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Abstract—The C NMR spectra of polyhydroxyflavones were systematically examined by using about 70
examples which have a 4-methoxyphenyl B-ring, such as 5,6,7-, 5,7,8 and 5,6,8-trioxygenated and 5,6,7,8-
tetraoxygenated flavones and flavonols, and the following results were obtained. In the *C NMR spectra of
flavones, the signals at the 2-, 3- and 4-positions in the C-ring were hardly affected by the substituents on the
A-ring except for those at the 5-position and shifted regularly by introduction of a methoxy or hydroxy group
at the 3-position. The signals at the 5- to 10-positions in the A-ring were greatly affected by the substituents
and oxygenated patterns on the A-ring and exhibited the respective characteristic pattern reflecting the A-ring
substituents without the effects of the substituents on the B- and C-rings. The substituent effects on the A-ring
were estimated from the spectral data. Consequently, it is found that the structures of polyhydroxyflavones
can be correctly defined by their *C NMR spectral assignment. Additionally, we examined the structures of
some natural flavones previously reported. © 1998 Elsevier Science Ltd. All rights reserved

INTRODUCTION tural elucidation as a result. Roitman and James [9]
have examined the *C NMR spectral assignments
of 20 polyhydroxyflavonols isolated from Gutierrezia
microcephala and found that the chemical shifts can
be estimated from the substituent effects. The result
suggests that the chemical shifts are more accurately
estimated when the substituent effects are fully clari-
fied. Hence, we systematically examined the sub-
stituent effects in the *C NMR spectra of about 70
different flavones and flavonols, which were pre-
viously synthesized by us and had a 4-methoxyphenyl
B-ring, and found that the structures of poly-
hydroxyflavones and flavonols could be correctly pro-
posed by estimating the substituent effects. Addition-
ally, we examined on the structures of some natural
flavones previously reported and the structures of two
natural flavones were revised.

A large number of polyhydroxyflavones have been
isolated from numerous plant sources and the struc-
tures have been proposed on the basis of their spectral
data so far [1-4], but their general properties are not
always clear and some errors in structural elucidation
have occurred [5]. Generally, UV, 'H NMR, and mass
spectra for isomeric polyhydroxyflavones are similar
to each other and their differentiation must be carried
out with scrupulous care in the elucidation of the A-
ring substituents. The *C NMR spectra which exhibit
a diagnostic spectral pattern reflecting the respective
substituents are a most suitable method for the struc-
tural elucidation and the studies on the assignment of
the *C NMR spectra of flavones have already been
carried out [6, 7]. The assignment of *C NMR spectra
of polyhydroxyflavones, however, is generally difficult
because of no detailed elucidation of the substituent
effects on the A-ring: the assignment of the reported RESULTS AND DISCUSSION
data is not consistent with each other in most cases

13 P 1 -
[8] and the results are not always reflected in the struc- The "C NMR spectral assignments of 56,7 (A),

5,7,8- (B), and 5,6,8-trioxygenated (D), and 5,6,7,8-
tetraoxygenated (C) flavones and the corresponding
flavonols  (3-methoxyflavones and  3-hydroxy-
* Author to whom correspondence shculd be addressed. flavones), which have a 4-methoxyphenyl B-ring, are
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shown in Tables 1-4. It is well known that the carbon
signals at the 2-, 3- and 4-positions in the C-ring of
flavones are observed in a narrow range, respectively,
and the signals are diagnostically shifted by intro-
duction of a methoxy or hydroxy group at the 3-
position, or by conversion of the S-methoxy group
to a hydroxy group [8] (Tables 1-4). In the spectral
comparison of the flavones, A, B, and C, having the
same substituents in the A-ring (Tables 1-3), the A-
ring carbon signals in flavones (a series) are slightly
affected by the introduction of a methoxy (b series) or
hydroxy (c series) group at the 3-position and shifted
diagnostically without the effects of the substituents
on the B-ring. The shift ranges of the A- and C-ring
carbon signals are summarized in Table 5, in the two
series of S-methoxyflavones and S-hydroxyflavones.
The result shows that the shift ranges of the A- and C-
ring signals are not affected by the other substituents
except for the 5-position and are widely usable for the
*C NMR spectral assignment.

On the other hand, ths conversion of methoxy
groups on the A-ring to hydroxy groups causes also a
diagnostic shift of the A-ring carbon signals, but the
shift ranges are greatly affected by the oxygenation
pattern on the A-ring. The shift ranges in the flavones
A, B, and C (Tables 1-3) are summarized in Table 6.
The conversion of the 5-methoxy group to a hydroxy
group causes large upfield shift of the carbon signals
at the 6- and 10-positions (o-positions), and the 8-
position (p-position), althcugh the carbon signals at
the 10-position are also affzcted by the substituent at
the 3-position. In contrast to this result, the signals of
the A-ring carbons with no substituent are shifted
downfield by conversion of the adjacent methoxy
group (o-position) to a hydroxy group, as seen in the
variation of the carbon signals at the 6- or 8-position
in the flavones B and A by conversion of the 5- or 7-
methoxy group to a hydroxy group (Table 6). In the
conversion of the 6-, 7- or 8-methoxy group to a
hydroxy group, the A-ring carbon signals are also
shifted regularly as shown in Table 6. The shifts are
available for the assignment of other types of flavones.
The "C NMR spectra of 5,6,8-trioxygenated flavones,
which are unusual flavones and have yet to be isolated
from natural sources, are also assigned by using the
substituent effects as showr in Table 4.

The data in Tables 1--6 are useful for the structural
elucidation of naturally occurring flavones and fla-
vonols, and the chemical shifts in '*C NMR spectra
of unknown flavones may be correctly estimated from
the data for analogous compounds and the shift
ranges shown in Tables 5 and 6. For example, the
chemical shifts of the A-ring in '"C NMR spectra of
5,7,8.3' 4’-pentahydroxy-3,6-dimethoxyflavone  and
A9c are estimated from the shift ranges shown in
Tables § and 6, and the data for C7b and C8b, or A9b,
AT7c, and A6c, as the demethylated products of these
compounds, respectively. The respective calculated
data are consistent with each other as shown in Table
7, and the values are also consistent with the data
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observed by Roitman and James [9] and A9c¢, respec-
tively.

These results show that the A-ring substitution pat-
tern in polyhydroxyflavones and flavonols is clearly
confirmed by the *C NMR spectra. Actually, the A-
ring carbon signals of synthetic 5,6,7,8-tetraoxy-
genated flavones previously reported by us are con-
sistent with the ones of the flavones having the same
substituents on the A-ring, respectively, when the
reported data are rearranged [S]. Only the spectra
of 5,6-dihydroxy-7,8-dimethoxyflavone (11) and 5,8-
dihydroxy-6,7-dimethoxyflavone (12), however, are
similar to each other; albeit, the other spectral data
(UV and 'H NMR) exhibit the characteristic proper-
ties corresponding to the respective structures [5].
Therefore, we re-examined the two isomeric flavones
and it was found that only 11 previously synthesized
has been perfectly converted into 12. The results sug-
gests that the compound is very slowly isomerized in
a crystal form, although the conditions are not clear
at all. Thus, we revised the *C NMR data for 11 and
12 as shown in Table 8. The A-ring carbon signals of
11 and 12 are consistent with those of the cor-
responding 5,6-dihydroxy-7.8-dimethoxyflavones,
C6a and 13, and 5.8-dihydroxy-6,7-dimethoxy-
flavones, C8a and 14 [3], respectively, and it shows
that the two isomeric flavones are correctly differ-
entiated by 13C NMR spectra.

Furthermore, we examined the reported *C NMR
data for some natural flavones. The A-ring carbon
signals in the *C NMR data for a natural flavone,
isolated from Scutellaria baicalensis Georgi and pro-
posed as 27.5.8-trihydroxy-7-methoxyflavone (15) by
Takagi et al. [30], are not consistent with those for
B8a, but those for the isomeric A7a. The B- and C-
ring carbon signals are consistent with those for the
2’-hydroxyflavones, 13 and 14, as shown in Table 8.
The result shows that the structure of the natural
flavone is 2°,5.7-trihydroxy-6-methoxyflavone (16), an
isomer of 15. Actually, the *C NMR spectrum of the
synthesized flavone 16 was consistent with that of
the natural flavone and it was demonstrated that the
structure of the flavone was 16.

The '*C NMR data for a natural flavone, isolated
from Zanthoxylum bungeanum and proposed as 3,5,6-
trihydroxy-4’,7-dimethoxyflavone (A6¢) by Xiong et
al. [31], are not consistent with those for the synthetic
A6c, but match well those for the isomeric 3,5,8-tri-
hydroxy-7,4’-dimethoxyflavone (B8c). Although the
other properties are not reported, the result clearly
shows that the structure of the natural flavone is B8c.

R? R3 R' OMe
R'O. o RO. o. 2
ol
o B MO S & OMe or?

17 R=H, R'=OMe, R?>=R*-Me
18 RA=R=H, R'=OMe, R°=Me
19 R=F=R%=H, R'=OMe

20 R=Me, R'=OMe, A%=R°=H
21 R=R'=R%=R’=H

11 R=OH, R*=Me, R?%=OMe, R*=H
12 R=OMe, R'=Me, R?=OH, R®=H
13 R=R°=OH, R'=Me, R>=OMe
14 R=OMe, R'=Me, R?=A%=OH
15 R=H, R'=Me, R*=R*-0H

16 R=OMe, R'=R?*=H, R®*=OH
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Table 5. Shift ranges of the A- and C-ring *C NMR signals of flavones by the substituent effects at the 3-position

Ad

C, Cy G, Cyp

G

G G C,

C;-Substituent

+0.2+0.1
—2.140.1
+0.610.1

—0.9+0.1
—0.140.1
—0.8+£0.2
—-0.1+0.2

—0.340.1
~0.1+0.1
—0.240.1
—0.14+0.1

—-0.14+0.1

+0.1

-0.3

—0.1+£0.1

0.3

~3.54+0.1
—1.0+0.1
—3940.2
—2.0+0.1

+33.8402
23402
1344404

—7.8+0.2
~9.8+0.2
—8.0+0.2
—8.810.1

H-OMe

5-Methoxyflavones

0.2

0+
0+0.2

—-0.340.2
—0.3+0.1
—-0.5+02

+

OMe—-OH
H-OMe

Z12402

—0.5+0.1
—0.6+0.2

—1840.1

5-Hydroxyflavones

0+0.2

OMc—OH
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In the *C NMR data for five natural flavones,
isolated from Gymnosperma glutinosum and proposed
as 17, 18, 19, 20, and 21, having the 2°.4’5-tri-
oxygenated pattern, by Yu ef al. [32], the A-ring car-
bon signals except for 19 are consistent with those
for the corresponding flavones, C7b, C5b, and A7b,
respectively, when the data are rearranged, and it sup-
ports well the proposed structures (Table 8). The spec-
trum of the flavone proposed as 19, however, does not
exhibit the diagnostic signals attributed to the A-ring
having the 5,7-dihydroxy and 6,8-dimethoxy groups
and to the B-ring having the 3',4’-dihydroxy and 2’-
methoxy groups such as the B-ring of 20 or 21, so the
structural elucidation of the flavone should be re-
examined.

The "C NMR of other natural flavones, such as
5,6,4'-trihydroxy-7,8,3’-trimethoxyflavone (22) iso-
lated from Thymus vulgaris [33], and 5,7,4'-tri-
hydroxy-6.8,3'-trimethoxyflavone (23) and 4’-hyd-
roxy-5,6,7.8-tetramethoxyflavone (24) isolated from
Citrus reticulata [7], are consistent with those of the
synthetic flavones, 22, 23, and 24, and support the
proposed structures, although the quaternary carbon
chemical shifts underlined are greatly different from
those for synthetic ones as shown in Table 8.

These results show clearly that the structures of
polyhydroxyflavones and flavonols can be correctly
proposed by *C NMR spectra, and the data obtained
here may be widely applicable to the structural eluci-
dation of naturally occurring flavones and flavonols.

EXPERIMENTAL

General. The *C NMR (at 100.4 MHz) spectra were
recorded on a JEOL EX 400 spectrometer in DMSO-
dg. using TMS as an int. standard, and the chemical
shifts are given in § values. The compounds used in
this study are the ones previously synthesized by us.
5,6.7-Trihydroxy-8.4’-dimethoxyflavone (C9%9a) was
synthesized from 6-hydroxy-5,7,8,4"-tetramethoxy-
flavone (C2a) by selective demethylation with 5%
anhydrous AlBr,-MeCN (50°, 5 hr); mp 223-225°
(from EtOAc-MeOH). 5,7,8-Trihydroxy-3,4’-dimeth-
oxyflavone (B9b) was synthesized from 7-benzyloxy-
5,8-dihydroxy-3,4’-dimethoxyflavone [36] by hy-
drogenolysis with 10% Pd-C; mp 208-209° (from
aq. MeOH). 3,5-Dihydroxy-6.8,4'-trimethoxyflavone
(D5c) was synthesized from 3-hydroxy-5,6,8.4'-tetra-
methoxyflavone (D1c) via the tosylate according to a
method by our previous paper [24]; mp 189-190°
(from MeOH).

Synthesis of 5,7,2'-trihydroxy-6-methoxyflavone
(16). To a soln of 4’-benzyloxy-6-hydroxy-3'-
methoxy-2’-isopropoxyacetophenone {11] (0.56 g) and
2-benzyloxybenzaldehyde (0.38 g) in EtOH (10 ml),
KOH (1.0 g) was added, the mixt. was warmed with
stirring at 40-45° for 2.5 hr and then acidified with 1-
2% aq. HCL The sepd oily material was extracted
with EtOAc to give a crude chalcone. A mixt. of the
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Table 6. A-ring substituent effects in the "C NMR spectra of 4’-methoxyflavones when a methoxy group on the A-ring was
converted into a hydroxy group

Ad
Compounds 5-OMe—OH 6-OMe—~OH 7-OMe—OH 8-OMe—~OH
5,6,7-Tri-oxygenated (A) C, +0.2, +1.7¢ -7.5%, —6.0 +0.8
Cy -7.8 -2.1 —0.6
G, +1.1 —4.0 —1.1
Cq —5.6 -0.5 +2.7
G, —-1.2 -29 —0.1
Cio -7.0° —6.5°, —5.5¢ 0 —-1.0
5,7.8-Tri-oxygenated (B) Cs +0.6, +1.0° —-0.6 —3.6,3.1¢
Cq +2.4 +3.1 -0.2
C, +1.7 -1.0 —4.2, —3.6°
Cy —1.2 —-1.0 —2.2, =26
Cy —-22 +0.9 —4.0
Cy ~3.8" —3.5¢,2.5¢ —0.5 0
5,6,7,8-Tetra-oxygenated (C)  Cj +0.8, +1.5 —57,—6.2° —0.2 —~3.8
C, —7.5, —6.6" —18, =29 —43 +04, —0.2
C, +1.7 —42, —3.58 —1.7, —0.8* —4.5 53
Cy -5.0 +0.1 —5.0 -19
Cy —-1.9 —34, —-2.8¢ +0.2, +0.7* —36
Cy —8.0° —7.6°, —6.6¢ 0 —33 +0.1
* When the flavones have a hydroxy group at the 6-position.
"In the case of the flavones (a series).
°In the case of the 3-methoxyflavones (b series).
¢ In the case of the 3-hydroxyflavones (c series).
* When the flavones have a hydroxy group at the 7-position.
"When the flavones have a methoxy group at the 5-position.
®When the flavones have two hydroxy groups at the 5- and 7-positions.
Table 7. Calculated and observed A-ring '*C NMR signals of two flavones
5,7,8(0OH)/3,6(0Me) 3,5,6,7(OH)
Caled from Caled from
Carbon C7b C8b Obs.* A%b ATc A6e Obs. (A9¢c)
C; 144.1 144.0 144.5 145.9 1457 145.7 145.8
C, 131.7 131.5 131.1 128.4 128.7 128.6 128.5
C, 146.3 146.1 146.7 153.5 153.2 153.5 153.6
Cy 1258 125.5 125.2 93.5 933 934 93.3
C, 141.0 140.9 140.7 148.8 148.5 148.7 148.8
Cy 103.5 103.6 103.3 103.4 103.4 103.3 103.3

* Reported data for 5,7,8,3" 4’-pentahydroxy-3,6-dimethoxyflavone isolated from Gutierrezia

microcephala by Roitman and James [9].

chalcone and SeQ, (1.0 g) in n-pentanol (10 ml) was
refluxed for 5 hr and then diluted with EtOAc. After
the ppt. was filtered off. the filtrate was washed with
H,O and evapd to dryness. The residue was chro-
matographed over silica gel with CHCI,; to give a
crude flavone. The flavone was deisopropylated with
anhydrous AICl; (0.6 g) in MeCN (12 ml) at room
temp. (ca 20°) for 30 min to give 7,2"-bis(benzyloxy)-

5-hydroxy-6-methoxyflavone: mp 114-115° (from
EtOAc-MeOH); yield, 250 mg (31%).

The flavone (180 mg) was hydrogenolysed with 10%
Pd-C in EtOAc-MeOH (1:1) to give quantitatively
the desired flavone 16: mp 261-263° (decomp.) (from
EtOAc) lit [30] mp 270-272°): 'TH NMR; § 6.60 (1 H,
s, Cg-H), 7.06 (1H, s, C;-H), 7.88 (1H, dd J = 7.8, 1.5
Hz, C/-H), 7.41 (1H, td / = 7.8, 1.5 Hz, C/-H), 7.06
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(1H, d J = 7.8 Hz, Cy-H), 7.00d (1H, ¢t / = 7.8 Hz,
Cs-H), 3.77 (3H, s, OMe), 13.01 (1H, s, C;-OH), 10.80
(2H, br 5, OH). Anal. Found: C, 63.87: H, 4.23%.
Calcd for C¢H,,0,: C, 64.00; H, 4.03%.
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11.

12.

14.

15.
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