

Flavoxate hydrochloride (2) was obtained by disolution and
filtration of flavoxate-HCl tablets as indicated in Section 2. The
1H NMR data of 2, measured from a DMSO-d6 solution, are
shown in Table 1. Chemical shift assignments of 2 can be made
directly by comparing their data with those of 1, although the
spectrum of 2 showed important differences as a result of pro-
tonation at the amine nitrogen atom. With the exception of the
aromatic B-ring protons and methylenes CH2-15, CH2-16 and
CH2-17 all 1H signals are shifted downfield upon protonation.
The H-5 and H-7 signals appear as a sole doublet at δ 8.33 (br
d, 7.7 Hz), while the H-6 signal is a triplet at δ 7.60 (t, 7.7 Hz).
Resonance signals from methylenes CH2-12, CH2-14 and CH2-
18 in the vicinity of the amine nitrogen are broadened as well as
those for CH2-15, CH2-16 and CH2-17.

Comparison of the 1H NMR data of 2 with that of the pre-
viously described 3-methyl-4-oxo-2-phenyl-4H-1-benzopyran-
8-carboxylic acid 1,1-dimethyl-2-(N-piperidinyl)ethyl ester
h
i
H
c
d
e
2
a

(

lot o
a and C-8 could not individually be assigned to the resonances
t δ 120.7 and 123.2. Therefore, a two-dimensional double quan-
um coherence contour plot of the sp2 spectral region of flavoxate
1) was obtained using the INADEQUATE pulse sequence. This
xperiment revealed that both signals are directly bonded to C-
a, whose signal appeared at δ 154.4. In addition, it becomes
vident that the signal at δ 123.2 corresponds to C-4a since it
s coupled to the keto carbonyl signal at δ 178.2 and to the C-5
ignal at δ 130.7, while the signal at δ 120.7 corresponds to C-8
ince it is coupled to the ester carbonyl group at δ 164.3 and to

Fig. 1. gHMBC contour p
ydrochloride (terflavoxate-HCl) [12] showed good agreement
n chemical shifts for all aromatic protons, with the exception of
-5 and H-7 which showed an accidental chemical shift coin-

idence in 2 and not in terflavoxate nor in 1. Also, terflavoxate
isplayed a remarkable differentiation between the axial and
quatorial hydrogen atoms of the piperidine moiety, while 1 and
showed averaged signals for each methylene group, evidencing
faster ring inversion of flavoxate with respect to terflavoxate.

The 13C NMR spectrum of 2 showed the expected 20 signals
Table 2), from which 15 were sharp peaks. The W1/2 values,

f flavoxate (1) in CDCl3.
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obtained from the full linewidths at half-height, are shown in
Table 2, their corresponding T ∗

2 values were obtained from the
W1/2 = 2/T ∗

2 relationship [13]. The line broadening might be due
to the presence of slow equilibria between conformations of the
piperidine ring.

3.2. Conformational analysis

A theoretical conformational distribution of 1 was accom-
plished by means of a Monte Carlo random search [14].
A total of 79 minimum energy conformations were found
within a molecular mechanics energy range of 0–6 kcal mol−1

(1 kcal = 4.184 kJ). A preliminary analysis of the Boltzmann
distribution showed that 39 of them, within a 0–3 kcal mol−1

range, accounted for 97.76% of the conformational population,
which evidenced the high flexibility present in 1. In order to
ascertain the conformational trajectory of 1, the 79 structures
were subjected to geometry and energy optimization by den-
sity functional theory (DFT) calculations [15,16] employing the
B3LYP/6-31G* basis set. According to these calculations, the
original group of 79 structures was reduced to a group of 48
because 17 conformers appeared as duplicated and 14 conform-
ers individually account for less than 0.05% of the conforma-
tional equilibrium.

Table 3 lists the DFT energy values, the Boltzmann dis-
tribution, as well as four selected dihedral angles, which
d
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1b is depicted in Fig. 3. In the conformational groups
A–D, the C(2′)–C(1′)–C(2)–O(1) dihedral angle is ca.
+ 31.0◦, −30.6◦, + 37.2◦ and −36.9◦, respectively, while the
C(7)–C(8)–C(9)–O(10) dihedral angle is ca. −27.1◦, + 23.1◦,
+ 163.2◦ and −165.4◦, respectively. As a general fact, the
DFT calculations reveal that the phenyl group adopts two
main positions, which are defined by the dihedral angle
C(2′)–C(1′)–C(2)–O(1), that the conformation of the piperidine
ring is a chair in all conformers and that the high flexibility
of 1 is due to movement of the piperidinoethyl moiety,
which mainly arose from the rotation circuit of the dihedral
angles C(7)–C(8)–C(9)–O(10), C(9)–O(10)–C(11)–C(12),
O(10)–C(11)–C(12)–N(13) and C(11)–C(12)–N(13)–C(14). It
is relevant to mention that the C(8)–C(9)–O(10)–C(11) dihedral
angle remains very close to 180.0◦ in all conformations.
According to the relative energy and Boltzmann distribution
for groups A and B, it becomes evident that they represent the
preferred conformations of flavoxate (1).

In addition, selected distances between those atoms which
determine the position of the phenyl and piperidinoethyl moi-
eties were measured in each conformer of groups A–D. In
particular, minimum values were observed in structures 1a and
1b, as can be seen in Fig. 2. Assuming that calculated distances
for those conformers can be related to experimental nuclear
Overhauser effects, the corresponding NOESY spectrum was
measured for 1. Two strong correlations were observed between
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F he sec
c

efined the molecular conformation, for the 48 most rele-
ant conformers of 1. Fig. 2 shows the global minimum
nergy conformation 1a (EDFT = −806525.403 kcal mol−1,
rel = 0.000 kcal mol−1) and the second minimum energy con-

ormation 1b (EDFT = −806525.278, Erel = 0.122 kcal mol−1),
hich both account for only 25.67% of the conformational

quilibrium. The main difference between these two structures
s the position of the piperidinoethyl moiety which is defined
y the C(7)–C(8)–C(9)–O(10) dihedral angle, with values of
22.9◦ for 1a and + 22.2◦ for 1b. The next 23 conform-

rs account for 60.35% of the population and are classified
n four groups according to the C(2′)–C(1′)–C(2)–O(1) and
(7)–C(8)–C(9)–O(10) dihedral angles.

A comparative drawing of the molecular dynamics
ampling corresponding to the 23 structures plus 1a and

ig. 2. Density functional theory (B3LYP/6-31G*) global minimum (1a) and t
orrelations.
H2-11 and CH2-14,18 and between CH3-19 and H-2′,6′ in
greement with the measured distances of 2.18 and 2.42 Å,
espectively, in the molecular models of either 1a or 1b. In order
o obtain further information, a series of detailed NOE differ-
nce spectra was obtained for 1. Thus, when the CH2-11 was
rradiated a 4.9% increase in the signal integral for CH2-14,18
as observed, while irradiating CH3-19 gave a 6.6% increase

n the H-2′,6′ multiplet. Those effects were in agreement with
he correlations observed in the NOESY spectrum. Furthermore,
hen the CH2-11 was irradiated a NOE of 1.2% was observed

or H-7. The 3.82 Å distance between H-7 and H-11 in 1b sat-
sfied the observed NOE effect. Finally, when CH2-14,18 was
rradiated increments of 1.2 and 1.3% were found for the inte-
rals of H-7 and H-2′,6′, respectively, which are in agreement
ith distances of 3.88 Å between H-7 and H-14 in 1a and 3.90 Å

ond minimum (1b) molecular models of flavoxate (1), showing relevant NOE
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Table 3
Density functional theory (B3LYP/6-31G*) relative energy, Boltzmann distribution and four selected dihedral angles for forty eight conformers of flavoxate (1)

Conformer EDFT
a Boltzmann distributionb C7–C8–C9–O10

c C9–O10–C11–C12
c O10–C11–C12–N13

c C11–C12–N13–C14
c

1ad 0.000 14.1970 −22.9 −97.5 +61.4 −156.6
1bd 0.122 11.4822 +22.2 −101.5 +61.3 −158.6
1ce 0.601 5.1473 +158.7 −97.0 +59.3 −153.6
1de 0.686 4.4540 +30.3 +82.7 +55.7 −160.3
1ee 0.720 4.2095 −18.1 −169.5 +179.5 −80.8
1fe 0.820 3.5568 −32.9 −86.9 −52.6 −67.5
1ge 0.837 3.4529 −21.1 −86.5 +176.1 −85.0
1he 0.858 3.3322 +23.0 −87.6 −178.5 −79.5
1ie 0.870 3.2668 +21.4 +172.1 +82.0 −72.1
1je 0.881 3.2089 −158.7 −100.4 +64.3 −158.0
1ke 0.891 3.1516 −22.5 +82.9 +170.1 −84.0
1le 0.900 3.1049 +26.6 +89.1 +174.0 −80.3
1me 0.904 3.0875 −22.7 +172.1 +176.0 −157.9
1ne 1.026 2.5096 +173.5 +81.3 +66.1 −151.3
1oe 1.113 2.1668 +159.3 −90.4 −177.4 −83.2
1pe 1.160 2.0032 +18.9 −177.0 +65.2 −160.7
1qe 1.165 1.9867 +19.5 −173.5 −85.3 −165.8
1re 1.203 1.8621 −179.0 +84.8 +80.0 −73.5
1se 1.245 1.7305 +167.7 +89.0 −171.0 −80.9
1te 1.292 1.6022 −23.2 −87.4 −84.6 −166.7
1ue 1.345 1.4657 −163.9 −91.7 −68.4 −148.7
1ve 1.383 1.3758 +170.3 +83.2 +170.5 −85.6
1we 1.417 1.2987 −168.6 +80.5 +167.7 −86.9
1xe 1.457 1.2127 −154.8 +87.6 +172.6 +151.8
1ye 1.477 1.1726 +154.3 −87.7 −172.2 −152.0
1zf 1.583 0.9813 −162.6 −165.1 −177.1 −77.4
1a′f 1.623 0.9175 +16.0 +83.7 +68.6 +62.0
1b′f 1.627 0.9101 +21.9 −177.0 −72.4 +71.5
1c′f 1.637 0.8957 −158.9 +179.5 +79.4 −76.3
1d′f 1.687 0.8233 +177.5 −78.9 −58.7 −76.0
1e′f 1.698 0.8082 +159.1 −91.4 −176.5 −83.3
1f′f 1.728 0.7682 −179.5 +72.3 +45.8 −165.8
1g′f 1.740 0.7524 −176.7 −84.8 −69.5 +70.0
1h′f 1.744 0.7479 −170.7 −176.7 −178.6 −84.6
1i′f 1.764 0.7225 −178.9 +75.3 +50.3 −163.0
1j′f 1.772 0.7128 −23.3 +84.4 +176.5 +66.9
1k′f 1.875 0.5992 −159.3 −176.3 +54.4 +174.0
1l′f 1.878 0.5962 +159.3 +176.7 −54.3 −48.3
1m′f 1.947 0.5306 +161.4 +171.6 −74.3 +69.6
1n′f 2.044 0.4502 +30.0 −111.8 +76.6 +60.9
1o′f 2.045 0.4496 −159.9 −83.3 −66.2 +73.0
1p′f 2.125 0.3930 −163.2 +85.1 +170.8 +66.0
1q′f 2.150 0.3764 +160.2 −87.4 −174.5 +67.6
1r′f 2.253 0.3168 −170.1 −86.7 −170.5 +66.7
1s′f 2.335 0.2757 −175.1 +87.5 +177.7 +67.9
1t′f 2.445 0.2288 +35.2 −60.9 −34.9 −71.2
1u′f 2.603 0.1753 +161.6 +174.5 +177.8 +64.8
1v′f 2.865 0.1128 +149.9 +166.0 −71.1 +73.2

a Density functional relative energy in kcal mol−1.
b Expressed in percent.
c In degrees (◦).
d The sum of these conformers account for 25.67% of the population.
e The sum of these conformers account for 60.35% of the population.
f The sum of these conformers account for 13.54% of the population. Dihedral angle C8–C9–C10–O11 range −177.8 to +176.6◦.

between H-6′ and H-18 in 1b. Therefore, the observed NOE cor-
relations evidenced the conformational preferences of flavoxate
(1) in solution and validate that structures 1a and 1b are repre-
sentative molecular models for this drug.

On the other hand, recent studies have shown that flavox-
ate (1) causes muscle relaxation through the inhibition of L-
type Ca2+ channels in human detrusor [17]. In order to pro-

vide data which eventually could help in the elucidation of the
action mechanism, we calculated the electron density surfaces
at 0.08 electron/a.u.3 for conformers 1a and 1b by DFT. Fig. 4
shows the regions with less and more electron density which can
interact with the receptor lipophilic sites and with calcium ions,
respectively. This model can be used in the future as a template
for 3D-QSAR studies.
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Fig. 3. Molecular dynamics samplings of four groups of conformers classified according to the value of the C(2′)–C(1′)–C(2)–O(1) and C(7)–C(8)–C(9)–O(10)
dihedral angles for flavoxate (1).

Fig. 4. Electrostatic potential surface maps for conformers 1a and 1b of flavoxate (1) obtained by DFT calculations at B3LYP/6-31G* level. The electrostatic surfaces
are scaled to a range of −38 to +38 kcal/mol.

4. Conclusions

The complete structural characterization for flavoxate by
NMR was made using one- and two-dimensional measurements.
Conformational calculations by DFT for this compound indi-
cate that the preferred conformations are distributed over 13

structures (groups A and B) which showed high flexibility with
respect to the piperidinoethyl moiety. Furthermore, the lowest
energy conformers 1a and 1b showed a good correlation with
experimental nuclear Overhauser effects, indicating that both
structures are representative molecular models for flavoxate (1)
in solution.
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