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ARTICLE INFO ABSTRACT

Article history: Rutin, vitamin P, was extracted from Salvia macrosiphon and identified by 'H, '3C, 'H-'H COSY, HMQC,
RECE{VEd 8 Febr_uary 2010 and HMBC spectroscopy. In parallel, density functional theory (DFT) using BsLYP functional and split-
Received in revised form 11 May 2010 valance 6-311G™* basis set has been used to optimize the structures and conformers of rutin. Also exper-

Accepted 13 May 2010

; : ; 1y 2 37+ ;
Available online 24 May 2010 imental and theoretical methods have been used to correlate the dependencies of 'J, 7J, and °J involving

TH and '3C on the C5”-C6" (w), C6”-06" (), and C1”-06" () torsion angles in the glycosidic moiety. New
Karplus equations are proposed to assist in the structural interpretation of these couplings. *Jyx depends
mainly on the C-C (w) torsion angle, as expected, and %Jyy; values depend on both C-C (w) and C-0 (6)
torsions. Jy values within hydroxymethyl fragments were also examined and found to depend on rcy,
which is modulated by specific bond orientation and stereoelectronic factors. In all calculations solvent
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1. Introduction

Bioflavonoids are benzo-y-pyrone derivatives of plant origin Benzo-gamma pyrone
with a wide range of physiological activities such as antioxidant, —~ 5
antimicrobial, anti-inflammatory, antiallergenic, antiviral, and
anti-tumor properties.'™ Rutin (Fig. 1) is a non-toxic bioflavonoid
composed of the flavonol quercetin and the disaccharide rutinose
that is found in more than 70 plant species. It is used clinically in HO
therapeutic medicine,>® especially in humans for the treatment
of lymphoedema following axillary lymph node excision.” It has
less toxicity in the human body and has the potential to be a novel
therapeutic agent.

Some analytical methods, including capillary electrophoresis,®
cyclic voltammetry,® HPLC,'® chemiluminescence,!! electrochemi-
cal sensor,'? spectrophotometry,'® and sequential injection analy-
sis,'* have been applied to the determination of the structure
and properties of rutin, but it is still necessary to develop methods
to quantify rutin in pharmaceutical preparations or crude drugs.

Recently the interaction of rutin with some flavonoids with
DNA has been studied, but how flavonoid molecules bind to DNA
is currently unclear. The function of the glycosidic ring, for exam-
ple, is not understood.'> "7 In this study we focused on the sugar
chain of rutin (rutinose) to determine its conformation in solution.
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E-mail address: ghiasi@alzahra.ac.ir (M. Ghiasi). Figure 1. Chemical structure of rutin.
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Determination of the conformation of biologically active mole-
cules is often based on NMR spectral data in combination with
computational methods. In the present work, we are interested
in extending the use of J-coupling constants for the structural, ste-
reochemical, and conformational analysis of vitamin P by defini-
tion of the dependences of 3Jyy, 2Jum, and Jcy coupling constants
on the 'H/'3C atomic dihedral angles in the sugar chain. So we
present the results of studies of chemical shifts and a set of J-cou-
plings about the C5”"-C6" (w), C6”"-06" (0), and C1”-06" (¢) bonds,
3Tum Y, and Yey, on rutinose, using experimental and theoretical
methods to determine the Karplus equation.

2. Experimental
2.1. Extraction and separation

The air-dried and powdered aerial parts of wild (960 g) Salvia
macrosiphon were defatted with hexane and extracted with 90%
EtOH (3 x 3 L) at room temperature for six days. The combined ex-
tracts were concentrated, and the residue (30 g) was dissolved in
H,0 (600 mL) and extracted with EtOAc (3 x 50 mL). The EtOAc-

4

soluble part was subjected to column chromatography over silica
gel (E. Merck, 70-230 mesh) and eluted with CHCl;, CHCl3-EtOAc,
EtOAc, and 9:1-1:1 EtOAc-MeOH. Concentration of the 1:1 EtOAc-
MeOH fractions afforded a yellow residue (0.11 g), which on puri-
fication by preparative paper chromatography using 4:1:5 n-
BuOH-HOAc (40-10%)-H,0 gave rutin (15 mg). The UV-vis spec-
trum of rutin in methanol solvent shows three peaks at 220 nm,
255 nm, and 371 nm (Amax)-

2.2. NMR measurements

TH NMR, '3C NMR, DEPT, 'H-"H COSY, HMQC, and HMBC spectra
of rutin were taken at 298 K in DMSO (99.99% D) on a Bruker Avance
DRX operating at 500.133 MHz for 'H and 125.770 MHz for '3C,
using a 5-mm broad band inverse probe with sufficient digital reso-
lution to ensure errors <0.1 Hz in the measured J-couplings.

All 2D NMR spectra were acquired by pulsed field gradient-se-
lected methods. 2D correlation spectroscopy (COSY) was used to
confirm 'H assignments. Heteronuclear multiple quantum correla-
tion (HMQC) and heteronuclear multiple bond correlation (HMBC)
were used for '3C assignments.
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Figure 2. 'H-'H COSY spectrum of rutin in DMSO-dg at 298 K.
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Figure 3. HMQC spectrum of rutin in DMSO-dg at 298 K.

Figures 2-4 show the 'H-"H COSY, HMQC, and HMBC spectra of
rutin, respectively, and the '3C NMR of extracted rutin is in good
agreement with that reported in the literature.'®

HMQC and HMBC spectra were recorded using 2048 x 1024
data matrices; the number of scan and dummy scans were 48
and 16, respectively, in all cases.

The HMQC and HMBC spectra were recorded with 2 s interpulse
delay. The spectral widths sw; x sw, = 3255 x 22,123 Hz in all 2D
experiments. For Z-only gradients, the G1:G2:G3 = 50:30:40.1 gra-
dient ratios were used for both the HMQC and the HMBC spectra.

3. Computational details
3.1. Ab initio molecular orbital calculation

Ab initio calculations were carried out with the caussiaN program
series 2003.'° The optimization of the geometry was performed
employing a hybrid Hartree-Fock density-functional scheme, the
adiabatic connection method, that is, the Becke three-parameter
with Lee-Yang-Parr (BsLYP) functional of density functional the-
ory (DFT)?° with the standard basis set, 6-311G**. Full optimiza-
tions were performed without any symmetry constraints. We
computed the harmonic vibrational frequencies to confirm that
an optimized geometry correctly corresponds to a local minimum
that has only real frequencies. The solvent effects on the conforma-

tional equilibrium have been investigated with a PCM method?! at
the B5LYP/6-311G™* level. Solvation calculations were carried out
for DMSO (¢ = 46.7) with the geometry optimization for this sol-
vent. Conformational energy profiles around the C5”-C6” and
C1”-06" bond in rutinose, Figure 5, were calculated by driving
the w and 0 dihedral angles from 0° to 360° in 30° increments,
while allowing the remaining geometrical parameters to relax. In
this report the orientations about the C5”-C6”, C6"-06", and
C1”-06" are described by torsion angles (« = 05”"-C5"-C6"-06"),
(6=C5"-C6"-06"-C1”), and (o =H1"-C1”-06"-C6"). For the
C5”-C6” and C1”-06" rotamers we used the standard nomencla-
ture, Scheme 1. The O5” and C4” are the reference atoms and stag-
gered conformers are designated as the gt (w ~ 60), tg (w ~ 180),
and gg (v ~ —60).

4. Results and discussion
4.1. Geometry optimization of rutin

The rutin structure was fully optimized by the BsLYP method
using the 6-311G** basis set with no initial symmetry restrictions
and assuming a C; point group. The optimized geometry of rutin in
the gas phase was reoptimized by considering the solvent effect
(¢=46.7) using the polarized continuum model (PCM). Tomasi’s
polarized continuum model defines the cavity as the union of a ser-
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Figure 4. HMBC spectrum of rutin in DMSO-dg at 298 K.

ies of interlocking atomic spheres. The effect of polarization of the
solvent continuum is represented numerically.?! Figure 5 shows
the optimized structure of rutin in DMSO solvent.

A selection of calculated bond distances, bond angles, and dihe-
dral angles are compiled in Table 1. Calculation of vibrational fre-
quencies has confirmed a stationary point with no negative
eigenvalue observed in the force constant matrix.

4.2. Calculation of chemical shifts and NMR spin-spin coupling
constants

NMR computations of absolute shieldings were performed
using the GIAO method?? on the DFT-optimized structure in the
presence of solvent. The 'H and '3C chemical shifts were calculated
by using the corresponding absolute shieldings calculated for
Me,Si at the same level of theory (Table 2). A good agreement be-
tween the experimental and theoretical chemical shifts shows the
reliability of DFT calculations for this series of molecules.

Recent investigations have shown that the density functional
theory (DFT) method provides accurate predictions of structural
parameters®* and nearly quantitative >C-'3C and '*C-H spin cou-
plings in a wide range of bonding environments without the need
for scaling.?* Also Serianni and co-workers have shown that the
BsLYP method is a suitable method for predicting coupling con-
stants in disaccharides.?> Consequently, the coupling constants in
rutinose, Figure 6, were obtained by finite-field (Fermi contact)
double perturbation theory?® calculated at the BsLYP/6-311G** le-
vel. Appropriate values for the perturbing fields imposed on the
coupled nuclei were chosen to ensure sufficient numerical preci-
sion, while still allowing a satisfactory low-order finite-difference
representation of the effect of the perturbation. Only the Fermi
contact component of each coupling constant was considered
due to the dominant relationship of this term in J values involving
carbon and hydrogen, especially in saturated systems.

All the equations describing the dependencies of %Jy_p, >Ji_n
and Yy on w, 0, and ¢ were parameterized from the calculated
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Figure 5. Optimized structure of rutin at the B3;LYP/6-311G** level in DMSO
solvent.
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Scheme 1. Idealized rotamers about the C5”-C6” bond of aldohexopyranosyl rings.

Table 1
Some structural details of rutin’s optimized structure at BsLYP/6-311G** level

Bond distance (A)

01-C2 1.36
C2-C3 133
c2-Cv 1.49
C1'-c2 1.38
C5"-C6" 1.51
C5"-05" 1.38
C5"-06" 1.41
C1”-06" 1.39
c17-c2” 1.51
Bond angles (°)

C2-C1'-C2 122.0
C2-C3-0 120.0
C3-0-C1” 120.8
C5"-C6"-06" 113.1
C6"-06"-C1"” 116.2
Dihedral angles (°)

01-C2-C1'-C2’ 142.0
C3-C2-C1'-C2 —43.25
C2-C3-0-C1” 125.2
C5"-C6"-06"-C1" 173.0

couplings using the least-squares procedure. Specific staggered
hydroxymethyl rotamers of rutinose generated by systematically
rotating the (o = 05"-C5"-C6"-06") and (6 = C5”"-C6”"-06"-H) tor-
sions, from 0° to 360° in 30° increments by holding both torsion

Table 2
Representation of some experimental and theoretical chemical shifts (ppm) and spin—
spin coupling constants (Hz) of rutin in DMSO at 298 K

Chemical shifts Coupling constant (Hz)

H Caled Exptl 'C  Caled  Exptl Exptl

6 625 6.19 2 102.4 99.5 iz 8.1
8 612 638 3 97,5 944 3l py 9.2
6 710 754 4 1253 1224 Yuzue 9.2
5/ 635 684 1 120.1 1171 3Jugpse 9.7
2 712 753 2 1195 1160  Jusiuer 2.3
i1 580 533 17 1053 1020 ‘Jusiues 2.3
27 418 325 2/ 76.7 749  Yugrue's -11.7
3 388 319 3" 75.3 77.3

47 351 341 4" 72.1 70.9

5" 382 328 5 75.3 76.7

6"(HgHs) 3.87 370 6" 69.2 67.8  Ycrmmp 165.5
1™ 348 438 1”7 1023 1016 Yoy pa 1455
i 322 326 27 72.6 71.4° Yesiiisy 141.7
3 299 307 3n 72.1 N2  Yewmem 142.32
4 3.14 306 4" 75.5 B Yerrms 143.75
511 285 3.16 5" 68.2 69.0

CH; 128 10 CHs; 1671 186

Figure 6. The tube model of rutinose structure to calculate coupling constants that
are sensitive to w, 0, and ¢.

angles at fixed values, were constructed in the caussiaN viewer
and subsequently geometrically optimized using BsLYP/6-311G**.
These structures were reoptimized taking solvent effects into
account.

4.3. Vicinal (three-bond) 'H-'H spin-spin coupling constants

The previous study shows two 3],y values, 3]s yer and 3Jys yes, in
some aldohexopyranoside derivatives that are sensitive to .’

3Jus err and *Jys yers (Eqs. 1 and 2) were computed for rutinose
using the set of staggered and eclipsed geometries (Table 3). Kar-
plus equations were also derived by including the effect of 0, but
this processing did not improve the quality of Eqs. 1 and 2 signif-
icantly. So two 3Jyy values, Jys ye'r and >Jys. pe's, are sensitive to
w:

*Jusr werr = 5.07 + 0.49 cos(w) + 0.88 sin(w) — 0.15 cos(2m)

+465sin(2w) (rms = 0.27 Hz) (1)
*Jus s = 4.86 — 1.31 cos(w) + 0.07 sin(w) + 4.52 cos(2m)
+0.06sin(2w) (rms =0.18 Hz) (2)

Figure 7 shows a plot of theoretical 3Jys ysg and 3Jus pes values
versus w, using Egs. 1 and 2.
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Table 3
Torsion angles, @ and 6 (°), and calculated %Jyer nes, *Jus.Her, “JisHes: and Jes s values
(Hz)
w () 0(°) 2]H6"R,H6”s 3]H5”.H6”R 3]H5”,HG”S IJCS”.HS” Cs/—Ce’ Rotamer
62 57 —-125 10.6 1.8 137
57 —-48 -11.2 10.6 2.7 141 gt
72 192 -8.7 9.5 1.2 141
-58 50 -11.6 1.0 2.7 140
-70 -72 -13.2 1.7 1.6 137 gg
-72 171 -85 2.4 1.7 137
176 74 —-12.1 49 11.0 143
177 -69 -12.0 4.0 113 137 tg
176 176 -71 4.6 11.0 141
120 60 -12.9 1.0 34 140
120 -60 -12.8 1.2 2.9 141
120 180 -8.6 1.0 3.1 145
0 60 -11.7 6.0 7.7 140
0 -60 11.7 5.0 8.7 141
0 180 -73 53 8.5 140
—120 60 -13.8 8.6 2.6 141
—-120 -60 -13.6 7.5 3.5 140
—-120 180 -93 8.2 2.8 140
15
N
= 13
~ 3
s 1 Jus ne's
8 9
=
7 3
S JHs" H6'R
o0 5
=
= 3
=7
2 1
5]
-1
o
"':- -3
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Figure 7. Plots of the dependencies of calculated 3Jys. yg's and 3]s g in rutinose
on the w angle.

4.4. Geminal (two-bond) 'H-"H spin-spin coupling constants

2Jusr Hes is affected by both w and 6, but its dependence on 0 is
significantly greater than its dependence on . The latter conclu-
sion is supported by previous studies of Serianni and co-workers,?®
which show that the computed %], 6s is related to both w and 0.
The additional hyper surface dataset obtained in this work yielded
an improved equation (Eq. 3) with substantially smaller rms error.
According to the data in Table 3 Eq. 3 relates ZJHSUR,HGHS for rutinose
to w and 0:

Yuerrne's = —11.02 + 0.32 cos(w) — 2.22 cos(0) (rms
=0.22 Hz) 3)

The results of the previous study?® show that the %],y values in
an unsubstituted CH,OH fragment are influenced by both @ and 0,
which could be caused by the value of the H-C-H bond angle (this
angle appears relatively constant despite changes in w and 6) on
2Jun. So ?Juy values in an unsubstituted CH,OH fragment appear
to be influenced minimally by the H-C-H bond angle, but O-substi-
tution affects the H-C-H bond angle significantly. Therefore, this
factor may need to be considered in the structural interpretation
of Z_IHH.

4.5. One-bond 3>C-'H spin-spin coupling constants

C-H bond length is a key determinant of the Joy value, with
shorter bond (greater s-character) yielding larger couplings.® Sev-
eral structural factors influence C-H bond length: axial versus
equatorial bond orientation, vicinal lone-pair effects3%3" 1,3-
lone-pair effect,>® and 1,4-lone-pair effects.?® The effects of 1,3-
interactions with oxygen lone-pairs are observed on rcs_ys and
les_ns; therefore, the orientation of the vicinal lone-pairs on
05” and the orientation of the C5”-H5” bond remain fixed in all
structures. A plot of calculated 'Jcs.ys: versus res._ys is linear
(Fig. 8) indicating that the C-H bond length is highly correlated
with the magnitude of J, with shorter bonds yielding larger cou-
pling constants. The shortest C6”-H6” bond, and the largest 'Jcg._
He» Values, is expected for a C6”-H6” bond that does not experience
a bond-lengthening vicinal (anti) O6” lone-pair interaction and a
bond-shortening 1,3-interaction with an O5” lone-pair. A plot of
calculated Jcg g VEIsus reg_pe for staggered rotamers is almost
linear, too. The above-mentioned results relate the 'Joy to only
two torsion angles w and 6. Rotation of the C6”"-06" bond modu-
lates the stereoelectronic effect of the O6” lone-pairs on the C6"-
H6”R and C6”-H6"S bond lengths, but other effects (1,3-lone-pair
interactions with O5” and bond orientation) also influence these
bond lengths, so the Karplus equations for rutinose that relate
Nesr_ns and Yeg_yer to @ and 0 give relatively large rms errors.

One of the major practical advantages of the angular depen-
dences of 'Jcy values is the possibility of determination of the gly-
cosidic-bond torsional angles. The dependencies of Jc;» 7+ on ¢
are examined by systematic rotations about ¢ in rutinose by 10
increments. Computed values of l]cwvmw in optimized structures
after every increase in ¢ dihedral angles are shown in Table 4.

150 1
148 A
146 4
144 4
142 4
140 4
138
136 1
134 A
132 4
130 T T T T T T \
1.1 1.102 1.104 1.106 1.108 1.11 1.112 1.114
C5'"-H5" bond length (&)

coupling constants (Hz)

Figure 8. Computed 'Jcs.ps versus C5”-H5” bond lengths. Data were generated
from systematic rotations about « and 0.

Table 4
Effect of torsion angle ¢ on the computed 'J¢;» 7 (Hz) in rutinose
[ Yerr
0 156.6
30 158.7
60 162.1
90 163.1
120 159.3
150 158.1
180 162.2
210 163.5
240 160.2
270 157.5
300 161.3
330 162.5
360 160.8
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Table 5

Part (A): Limiting values for 3J,s/per and 3Jys/pe:s in three staggered rotamers about
the C5”-C6” bond in rutinose, Part (B): C5”-C6” rotamer distribution in rutinose from
3Jusoner and Jysipers values and limiting coupling constants in part (A)

Coupling (Hz)  *Jusuer *JusHes
gt g g gt gg g
Part (A) 9.7 1 43 1.5 14 105
rotamer distribution
%gt %gg %tg
Part (B) 36 60 4

The relationship between !J¢; 1~ and ¢ was parameterized using
a complete dataset of 36 data points, yielding Eq. 4, which indi-
cates conformational dependence of coupling constant upon the
dihedral angle ¢. Also Table 5 shows some experimental coupling
constants:

Jerm = 0.57 cos(¢) — 2.97 cos() + 1.73 sin(¢p) — 1.59sin(¢)
+162.13 (rms = 1.41 Hz) (4)

5. C5-C6 and C6-06 rotamer distributions in rutinose

Rotameric distributions around the C5”-C6"” and C6”"-06" bonds
of the aldohexopyranosyl ring of rutinose can be determined from
3Jusr.Heg and 3Jys. yers. The limiting values of these couplings de-
pend on assumptions made about the torsion angles and the choice
of Karplus equation. The limiting couplings in Table 5 were used to
estimate the percentages of C’5-C"6 and C’6-0”6 rotamers in
rutinose. According to Table 5 small percentages of tg rotamer
are observed. Percentages of gt, gg, and tg rotamers were calculated
by solving the following three equations simultaneously:

3]H5.H6R =P gt(3JH5,H6R(gr>) +P gg(3]HS.H6R(gg)) +P [g(3jH5,H6R(tg))7

*Js s = P gt(3]H5,H65(gr)) +P, gg(3JH5‘HGS(gg)) +P fg(3.]H5.HGS(tg))7
and Py + Py + Pig = 1.

In these equations, P is the fraction of the respective rotamer,
3JusHergr) is the standard value of 3Jysuer in the gt rotamer,
'Jns,Her(gg) 1 the standard value of 3Jus.uer in the gg rotamer, and
so forth. Standard couplings used in the calculations were derived
from Eqgs. 1 and 2. It is important to appreciate that substitution at
06" eliminates O6”-H, thereby preventing the measurement of
3Tucon>2 which can be used to evaluate the C-O torsion. In this sit-
uation, knowledge of the relationships between 3]y, 2Jus, and 0 can
be especially useful.

6. Conclusions

Conformational studies of the exocyclic hydroxymethyl group
in the disaccharide rutinose in rutin have relied heavily on the
use of 3y values to estimate rotamer populations in solution.
The strategy was to obtain experimental results from extracted ru-
tin, and then these data were used to test the ability of the DFT
methods to estimate the chemical shifts and coupling constants.
Good agreement between experimental and theoretical data con-
firms the accuracy of the BsLYP/6-311G** method for calculation
of chemical shifts and coupling constants of saccharides.

The results show *[yy values in hydroxymethyl fragments are
evaluated mostly by the C-C torsion angle (w) and less by the C-
O torsion angle (6). Notice that the 2]y is determined mainly by
the C-0 torsion angle (0) in the absence of a hydroxyl proton on
06, when the hydroxyl group is substituted (for example in a
(1-6)-glycosidic linkage).

In addition, this report generates new theoretical treatments for
flavonoids with a sugar moiety, which makes the interpretation of
saccharide conformational analysis more feasible. These results are
expected to be helpful for understanding the conformational de-
tails of rutin in solution and will give a clue into the design of
the binding of rutin to DNA molecules and different enzymes.
The present findings make a significant contribution not only for
the studies of rutin but also for the related studies of bioflavonoid
with a saccharide moiety.
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