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Herein are presented the 'H and *C NMR data for seven monohydroxyflavones (3-, 5-, 6-, 7-, 2'-, 3-, and
4'-hydroxyflavone), five dihydroxyflavones (3,2-, 3,3’-, 3,4'-, 3,6-, 2',3’-dihydroxyflavone), a trihydrox-
yflavone (apigenin; 5,7,4’-trihydroxyflavone), a tetrahydroxyflavone (luteolin; 5,7,3’ 4’-tetrahydroxyflavone),
and three glycosylated hydroxyflavones (orientin; luteolin-6C-B-pD-glucoside, homoorientin; luteolin-8C- 8-
D-glucoside, vitexin; apigenin-8C-B-D-glucoside). When these NMR spectra are compared, it is possible to
assess the impact of flavone modification and to elucidate detailed structural and electronic information
for these flavonoids. A simple predictive tool for assigning flavonoid **C chemical shifts, which is based
on the cumulative differences between the monohydroxyflavones and flavone *C chemical shifts, is
demonstrated. The tool can be used to accurately predict *C flavonoid chemical shifts and it is expected
to be useful for rapid assessment of flavonoid *C NMR spectra and for assigning substitution patterns in
newly isolated flavonoids. Copyright © 2007 John Wiley & Sons, Ltd.
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INTRODUCTION

The ubiquitous class of phytochemicals known as the
flavonoids! are synthesized by plants for protection against
pathogens and herbivores; thus flavonoids are found pri-
marily in petals, the foliage of trees and bushes, and are
distributed widely in the edible parts of plants. The chemistry
and biochemistry of the flavonoids (i.e. flavones, flavanones,
flavonols, and isoflavones) were reviewed extensively in
2005.2 The structure of flavone is that of a Cy5 phenyl-
benzopyrone skeleton where two benzene rings (A and B)
are linked through a y-pyrone ring (C)in the middle as
shown in Fig. 1.

Flavonoids and isoflavonoids may be of ecotoxicological
importance because they are present in the heartwood of
tree species used for wood pulp®* and are found in a variety
of fruits and vegetables. Flavonoids are of environmental
significance because several flavonoid aglycons (flavonoid
glycosides that have lost the sugar or glycan moiety) are
known to be biologically active® while some isoflavones are
also phytoestrogens®’ that have radical scavenger®® and
anticarcinogenic!®!! activities. Because of their antioxidant
and anticancer properties, flavonoids present in foodstuffs,
herbal medicines!”> and preventative therapeutics'® have
received much attention recently.

*Correspondence to: Raymond E. March, Department of
Chemistry, Trent University, 1600 West Bank Drive, Peterborough,
ON K9] 7B8, Canada. E-mail: rmarch@trentu.ca
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A range of flavonoids have been extracted from plants
and subsequently characterized by *C and 'H nuclear
magnetic resonance (NMR) spectroscopy.’*~1® NMR spec-
troscopy has also been combined with fast atom bombard-
ment/tandem mass spectrometry (FAB/MS/MS);*® with
high-performance liquid chromatography (HPLC)-MS for
the structural characterization of flavonoids and flavonoid-
O-glycosides;?*?! with HPLC-UV (ultra-violet absorbance)-
SPE (solid phase extraction)-MS for the identification of
flavonoids taxifolin, aromadendrin, eriodictyol, naringenin,
and apigenin present in Greek Oregano;”> HPLC-MS for
the identification of quercitin and quercetin glycosides in
Hypericum perforatum L.;20 HPLC-MS for the identification
of quercetin glycosides in apple peel;*! and with HPLC-UV-
MS for the on-line structural investigation of isoflavones and
isoflavanones.” In addition, *C NMR spectra have been
obtained for a number of glycosylated flavonoids,'®* % and
both *C and "H NMR spectra have been reported for acylated
derivatives of apigenin-7-O-glucoside.?®

In NMR spectroscopy, the magnetic field experienced
at the nucleus of an atom is less than that of the applied
magnetic field because electrons around the nucleus shield
it from the applied field; the difference between the applied
magnetic field and the field at the nucleus is termed the
nuclear shielding. The chemical shift that is defined as the
nuclear shielding/applied magnetic field is a function of the
nucleus and its environment; it is measured in relation to
a reference compound. For two bonded or adjacent carbon
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atoms, the chemical shifts will reflect the environment of both
atoms and is indicative of the order (and thus the strength) of
the connecting bond. The environment of a *C nucleus can
also be affected in an inductive, through-space (field effect),
or resonance-based manner by substituents that are bonded
to its carbon framework (skeleton). These effects, which
become apparent when 3C substituent chemical shift (SCS)
analyses are performed,?” cause the associated chemical shifts
to vary in a systematic and predictable manner.

Recently a method has been described for the estima-
tion of *C-chemical shifts of carbon atoms in ions that
also relies upon systematic variation of chemical shifts in
response to differential hydroxyl substitution; such chem-
ical shifts are described as pseudo-NMR chemical shifts.?
The method involves computation of atomic charges for
each carbon atom in neutral, protonated, and deprotonated
molecules and relating atomic charges for molecules with
experimental *C chemical shifts for carbon atoms. The
relationship between atomic charges and experimental *C
chemical shifts, together with computed atomic charges for
carbon atoms in protonated and deprotonated molecules
was applied to obtain pseudo-NMR ¥C chemical shifts for
carbon atoms in protonated and deprotonated molecules.
The pseudo-NMR *C chemical shifts for carbon atoms in
ions were applied, in turn, to the rationalization of the rela-
tive propensities for competing cross-ring cleavage and ring
opening fragmentations observed in product ion mass spec-
tra of protonated and deprotonated monohydroxyflavone
molecules. For convenience, the pseudo-NMR *C chemical
shifts in protonated molecules were expressed in relation
to pseudo-NMR *C chemical shifts in protonated flavone,
while those for deprotonated molecules were expressed rel-
ative to NMR 3C chemical shifts in flavone.

In the present study, a similar approach has been taken
whereby the monohydroxy-flavone *C chemical shifts have
been assigned and compared to those of flavone for the
development of a predictive tool for the *C NMR of
polyhydroxylated flavonols and their glycosylated analogs.
This tool, which relies on the cumulative chemical shift
differences between a test set of shifts (i.e. the monohydrox-
yflavonols) and a baseline set of shifts (i.e. flavone), has been
used to predict polyhydroxyl flavonoid chemical shifts. The
predicted 3C chemical shifts were then compared to the
measured BC chemical shifts of the polyhydroxyflavones
listed above and to previously reported polyhydroxyflavone
B3C chemical shifts as a test for accuracy in this approach.

Figure 1. Structure of flavone and numbering scheme for
flavone.

Copyright © 2007 John Wiley & Sons, Ltd.

The 'H and ®C NMR data of flavone, the monohydrox-
yflavonols (3-, 5-, 6-, 7-, 2'-, 3'-and 4-hydroxyflavone),
selected polyhydroxylated flavonoids (3,2-, 3,3'-, 3,4'-,
2',3'-, and 3,6-dihydroxyflavone, apigenin (5,7,4'-trihydroxy-
flavone) luteolin (5,7,3' 4'-tetrahydroxyflavone), and gly-
cosylated flavonoids (luteolin-8C-p-D-glucoside (orientin),
luteolin-6C-B-D-glucoside (homoorientin), and apigenin-8C-
B-D-glucoside (vitexin)), for which the structures are shown
in Fig. 2, are presented here along with an assessment of this
simple approach for predicting flavonoid *C chemical shifts.

EXPERIMENTAL

Flavone, 3-, 5-, 6-, and 7-hydroxyflavone were purchased
from Sigma-Aldrich Canada Ltd., Oakville, ON. Apigenin
(5,7 4-trihydroxyflavone), luteolin (5,7,3 4'-tetrahydroxy
flavone), luteolin-8C-8-p-glucoside (orientin), luteolin-6C-B-
D-glucoside (homoorientin), 2’-, 3'- and 4-hydroxyflavone, as
well as 3,2-, 3,3'-, 3,4/, 2/,3'-, and 3,6-dihydroxyflavone were
all purchased from Indofine Chemical Company Inc., Hills-
borough, New Jersey. Apigenin-8C-p-D-glucoside (vitexin)
was purchased from Carl Roth GmbH and Co., Karlsruhe,
Germany. d¢-Dimethyl-sulphoxide (DMSO) and ds-acetone
were both purchased from Sigma— Aldrich Canada, Oakville,

3,2"-hydroxyflavone 3,3"-hydroxyflavone 3,4'-hydroxyflavone

2',3"-hydroxyflavone apigenin

(5,7,4'-hydroxyflavone)

3,6-hydroxyflavone

OH O
orientin
(luteolin-8C-p-D-glucopyranoside)

luteolin
(5,7,3',4'-tetrahydroxyflavone)

OH O

homoorientin vitexin

(luteolin-6C--D-glucopyranoside) (apigenin-8C-p-D-glucopyranoside)

Figure 2. Structures of the compounds for which NMR 3C
and 'H spectra were observed; the structures of
monohydroxyflavones are not shown.
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ON. All chemicals were used as supplied, without further
purification.

The flavonoid NMR samples were prepared by dissolving
5mg in 650 ul de-DMSO (unless otherwise noted) and
were analyzed at 25°C using 1D 'H NMR, gCOSY,*-30
ROESY,! BC-'H gHSQC®% and BC-'H gHMBC?3%
spectroscopy. All NMR experiments were performed using
a Varian Unity spectrometer (Varian Inc., Palo Alto, USA)
operating at 499.837 MHz for 'H and 125.696 MHz for
BC and equipped with a 5mm variable temperature
indirect—detection probe for improved 'H sensitivity. The
detailed acquisition parameters for these experiments can
be found in the supplementary material. Processing was
performed using the Vnmr] software as supplied by the
spectrometer manufacturer. Chemical shifts are reported in
ppm and referenced to residual proton and carbon solvent
signals (8 2.50 for proton and 8 39.52 for carbon).

RESULTS AND DISCUSSION

Flavonoid chemical shift assignments were determined from
'H/'H coupling information, 'H/!H COSY connectivities,
'H-3C HSQC single-bond connectivities, and long-range
TH-13C HMBC connectivities. For flavone, ROEs between
H3 and H2'/H6" and long-range HMBC crosspeaks between
C1’ and H3 as well as H2' /H6' and C2 were extremely useful
in establishing a link between the A-ring and B-ring spin
systems. The A-ring and C-ring spin-systems were connected
using HMBC crosspeaks between H5 to C10 and H3 to C10.
The *C NMR chemical shifts are shown in Tables 1-5 and
the 'H chemical shifts are shown in Tables S1-S3. Since
the chemical shifts of flavone (Tables1 and S1) can be
used as base-line peaks for comparison against those of
the hydroxylated and glycosylated flavones, they have been
further characterized as follows (Fig. 3). Flavone 'H chemical
shifts (Table S1) for the A-, B-, and C-rings are, on the whole,
sensibly constant at 7.66 & 0.11 ppm; H5, H2, and H3' are
shifted upfield by approximately 0.34 ppm whereas H3 is
shifted downfield by 0.60 ppm. Flavone C-ring **C chemical
shifts (Table 1) are affected by the O1 ether, and C4 carbonyl
and are, therefore, clearly separated in the *C NMR spectrum
(162.6, 107.0, and 177.1 ppm for C2-C4, respectively);
flavone B-ring chemical shifts (C1'-C6') are similar to
those of a singly-substituted benzene ring (126.4-131.7 ppm,
respectively); flavone A-ring chemical shifts (C5-C10) are
also affected by the presence of the O1 ether and C4 carbonyl
and resonate between 118.7 and 125.3 ppm (C5, C6, C8, C10),
at 134.3 ppm (C7), and at 155.7 ppm (C9).

For the monohydroxylated species, *C and 'H chemical
shifts (Tables 1 and S1, respectively) are affected by inductive

c cC A A B A c

200 | | \ 100
118

177 162 156 134 107

Figure 3. A depiction of the 13C NMR spectrum of flavone
showing the 13C chemical shift ranges for nuclei within the
A-ring, B-ring, and C-ring (spectrum not to scale). The ranges
for these shifts are either labeled below the ring assignment, or
are outlined as a box.

Copyright © 2007 John Wiley & Sons, Ltd.
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withdrawal, donation of electron density, and lone-pair
resonance contribution into the ring structures. The effect
of single-site hydroxylation on the 'H and 3C NMR spectra
of flavone can be assessed quickly and easily by comparing
the mono-hydroxyflavone C and 'H chemical shifts to
those of the base-line compound so as to obtain A§ =
Shydroxyflavone — Sflavone fOT each atom. C-ring hydroxylation
in 3-hydroxyflavone perturbs the 'H and *C chemical
shifts throughout the entire molecule so that changes in
electrostatics, which are brought about by hydroxylation,
are localized to the hydroxylated ring and the adjacent
ring. In general, A-ring (5-, 6-, and 7-hydroxyflavones) and
B-ring (2-, 3/-, and 4'-hydroxyflavones) hydroxylation does
not result in long-range chemical shift perturbations: A-ring
hydroxylation has no effect on B-ring chemical shifts and
B-ring hydroxylation has no effect on A-ring chemical shifts
(*H: A§ < £0.06 ppm, BC: A§ < £0.6 ppm).3® The sum
of all *C chemical shift deviations, ©AS$ is negative for the
hydroxylated rings (excluding the C-ring), indicating that the
hydroxyl moiety has the capacity to push electron density
into the flavone framework.

The structural and electronic characteristics of the mono-
hydroxylated flavones can be distinguished by examining
AS at each nucleus. For the A- and B-ring hydroxylated
species, Cjy nuclei become deshielded in comparison to
flavone, resulting in the downfield shift of these *C reso-
nances (Ad;,s, = 28.5 to 30.1 ppm). Interestingly, a low field
C5 (and 50H; 8 12.66 ppm) resonance, thought to arise from
intramolecular hydrogen bonding between the C5-hydroxyl
group and C-ring carbonyl oxygen, 16222
greater for 5-hydroxyflavone (Aé;,;, = 35.1 ppm) than for the

causes Adj,, to be

other A-and B-ring monohydroxyflavones. Both the Horsio/para
and Cotiojpars Nuclei are shielded with respect to flavone as
a result of increased electron density supplied by resonance-
based lone pair electron distribution into the A- or B-rings
(*H: A8yipo — 0.52 to —0.80 ppm; Adye, — 0.43 to —0.59 ppm,
BC: Aborno — 10.2 to —16.8 ppm; Adpe, — 6.4 to —11.1 ppm).
The 'Hyet, and 1B3C,er, chemical shifts respond to A- and
B-ring hydroxylation in an opposite fashion: H,, chemical
shifts are slightly shielded (A8yers — 0.15 to —0.21 ppm) and
13C,et, chemical shifts are slightly deshielded (A, 0.3 to
2.1 ppm). Variations in H,, and C,yt, electron density and,
therefore, chemical shift arise exclusively as a result of induc-
tive effects and one can presume that additional electron den-
sity is pushed onto the 'H nuclei and away from the carbon
framework. Indeed, semiempirical calculations performed
on the monohydroxyflavones reveal greater electron density
on the ring protons in comparison to the carbon framework.?

The effect of A-ring and B-ring hydroxylation on
C-ring chemical shifts is varied and specific to each
monohydroxyflavone. Electron density can flow into the
C-ring as a result of C6-, C7-, C3'-, and C4’-hydroxylation,
where the C2, C3, and C4 resonances are predominantly
shifted upfield relative to those of flavone (*C ZAS8c_ying:
—0.3 to —2.3 ppm). Electron density may also be removed
from the C-ring in response to hydroxylation, as observed
for 5-hydroxyflavone (¥Adc_ng = 6.3 ppm). In this case,
hydrogen bonding between OH5 and the C4 carbonyl oxygen
can once again be invoked to explain the deshielding that

Magn. Reson. Chem. 2007; 45: 835-845
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Table 1. '3C chemical shifts (ppm) for flavone, and selected monohydroxyflavones; in parentheses are given the chemical shift
differences § (flavonoid)-§ (flavone). Samples were dissolved in dg-DMSO (30.3 mm) and acquired at 25 °C using a Varian Unity INOVA
spectrometer operating at 125.696 MHz equipped with a 5 mm variable temperature indirect-detection probe. 13C chemical shift
assignments were determined from known "H chemical shifts and gHSQC, and gHMBC spectra. Samples were internally referenced
to residual dg-DMSO ('H; 2.50 ppm, 13C; 39.52 ppm). Underlined values correspond to sites of hydroxylation. £A$ is the sum of all
chemical shift perturbations within a ring, where A$ is the difference in chemical shift between a hydroxyflavone '3C nucleus and the
corresponding flavone nucleus (A8 = Shydroxyflavone — Sflavone). Negative X A§ values correspond to additional shielding within a
monohydroxyflavone ring, while positive XA values correspond to additional deshielding within a monohydroxyflavone ring

D. C. Burns, D. A. Ellis and R. E. March

Ring A  flavone 3-OH 5-OH 6-OH 7-OH 2’-OH 3’-OH 4-OH
carbon & (ppm) 8 (ppm) 8 (ppm) § (ppm) 8 (ppm) 8 (ppm) 8 (ppm) 8 (ppm)
5 124.7 124.8(0.1) 159.8(35.1)  107.9(—16.8) 126.5(1.8) 124.6(—0.1) 124.7(0) 124.6(—0.1)
6 125.3 1245(—0.8)  110.9(—14.4)  154.8(29.5)  115.1(-10.2)  125.2(—0.1) 125.4(0.1) 125.3(0)
7 1343 133.7(—0.6) 136.0(1.7) 123.1(-112)  162.8(28.5) 134.1(—02)  134.2(-0.1)  134.0(—0.3)
8 118.7 1184(-03)  107.6(—11.1) 119.8(1.1) 102.6(—16.1)  1185(—0.2)  1184(—0.3)  118.4(—0.3)
9 155.7 154.6(—1.1) 156.0(0.3) 149.3(—6.4) 157.5(1.8) 155.8(0.1) 155.5(—0.2) 155.5(—-0.2)
10 123.3 121.2(-2.1) 110.2(-13.1) 124.1(0.8) 116.2(-7.1) 123.1(-0.2) 123.3(0) 123.3(0)
ZAS - —4.8 -15 -3.0 -1.3 -0.7 -0.5 -0.9
Ring C

2 162.6 145.2(—17.4) 164.1(1.5) 162.1(-0.5)  161.9(-0.7)  160.7(-1.9) 162.6(0) 162.9(0.3)
3 107.0 139.1(32.1) 105.7(-1.3) 105.8(-1.2) 106.7(—0.3) 111.0(4.0) 106.8(—0.2) 104.8(-2.2)
4 177.1 173.1(—4.0) 183.2(6.1) 177.0(-0.1) 176.4(—0.7) 177.2(0.1) 177.0(-0.1) 176.7(—0.4)
ZAS - 10.7 6.3 -18 -17 2.2 -03 -23
Ring B

ik 131.0 131.3(0.3) 130.6(—0.4) 131.3(0.3) 131.3(0.3) 117.6(—13.4) 132.3(1.3) 121.5(—9.5)
2 126.4 127.6(1.2) 126.6(0.2) 126.1(-03)  126.1(—0.3) 156.5(30.1)  112.8(—13.6) 128.2(1.8)
3 129.1 128.6(—0.5) 129.2(0.1) 129.1(0) 129.1(0) 117.0(-12.1)  157.8(28.7)  115.8(—13.3)
vy 131.7 129.6(—2.1) 132.3(0.6) 131.6(—0.1)  131.5(—0.2) 132.4(0.7) 118.7(~13.0)  160.9(29.2)
5/ 129.1 128.6(—0.5) 129.2(0.1) 129.1(0) 129.1(0) 119.4(—9.7) 130.1(1.0) 115.8(—13.3)
6 126.4 127.6(1.2) 126.6(0.2) 126.1(-03)  126.1(—0.3) 128.5(2.1) 117.1(-9.3) 128.2(1.8)
ZAS - —04 0.8 —04 -05 -23 —4.9 -33

Note: 8-Hydroxyflavone *C chemical shifts as reported by Ares et al.?¢ 3C NMR (ds-DMSO, 75 MHz) § 107.03, 114.6, 119.8, 125.1,
125.7,126.8,129.5,131.7,132.1, 145.8, 147.4,162.5, 177.7.

occurs at C4 (A = 6.1 ppm). The loss of electron density
at C4 is of consequence to the remaining nuclei within the
5-hydroxyflavone C-ring and primarily elicits adjustment
of the C2-C3 bond electronics. Here, electron density is
donated from C2 and accumulates at C3, so that these 1*C
resonances are shifted downfield and upfield, respectively.
The H3 resonance of 5-hydroxyflavone responds in like, and
also shifts to a higher field with respect to the unmodified
flavone H3 resonance.

When chemical shift perturbations are examined for each
nucleus within the C-ring of 2’-hydroxyflavone, it is found
that H3 is deshielded and that C2 and C3 have become
alternately shielded and deshielded (Adc; = —1.9 ppm;
Adcz = 4.0 ppm). This trend is indicative of additional
factors affecting the 'H and *C chemical shifts that cannot be
explained by through-bond resonance and inductive effects
alone. Deshielding of the H3 proton and C3 carbon is most
likely caused by through-space interactions with the electron-
rich 2'-hydroxyl group, and has likewise been observed for
the 2-hydroxybiphenyl analog.¥” Decreased shielding at C3
(and increased shielding at C2) may alternatively be the
consequence of interactions between OH2" and the O1 lone
pair electrons (i.e. a weak ether-hydroxyl hydrogen bond),

Copyright © 2007 John Wiley & Sons, Ltd.

which would impact their ability to delocalize into the C-
ring. Thus, although the B-ring may be in rapid rotation
around the O1-C2-C1'-C2’ torsion angle, there may be at
least two low-energy orientations, where the B-ring hydroxyl
group is near Ol of the C-ring, or H3 of the C-ring.
This observation is in agreement with data presented by
Meyer, who has observed two low-energy conformations
for 2’- and 3'-hydroxyflavone in an ab initio conformational
analysis performed at the HF/6-31G(d) level in a continuum
solvent.® Indeed, H3 T; relaxation time constants are
much larger for 2’-hydroxyflavone (Table S4), 2',3'-, and 3,3'-
dihydroxyflavone (Table S5) versus the remaining flavonoids
and may also reflect a tendency for these flavonoids to adopt
more than one low-energy conformation in solution.

While the effects of flavone A- and B-ring hydroxylation
are localized and do not extend throughout the entire
molecule, C-ring hydroxylation (3-hydroxyflavone) perturbs
the *C and 'H chemical shifts within each ring of the
flavone structure. The largest chemical shift differences are
observed within the C-ring (C2, C3, C4) and portions of
the A-ring (C9, C10) and occur in response to inductive
withdrawal of electron density at Ci,s, and 7-back donation
of electrons into the OH-C3 bond through resonance.
Here, inductive withdrawal of electron density by the

Magn. Reson. Chem. 2007; 45: 835-845
DOI: 10.1002/mrc



Table 2. '3C chemical shifts (ppm) for flavone, 3,2'-, 3,3'-, 3,4’-, 2/,3'-, and 3,6-dihydroxyflavone. Underlined values correspond to
sites of hydroxylation. Experimental conditions as for Table 1
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Ring A Flavone? 3,2’-OH 3,3’-OH 3,4’-OH? 2/,3’-OH 3,6-OH?
position 8 (ppm) 8 (ppm) 8 (ppm) 8 (ppm) 8 (ppm) 8 (ppm)
5 124.7 124.7 124.7 124.6 124.7 106.7
6 125.3 124.3 124.5 1244 125.3 154.0
7 134.3 133.2 133.6 133.3 134.1 123.3
8 118.7 118.2 118.2 118.3 1185 119.8
9 155.7 155.1 154.5 154.4 155.9 148.6
10 123.3 122.0 121.2 121.3 123.3 122.0
%~ A$ (ppm) - —4.5 -5.3 -5.7 -0.2 -7.6
Ring C

2 162.6 147.6 145.2 145.9 161.2 144.8
3 107.0 138.9 139.0 137.7 111.1 138.2
4 177.1 172.6 1729 1724 177.2 172.5
% A$ (ppm) - 124 10.4 9.3 2.8 8.8
Ring B

iy 131.0 118.0 132.3 122.0 118.2 1314
2 126.4 155.3 114.3 129.5 145.3 127.5
3 129.1 116.3 157.1 1154 145.9 1284
4 131.7 131.3 116.8 159.1 117.7 129.5
5 129.1 118.6 129.3 1154 119.2 128.4
6 126.4 130.7 118.2 129.5 118.6 127.5
X Aé (ppm) - -2.8 -5.7 -2.8 —-8.8 -1.0

2H2', H6' and H3', H5' exhibit chemical shift equivalence.

3-hydroxy group not only shifts the C3 resonance downfield
(A8 = 32.1 ppm), but places increased electron density at
C2, causing it to become shielded and resonate at a much
higher field than that of flavone (A8 = —17.4 ppm), or the
remaining hydroxyflavones (A8yyer = —17.2 £ 0.1 ppm). The
C4 resonance is shifted upfield (A§ = —4.0 ppm) as electron
density is drawn from the C4 carbonyl oxygen towards an
electropositive C3 nucleus. Electron density is also donated
into the A-ring from Ol in response to charge—charge
repulsion between O1 and C2 so that the C9 and C10 B3C
chemical shifts resonate upfield. The B-ring chemical shifts
of 3-hydroxyflavone are only mildly influenced by C-ring
hydroxylation, and generally become more shielded in the
distal portion of the ring (C3’, C4’, C5’) and deshielded in the

luteolin; indicating that the hydrogen bond to C4 carbonyl
is retained in these flavonoids. Finally, chemical shift pertur-
bations caused by the addition of each hydroxyl derivative
are cumulative at each nucleus so that differences in 'H or
13C chemical shift from flavone (A$) can be predicted.

It has been observed that, for the monohydroxyflavones,
13C chemical shift differences can be used to assess the
impact of hydroxylation with regards to the modification of
the flavone electronics and structure. These shift differences
may be measured for the polyhydroxyflavones [Eqn (1)] or
may be predicted by summing the chemical shift differences
between the constituent monohydroxyflavones and flavone
[Eqn )1

proximal portion of the ring (C1’, C2’, C6'). Abmeasured = (3pht — Stavone) )

B3C and 'H NMR spectra have also been recorded and Abpredicted = Z[(8mhet — Sfiavone) + (Smhe2z — Sftavone) - - -] (2)

the chemical shifts assigned for 3,2’-dihydroxyflavone, 3,3'- A= AS AS 3)
= measured — predicted

dihydroxyflavone, 3,4-dihydroxyflavone, 2',3'-dihydroxy
flavone, 3,6-dihydroxyflavone (Tables2 andS2, respec-
tively), 5,7 4-trihydroxyflavone (apigenin), and 5,7,3 4'-
tetrahydroxyflavone (luteolin) (Tables3 and S3, respec-
tively). The 'H and *C chemical shifts of these flavonoids
respond to differential hydroxylation in a manner that is
similar to the monohydroxyflavones and are dictated by the
site of hydroxyl substitution on the ring. For example, 1*C
chemical shifts (and their differences from flavone) vary in
response to inductive and resonance effects arising from each
additional hydroxyl group, where Cj, is greatly deshielded,
and Coospara are shielded. B-ring hydroxylation has little
to no effect on the A-ring chemical shifts, and the OH5
chemical shift resonates at high frequency for apigenin and

Copyright © 2007 John Wiley & Sons, Ltd.

where ‘mhf1” and ‘mhf2’ are monohydroxyflavones and ‘phf’
is the corresponding polyhydroxyflavone.

For illustration, let us consider the value of A from
Eqn (3) for C2 from 3,2'-dihydroxyflavone. According to
Eqn (1) and using Table2, Aémeasurea = 147.6 —162.6 =
—15.0 ppm as shown in Table 4. In accordance with Eqn (2),
Adpredicted(C2 from 3,2'-dihydroxyflavone) = £ [(C shift
for C2 in 3-hydroxyflavone — *C shift for C2 in flavone) +
(BC shift for C2 in 2'-hydroxyflavone — *C shift for C2 in
flavone)]. Using the appropriate values given in Table 1,
Abpredicted(C2 from  3,2-dihydroxyflavone) = X[(145.2 —
162.6) + (160.7 — 162.6)] = [(—=17.4) + (—=1.9)] = —19.3 ppm.
Thus A = —15.0 — (=19.3) = 4.3 ppm, as shown in Table 4.
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Table 3. '3C chemical shifts (ppm) for each of the rings within selected polyhydroxyflavones (apigenin and luteolin) and three
glycoside flavonoids (vitexin, orientin, and homoorientin). Underlined values correspond to sites of hydroxylation and emboldened
values correspond to sites of glycosylation. The published 3C NMR chemical shifts of luteolin, vitexin, and orientin are presented
here for comparative purposes. Experimental conditions as for Table 1

Vitexin® Vitexin®¢ Orientin Orientin® Homoorientin
Ring (apigenin- (apigenin (luteolin (luteolin (luteolin
A Apigenin®  Luteolin  Luteolin®  8C-g-p-glc) -8C-g-p-glc)  -8C-B-D-glc)  -8C-B-D-glc) -6C-B-D-glc)
position 8 (ppm) 8 (ppm) 8 (ppm) 8 (ppm) 8 (ppm) 8 (ppm) 8 (ppm) 8 (ppm)
5 161.2 161.4 161.8 160.2 155.64 160.3 160.5 160.6
6 98.7 98.7 98.7 97.9 98.5 97.9 98.3 108.9
7 163.9 164.1 164.8 162.2 162.3 162.5 162.8 163.1
8 93.8 93.6 93.6 104.3 104.6 104.5 104.6 93.2
9 157.1 157.2 158.0 155.7 160.34 155.9 156.0 156.1
10 103.5 103.6 103.9 103.8 104.1 104.0 104.0 103.4
A8 -3.8 —-34 - 2.1 - 3.1 - 3.3
(ppm)
Ring C
2 163.6 163.8 163.9 163.5 165.0 164.1 164.2 163.6
3 102.6 102.8 102.5 102.2 102.5 102.3 102.4 102.6
4 181.6 181.6 182.5 181.8 182.7 182.0 182.0 181.7
TAS 1.1 1.5 - 0.8 1.7 - 1.2
(ppm)
Ring B
1 121.0 1214 123.3 121.3 1221 122.0 122.0 1214
2 128.3 113.1 N/A 128.7 129.0 113.9 114.1 113.1
3 115.8 145.6 N/A 115.5 115.0 1459 146.0 145.8
24 161.0 149.6 N/A 160.8 lel.3 149.7 149.9 149.7
5 115.8 115.8 N/A 115.5 115.0 115.5 115.8 115.7
6 128.3 118.8 N/A 128.7 129.0 119.2 119.4 118.7
A8 -35 —-94 - -32 - -75 - -9.3
(ppm)
Glc
1” - - - 73.2 73.9 73.3 73.5 72.8
2" - - - 70.6 71.0 70.6 70.9 69.9
3" - - - 784 79.0 78.6 78.9 78.7
47 - - - 70.3 70.2 70.5 70.8 70.4
5" - - - 81.5 81.3 81.7 82.0 81.4
6" - - - 61.0 614 614 61.8 61.2

2H2', H6' and H3', H5' exhibit chemical shift equivalence.
b13C NIMR (d¢-DMSO, 125 MHz) from Wawer and Zielinska.'®
¢13C NMR (dg-DMSO, 125 MHz) from Zhou et al.?*

4 Vitexin C5 and C9 are assigned incorrectly (the assignments should be switched so that C5 = 160.3 ppm and C9 = 155.6 ppm):

correction of these assignments is an example of the utility of the predictive tool presented here.

When the difference between Admeasured aNd Adpredicted
is calculated [A; Eqn (3)], it is immediately apparent how
polyhydroxylation affects the chemical shifts and, therefore,
the electrostatics of flavone. The results of these calculations
(Table 4) indicate three possible scenarios for the polyhy-
droxyflavones. First, when multiple hydroxyl moieties are
isolated on discrete rings so that they only influence flavone
electronics locally (long-range effects do not overlap), the
predicted chemical shift differences match very closely with
the measured values (A < 30.3 ppm). One such example
is 3,3-dihydroxyflavone, where the effects of 3- and 3'-
hydroxyl substitution are confined to the C- and B-rings,
respectively. In the second scenario, discrepancies between

Copyright © 2007 John Wiley & Sons, Ltd.

the measured and predicted chemical shift differences occur
so that the influence of individual hydroxyl substituents on
flavone electronics is either depressed or enhanced. Thus,
differential multiple hydroxyl substitutions can act either
in a positively or negatively cooperative manner to impact
flavone electronics. Such variations are minimal when the
hydroxyl substituents are confined to separate rings (3,4-
dihydroxyflavone, 3,6-dihydroxyflavone; A < +1.3 ppm)
and are amplified when they are located on the same ring
(A-ring: apigenin, luteolin; A < £2.7 ppm). For example, the
differences between measured and predicted chemical shift
deviations from flavone are amplified for apigenin and lute-
olin, where C6 (which is ortho to OH5 and OH?) is shielded
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Table 4. The 3C chemical shifts of flavone, apigenin, luteolin, selected dihydroxyflavones and flavone for each nucleus within rings
A, B, and C. Admeasured is the chemical shift difference between dihydroxyflavone and flavone at each nucleus. Adpredicted is the
predicted chemical shift difference between dihydroxyflavone and flavone at each nucleus according to Eqn (2). Cells that are
underlined indicate a hydroxylation site

Ring A Ring C Ring B
Flavonoid 3¢ 5 6 7 8 9 10 2 3 4 1 2/ 3’ 4 5’ 6’
Flavone 8 (ppm) 1247 1253 1343 1187 1557 1233 162.6 107.0 1771 131.0 1264 129.1 131.7 129.1 1264
3,2’-OH 8 (ppm) 1247 1243 1332 1182 155.1 1220 147.6 1389 172.6 118.0 155.3 116.3 131.3 118.6 130.7

Abmeasured 00 —1.0 —11 —05 —06 -13 —150 319 -45 —13.0 289 —12.8 —04 —-105 43

Adprediced 00 —09 —08 —05 —1.0 -23 —193 361 -39 —131 313 —126 -14 —102 33

Avs 00 -01 -03 00 04 10 43 -42 -06 01 -24 -02 10 —-03 1.0

3,3/-OH S(ppm) 1247 1245 1336 1182 1545 1212 1452 139.0 1729 1323 1143 157.1 1168 1293 1182
Abmeasured 0.0 —08 —07 —05 —12 -21 —174 320 -42 13 —121 280 —149 02 -82

Adpredicted 01 —07 —07 —0.6 —13 —21 —174 319 —41 16 —124 282 —151 05 -81

Ay s -01 -01 00 01 01 00 00 01 -01 —-03 03 —-02 02 —-03 -0.1

3,4'-OH s(ppm) 1246 1244 1333 1183 1544 121.3 1459 1377 1724 1220 1295 1154 159.1 1154 129.5
Abmeasured  —0.1 —09 —10 —04 -13 -20 —167 307 —-47 -90 31 —-137 274 -137 3.1

Adprediced 0.0 —08 —09 —06 -13 -21 —171 299 —44 -92 30 —138 271 —138 3.0

Ay -01 -01 -01 02 00 01 o04 08 —-03 02 01 01 03 01 01

3,6-OH s(ppm) 1067 1540 1233 1198 148.6 1220 1448 1382 1725 1314 1275 1284 1295 1284 127.5
Abmeasured —18.0 287 —110 11 -71 -13 —178 312 -46 04 11 -07 -22 -07 11

Adpredicted —16.7 287 —118 08 —75 -13 —17.9 309 —41 06 09 —05 -22 —05 09

Aes —-13 00 08 03 04 00 01 03 —05 -02 02 -02 00 -02 02

2/,3/-OH s(ppm) 1247 1253 1341 1185 1559 1233 1612 1111 1772 1182 1453 1459 117.7 1192 1186
Abmeasured 00 00 —02 —02 02 00 -14 41 01 —12.8 189 168 —140 -99 -7.8

Adprediced =01 00 —03 —05 —01 -02 -19 38 00 —121 165 166 —123 -87 -7.2

Ay 01 00 01 03 03 02 05 03 01 —07 24 02 —-17 —-12 —06

Apigenin S(ppm) 1612 987 1639 938 157.1 1035 163.6 1026 181.6 121.0 1283 1158 161.0 1158 1283
(5,7,4-OH)  Abmeasured 365 —26.6 296 —249 14 —-198 1.0 -44 45 —-100 19 —133 293 —133 19
Adpredicted 368 —246 299 —275 19 —202 11 -38 50 -96 17 —132 296 —132 17

Aa -03 -20 -03 26 —-05 04 -01 —-06 —-05 —-04 02 -01 —-03 -01 02

Luteolin S(ppm) 1614 987 1641 93.6 1572 103.6 163.8 1028 181.6 1214 1131 1456 149.6 1158 118.8
(5,7,3,4-OH) Abmeasured 367 =266 298 —251 15 —19.7 12 —-42 45 -96 —133 165 179 —133 -7.6
Adprediced 368 —245 298 —278 17 —202 11 -40 49 -83 —119 155 166 —122 -7.6

Al -01 -21 0.0 27 —-02 0.5 01 -02 —-04 —-13 -—-14 1.0 1.3 —-11 0.0
to a much greater extent than expected, and C8 is deshielded consequences for the C-ring and B-ring electrostatics. In
with respect to the predicted value (para/ortho to OH5/OH?). this case, the C-ring predicted chemical shift differences

In the third and final scenario, differences between (to flavone) tend to be overestimated resulting in larger A
measured and predicted A$ values (Table 4) may occur values for C2, C3, C4, C9, and C10 (4.3, —4.2, —0.6, 0.4, and
as a result of direct interaction between the hydroxyl 1.0 ppm, respectively). The B-ring predicted chemical shift
substituents in combination with electronic interactions values behave similarly, resulting in negative A values for

(2',3'-dihydroxyflavone, 3,2'-dihydroxyflavone, luteolin). In C2 and C5 (—2.4 ppm and —0.3 ppm, respectively), and
these cases, A can be large for the nuclei that are directly positive A values for C4' (1.0 ppm), and C6’' (1.0 ppm).

affected (A < 4.3 ppm) and extend towards the chemical The 3C and "H NMR spectra of orientin, homoorientin,
shifts of the remaining nuclei within the hydroxylated rings. and vitexin are shown in Tables 3 and S3, respectively; the
Both 2',3'-dihydroxyflavone and luteolin contain 1,2-diols data were analyzed so that the effect of glycosylation on
that are capable of hydrogen-bonding in an intramolecular flavonoid structure and electrostatics might be investigated.
fashion so that the effect on B-ring electrostatics is not Only one set of glycosyl chemical shifts is observed in the
that of two hydroxyl groups acting independently, but 'H and BC spectra of these flavonoids. The H1”-anomeric
of a hydrogen-bonded 1,2-diol. In these cases, electron proton exhibits large coupling constants to H2" (3Jyyrp:
density is reallocated within the B-ring so that the *C 9.7-9.8 Hz), the H4" proton in these spectra is coupled to 4”-
nucleus at one hydroxylation site becomes deshielded (2’,3'- OH and H5”, and there is no evidence of a 5”-OH resonance.
dihydroxyflavone: A = 2.4 ppm, luteolin: A = 1.3 ppm) Thus, according to the Karplusrelationship,39 chemical shifts,
and the remaining nuclei shielded (A = —0.6 to —1.7 ppm). and coupling patterns (spin systems), the sugar unit exists
Hydrogen-bonding has also been observed between the two exclusively as a g-linked pyranoside in these flavonoids
hydroxyl groups of 3,2'-dihydroxyflavone, and has profound as shown in Fig. 2. This assessment is in agreement with
Copyright © 2007 John Wiley & Sons, Ltd. Magn. Reson. Chem. 2007; 45: 835-845
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Table 5. The '3C chemical shifts of flavone, vitexin, orientin, and homoorientin for each nucleus within rings A, B, and C. ASfiavonoid
is the measured chemical shift difference between a flavonoid and flavone at each nucleus. Cells that are underlined indicate a
hydroxylation site and cells that are emboldened indicate a glycosylation site. Ay = (Adyitexin — Adapigenin);

Ao = (Aaorientin - A‘Sluteolin); Apo = (Aahomorientin - A‘Sluteolin)

Ring A Ring C Ring B

Flavonoid 13C 5 6 7 8 9 10 2 3 4 1 2/ 3 & 5/ 6’
Flavone S(ppm) 1247 1253 134.3 118.7 155.7 1233 162.6 107.0 177.1 131.0 1264 129.1 131.7 129.1 1264
Vitexin S(ppm) 1602 979 1622 1043 1557 103.8 163.5 102.2 181.8 121.3 128.7 1155 160.8 1155 128.7
(apigenin-8C- AByitexin 355 274 279 -144 00 -195 09 —-48 47 -97 23 -136 291 -136 23
B-D-glc) Abapigenin® 365 —26.6 29.6 —249 14 -198 10 —-44 45 -100 19 -133 293 -133 19

Ay -10 -08 -17 105 -14 03 -01 —-04 02 03 04 —03 -02 —03 04
Orientin (ppm) 1603 979 162.5 1045 1559 1040 164.1 102.3 182.0 122.0 1139 1459 149.7 1155 119.2
(luteolin-8C-g- Adorientin 356 —274 282 —-142 02 -193 15 —-47 49 -90 -125 168 180 —-13.6 -72
D-glc) ASuteolin® 36.7 =266 298 —-251 15 -197 12 —-42 45 -96 —-133 165 179 -133 -7.6

Ao -11 —-08 —-16 109 —13 0.4 03 —-0.5 0.4 0.6 0.8 0.3 01 —0.3 0.4
Homoorientin 8 (ppm) 160.6 1089 163.1 93.2 156.1 1034 163.6 102.6 181.7 121.4 113.1 145.8 149.7 115.7 118.7
(luteolin-6C-B-  Abhomoorientin 359 —164 288 —255 04 —-199 10 —44 46 -96 —-133 167 180 —134 -77
D-glc) ASyteolin® 36.7 —26.6 298 —251 15 -197 12 —-42 45 -96 —-133 165 179 —-133 -7.6

Apo -08 102 -10 -04 -11 -02 -02 -02 01 00 00 02 01 -01 -01

2 Same as Admeasured in Table 4.

those of Zhou et al.** Xie et al? and Kumarasamy et al.*
who have reported TH NMR data for vitexin, orientin, and
homoorientin, respectively.

The glycosylated polyhydroxyflavone NMR spectra
were analyzed by comparing their *C chemical shifts to
flavone [Eqn (4)]. These chemical shift differences, Adg, were
then compared against the nonglycosylated analogs, Adpps
[Eqns (5), (6)], to reveal the impact of glycosylation on poly-
hydroxyflavone electrostatics (Table 5):

A8g = 8glycosylated polyhydroxyflavone — Sflavone (4)
A(Sphf = (Spolyhydroxyﬂavone — flavone ®)
Ag = A8y — Adpps 6)

where ‘g’ and ‘phf’ have identical hydroxyl-substitution
patterns.

Many of the nuclei within vitexin, orientin, and homoori-
entin yield small A, values, particularly those of the B- and
C-rings (Ag < 0.2 ppm). In these situations, the factors that
influence the chemical shifts, electronics, and structure for
each compound and its aglycan analog are equivalent and
their local structures and electrostatics are likely similar. For
example, slight 'H chemical shift differences (obtained as
for the ®C chemical shift differences) between the OH5 res-
onance positions of vitexin and apigenin suggest that this
hydroxyl group remains hydrogen-bonded to the C4 car-
bonyl in vitexin. Extrapolating, one can assume that the over-
riding influences of polyhydroxyl substitution on flavone
electrostatics, such as electron withdrawal at Cj,s, and heavy
shielding at Cyytio/para, Would also be expected to occur in the
glycosylated analogs. Hence, one can presume that the struc-
ture and electronics of the B- and C-rings of homoorientin
and its C6-glucoside analog luteolin are similar because their
13C chemical shifts are equivalent. Thus, the B- and C-rings
of homoorientin are not at all influenced by glycosylation.

Copyright © 2007 John Wiley & Sons, Ltd.

Vitexin, orientin, and homoorientin are all examples of
A-ring glycosylated flavonoids and it is these resonances
that are affected to the greatest extent. Overall, glycosylation
is expected to contribute in an additive way to the chemical
shift positions (and electrostatics) of *C and 'H nuclei in
much the same manner as additional hydroxyl substituents
affect the electrostatics of each monohydroxyflavone. In
each of the glycosylated flavonoids, the C resonances at
the site of substitution are shifted downfield significantly
(Cipso; A = 10.2 — 10.9 ppm). The remaining A-ring carbon
nuclei and C-ring C9 nucleus are shielded with respect
to the nonglycosylated analogs (Ag; = —0.4 to —1.7 ppm).
Thus, additional electron density is drawn into the A-ring
in response to electron withdrawal at the site of glucopy-
ranose substitution. Interestingly, the B-ring *C and 'H
chemical shifts of orientin and vitexin are influenced by gly-
cosylation even though none of the glycosylated flavonoids
are expected to participate in long-range scalar interactions.
These chemical shift differences are not apparent in the Cé6-
substituted homoorientin NMR spectra and must, therefore,
be indicative of indirect and/or direct through-space interac-
tions between the C8-substituted glycosyl subunit and rings
B and C. Hydrogen-bonding between the glycosyl unit and B
ring is not possible for vitexin so that additional deshielding
of the H2'/H6', C1’, and C2'/C6' nuclei may occur either as
a result of their proximity to the glucopyranose ring or as a
result of interaction with O1 on the C-ring.

The degree and breadth of the effect of glycosylation on
B-ring resonances is more pronounced in orientin (than in
vitexin and homoorientin), where the glycosyl ring hydroxyl
groups may also have the opportunity to participate in
hydrogen-bonding with OH3'. Here the H2, H6', OH4
(Table S3), C1’, C2/, C3/, and Cé' (Table 3) resonances shift
downfield and the OH3, and H3' resonances shift upfield
with respect to those of luteolin. The pronounced influence
of the C8-glycosyl substitution could be the combination

Magn. Reson. Chem. 2007; 45: 835-845
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Table 6. The '3C chemical shifts of flavone, 5,4'-, 6,4'-, and 7,4'-dihydroxyflavone (Ibrahim and Abul-Hajj),*' 2’,4’- and
3',4'-dihydroxyflavone (Moon et al.)*2 7,3'- and 7,3-dihydroxyflavone (Park et al.)*3 for each nucleus within rings A, B, and C.
Admeasured is the chemical shift difference between dihydroxyflavone and flavone at each nucleus. Adpregicted i the predicted
chemical shift difference between dihydroxyflavone and flavone at each nucleus according to Eqgn (2). Cells that are underlined
indicate a hydroxylation site

A predictive tool for assessing 13C NMR chemical shifts of flavonoids 843

Ring A Ring C Ring B

Flavonoid BBC 5 6 7 8 9 10 2 3 4 1 2/ 3 4 5’ 6’
Flavone 8 (ppm) 1247 1253 1343 1187 1557 1233 1626 1070 1771 131.0 1264 1291 1317 129.1 1264
5,4’-OH 8 (ppm) 1594 1106 1357 107.4 1558 109.9 1647 103.3 1829 1209 1288 116.0 1615 116.0 12838
Admeasured 347 —-147 14 -113 01 -134 21 -37 58 -101 24 -131 298 -13.1 2.4

Abpredicted  35.0 —14.4 14 -114 01 -131 18 -35 57 -99 20 —-132 298 -132 20

Ays —-03 —03 00 01 0.0 —03 03 -002 01 -02 04 01 00 01 04

6,4’-OH 8 (ppm) 103.8 1492 1227 1199 1547 1242 1627 1075 176.8 121.7 1282 1159 1609 1159 1282
Admeasured —20.9 239 -11.6 12 -1.0 09 01 05 -03 -93 1.8 -132 292 -132 18

Adpredicted —16.9 295 -115 08 -66 08 -02 -34 -05 -92 15 -133 291 -133 15

Ay —40 —-56 —0.1 0.4 5.6 0.1 0.3 3.9 02 -01 0.3 0.1 0.1 0.1 03

7,4’-OH Sppm) 1264 1149 1625 1025 1574 1161 1627 1045 1762 1219 1281 1159 160.7 1159 1281
Abmeasured 17 -104 282 -162 1.7 =72 01 -25 -09 -91 17 =132 29.0 -132 1.7

Adpredicted 1.7 =102 282 -164 16 -71 -04 -25 -11 -92 15 -133 29.0 -133 15

Ay 00 -02 00 02 01 =01 05 00 02 01 02 01 00 01 0.2

2/,4'-OH 8 (ppm) 1246 1250 133.8 1183 1557 123.2 161.1 109.0 1772 109.0 158.6 1033 1615 108.0 129.8
Abmeasured —01 =03 -05 -04 00 -01 -15 20 0.1 —220 322 -258 298 -21.1 3.4

Abpredictea —02 -01 -05 -05 -01 -02 -16 18 -03 -229 319 -254 299 -230 3.9

Ay y 01 -02 00 01 0.1 0.1 0.1 02 04 09 03 —04 0.1 19 —05

3’,4'-OH 8 (ppm) 1248 1253 1341 1183 1556 1233 1633 1049 1769 122 1134 1458 1495 116.0 1189
Admeasured 0.1 00 -02 -04 -01 00 07 -21 -02 -90 -13.0 167 178 -131 -75

Abpredicted  —0.1 01 -04 -06 -04 00 03 -24 -05 -82 -11.8 154 162 -123 -75

Az y 02 -01 02 02 03 00 0.4 03 03 —08 —-12 13 1.6 —0.8 0.0

7,3'-OH 8 (ppm) 126.6 1151 162.8 1025 1575 1162 1621 106.6 1764 1326 1126 1579 1186 130.2 117.0
Abmeasured 19 -102 285 -16.2 18 -71 -05 -04 -07 16 -138 288 -13.1 11 -94

Adpredicted 1.8 -101 284 -164 1.6 -71 -07 -05 -08 16 -139 287 -132 1.0 -9.6

Ay 7 01 -01 0.1 02 02 0.0 0.2 0.1 0.1 00 01 0.1 0.1 0.1 0.2

3,7-OH 8 (ppm) 1266 1150 162.6 102.1 156.6 1143 1442 1385 1724 1315 1274 1285 129.6 1285 1274
Abmeasured 19 -103 283 -1l66 09 -9 184 315 -47 05 1 -06 -21 -06 1

Adpredicted 19 -11 279 -164 07 -92 -181 318 —-47 06 09 -05 -23 -05 0.9

Azy 0 07 04 -02 02 02 —-03 -—03 0 -0.1 01 -01 02 -01 0.1

of indirect effects such as diamagnetic anisotropy provided
from the pyranose ring and direct effects such as hydrogen-
bonding between glucopyranoside hydroxyl groups and
OH3’ so that B-ring electrostatics are perturbed.

Long-range glycosyl-B-ring interactions are also evident
from an examination of the ROESY spectra of vitexin and
orientin (Table S6). For vitexin, weak ROEs are observed
between H2” and H2'/H6' and between H4” and H2'/Hé'.
As well, ROEs are observed between the H68" proton of
the glycosyl unit and both the H2'/H6' resonance and the
H3'/H5' resonance on the B-ring. Many more ROEs can
be observed in the analogous ROESY spectrum of orientin,
where longer-range interactions between the glycosyl unit
and B-ring are apparent. These include 6 ROEs to H2', 6
ROEs to H5, and 5 ROEs to H6'. Long-range ROEs to B-ring
nuclei are not evident in the Cé6-substituted homoorientin
ROESY spectrum.

'H and ®C NMR data have been recorded for
flavone, selected monohydroxy-, dihydroxy-, trihydroxy-,
and tetrahydroxyflavones, as well as three glycosylated

Copyright © 2007 John Wiley & Sons, Ltd.

flavones (luteolin-6C-B-D-glucoside, luteolin-8C-p-pD-gluco-
side, and apigenin-8C-B-D-glucoside). The *C chemical shifts
of flavone can be grouped to the A-, B-, or C-rings (Fig. 3)
and perturbations in these shifts upon hydroxylation and
glycosylation are readily identifiable. For the hydroxylated
flavones, the ¥C NMR assignments and number of hydroxyl
substituents can be estimated based simply on inspec-
tion and comparison of the *C chemical shifts relative to
those of flavone. There should be at least one A$ value
above +27.4 ppm for each hydroxyl group and two A$
values above 16.5 ppm for each 1,2-diol. Because the mea-
sured polyhydroxyflavone chemical shift differences and
predicted values are in close agreement and because the
measured chemical shift differences will only match closely
to one set of predicted chemical shift differences (even
3,2'-dihydroxy-flavone), the 3C assignments of the poly-
hydroxyflavones may be immediately identified without the
need for a rigourous gHMBC-based assignment strategy.
The number and location of flavone glycosyl substituents
may also be predicted based solely on a *C chemical shift
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Table 7. The '3C chemical shifts of 3,6,3'-, 3,7,3'-, 3,6,4'-, and 3,7,4’-trihydroxyflavone reported by Kim et al.'* and of flavone for
each nucleus within rings A, B, and C. Admeasured iS the chemical shift difference between trinydroxyflavone and flavone at each
nucleus. Adpredicted iS the predicted chemical shift difference between a trinydroxyflavone and flavone 3C nucleus according to

Eqgn (2). Cells that are underlined indicate a hydroxylation site

Ring A Ring C Ring B

Flavonoid B3C 5 6 7 8 9 10 2 3 4 1 2 3 & 5’ 6’
Flavone §(ppm) 1247 1253 1343 1187 1557 1233 1626 107.0 1771 131.0 1264 129.1 131.7 129.1 126.4
3,6,3-OH 4§ (ppm) 106.7 154.0 1233 119.6 1485 1219 1449 1383 1725 1325 1144 1572 1168 1294 1183
ABmeasurea —18.0 287 -11.0 09 -72 -14 -177 313 —46 15 -120 281 -149 03 -81

Adpredicteda —16.7 288 —-119 05 -77 -13 =179 307 -42 19 -127 282 -152 05 -84

Az 36 -13 -01 09 04 05 01 02 06 —04 —04 07 -01 03 -02 03

3,7,3-OH §(ppm) 1265 1148 1625 101.8 1564 1141 1441 1383 1722 1325 1142 1574 1166 1294 118.1
Abmeasured 18 -105 282 -169 07 -92 -185 313 -49 15 -122 283 -151 03 -83

Abpredicted 19 -109 278 -167 05 -92 -181 316 —48 19 -127 282 -153 05 -84

Az 37 -0.1 04 04 -02 02 00 —-04 —-03 -01 -04 05 0.1 02 -02 01

3,6,4-OH §(ppm) 1068 1540 122.8 119.5 1484 1221 1458 1372 1721 1222 129.0 1154 159.0 1154 129.0
Abmeasured —17.9 287 -11.5 08 -73 —-12 -168 302 -50 88 26 —137 273 -137 26

Abpredicted —16.8  28.7 —12.1 05 -77 -13 -176 287 —45 -89 27 -138 270 -138 27

Ay 3 -11 00 06 03 04 01 08 15 —05 01 -01 0.1 03 01 -01

3,7,4-OH 4§ (ppm) 1264 1148 1625 101.8 1564 114.1 1450 1371 172.0 1121 1292 1153 158.7 1153 129.2
Abmeasured 17 -105 282 -169 07 -92 -176 301 -51 -189 28 -138 270 -138 28

Abpredicted 1.8 —11 276 —167 05 -92 -178 296 -51 -89 27 —-138 269 -138 27

Aysy —-0.1 05 06 -02 02 00 02 05 00 —-100 01 0.0 01 0.0 01

analysis since glycosylation was found to deshield the *C
nuclei at the site of substitution (causing a 10.2 ppm upfield
shift) without significantly affecting the remaining chemical
shifts.

The accuracy of this tool was assessed by compar-
ing the reported ®C chemical shifts of several di- and
trihydroxylated flavones!>4-# to their predicted values
(Tables 6 and 7, respectively). The measured and predicted
13C chemical shifts of the dihydroxyflavones were in close
agreement (< +0.4 ppm), possibly because the hydroxyl
substituents were unable to jointly influence the electronics
at any particular ®C nucleus. The predicted '*C chemi-
cal shifts differed from the reported *C chemical shifts
when two or more hydroxyl substituents were able either
to participate in hydrogen bonding with one another (i.e.
3,4'-dihydroxyflavone, Table 6) or to affect strongly the envi-
ronment of a single *C nucleus. This latter behavior was most
apparent when two hydroxyl groups occupied positions that
were meta to one another on ring A or ring B. Thus, a 5,7-
dihydroxy substitution pattern, as in apigenin and luteolin,
can be recognized by an average deviation of —2.1 ppm at C6
and of 2.7 ppm at C8 from the predicted value (Table 4) and a
2’ 4#-dihydroxy substitution pattern could be recognized by
deviations of 0.9 ppm at C1’, —0.4 ppm at C3, and 1.9 ppm
at C5 from the predicted values (Table 6). Chemical shift
deviations of similar magnitude were consistent amongst
each of the dihydroxyflavones suggesting that these could
be treated as correction factors for the predicted values,
although this approach was not taken in the current study.
The reported and predicted chemical shifts of 3,7,3'-, and
3,7 4 -trihydroxyflavone (Table 7) were consistent and exhib-
ited differences of >0.4 ppm at only four of thirty *C nuclei,
while those of 3,6,3'-, and 3,6,4'-trihydroxyflavone were not

Copyright © 2007 John Wiley & Sons, Ltd.

inconsistent with those observed for 3,6-dihydroxyflavone.
Thus, on the whole, the predicted and measured chemical
shifts of the trihydroxyflavones are in good agreement.

From Table6, it is proposed that a deviation of
>4 ppm between the measured and predicted *C chem-
ical shifts indicates either an incorrect assignment or an
incorrectly reported *C chemical shift. In the case of 6,4'-
dihydroxyflavone, there are four chemical shifts whose
predicted and reported values differ by more than £3.9 ppm:
AC3 = 3.9 ppm; AC5 = —4.0 ppm; AC6 = —5.6 ppm; and
AC9 = 5.6 ppm (Table 6). When the assignments of C3 and
C5 are switched for one another and those of C6 and C9
are switched similarly, then the chemical shift deviations of
these nuclei fall within < + 0.3 ppm. Thus it is suggested that
the reported chemical shifts for C3, C5, C6, and C9 in 6,4'-
dihydroxyflavone are incorrect. For 3,7,4'-trihydroxyflavone,
there is a deviation (A) of —10.0 ppm between the reported
and predicted C1' 1*C chemical shifts (Table 7). It is proposed
that the reported C1’ chemical shift (112.1 ppm) should be
given as 121.1 ppm, which is in line with similarly substi-
tuted flavones (Tables1 and 2) and would yield a more
reasonable chemical shift deviation of —1.0 ppm.

CONCLUSIONS

Overall, the polyhydroxy- and glycosylated flavone chemical
shifts and, by proxy, their structure and electronics are
fully predictable. The power of such a tool is apparent for
predicting the NMR of flavonoids and identifying unknown
flavonoids from novel sources. For example, a recent search
using SciFinder** revealed that ®*C NMR spectra of only
11 of 28 commercially available dihydroxyflavones have
been recorded and analyzed. Using the strategy proposed

Magn. Reson. Chem. 2007; 45: 835-845
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here, *C NMR data for the remaining 17 flavonoids can
be predicted. The ¥C chemical shifts can also be predicted
for polyhydroxylated flavonoids whose NMR have not been
determined, for rapid assessment of unassigned flavonoids
NMR spectra and for verifying previously reported '*C
chemical shifts of flavonoids. The prediction of these
values is of importance because it allows quick and facile
assessment of flavonoid structure and electronics, which can
be important for determining their behavior in a laboratory
setting, (i.e. mass spectrometric fragmentation patterns, UV-
VIS maxima, etc.), environmental setting, and in vivo setting.

Supplementary material

Supplementary electronic material for this paper is available
in Wiley InterScience at: http://www.interscience.wiley.
com/jpages/0749-1581/suppmat/
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