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6 Seven C-glycosyl-3-deoxyanthocyanidins were made from their corresponding C-glycosylflavones.

7 The structures of their rearrangement products, which were formed in acidic aqueous solutions,

8 were elucidated. Rotameric conformers were detected for all of the 8-C-glycosyldeoxyanthocyani-

9 dins but were absent for their isomeric 6-C-analogues in acidified methanolic NMR solvent. A

10 correlation method based on HPLC-DAD and NMR integration of similar samples made it possible

11 for the first time to determine accurately the proportions of two isomeric 6-C- and 8-C-glycosyl-

12 flavonoids occurring in mixtures. Each of the C-glycosyldeoxyanthocyanidins established fixed

13 equilibrium proportions with their corresponding A-ring isomer in aqueous solutions, even under

14 relatively strong acidic conditions (pH ∼1), whether one started with pure 6-C- or 8-C-glycosyl-

15 3-deoxyanthocyanidin. The nature of the aglycone, C-glycosyl moiety, and temperature were found

16 to affect the equilibrium proportions. Increased water content (to a certain level) and temperatures

17 were shown to increase the isomerization rates. The flavylium cations were the only equilibrium

18 forms present at detectable quantities. The significance of rotation of the A-ring during isomerization

19 was confirmed by lack of rearrangement of both 6-C- and 8-C-glycosyl-3-deoxy-5-carboxypyra-

20 noanthocyanidins. The intermediary C-ring open forms of the C-glycosyldeoxyanthocyanidins

21 experience fast ring closure to their cyclic forms, which may reduce irreversible degradation reported

22 for open chalcone forms of the common anthocyanins. The stable C-glycosyl-3-deoxyanthocyani-

23 dins may thus attract interest as possible colorants in the food industry, etc.
24
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28 INTRODUCTION

29 Anthocyanins (1) are responsible for most red to blue colors of
30 plants. The various nuances are determined by a range of factors
31 including pigment structure, in vivo pH, and copigmentation
32 mechanisms (2). Evidence collected during mainly the past two
33 decades indicates that adequate fruit and vegetable consumption
34 has a role in maintaining health and preventing various diseases.
35 Some of these protective effects seem to be caused by the content
36 of anthocyanins and other flavonoids or their degradation
37 products (3-7). There is worldwide interest in extended use of
38 anthocyanins as color additives.
39 Anthocyanins are rather unique compounds as they actually
40 represent a range of different equilibrium forms strongly depen-
41 dent on the pH of their solvent as well as other factors (2, 8).
42 However, among the various equilibrium forms of the different
43 anthocyanins, only the flavyliumcation (9) and, in a few cases, their
44 2-OH hemiketal forms (10-12) have been completely character-
45 ized. Most anthocyanins are associated with restricted stability,
46 including loss of O-glycosyl moieties by hydrolysis or irreversible
47 degradation caused initially by opening of the heterocyclic
48 anthocyanin C-ring. In the latter case, some trans-chalcones as

49well as A-ring and B-ring fragments such as phloroglucinaldehyde
50and various benzoic acid derivatives have been identified (13,14). It
51has recently been shown that a chalcone possessing a hydroxyl
52group in the 2-position (chalcone nomenclature) cyclizes to form
53flavylium salt in acidic media, this reaction being reversible under
54neutral-basic conditions (14). When 20-hydroxyflavylium tetra-
55fluoroborate was dissolved in an aqueous alcoholic solution
56followed by adjustment of the pH, it was possible to precipitate
57both the corresponding trans-2,20-dihydroxychalcone and the
5820-hydroxyflavanone, as yellow and white solids, respectively (14).
59Whereas opening of the heterocyclic C-ring may lead to
60flavonoid degradation, it may, if certain criteria are satisfied,
61also result in rearrangement. Depending on the flavonoid type
62and aglycone substitution pattern, cleavage of the bond between
63the heterocyclic oxygenof theC-ring andC-2may result in several
64isomerization/rearrangement reactions caused by rotation of the
65open form (Figure 1): (i) epimerization at C-2, (ii) ring closure
66involving the hydroxyl groups attached to C-5 (5-OH) of the
67original aglycone and C-2 leading to 6/8 rearrangement of the
68A-ring, or (iii) ring closure involving the hydroxyl groups
69attached to C-20 (20-OH) of the original aglycone and C-4
70resulting in a more obscure A-B-ring rearrangement (15). In
71the following cases these rearrangements are not observed:
72identical substituents at C-6 and C-8 of the A-ring, absence of a
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73 free hydroxyl group at C-5 (or occasionally C-20), or absence of a
74 stereocenter at C-2 (15). However, when rearrangements are
75 observed, they seem to be influenced by the A-ring substituents;
76 8-hydroxyanthocyanidins rearrange completely within a few
77 hours to the corresponding 6-hydroxyanthocyanidins, whereas
78 the reverse rearrangement has never been observed (16-19).
79 3-Deoxyanthocyanins have attracted interest as possible food
80 colorants (20, 21). Recently we have reported a new class of
81 3-deoxyanthocyanins when describing the reductive synthesis of
82 two 6,8-di-C-glycosyldeoxyanthocyanidins and seven mono-
83 C-glycosyldeoxyanthocyanidins (1-7) by the Clemmensen re-
84 duction of the structurally analogous C-glycosylflavones (22).
85 A new type of anthocyanins with special properties was thus
86 achieved by adding the relatively high color stability of
87 3-deoxyanthocyanidins (23) to the relatively high stability of the
88 C-glycosyl linkage against acid hydrolysis, compared to the
89 stability of most natural anthocyanidin O-glycosides (22). Ana-
90 lysis of the reaction products by HPLC-DAD and LC-DAD-MS
91 showed that 16-46 and 58-78 were during the purification steps
92 separately transformed partly into other forms, 18-48 and 56-76.
93 The major aims of the present study are to elucidate properly the
94 structures of these latter forms, to describe the isomerization
95 reactions of 16-76 into 18-78 and vice versa (Figure 2), including
96 depiction of factors influencing these rearrangements. It was
97 evident that these isomerization reactions were continuous even
98 at pH∼1.A new experimental approach enabled for the first time
99 accurate determination of the existence and proportions of the
100 two involved isomeric flavonoids inmixtures during analyses and
101 monitoring of this type of A-ring isomerization.

102 MATERIALS AND METHODS

103 Hemisynthesis of C-Glycosyl-3-deoxyanthocyanidins. The
104 C-glycosyl-3-deoxyanthocyanidins 16-46 and 58-78 were synthe-
105 sized by Clemmensen reduction of the correspondingC-glycosyl-
106 flavones isolated from various plant sources according to a
107 previously published procedure (22). The crude reaction products
108 were purified by Sephadex column chromatography and/or
109 preparative HPLC (22). The isomeric C-glycosyl-3-deoxyantho-
110 cyanidins, 18-48 and 56-76, were formed from 16-46 and 58-78,
111 respectively, during theworkupprocedure of the reactionmixture
112 whenever acidified aqueous solvents were applied.
113 Hemisynthesis of C-Glycosyl-5-carboxypyrano-3-deoxyantho-

114 cyanidins. The C-glycosyl-3-deoxy-5-carboxypyranoanthocyani-
115 dins, CP36 and CP38, were synthesized from approximately
116 23mgof amixture of the 6-C- and 8-C-β-(200-O-β-glucopyranosyl)-
117 glucopyranosyls of 7-O-methylapigeninidin (Figure 3) according
118 to published procedures (21,24,25). The reaction was terminated
119 after 20 h. Three milligrams of pure CP36 was isolated from the
120 reaction mixture after separation by preparative HPLC. Two
121 milligrams of pure CP38 was obtained by further purification of
122 fractions from preparative HPLC on a Sephadex LH-20 column
123 using CH3OH/H2O (1:4; v/v) containing 0.5% CF3COOH as
124 eluent.
125 High-Performance Liquid Chromatography (HPLC). Prepara-
126 tive HPLC (Gilson 305/306 pump equipped with an HP-1040A

127detector)was performedusing anEconosilC18 column (250mm�
12822mm; length� i.d., 10.0 μm).Mixtures of 6-C- and 8-C-glycosyl-
1293-deoxyanthocyanidins were separated into pure 6-C-glycosyl-
1303-deoxyanthocyanidin and pure 8-C-glycosyl-3-deoxyanthocyani-
131din using isocratic elution conditions: H2O/CH3CN/CF3COOH
132(79.5:20.0:0.5; v/v); flow rate=14 mL min-1. Pure pigments were
133injected into the analytical HPLC system immediately after isola-
134tion on preparative HPLC. The analyses were performed with the
135same solvent H2O/CH3CN/CF3COOH (79.5:20.0:0.5; v/v) that
136was used for isolation of pure compounds by preparative HPLC;

Figure 1. Possible (theoretical) rearrangements resulting in (i) epimeriza-
tion, (ii) 6/8 (A-ring) rearrangement, and (iii) A-B ring rearrangement.

Figure 2. C-Glycosyl-3-deoxyanthocyanidins 16-76 and 18-78. The 6-C-
glycosyl derivatives are under specific solvent conditions transformed into
their analogous 8-C-glycosyl derivatives and vice versa due to heterocyclic
ring opening. 16 = 6-C-β-glucopyranosyl-7-O-methylapigeninidin, 18 = 8-
C-β-glucopyranosyl-7-O-methylapigeninidin, 26 = 6-C-β-glucopyranosyl-
7-O-methylluteolinidin, 28 = 8-C-β-glucopyranosyl-7-O-methylluteolinidin,
36 = 6-C-β-(20 0-O-β-glucopyranosyl)glucopyranosyl-7-O-methylapigeninidin,
38 = 8-C-β-(20 0-O-β-glucopyranosyl)glucopyranosyl-7-O-methylapigeninidin,
46 = 6-C-β-(200-O-β-glucopyranosyl)glucopyranosyl-7,40-di-O-methylapigen-
inidin, 48 = 8-C-β-(20 0-O-β-glucopyranosyl)glucopyranosyl-7,40-di-O-methyla-
pigeninidin,56 = 6-C-β-glucopyranosylapigeninidin,58=8-C-β-glucopyranosyl-
apigeninidin, 66 = 6-C-β-(200-O-R-rhamnopyranosyl)glucopyranosylapigenini-
din, 68 = 8-C-β-(200-O-R-rhamnopyranosyl)glucopyranosylapigeninidin, 76 =
6-C-β-(20 0-O-R-(40 00-O-acetylrhamnopyranosyl)glucopyranosylapigeninidin,
78 = 8-C-β-(200-O-R-(4000-O-acetylrhamnopyranosyl)glucopyranosylapigen-
inidin. Glc = glucosyl, Rha = rhamnosyl, Ac = acetyl.

Figure 3. HPLC chromatograms recorded at 475( 20 nm of a mixture of
6-C-sophorosyl (36) and 8-C-sophorosyl (38) of 7-O-methylapigeninidin
recorded (a) prior to addition of pyruvic acid and (b) after addition of pyruvic
acid followed by 20 h of reaction time at 45 �C.CP36 andCP38 correspond
to the formed 6-C-sophorosyl and 8-C-sophorosyl of 3-deoxy-5-carbox-
ypyrano-7-O-methylapigeninidin, respectively. Each chromatogram is
scaled to its highest peak. 36 and CP36, R

1 = 2-glcglc, R2 = H; 38 and
CP38, R

1 = H, R2 = 2-glcglc); glc = glucosyl.
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137 however, the analyticalHPLCwas equippedwith anODS-Hypersil
138 column (20� 0.5 cm, 5 μm); flow= rate 1.0 mLmin-1. When the
139 isomerization experiments were performed with different solvent
140 systems, or when several parallel experiments requiring the same
141 concentration were needed, the samples were divided into frac-
142 tions and evaporated under reduced pressure prior to dissolution
143 of the pigments in the solvents used during the analysis. Tem-
144 perature studies were performed by keeping the samples in closed
145 vials in thermostatedwater baths at the various temperatures. For
146 NMR studies the solutions of pure compounds were evaporated
147 to dryness immediately after isolation by preparative HPLC.
148 Spectroscopy. UV-vis absorption spectra were recorded on-
149 line during isocratic HPLC analysis using a photodiode array
150 detector (HP 1050, Hewlett-Packard). All samples were dissolved
151 in the same solvent as used for isocratic HPLC analysis, H2O/
152 CH3CN/CF3COOH (79.5:20.0:0.5; v/v). Spectral measurements
153 weremade over the wavelength range from 240 to 600 nm in steps
154 of 2 nm. The relative quantitative data were based on the average
155 values of the absorptions on every secondnanometer between 455
156 and 495 nm.
157 The NMR experiments (1D 1H, 2D 1H-13C HMBC, 1H-13C
158 HSQC, 1H-1H COSY, 1H-1H TOCSY, 1H-1H ROESY,
159

1H-1H NOESY, and 1D 13C CAPT) were obtained at 600.13/
160 500.13 and 150.90/125.76MHz for 1H and 13C, respectively, on a
161 Bruker Biospin AV-600 MHz instrument equipped with a TCI
162

1H-13C/15N CryoProbe and a Bruker Ultrashield Plus AV-500
163 MHz instrument. All experiments were recorded at 298 K.
164 Chemical shift values were set relative to the deuteriomethyl
165

13C signal and the residual 1H signal of the solvent, at δ 49.0 and
166 δ 3.4 for CD3OD (containing CF3COOD). 1D 1H NMR experi-
167 ments for determination of isomerization of 16 and 18 were
168 performed with H2O/CD3CN/CF3COOH (79.5:20.0:0.5; v/v) as
169 solvent. The chemical shift values were set relative to the residual
170

1H signal of CD3CN, δ 1.94. Water suppression was achieved
171 using excitation sculpting methodology (26).
172 High-resolution LC-electrospray mass spectrometry (ESI/
173 TOF) in positive ion mode spectra were recorded using a JEOL
174 AccuTOF JMS-T100LC in combination with an Agilent Tech-
175 nologies 1200 series HPLC system. A Zorbax SB-C18 (50 mm �
176 2.1 mm, length � i.d., 1.8 μm) column was used for separation,
177 and combinations of two solvents were used for elution: A, H2O
178 containing 0.5% CF3COOH (v/v), and B, CH3CN containing
179 0.5% CF3COOH (v/v). The following solvent composition was
180 used: 0-1 min, 5% B (isocratic); 1-3 min, 5-13% B (linear
181 gradient); 3-6 min, 13% B (isocratic); 6-8 min, 13-30% B
182 (linear gradient); 8-14 min, 30-40% B (linear gradient). The
183 flow rate was 0.4 mL min-1.
184 Determination of Relative Molar Absorption Coefficients of

185 C-Glycosyl-3-deoxyanthocyanidins.Relative molar absorption

186coefficients were determined for isomeric pairs using the follow-
187ing procedure: A 1D 1H NMR spectrum was recorded for a
188mixture of 16 and 18, in which equilibrium proportions of these
189isomers were established on the basis of integration of their H-4
190resonances. An aliquot of the same sample was subjected to
191isocratic HPLC-DAD analysis directly after the 1D 1H NMR
192spectrum was recorded, and the areas of the two isomers were
193integrated. Thereafter, a new 1D 1H NMR spectrum was re-
194corded to confirm that the relative proportions of the isomers
195were unchanged prior to and after HPLC injection. The relative
196molar absorptivity coefficient for the isomeric pair, k, was
197established according to the equation given in Figure 4. An
198identical procedure was followed to determine the analogous
199coefficients for the isomeric pairs 26/28 and 56/58, respectively.

200RESULTS AND DISCUSSION

201Identification of C-Glycosyldeoxyanthocyanidin Rearrange-

202ment Products. Structural identification of seven C-glycosyl-3-
203deoxyanthocyanidins, 16-46 and 58-78, synthesized by the
204Clemmensen reduction of analogous C-glycosylflavones has
205recently been described (22). The yields of the individual reduc-
206tions were between 14 and 32%. During purification in acidic
207aqueous-methanolic solutions each of the pigments 16-46 and
20858-78 were transformed into isomeric forms, 18-48 and 56-76,
209respectively, which were not characterized properly (22). Table 1
210shows MS characteristics of 18-48 and 56-76, which are similar
211to those previously reported for the corresponding 3-deoxyantho-

Figure 4. (a) Region of the 1H NMR spectrum of an equilibrium mixture of
6-C-β-glucosyl-7-O-methylapigeninidin (16) and its isomer 8-C-β-glucosyl-
7-O-methylapigeninidin (18) dissolved in H2O/CD3CN/CF3COOH
(79.5:20.0:0.5; v/v) showing the two integrated H-4 resonances. (b)
Integrated HPLC chromatogram of the same mixture of 16 and 18 at
isocratic solution conditions with the solvent H2O/CH3CN/CF3COOH
(79.5:20.0:0.5; v/v) detected at 475( 20 nm. (c) Equation for determina-
tion of the relative molar absorption coefficient, k. Analogous coefficients
were determined similarly for the two pairs of isomers, 26/28 and 56/58.

Table 1. High-Resolution Electrospray MS Dataa and Chromatographic (HPLC) and UV-Vis Spectral Datab Recorded for the C-Glycosylanthocyanidins, 18-48,
56-76, CP36, and CP38 (See Figures 1 and 2 for Structures)

pigment [M + H]+ (obsd) [M + H]+ (calcd) mol formula tR (min) λUV-max nm λVIS-max nm

18 431.1352 431.1342 C22H23O9 3.84 279, 324 419, 481

28 447.1290 447.1291 C22H23O10 3.71 283, 325sc 428s, 496

38 593.1907 593.1870 C28H33O14 3.69 279, 325 421, 482

48 607.1986 607.2027 C29H35O14 4.96 279, 325 422, 481

56 417.1196 417.1186 C21H21O9 4.63 278, 325 473

66 563.1747 563.1765 C27H31O13 4.80 279, 326 477

76 605.1853 605.1870 C29H33O14 4.96 280, 327 480

CP36 661.1739 661.1769 C31H33O16 4.55 266, 300s,c 353 477

CP38 661.1742 661.1769 C31H33O16 3.23 266s,c 298s,c 360 486

a In H2O/TFA (99.5:0.5 v/v) and CH3CN/TFA (99.5:0.5 v/v); gradient solvent conditions.
b In H2O/CH3CN/TFA (79.5:20:0.5 v/v); isocratic solvent conditions. See Materials and

Methods for more details. cWeak shoulder.
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212 cyanin (16-46 and 58-78, respectively) from which they were
213 formed (22). However, the chromatographic retentions of 18-48
214 and 56-76, respectively, on reversed phase C18 material were
215 significantly different from those of their original forms (Table 1),
216 which allowed preparative HPLC separation of each pair of
217 8-C-glycosyl- and 6-C-glycosyldeoxyanthocyanidins using custo-
218 mized isocratic solution conditions. The structure of each antho-
219 cyanin, 18-48 and 56-76 (Figure 2), was elucidated by high-
220 resolution MS (Table 1) and one- and two-dimensional NMR
221 spectroscopic techniques (Tables 2 and 3) in a similar way as

222described in the next paragraph for 18. In accordance with
223previous observations (22), rotameric conformers were detected
224for all of the 8-C-glycosyldeoxyanthocyanidins, 18-48, but were
225absent for the structurally analogous 6-C-glycosyldeoxyantho-
226cyanidins, 56-76, in deuterated acidified methanolic NMR sol-
227vent (Tables 2 and 3).
228Clemmensen reduction of 6-C-glucosyl-7-O-methylapigenin
229(swertisin) isolated from iris provided the corresponding 3-
230deoxyanthocyanin, 6-C-β-glucopyranosyl-7-O-methylapigenini-
231din (16) (22), which during purification partly rearranged

Table 2. 1H NMR Chemical Shift Values (Parts per Million) and Coupling Constants (Hertz) for the C-Glycosylanthocyanidins, 18-48 and 56-76, Dissolved in 5%
CF3COOD in CD3OD, v/v at 25 �C (See Figure 1 for Structures)a

position 18 28 38 48 56 66 76

3 8.19 d 8.8 8.11 d 8.8 8.13 d 8.7 8.21 d 8.7 8.18 d 8.9 8.15 d 8.8 8.18 d 8.7

8.20 d 8.9 8.13 d 8.9 8.13 d 8.7 8.25 d 8.7

4 9.24 d 8.8 9.19 d 8.8 9.21 d 8.7 9.31 d 8.7 9.23 d 8.8, 0.9 9.19 d 8.8 9.22 d 8.7

9.16 d 8.9 9.19 d 8,8 9.29 d 8.7

6 6.96 s 6.94 s 6.92 s 6.95 s

6.97 s 6.95 s 6.96 s 6.99 s

8 7.13 d 0.8 7.13 s 7.20 s

20 8.52 d 9.0 8.01 d 2.3 8.50 d 8.9 8.61 d 9.1 8.41 d 9.0 8.34 d 9.0 8.45 d 8.9

8.40 d 9.1 7.83 d 2.3 8.37 d 8.9 8.48 d 9.2

30 7.17 d 9.0 7.17 d 8.9 7.35 d 9.1 7.18 7.18 d 9.0 7.19 d 8.9

7.19 7.18 d 8.9 7.39 d 9.2

50 7.17 d 9.0 7.13 d 8.6 7.17 d 8.9 7.35 d 9.1 7.18 7.18 d 9.0 7.19��d 8.9

7.19 7.15 d 8.6 7.18 d 8.9 7.39 d 9.2

60 8.52 d 9.0 8.07 dd 8.6, 2.3 8.50 d 8.9 8.61 d 9.1 8.41 d 9.0 8.34 d 9.0 8.45 d 8.9

8.40 d 9.1 7.8 dd 8.6, 2.3 8.37 d 8.9 8.48 d 9.2

7-MeO 4.18 s 4.17 s 4.15 s 4.18 s

4.17 s 4.17 s 4.19 s 4.22 s

40-MeO 4.09 s

position 8-C-Glc 8-C-Glc 8-C-Glc 8-C-Glc 6-C-Glc 6-C-Glc 6-C-Glc

10 0 5.15 d 10.0 5.14 d 10.0 5.23 d 10.0 5.24 d 10.1 5.17 d 9.8 5.20 d 9.6 5.21 d 10.1

5.23 d 9.9 5.23 d 9.8 5.32 s br 5.35 d 10.0

20 0 4.11 dd 10.0, 8.9 4.10 dd 10.0, 8.9 4.34 m 4.35 dd 10.1, 8.6 3.79 dd 9.9, 9.0 4.05 4.07

4.39 dd 9.9, 8.9 4.39 dd 9.8, 8.8 4.5 4.53

30 0 3.68 t 8.9 3.68 t 8.9 3.88 m 3.89 t br 8.6 3.66 t 9.0 3.62 3.6

3.67 3.70 3.9

40 0 3.87 dd 8.9, 9.8 3.89 dd 9.8, 8.9 3.88 m 3.92 t br 8.6 3.73 dd 9.8, 8.9 3.63 3.7

3.51 t (br) 9.3 3.52 dd 9.7, 9.0 3.8

50 0 3.59 ddd 9.8, 5.0, 2.3 3.62 ddd 9.8, 5.6, 2.4 3.59 m 3.58 m 3.62 3.39 3.7

3.65 3.70 3.6

60 0A 4.04 dd 12.1, 2.3 4.08 dd 12.2, 2.4 4.04 dd 11.9, 1.7 4.02 dd 12.2, 2.4 3.98 3.98 4.0

4.04 4.05 4.0 m 4.01

60 0B 3.94 dd 12.1, 5.0 3.99 dd 12.2, 5.6 3.94 dd 11.9, 4.9 3.97 dd 12.2, 4.6 3.98 3.95 3.9

3.76 3.77 3.9 3.76

position 20 0-O-Glc 20 0-O-Glc 20 0-O-Rha 20 0-O-Rha

10 0 0 4.40 d 7.7 4.42 d 7.7 5.40 d 1.9 5.31

4.46 d 7.9 4.46

20 0 0 2.95 m 2.94 dd 9.3, 7.7 3.95 4.0

3.0 2.98

30 0 0 3.23 t 9.0 3.22 t br 9.0 3.42 nd

3.1

40 0 0 2.95 m 2.91 m 3.19 4.7

3.0

50 0 0 2.86 m 2.84 ddd 9.8, 6.2, 2.2 2.35 2.5

2.9 3.01

60 0 0A 3.35 dd 11.4, 1.9 3.37 dd 11.3, 2.2 0.66 d 6.3 0.59 d 6.3

60 0 0B 2.95 m 2.91 m

3.4

position 40 0 0-Ac

20 0 0 0 2.1 s

aDuplicated sets of signals for 18-48 correspond to two rotamers: major (top) and minor (bottom). s = singlet, d = doublet, dd = double doublet, t = triplet, m = multiplet,
br = broad, Glc = glucoside, Rha = rhamnoside, Ac = acetyl.
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Table 3. 13C NMRData (in Parts per Million) for the C-Glycosylanthocyanidins, 18-48 and 56-76, Dissolved in 5% CF3COOD in CD3OD, v/v at 25 �C (See Figure 1
for Structures)a

position 18 28 38 48 56 66 76

2 173.79 174.02 174.12 173.6 172.5 172.51 172.9

173.50 173.6

3 111.10 111.36 111.45 111.4 110.8 111.11 109.5

111.17 111.4 112.00 110.9

4 150.05 149.69 149.96 150.4 149.2 149.5 148.7

150.20 149.6

5 160.76 160.70 160.54 160.4 157.5 160.26 159.0

161.08 160.8 160.0

6 98.38 98.26 98.26 98.0 114.1 114.64 114.7

99.25 99.1 99.3 99.0

7 170.14 170.00 169.94 170.1 169.4 170.84 170.3

171.35 171.0 171.2

8 107.85 107.86 107.93 107.8 96.0 96.8 96.5

107.31 107.3 107.86

9 156.81 156.92 157.05 156.9 158.4 158.76 157.2

157.04 157.0 157.2

10 113.48 113.46 113.21 113.8 113.5 113.76 113.4

112.97 112.8 113.0

10 121.34 122.03 121.86 123.0 120.7 121.39 119.8

121.6 122.6

20 134.40 117.44 134.34 133.6 133.2 133.32 133.6

133.84 116.3 133.61 133.0

30 118.53 148.44 118.38 116.6 118.2 118.65 118.5

118.6 148.3 116.8 116.8

40 168.03 157.05 167.65 168.0 167.0 167.55 168.1

168.0 157.2 167.7

50 118.53 117.92 118.38 116.6 118.2 118.65 118.5

118.6 118.2 116.8 116.8

60 134.40 126.43 134.34 133.6 133.2 133.32 133.6

133.84 126.2 133.61 133.0

7-MeO 58.00 57.95 57.93 57.7

57.73 57.1 58.00 57.5

40-MeO 56.4

position 8-C-Glc 8-C-Glc 8-C-Glc 8-C-Glc 6-C-Glc 6-C-Glc 6-C-Glc

10 0 74.82 74.91 73.45 73.2 76.4 74.19 74.4

75.14 75.1 73.5 73.1

20 0 73.05 73.05 79.47 79.0 73.9 76.77 76.2

72.0 72.1 81.9 82.0

30 0 80.06 80.13 80.11 79.8 79.0 80.66 81.5

80.47 80.2 79.8

40 0 72.03 72.16 71.77 71.3 70.6 71.1 71.3

72.22 72.2 70.1

50 0 83.14 83.26 83.15 82.8 82.5 82.8 83.0

83.30 82.9 82.6

60 0 62.55 62.89 62.47 62.0 61.3 61.7 61.6

63.45 63.5 61.8 63.0

position 20 0-O-Glc 20 0-O-Glc 20 0-O-Rha 20 0-O-Rha

10 0 0 104.22 103.9 102.8 101.9

106.2 105.7

20 0 0 75.73 75.4 73.05 72.9

75.9 75.6

30 0 0 77.74 77.5 72.1 nd

77.7

40 0 0 71.46 71.2 71.9 76.1

70.9

50 0 0 77.49 77.3 69.81 68.7

77.3 77.5

60 0 0 62.52 62.2 17.85 18.0

62.0

position 40 0 0-Ac

10 0 0 0 172.2

20 0 0 0 20.2

aSignals with two and one significant decimals are recorded from 13C CAPT and heteronuclear experiments, respectively. Duplicated signals of 18-48 correspond to two
rotamers: major (top) and minor (bottom). Glc = glucoside, Rha = rhamnoside, Ac = acetyl, nd = not detected.
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232 into 18. Isomers 16 and 18 were isolated by preparative HPLC.
233 Isomer18 was dissolved inCD3ODcontaining 5%CF3COOD(v/
234 v), a NMR solvent that provided no significant conversion of 18
235 to other compounds during storage. The aromatic region of the
236 1D1HNMRspectrumof 18 revealed a 2HAXsystematδ 9.24 (d,
237 8.8 Hz, H-4) and δ 8.19 (d, 8.8 Hz, H-3), an AA0XX0 system at δ
238 8.52 (d, 9.0,H-20,60) and δ 7.17 (d, 9.0,H-30,50), and a 1H singlet at
239 δ 6.96. The latter singlet was identified as H-6 by the 1JCH
240 correlation at δ 6.96/98.4 (H-6/C-6) observed in the 1H-13C
241 HSQC spectrum and the 3JCH correlations observed at δ 6.96/
242 107.9 (H-6/C-8), δ 6.96/113.5 (H-6/C-10) and δ 6.96/160.8 (H-6/
243 C-5) in the 1H-13C HMBC spectrum, corresponding to an 8-C-
244 substituted 3-deoxyanthocyanidin with a symmetrically substi-
245 tuted B-ring. A 3H singlet at δ 4.18 (OMe) belonging to the
246 aglyconewas confirmed tobe at the 7-positionby the crosspeak at
247 δ 4.18/170.1 (OMe/C-7) in the long-range 1H-13C HMBC
248 spectrum, in accordance with 7-O-methylapigeninidin. All of
249 the sugar proton resonances were assigned by the 2D 1H-1H
250 DQF-COSY experiment (Table 2), and the corresponding 13C
251 resonances (Table 3) were then identified by the 2D 1H-13C
252 HSQC and 1D 13C CAPT experiments. The anomeric shift value
253 δ 5.15 (d 10.0 Hz, H-10 0), together with the six 13C resonances
254 between 62 and 83 ppm, were in accordance with aC-β-glucopyr-
255 anosyl unit. The crosspeaks at δ 5.15/107.9 (H-10 0/C-8),
256 δ 5.15/170.1 (H-100/C-7) and δ 5.15/156.8 (H-10 0/C-9), in the
257 HMBC spectrum of 18, confirmed the C-C linkage between
258 the sugar and the aglycone at the 8-position. A molecular ion
259 [M]+ at m/z 431.1352, corresponding to the molecular formula
260 C22H23O9 (calcd 431.1342), in the HR-ESMS spectrum, con-
261 firmed the structure of 18 to be 8-C-β-glucopyranosyl-7-O-
262 methylapigeninidin.
263 UV-Vis Spectroscopic Properties of Isomeric 6-C- and 8-C-
264 Glycosyl-3-deoxyanthocyanidins. Online UV-vis spectra of
265 isomeric 6-C- and 8-C-glycosyl-3-deoxyanthocyanidins in the
266 same solvent, H2O/CH3CN/CF3COOH (79.5:20.0:0.5; v/v), were
267 recorded during HPLC separation at isocratic solution
268 conditions. In general, bathochromic shifts of λVis-max were
269 observed for 8-C-glycosyl-3-deoxyanthocyanidins compared
270 with similar values of their analogous 6-C-glycosyl-3-deox-
271 yanthocyanidins (Figure 5). These shift differences were most
272 pronounced for the C-glycosyl-3-deoxyanthocyanidins with
273 a 7-OMe (10-13 nm), compared with more modest differences
274 (2-4 nm) observed for C-glycosyl-3-deoxyanthocyanidins with
275 7-OH substituents. The shoulder around 419-428 nm on the
276 visible absorption band of the 8-C-glycosyl-3-deoxyanthocyani-
277 dins was absent in the UV-vis spectra of the analogous
278 6-C-glycosyl-3-deoxyanthocyanidins (Figure 6). Comparison of
279 UV-vis spectra of pigments 56-76 and 58-78, which were based
280 on the same aglycone and differed by the complexity of their
281 glycosyl substituents (Figure 2), showed that increased λVis-max

282 values correlated with increased bulkiness of the C-glycosyl
283 substituent (Figure 5).
284 Determination of Molar Proportions of Individual C-Glycosyl-

285 deoxyanthocyanidins in Mixtures. New methodology was devel-
286 oped to determine the molar proportions of individual
287 C-glycosyldeoxyanthocyanidins in equilibrium mixtures. The
288 same equilibrium mixtures of isomeric 6-C- and 8-C-glycosyl-
289 deoxyanthocyanidins were compared by both HPLC-DAD de-
290 tection and 1H NMR integration. Correlated integration data
291 giving relative molar absorption coefficients and different HPLC
292 retentions of the two isomers made it thereafter possible for the
293 first time for any of this type of flavonoid A-ring rearrangement
294 to determine accurately during monitoring by HPLC-DAD the
295 existence and ratio of the two involved isomeric flavonoids in
296 sample mixtures.

297Comparative DAD-HPLC and NMR analyses were per-
298formed on the reference compounds 16/18, 26/28, and 56/58
299using nearly the same solvents; H2O/CH3CN/CF3COOH
300(79.5:20.0:0.5; v/v). The only difference here was that the CH3CN
301component of theHPLCsolventwas replacedwithCD3CN in the
302NMR solvent. After recording of a 1D 1HNMR spectrum of the
303equilibrium mixture of 16 and 18 that was achieved after 50 h, an
304aliquot of this sample was subjected to isocratic HPLC-DAD
305analysis giving an integratedHPLCprofile (Figure 4). For control
306reasons, a new 1D 1H NMR spectrum of the sample was directly
307thereafter recorded. Integration of the 1HNMR signals recorded
308prior to and after HPLC analysis revealed that the relative
309proportions of 16 and 18 remained constant. However, the
310integrated relative proportions of 16 and 18 detected by HPLC-
311DADat 475( 20 nmwere different from the relative proportions
312determined by NMR by a factor of 1.6. Therefore, the relative
313molar absorption coefficient of 16 around λVis-max (475( 20 nm)
314was established to be 1.6 times that of its isomer, 18. On the basis
315of similar comparisons the relative molar absorption coefficient
316of 26 was determined to be 1.4 times that of 28, whereas the molar
317absorption coefficient of 56 was virtually equal to that of its
318isomer, 58. Thus, the differences between the molar absorption
319coefficients were most pronounced for the C-glycosyl-3-deox-
320yanthocyanidins with a 7-OMe (16/18 and 26/28) compared with
321similar values of 56/58 with 7-OH substituents.
322The difference in the relative molar absorption coefficients of
32336 and 38 around λVis-max (475( 20 nm) was assumed to be equal
324to that of 16 and 18 (1.6) due to the similarities of the UV-vis
325spectra of 16/36 and 18/38.
326Importance of Restricted Rotation of the A-Ring for Rearrange-

327ment of C-Glycosyldeoxyanthocyanidins. To confirm the impor-
328tance of rotation of the deoxyanthocyanidin A-ring during the
329rearrangement of 6-C- to 8-C-glycosyldeoxyanthocyanidins,
330and vice versa, it was decided to make and examine analogous
331C-glycosyl-3-deoxy-5-carboxypyranoanthocyanidins. These com-
332pounds have an extra D-ring involving the 5-oxygen covalently
333connected to C-4 of the C-ring through a-CdC- bridge, which
334prevents rotation of the A-ring relative to the C-ring. The known
335reaction between pyruvic acid and anthocyanins for production
336of carboxypyranoanthocyanins (21, 24, 25) was thus applied to
337produce two C-glycosyl-3-deoxy-5-carboxypyranoanthocyani-
338dins (CP36 and CP38) for the first time. Figure 3 shows the
339HPLC chromatograms detected around 475 nm of a mixture of
3406-C-sophorosyl- (36) and8-C-sophorosyl-7-O-methylapigeninidin

Figure 5. λVis-max values for various C-glycosyl-3-deoxyanthocyanidins
(16-76, 18-78; Figure 1), dissolved in H2O/CH3CN/CF3COOH
(79.5:20.0:0.5; v/v) at 25 �C. Pigments are grouped according to key
substituents; 7-OMe-substituted C-glycosyl-3-deoxyanthocyanidins (left
box), 7-OH-substituted C-glycosyl-3-deoxyanthocyanidins (right box).
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341 (38) prior to and after addition of pyruvic acid. The occurrence of
342 two extra peaks (CP36 and CP38) was revealed in the chromato-
343 gram after 20 h of reaction time at 45 �C. After isolation of CP36
344 and CP38 by preparative HPLC, structure elucidation by NMR
345 and MS (Table 1 and 4) showed that they corresponded to 6-C-
346 sophorosyl- and 8-C-sophorosyl-5-carboxypyrano-7-O-methyla-
347 pigeninidin (anthocyanidin numbering), respectively. WhenCP36
348 and CP38 were dissolved in acidic aqueous solutions, no rearran-
349 gement was indeed observed for any of these anthocyanins. In
350 comparison, 36 and 38 (havingnoD-ring) dissolved individually in
351 the same solvent as CP36 and CP38, rearranged both into each
352 other (Figure 7).
353 Various Effects on Rearrangement of C-Glycosyldeoxyantho-

354 cyanidins. Isomerization of 36 into its isomer, 38, and the opposite
355 reactions ended up with the same equilibrium proportions after
356 storage in the same solvent (H2O/CH3CN/CF3COOH,
357 79.5:20.0:0.5; v/v) at 25 �C (Figure 7). The effect of the nature
358 of the C-glycosyl moiety on the rearrangement process was

359examined by subjecting 6-C-β-glucopyranosyl-7-O-methylapi-
360geninidin (16) and 6-C-β-(200-O-β-glucopyranosyl)glucopyrano-
361syl-7-O-methylapigeninidin (36) to the same aqueous solvent,
362H2O/CH3CN/CF3COOH (79.5:20.0:0.5; v/v). At 25 �C the re-
363arrangement of 36 into its 8-C-glycosyl isomer (38) was found to
364proceed nearly twice as rapidly as the corresponding rearrange-
365ment of 16 into 18. Equal amounts of the 6-C-glycosyl and 8-C-
366glycosyl isomers were obtained after ∼9.4 and ∼18.5 h for the
367bioside (36 and 38) and the monoside (16 and 18), respectively. At
368established equilibrium the molar ratios between the 6-C- and 8-
369C-glycosyl isomers were 14:86 and 17:83, respectively, for the
370bioside and the monoside, respectively.
371The nature of the aglycone also affected the relative equilibri-
372um proportions of the isomeric C-glycosyldeoxyanthocyanidins.

Table 4. 1H and 13C NMRData for 6-C- and 8-C-Sophorosyl-5-carboxypyrano-7-O-methylapigeninidin (CP36 andCP38, Respectively) Dissolved in 5%CF3COOD in
CD3OD (v/v) at 25 �C

CP36 CP38

positiona 1H δ J (Hz) 13C δ b 1H δ J (Hz) 13C δb

3 7.91 s 104.0 7.869 s 103.6

5 7.82 s 109.7 7.867 s nd

6 (7) c 7.59 s 97.5

8 (9) 7.73 s 97.4 c

20 8.36 d 9.0 132.3 8.43 d 8.9 133.2

30 7.17 d 9.0 117.8 7.16 d 8.9 117.9

50 7.17 d 9.0 117.8 7.16 d 8.9 117.9

60 8.36 d 9.0 132.3 8.43 d 8.9 133.2

7-OCH3 4.24 d 58.0 4.22 d 58.2

position 6-C-β-Glc 8-C-β-Glc

10 0 5.23 d 10.0 72.2 5.31 d 10.0 73.4

20 0 4.60 dd 10.0, 8.9 79.8 4.31 dd 10.0, 8.4 79.0

30 0 3.83 t 9.1 79.4 3.89 t 8.9 79.8

40 0 3.73 t 9.3 71.1 3.86 t 9.1 71.5

50 0 3.56 m 82.0 3.60 m 82.9

6(A)0 0 4.00 62.9 4.04 m 62.3

6(B)0 0 3.80 dd 11.8, 6.3 3.94 dd 12.2, 5.2

position 20 0-O-β-Glc 20 0-O-β-Glc

10 0 4.54 d 7.8 104.6 4.42 d 7.8 104.1

20 0 3.03 dd 9.2, 7.8 75.4 2.95 dd 9.3, 7.7 75.3

30 0 3.29 t 9.2 77.5 3.22 t 9.1 77.5

40 0 2.98 t 8.8-9.4 70.7 2.94 t 9.1 70.8

50 0 2.94 m 77.4 2.86 ddd 9.8, 5.4, 2.1 77.3

6(A)0 0 3.33 62.0 3.29 m 62.2

6(B)0 0 3.08 dd 11.6, 5.4 3.05 dd 11.5, 5.6

aPositions in italics are according to nomenclature for 5-carboxypyranoanthocyanidins. s = singlet, d = doublet, dd = double doublet, t = triplet, m = multiplet, nd = not detected.
Glc = glucoside. b From 1H-13C HSQC. cData not recorded.

Figure 7. Isomerization of either 6-C-sophorosyl-7-O-methylapigeninidin
(36) or its isomer 8-C-sophorosyl-7-O-methylapigeninidin (38) ending with
the same equilibrium proportions after storage in the same solvent (H2O/
CH3CN/CF3COOH, 79.5:20.0:0.5; v/v) at 25 �C.

Figure 6. UV-vis spectra recorded for the 6-C-glucosyl (dashed line) and
8-C-glucosyl (solid line) of 7-O-methylapigeninidin (1), 7-O-methylluteoli-
nidin (2), and apigeninidin (5) dissolved in H2O/CH3CN/CF3COOH
(79.5:20.0:0.5; v/v) at 25 �C.
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373 When the 6-C- and 8-C-glucosyldeoxyanthocyanidins of apigen-
374 inidin (56 and 58), 7-O-methylapigeninidin (16 and 18), and 7-O-
375 methylluteolinidin (26 and 28) were examined, the equilibrium
376 proportions were found to be 10:90, 17:83, and 24:76, respec-
377 tively, in the same solvent (H2O/CH3CN/CF3COOH;
378 79.5:20.0:0.5; v/v) at 25 �C (Figure 8). In comparison, lack of
379 the 7-O-methyl group (56 and 58) indicates an increase in the
380 proportions of the 8-C-glycosyl isomer, whereas two hydroxyl
381 groups in ortho position to each other on the B-ring (26 and 28)
382 indicate an increase in the proportions of the 6-C-glycosyl isomer.
383 To reveal the effect of the solvent for the rate of rearrangement
384 of C-glycosyldeoxyanthocyanidins, a sample containing 16
385 (∼95%) and 18 (∼5%) was first dissolved inmethanol containing
386 0.5% trifluoroacetic acid and equally distributed in seven test
387 tubes before the solvent was removed under nitrogen flux.
388 Various proportions of water and methanol were then added to
389 the test tubes, giving the same concentration of 16 (1.2 mM)
390 before the content of each sample during storage was monitored
391 by injecting aliquots at regular time intervals into the HPLC
392 system. The proportions of 16 (and 18) were normalized by
393 the correlated NMR and HPLC analyses as described above
394 (Figure 9). In methanol containing only traces of water, χH2O ,
395 0.02 (A) and χH2O = 0.02 (B), the rearrangements proceeded
396 relatively slowly. However, when the molar fraction of water
397 increased to 0.08 (C) and further to 0.20 (D) and 0.43 (E), the
398 rearrangement rates increased considerably, in accordance with
399 increased water concentration. A further increase of the molar
400 fraction of water to 0.69 (F) gave no further increase in the
401 rearrangement rate, whereas a molar fraction of 0.90 (G) actually
402 decreased the rearrangement rate slightly compared to the rate
403 observed for solvent E. At this high water concentration, χH2O=
404 0.90 (G), increased hydrogen bonding between the water mole-
405 cules giving a more ordered system (27) may account for the
406 reduced rearrangement rate.
407 The reaction temperature had a profound effect on the
408 rearrangement rate of C-glycosyldeoxyanthocyanidins. When
409 samples containing 36 (∼86%) and 38 (∼14%) were dissolved
410 inH2O/CH3CN/CF3COOH (79.5:20.0:0.5; v/v), a 1:1molar ratio
411 between 36 and 38 was established in these solutions after 0.3, 3.5,
412 9, and 32 h at 70, 37, 25, and 11 �C, respectively (Figure 10). At the
413 same temperatures equilibrium proportions of 36 and 38 were
414 established after 3, 25, 70, and 200 h, respectively. The relative
415 molar proportion of the 6-C-glycosyl isomer (36) increased
416 slightly from 13 to 14, 16, and 20% as the temperature increased

417from11 to 25, 37, and 70 �C, respectively. The sample subjected to
41870 �C showed signs of hydrolysis of the terminalO-glucosyl after
41924-30 h, forming 16 and 18. The monitoring of this sample was
420ended after ∼96 h, and the signal at 2200 h in Figure 10 for this
421sample is stipulated.
422The rearrangement rates and equilibrium proportions of 6-C-
423into 8-C-glucosyl-7-O-methylapigeninidin (16 and 18) remained
424unchanged at sample concentrations of 0.12 and 1.75 mM,
425respectively. Similar observations showing a lack of concentra-
426tion effects on the rearrangement of C-glycosyldeoxyanthocya-
427nidins were also made for 26 and 28 in the same solvent.
428Mechanism Involved in Rearrangement of C-Glycosyldeox-

429yanthocyanidins. Rearrangements of C-glycosyl-3-deoxyantho-
430cyanidins such as 16-76 and 18-78 will most probably occur
431because of their ability to reside on multiple equilibrium forms.
432However, evidenced by isocratic HPLC and NMR spectroscopy,
433the flavylium cation forms of these C-glycosyldeoxyanthocyani-
434dins were the only equilibrium forms present at detectable
435quantities, indicating that only trace amounts of eventual other
436forms might be present during the rearrangements.
437The interesting observation that no rearrangement was ob-
438served for the C-glycosyl-3-deoxy-5-carboxypyranoanthocyani-
439dins, CP36 and CP38, supports the importance of rotation of the

Figure 8. Effect of different C-glycosyldeoxyanthocyanidin aglycones on
isomerization rates and equilibrium proportions during rearrangements of
three 6-C-glycosyl-3-deoxyanthocyanidins (16, 26, and 56) into their 8-C-
glycosyl isomers (18, 28, and 58) at 25 �C. The solvent was H2O/CH3CN/
CF3COOH (79.5:20.0:0.5; v/v). See Figure 2 for structures.

Figure 9. Effect of water content in methanolic solvents on the rearrange-
ments of 6-C-β-glucosyl-7-O-methylapigeninidin (16) into its 8-C-glycosyl
isomer (18) at 25 �C. The curves represent the corrected relative HPLC
area % of 16 during storage in the various solvents, which are described by
their mole fraction of water, χH2O:∼0 (A), 0.02 (B), 0.08 (C), 0.20 (D), 0.43
(E), 0.69 (F), and 0.90 (G). The curve showing 16 dissolved in solvent E (not
shown) was identical with the curve showing 16 dissolved in solvent F.

Figure 10. Effect of four different temperatures on isomerization rates and
equilibrium proportions during rearrangements of 6-C-sophorosyl-7-O-
methylapigeninidin, 36, into its 8-C-glycosyl isomer, 38, in H2O/CH3CN/
CF3COOH (79.5:20.0:0.5, v/v). The expanded box shows the equilibrium
proportions of 36 at the various temperatures.
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440 A-rings in the isomerization of C-glycosyl-3-deoxyanthocyani-
441 dins. The high correlation between increased rearrangement rate
442 and increased water content in the solvent supports formation of
443 an intermediate formed by nucleophilic attack by water on the
444 flavylium cation forms. In puremethanol (A) the rearrangements
445 proceeded relatively slowly, which may be due to traces of water
446 or the ability ofmethanol to function as a nucleophile.Aplausible
447 explanation of the rearrangement mechanism might thus be
448 outlined as follows: The initial step may involve nucleophilic
449 attack by a solvent molecule to C-2 of the 3-deoxyanthocyanidin,
450 leading to formation of 2-OH hemiketal equilibrium forms
451 (8, 11, 12, 14, 28). The 2-OH hemiketal forms are prone to un-
452 dergoing ring opening of the heterocyclic C-ring at C-2. As a
453 consequence, rotation around the C-4-C-10 bond (anthocyani-
454 din numbering) of the openC-ring form, probably a cis-chalcone,
455 is now possible. Given that the C-glycosylanthocyanidin pos-
456 sesses a free 5-OH, which is the case for 16-76 and 18-78, two
457 different hydroxyl groups located at theA-ring of the openC-ring
458 form are available for ring closure by involving the hydroxyl
459 group positioned either ortho or para to the C-glycosyl substi-
460 tuent on theA-ring.After a fast ring closure to give the cyclic form
461 (s) and a subsequent dehydration, these equilibrium reactions are
462 displaced toward the corresponding flavylium cation forms. As a
463 consequence, the relative position of the C-glycosyl substituent
464 may be changed fromC-6 to C-8, alternatively fromC-8 to C-6 in
465 the latter flavylium cation forms.
466 As described above, different populations of the 6-C- and 8-C-
467 β-glycosyldeoxyanthocyanidins were observed at equilibrium,
468 with a predominance of the 8-C-β-glycosyldeoxyanthocyanins
469 (76-90%). The nature of the glycosyl substituent as well as the
470 aglycone influenced slightly the relative proportions of the iso-
471 meric C-glycosyldeoxyanthocyanidins at equilibrium under simi-
472 lar solvent and temperature conditions. These population
473 differences might be partly a result of different conformations
474 (rotamers) of the intermediary open C-ring forms with a steric
475 hindrance resulting in restricted, however, different rotation
476 around the C-4-C-10 bond linking the A-rings of the open forms
477 to the remaining parts of the molecule. Rearrangement of the
478 examined C-glycosyldeoxyanthocyanidins giving equilibrium
479 proportions of the 6-C- and 8-C-β-glycopyranosyldeoxyantho-
480 cyanidin isomers proceeded considerably more quickly when the
481 solution temperatures were increased from 11 to 70 �C.However,
482 the molar equilibrium proportions of the two isomeric C-glyco-
483 syldeoxyanthocyanidinswere only slightly affected (from 13:87 to
484 20:80) by this temperature increase (Figure 10).
485 Comparison of A-Ring Rearrangement of Different Flavonoid

486 Types. The substituent pattern on the flavonoid A-ring and
487 the composition of the solvent have been shown to influence
488 Wessely-Moser rearrangements of flavones and flavanones.Whereas
489 the rearrangements of flavones require boiling concentrated
490 hydroiodic (or hydrochloric) acid, flavanones easily undergo
491 A-ring rearrangements in mildly acidic or alkaline solutions (15).
492 In general, when trisubstituted flavones and flavanones, having a
493 free hydroxy group at C-5, are considered, the following results
494 have been observed (15,29). When the substituent at C-7 is equal
495 to its ortho substituent (-OH or -OCH3), isomerization will
496 occur toward the 5,6,7-configuration, whereas an ortho substi-
497 tuent (-OH,-OCH3, or-CH3) different from that at C-7 gives
498 various outcomes; when C-7 is substituted by a OCH3 group, the
499 5,7,8-configuration is dominant, whereas a 7-OH group implies
500 formation of a mixture of the 5,6,7- and 5,7,8-isomers. None-
501 theless, when 8-alkylamino-5,7-dimethoxyflavones underwent
502 rearrangements to the 5,6,7-configuration in good yields when
503 boiled in concentrated hydrochloric acid during demethylation,
504 the corresponding 5,7-dimethoxy-8-nitroflavone (the NO2 group

505being strongly electron-withdrawing) was not rearranged under
506the same conditions (30).
507Jurd (17) has observed that the 5,7,8-trihydroxyflavylium salt
508rearranged to its corresponding 5,6,7-trihydroxyflavylium salt
509within 7 h under mildly acidic conditions (pH ∼2.6), apparently
510through a chalcone-mediated reaction sequence. In 1% aqueous
511HCl solution (pH∼0.5) the same rearrangement required 3 days,
512possibly due to the shift of the flavylium-chalcone equilibrium
513more toward the flavylium cation form. Interestingly, the reverse
514rearrangement, starting with 5,6,7-trihydroxyflavylium salts, was
515not observed. These observations are in contrast to our observa-
516tions of C-glycosyl rearrangements of C-β-glycopyranosyldeox-
517yanthocyanidins, where the equilibrium mainly resides on the
5188-C-glycosyl isomer, whatever isomer is the starting point. Effects
519due to substituents, either inductive effects leading to different
520charge distributions on the oxygen connected to C-5 and C-9 or
521resonance effects within the A-ring, should therefore be consid-
522ered when factors affecting rearrangement of C-glycosyldeox-
523yanthocyanidins are observed.
524As described above, the transformation of 8-hydroxyantho-
525cyanins to 6-hydroxyanthocyanins has previously been de-
526scribed (16-19). However, due to the equilibrium being greatly
527shifted to the formation of 6-hydroxyanthocyanins, hence the use
528of the word transformation in the literature, the experimental data
529obtained by TLC and UV-vis spectroscopy in these papers will
530not be sufficient to describe the situation at equilibrium. The
531precise determination of an established equilibrium in solution, as
532described in this work, may indicate that the conformations of
533the open ring intermediate may influence the final isomeric
534C-glycosyl-3-deoxyanthocyanidin ratios. Our observations show
535that the isomerization processes proceed in both directions, from
536the 6-C- to the 8-C-glycosyl-3-deoxyanthocyanidin and vice
537versa. This precise determination of an established equilibrium
538in solution may present a unique system for the study of
539heterocyclic ring opening of anthocyanins. This system has also
540the advantage that the mixtures of the isomeric 6-C- and 8-C-
541glycosyl-3-deoxyanthocyanidins at equilibrium may easily be
542separated into pure 6-C- and 8-C-glycosyl-3-deoxyanthocyani-
543dins by preparative HPLC.
544It is generally accepted that 3-deoxyanthocyanidins are
545more stable than anthocyanidins. Open chalcone forms of the
546common anthocyanins are assumed to be crucial in reactions
547leading to irreversible degradation of anthocyanins, particularly
548under weakly acidic to weakly alkaline solution condi-
549tions (3, 8, 13, 31, 32), which limits the application of most
550anthocyanins, for instance, as food colorants. Even in relatively
551highly acidified aqueous solutions after long-term storage,
552degradation of the common anthocyanidin O-glycosides can
553be observed (31, 32). In contrast, judged by the relatively
554high stability of the C-glycosyl-3-deoxyanthocyanidins of this
555study, the forms with open C-rings seem to undergo fast
556ring closure back to their cyclic forms. After subsequent dehy-
557dration, the equilibrium reactions are displaced toward
558the corresponding flavylium cation forms, which may reduce
559irreversible degradation of this type of anthocyanin. The
560C-glycosyl-3-deoxyanthocyanidins may thus attract interest as
561possible food colorants.

562LITERATURE CITED

563(1) Andersen, Ø. M.: Jordheim, M. The anthocyanins. In Flavonoids:
564Chemistry,Biochemistry andApplications; Andersen,Ø.M.,Markham,
565K.R., Eds.; CRCPress, Taylor andFrancisGroup: BocaRaton, FL,
5662006; pp 471-551.
567(2) Andersen, Ø.M.; Jordheim,M. Chemistry of flavonoid-based colors
568in plants. In Comprehensive Natural Products II: Chemistry and

Article J. Agric. Food Chem., Vol. XXX, No. XX, XXXX I



569 Biology; Mander, L. N., Liu, H.-W., Eds. in Chief; Elsevier: Oxford,
570 U.K., 2009; in press.
571 (3) Francis, F. J. Food colorants: anthocyanins. Crit. Rev. Food Sci.
572 Nutr. 1989, 28, 273–314.
573 (4) Clifford, M.; Brown, J. E. Dietary flavonoids and health;broad-
574 ening the perspective. In Flavonoids: Chemistry, Biochemistry and
575 Applications; Andersen, Ø. M., Markham, K. R., Eds.; CRC Press,
576 Taylor and Francis Group: Boca Raton, FL, 2006; pp 319-370.
577 (5) Prior, R. L.;Wu, X.; Gu, L. Flavonoidmetabolism and challenges to
578 understandingmechanisms of health effects. J. Sci. Food Agric. 2006,
579 86, 2487–2491.
580 (6) Ghosh, D.Konishi, T. Anthocyanins and anthocyanin-rich extracts:
581 role in diabetes and eye function.Asia Pac. J. Nutr. 2007, 16, 200–208.
582 (7) Gerhauser, C. Cancer chemopreventive potential of apples, apple
583 juice, and apple components. Planta Med. 2008, 74, 1608–1624.
584 (8) Brouillard, R.; Dangles, O. Flavonoids and flower colour. In The
585 Flavonoids. Advances in Research Since 1986; Harborne, J. B., Ed.;
586 Chapman and Hall: London, U.K., 1994; pp 565-588.
587 (9) Fossen, T.; Andersen, Ø. M. Spectroscopic techniques applied to
588 flavonoids. In Flavonoids: Chemistry, Biochemistry and Applications;
589 Andersen, Ø. M., Markham, K. R., Eds.; CRC Press: Boca Raton,
590 FL, 2006; pp 37-142.
591 (10) Terahara, N.; Suzuki, H. A diacylated anthocyanin from Tibouchina
592 urvilleana flowers. J. Nat. Prod. 1993, 56, 335–340.
593 (11) Jordheim, M.; Fossen, T.; Andersen, Ø. M. Characterization
594 of hemiacetal forms of anthocyanidin 3-O-β-glycopyranosides.
595 J. Agric. Food Chem. 2006, 54, 9340–9346.
596 (12) Fossen, T.; Rayyan, S.; Holmberg, M. H.; Nimtz, M.; Andersen, Ø.
597 M. Covalent anthocyanin-flavone dimer from leaves of Oxalis
598 triangularis. Phytochemistry 2007, 68, 652–662.
599 (13) Sadilova, E.; Carle, R.; Stintzing, F. C. Thermal degradation of
600 anthocyanins and its inpact on color and in vitro antioxidant
601 capacity. Mol. Nutr. Food Res. 2007, 51, 1461–1471.
602 (14) Petrov, V.; Gomes, R.; Parola, A. J.; Jesus, A.; Laia, C. A. T.; Pina,
603 F. 2’-Hydroxyflavylium: introducing flavanones into the flavylium
604 network of chemical reactions. Tetrahedron 2008, 64, 714–720.
605 (15) Seshadri, T. R. Interconversions of flavonoid compounds. In The
606 Chemistry of Flavonoid Compounds; Geissman, T. A., Ed.; Permagon
607 Press: Oxford, U.K., 1962; pp 156-196.
608 (16) Jurd, L. Rearrangement of 5,8-dihydroxyflavylium salts. Chem. Ind.
609 (London) 1962, 1197-1198.
610 (17) Jurd, L. Anthocyanins and related compounds. I. Structural transforma-
611 tions of flavylium salts in acidic solutions. J. Org. Chem. 1963, 28, 987–991.
612 (18) Jurd, L.; Harborne, J. B. The structure of aurantinidin. Phytochem-
613 istry 1968, 7, 1209–1211.
614 (19) Nilsson, E. Studies of flavylium compounds 9. Preparation and
615 isomerization of 8-hydroxy anthocyanidins.Chem. Scr. 1973, 4, 56–65.

616(20) Awika, J. M.; Rooney, L. W.; Waniska, R. D. Properties of 3-
617deoxyanthocyanins from Sorghum. J. Agric. Food Chem. 2004, 52,
6184388–4394.
619(21) Ojwang, L.; Awika, J. M. Effect of pyruvic acid and ascorbic acid on
620stability of 3-deoxyanthocyanidins. J. Sci. Food Agric. 2008, 88,
6211987–1996.
622(22) Bjorøy, Ø.; Rayyan, S.; Fossen, T.; Kalberg, K.; Andersen, Ø. M.
623C-glycosylanthocyanidins synthesized from C-glycosylflavones.
624Phytochemistry 2009, 70, 278–287.
625(23) Mazza, G.; Brouillard, R. Color stability and structural transforma-
626tions of cyanidin 3,5-diglucoside and four 3-deoxyanthocyanins in
627aqueous solutions. J. Agric. Food Chem. 1987, 35, 422–426.
628(24) Fulcrand,H.;Benabdeljalil, C.;Rigaud, J.;Cheynier,V.;Moutounet,M.
629A new class of wine pigments generated by reaction between
630pyruvic acid and grape anthocyanins. Phytochemistry 1998, 47,
6311401–1407.
632(25) Jordheim,M.; Fossen, T.; Andersen, Ø.M. Preparative isolation and
633NMR characterization of carboxypyranoanthocyanins. J. Agric.
634Food Chem. 2006, 54, 3572–3577.
635(26) Hwang, T.-L.; Shaka, A. J. Water suppression that works. Excita-
636tion sculpting using arbitrary waveforms and pulsed field gradients.
637J. Magn. Reson. 1995, 112, 275–279.
638(27) Kuppers, J. R.; Carriker, N. E. Chemical shifts of the coalesced
639hydroxyl proton resonance signal and departures from ideality in
640aqueous alcohol mixtures II. Methanol-water, ethanol-water, pro-
641panol-1-water, and propanol-2-water systems. J.Magn. Reson. 1971,
6425, 73–77.
643(28) McClelland, R. A.; Gedge, S. Hydration of the flavylium ion. J. Am.
644Chem. Soc. 1980, 102, 5838–5848.
645(29) Chopin, J.; Chadenson, M. Transpositions dans la s�erie des hydro-
646xyl-5 flavanones, I. Flavanones substitu�ees en 5,6,7 ou 5,7,8. Bull.
647Soc. Chim. Fr. 1959, 1585–1596.
648(30) Larget, R.; Lockhart, B.; Renard, P.; Largeron, M. A convenient
649extension of the Wessely-Moser rearrangement for the synthesis of
650substituted alkylaminoflavones as neuroprotective agents In vitro.
651Bioorg. Med. Chem. Lett. 2000, 10, 835–838.
652(31) Cabrita, L.; Fossen, T.; Andersen, Ø. M. Colour and stability of the
653six common anthocyanidin 3-glucosides in aqueous solutions. Food
654Chem. 2000, 68, 101–107.
655(32) Torskangerpoll, K.; Andersen, Ø. M. Colour stability of anthocya-
656nins in aqueous solutions at various pH values. Food Chem. 2005, 89,
657427–440.

658

659Received March 5, 2009. Revised manuscript received May 16, 2009.

660AcceptedMay 22, 2009. This work is part of Project 157347/I20, which

661receives financial support from the Norwegian Research Council.

J J. Agric. Food Chem., Vol. XXX, No. XX, XXXX Bjorøy et al.




